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Abstract. The pelagic / anoxic hypolimnion population of Spirostomum teres was investigated as a part of the long-term ciliates’ monitoring
(2003-2016) in an oligo- to mesotrophic monomictic hyposaline crater lake Alchichica (Puebla / Veracruz, Mexico), including an analysis
of picoplankton (both heterotrophic, HPP and autotrophic, APP) and inorganic compounds of nitrogen (ammonium, nitrite, nitrate), phos-
phorus (dissolved reactive phosphorus, DRP) and silicon. Additionally, detailed studies of the ciliate vertical distribution and feeding activ-
ity measured upon fluorescently labelled APP (picocyanobacteria) were carried out. The results were compared with those from a neighbour
freshwater crater lake La Preciosa and with a meromictic karstic lake La Cruz (Cuenca, Spain). The ciliate vertical distribution within the
water column was very well defined: During the first decade, the benthic population was frequently found throughout a developing stratifi-
cation of the lake. The established stratification of the lake turned the conditions favourable for the formation of an oxycline / hypolimnion
population, typically, several meters below the deep chlorophyll maximum (formed basically by diatoms); the population preferred the
layers without detectable dissolved oxygen. However, an observed gradient of light (PAR) could support both oxygenic and anoxygenic
photosynthesis. Late stratification after deepening of the thermocline reduced the layers with S. feres population to a minimum apparently
due to the drastic change in physicochemical conditions within a metalimnion, coupled with an oxycline, and limited to 1 to 2 meters; mi-
crostratification was found. Last years, the very bottom population disappeared or it was reduced and the late stratification S. feres peaks
were smaller or did not appeared. Generally, S. feres oxycline / anoxic hypolimnion population was observed from June through November.
Optimum picoplankton numbers in conditions that supported the ciliate growth were found: The ciliate was peaking at APP of 0.6 to 1 x 10°
cells mL; the optimum of HPP was observed round 1.4 x 10°cells mL™". S. feres was efficiently feeding upon picocyanobacteria in numbers
of 10° cells mL! reaching the clearance rate of 2000 nL cell 'h™!, which represented in average 130 to 210 cells cell 'h™! ingested. Feeding
upon purple sulphur bacteria was observed but only during the end of the lake stable stratification when the ciliate population was already
dropping. On the other hand, the volume specific clearance of S. feres upon picocyanobacteria (10° h™') did not support the hypothesis that
they could serve as a sole prey. Feeding upon eukaryote phytoplankton (chlorophytes Monoraphidium minutum, diatoms Cyclotella choc-
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tawhatcheeana) could be of higher importance that previously sup-
posed. Additionally, a use of ingested and retained photosynthetic
prokaryotes is hypothesized.

Keywords: Spirostomum teres, ciliate, population dynamics, maar
lake, anoxic hypolimnion, picocyanobacteria, feeding rate

INTRODUCTION

Without any doubt, vertical gradients of dissolved
oxygen are behind the changes in both the diversity and
abundance of ciliates in stratified water bodies (Fenchel
2012). Their peaks are observed in the metalimnion
coupled with the oxycline, or in the water/bottom in-
terface (Bark 1981, Finlay 1981, Berninger et al. 1986,
Guhl et al. 1996, Finlay et al. 1996). Along with het-
erotrophic bacteria as a main feed source for various
ciliates, picocyanobacteria can peak there (Modenutti
et al. 2002, Callieri 2007, Pestova et al. 2008, Bautista-
Reyes and Macek 2012), depending on a penetration of
photosynthetically active radiation (PAR) through the
phase boundary and forming picocyanobacteria Deep
Chlorophyll Maximum (DCM) (Padisak et al. 2003).
However, the abundance of photosynthetic microorgan-
isms is not necessarily reflected in the concentration of
dissolved oxygen (DO) there.

Generally, freshwater ciliates found upon anaero-
bic conditions in less eutrophic water bodies has been
scarcely studied except for, e.g., a southern temperate
Lake Okaro, New Zealand (James et al. 1995), subtrop-
ical lakes Kinneret, Israel (Madoni 1990, Hadas and
Berman 1998), Biwa, Japan (Hu and Kusuoka 2015),
and tropical monomictic lakes (Yasindi and Taylor
2016, Pestova et al. 2008, Tarbe et al. 2011, Bautista-
Reyes and Macek 2012). All these lakes showed highly
important microbial food web processes (as defined in
Sarmento 2012) and might include anoxic/anaerobic
ciliates as the driving force in their plankton dynamics.

Among the ciliates typical for oxic / anoxic bound-
ary, the genus Spirostomum has been studied for a long
time for the huge size up to 3 mm of their members
(e.g., Specht 1934, Foissner et al. 1992). From the point
of view of morphology, 8 valid species within the genus
are very well defined (revised in Boscaro et al. 2014).
However, there are doubts about the molecular identi-
fication, e.g., of the smallest species Spirostomum teres
isolated from different environments, particularly from
the brackish water. Even the interrelationships among
S. teres populations were not well supported and ap-

parently, S. teres was depicted as polyphyletic (Shazib
et al. 2016, 2019). Nevertheless, the species is being
continuously reported throughout the world (Neidl
1989, Senler and Yildiz 2004, Jang et al. 2012, Tirja-
kova et al. 2016).

Ecologically, the genus Spirostomum used to be
found in an extreme variety of oxygen concentration
(Bick 1958, Foissner et al. 1992) but frequently peak-
ing at the boundary of anoxia. First, the aerobic respira-
tion and the production of ammonium were proven ex-
perimentally in the large species S. ambiguum (Specht
1934), having found higher concentration of ammonia
upon lower tension of oxygen; the role of food-bacte-
ria in the experiments was speculated. Much later on,
S. teres respiration rate was evaluated (Laybourn and
Finlay 1976) and it was found that it behaved as a typi-
cal oxygen conformer (increasing oxygen tension of
the medium is reflected in increasing oxygen consump-
tion; Finlay 1977). In addition, the rate was controlled
by temperature; 8°C already did not support efficient
growth (1000 h generation time).

To explain the presence of such respiring ciliate in
a limit of the anoxic hypolimnion, two hypothesis has
been managed until now: (i) migration of naturally ben-
thic ciliates to the water column due to the oxygen de-
pletion in the very bottom and increasing concentration
of reduced compounds such as hydrogen sulphide or
ammonium and (ii) ciliate feeding resource-controlled
(bottom-up) and predator-prey (fop-down) moderated
migration, following the oxycline-related organisms
(prey) and oxygen-dependent predators (Bark 1981,
1985; Finlay 1981; Laybourn-Parry et al. 1990; Finlay
and Esteban 1998, 2009).

Spirostomum teres has been also found in complete-
ly anoxic conditions even though, until now, its possible
anaerobic respiration is not known. The most common
anaerobic respiration is probably that of nitrate that
has been proven, e.g., for Loxodes spp. (Finlay 1985)
and other protozoa (Hadas et al. 1992). Very recently,
a transcriptome of proteins involved in rhodoquinol-
dependent fumarate reduction to respire in the oxygen-
depleted habitats were found in a mixotrophic zoochlo-
rella bearing S. semivirescens (Hines et al. 2018).

Curiously, uncomplete data are available on the
feeding behaviour of the spirostoma although the first
good observation dated one century ago (Bishop 1923).
Generally, its efficient filter feeding upon bacteria is
supposed (Psenner and Schlott-Idl 1985, Foissner et
al. 1992, Adl et al. 2019) but algae and flagellates as
a dominant source of feed were also proposed (Bick



1958, Finlay 1981). S. teres also should ingest photo-
synthetic sulphur bacteria (Neidl 1989, Foissner et al.
1992). Apart from the abundant data from eutrophic
ponds (Bark 1981, Finlay 1981, Madoni 1991, Guhl et
al. 1996), other studies were carried out in permanent-
ly stratified — meromictic lakes (Psenner and Schlott-
Idl 1985) and there is a lack of studies from oligo-
trophic / mesotrophic holomictic lakes with an anoxic
hypolimnion.

The use of fluorescently labelled food particles
(Sherr and Sherr 1993) is one of the tools how to quan-
tify on a simple way feeding rates of protists. It helped
to identify free-living, microphagous plankton protozoa
as ubiquitous components of pelagic food webs in fresh-
water and marine systems. Here they play an important
role in the cycling of carbon of the picoplankton and
nanoplankton within the microbial loop of the plank-
ton food web and to the metazoans (Azam et al. 1983,
Simek et al. 1995). In the special case of photosynthetic
organisms (APP, nanoalgae, photosynthetic anoxygenic
bacteria), their autofluorescence facilitated the investi-
gation and applying the dilution method, the feeding
budget was proven (e.g., Dolan and Simek 1997). How-
ever, the method has not been used widely with success
in the anoxic environment due to the frequently omitted
necessity to keep the oxygen concentration as low as
possible (Massana and Pedros-Alio 1994).

The aim of this study was to analyse annual cycle
and vertical distribution of the ciliate Spirostomum
teres in a warm-monomictic Lake Alchichica (Puebla
/ Veracruz, Mexico) with a picocyanobacteria-rich met-
alimnion and an anoxic hypolimnion. Additionally to
the actual ciliate monitoring data as a part of long term
series, fine ciliate distribution including microstratifi-
cation below the metalimnion was analysed and feed-
ing experiments with fluorescently labelled picocyano-
bacteria were performed. Clearance and uptake rates
were evaluated along with unpublished data obtained
by Pestova (Pestova et al. 2008) and Bautista-Reyes
(Bautista-Reyes and Macek 2012).The lake Alchichica
results were compared with those from a neighbour
Lake La Preciosa (Puebla, Mexico) and the meromic-
tic karstic lake Laguna de la Cruz (La Cuenca, Leon
y Castilla, Spain).
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MATERIALS AND METHODS

Study area

Long-term study has been carried out regularly on a month ba-
sis in a maar-crater Lake Alchichica (Puebla / Veracruz, México;
19°24°N, 97°24’W, 2,340 m above sea level). The climate is dry and
temperate with a mean annual temperature of 12.9°C and mean an-
nual precipitation of less than 400 mm concentrated in the (summer)
rainy season. The lake is warm-monomictic, 62 m deep (mean depth
40.9 m) with a surface area of 2.3 km? (Filonov et al. 2006), athalas-
sohaline (8.5 g L) and alkaline (pH 8.9) (Armienta et al. 2008). It
is a low-productive lake with an average annual chlorophyll a con-
centration below 4 pg L' (Macek et al. 2009).

The neighbouring Lake La Preciosa (19° 22°N, 97° 23°W) is
also a maar-crater produced by three phreatomagmatic explosions,
45 m deep with monomictic regimen. It has alkaline freshwater
(1.1 g L salinity) with pH of 8.6 (Armienta et al. 2008).

Laguna de la Cruz (Lake La Cruz ) is a small karstic meromictic
lake located in Central-Eastern Spain, rich in bicarbonates, calcium
and magnesium, with high pH values of > 8.3, and very poor in sul-
phate and chloride. The lake monimolimnion has similar chemical
components, but concentrations are higher, especially that of cal-
cium and iron (for more details, see, Camacho et al. 2017).

Sampling

Alchichica and La Preciosa samples were taken from the deep-
est part of the lake, choosing the depths according to measured
profiles of temperature, dissolved oxygen, DO (Hydrolab DS4/
SVR4 Water Quality Monitoring System; a Clark cell electrode,
from 2015 luminescent dissolved oxygen sensor), natural chloro-
phyll a fluorescence and photosynthetically active radiation, PAR
(Biospherical PFN-300 profiler; Biospherical Instruments). Until
2012, fluorescence data did not cover the dark layers but then, ap-
parent fluorescence of chlorophyll a, phycoerythrin and phycocya-
nin was analysed in in situ using a WETIlab ECO-Triplet (USA)
underwater fluorimeter.

S. teres samples from Alchichica included to the study came
from the monthly monitoring at 5 chosen layers from June 2003 to
May 2005, then > 8 (mixing) and > 10 layers (stratification) were
routinely analysed till March 2009 (Pestova et al. 2008, Bautista-
Reyes and Macek 2012). Detailed metalimnion / anoxic hypolim-
nion studies were performed from 2011 to November 2014 (see,
Sanchez-Medina et al. 2016) and since the second half of 2015 to
December 2016. La Preciosa samples were analysed from three
September-October samplings during 2011, 2012 and 2016.

La Cruz was sampled in a single campaign (June 2010) and the
samples were taken in the deepest point of the lake using a peri-
staltic-pump sampler (Jorgensen et al. 1979) in the layer distance
of 25 cm.

Procedures

Picoplankton were analysed in the samples fixed with formalin
to 2% (Straskrabova et al. 1999), cropped on polycarbonate mem-
branes (0.2 um pore-sized; Osmonics, Germany). Direct numbers of
heterotrophic picoplankton, HPP (bacterioplankton) were evaluated
on DAPI-stained black membranes (Porter and Feig 1980), mounted
in immersion oil and observed in epifluorescence microscope (Leica
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DMLB, Germany); One to 3 mL were cropped onto 1 cm diameter
membrane. Autotrophic picoplankton, APP were evaluated on white
0.2 um membranes mounted in immersion oil via phycobilins’ auto-
fluorescence using an Y3 filter set comparing with chlorophyll I3 set
(Leica, Germany); four to 20 mL were cropped onto 1 cm diameter
membrane.

Since 2009, photosynthetic bacteria possessing bacteriochloro-
phylls were analysed in the samples harvested on black 1 pm poly-
carbonate membranes through their infrared fluorescence. The im-
ages were taken with IR-sensitive camera (Hitachi, Japan) using the
same filter sets (I3 and Y3) to exclude cyanobacteria and eukaryotic
chlorophyll possessing cells.

To count ciliates, two methods were used in parallel: epifiuo-
rescence DAPI staining and quantitative protargol stain (QPS). The
samples for epifluorescence were fixed as recommended by Sherr
and Sherr (1993) with Lugol’s iodine, immediately decolour-
ized with thiosulphate and postfixed with formalin. Ciliates were
observed on DAPI stained black 2 um polycarbonate membranes
(Osmonics, Germany); twenty to 60 mL were cropped onto 1 cm
diameter membrane and repetitions were carried out according to
the abundance.

For QPS (method modified following Montagnes and Lynn 1993
and Skibbe 1994 recommendations), the samples were directly fixed
or post-fixed with Bouin’s fixative to 7% v/v (Montagnes and Lynn
1993) and stabilised against precipitation using saturated solution
of Seignette’s salt (Sodium Potassium — Tartrate) to 0.4%. Ciliates
were cropped and agar-mounted onto cellulose esters’ membrane
filters (1.2 um, Millipore, Ireland), and the agar was formalin fixed,
stained, dehydrated (ethanol 70%, 96%, 96%, phenol-xylene 2:3,
xylene) and neutral Canada balsam-mounted. Depending both on
the phytoplankton and ciliate abundance, twenty to 50 mL was con-
centrated; impregnation was repeated according to the cell counts.
The whole filter area was inspected using 20x objective. For identi-
fication (Foissner et al. 1992, Boscaro et al. 2014 and the literature
cited therein), 40x and 100x APO oil immersion objective (Leica
DMLB; Germany) equipped with Nomarski (DIC) were used.

To evaluate the grazing rates of ciliates, fluorescently labelled
APP (FLB) were prepared from cultured picocyanobacteria Syne-
chococcus sp., harvested by centrifugation. APP were fluorescently
labelled according to the protocol of Sherr and Sherr (1993), re-
placing phosphate buffer saline with the filtered Alchichica water
(pH 8.9).

For the grazing experiments, incubation flasks (black BOD
bottles) were tube-filled directly from the sampler equipped with
100 pm screen and 2 to 3 volumes were permitted to wash-out. The
tracer addition was estimated to constitute 10% of the natural APP
abundances and the incubation was stated to 20 and 40 min. Even
though the unexpected fluctuations in in situ APP caused a variation
of the percentage of the tracer, the addition never exceeded 20% of
total picoplankton numbers. The incubations were finished adding
0.5 v/v of acid Lugol’s solution, followed by clearing with sodium
thiosulphate solution and post-fixed by formalin to 2% (Sherr and
Sherr 1993). The ciliate (volume) clearance rate was calculated ac-
cording to Fenchel (1986). Linearity of the increase of ingestion by
S. teres within the 20 min and 40 min was verified, passing roughly
through the origin.

The Lake La Cruz feeding experiments were performed in the
laboratory using the Helium-bubbled samples (avoiding oxygen
inhibition of the feeding activity) and adding FLB prepared from

heterotrophic bacteria resembling the lake picocyanobacteria size
and form, labelled as explained above.

Chemical analysis

Samples for nutrient analysis were on-boat positive pressure
filtered through 0.2 pm pore cellulose acetate syringe filters Millex
(Millipore), collected in polypropylene containers and stored frozen
until analysis. Analyses of ammonium (NH,), nitrite (N-NO,") and
nitrate nitrogen (N-NO,"), dissolved reactive phosphorus (DRP) and
silicon (SiO,) were performed using a segmented flow autoanalyzer
(Skalar San-plus System) following the standard methods adapted
by Hansen and Koroleff (1999). Data on nutrients in the ciliate fine
stratification sampling points, which have not been analysed, were
estimated via depth-weighted lineal interpolation within the water
column (regularly, ten representative depths were sampled).

Multivariate ordination analyses

For the Lake Alchichica samples, which covered the majority
of Spirostomum teres dataset, a distance-based redundancy analy-
sis (dbRDA) ordination analysis was performed in order to link
the abundance and distribution of S. teres, APP and HPP within the
environmentally constrained space; the R package vegan (Borcard
et al. 2018) was employed. An environmental matrix including
7 environmental variables was analysed: dissolved oxygen (DO),
ammonium (NH,), nitrite (NO,"), nitrate (NO,"), dissolved reactive
phosphorus (DRP) and silicon (SiO,). The variables were normal-
ized (each variable have their mean subtracted and are divided by
their standard deviation) and the resemblance matrix was calculated
based on the Euclidean distance. The abundance matrix built-up
with the abundance data of S. feres, APP and HPP were square root
transformed and standardized, and the resemblance matrix was per-
formed based on the Bray—Curtis dissimilarity (Borcard et al. 2018).
The ordination analysis of the selected samples in relation to envi-
ronmental variables and abundances of S. teres, APP and HPP was
plotted for the two main axes of the dbRDA analysis.

RESULTS

Lake stratification

Lake Alchichica presented typical monomictic pat-
tern that has not changed during the study. However, the
water circulation temperature was apparently increas-
ing from about 14.4°C at the beginning to 15.3°C at the
end of the study (Fig. 1). Well defined epilimnion and
the maximum differences between the surface and bot-
tom temperatures of > 5°C were observed from May to
November. The width of metalimnion was the highest
between July and September while it shrank during the
late stratification since October, presenting the most pro-
nounced gradient of temperature (even over 1°C m™).

Surface of the mixed layer presented dissolved oxy-
gen concentration (DO) around the saturation (approx.
6.6 mg L") but during the early mixing, when the low-



est DO were found (below 5 mg L! throughout the wa-
ter column). According to the water temperature the cir-
culation was possible from December or early January
through March but occasionally, the water column was
not mixed or it was mixed partially even during January
(years 2010, 2013 and 2016) and zero dissolved oxygen
concentration layer remained below 45 or 50 m. With
some exceptions, the whole hypolimnion was observed
anoxic since May.

Very similar photosynthetically active radiation
(PAR) pattern was observed inter-annually. The one
percent PAR layer (euphotic zone) ranged between 15
and 20 m during the mixing and dropped down below
30 m at the end of the stratification period, coinciding
with the metalimnetic bottom (Fig. 1b). However, 0.1%
PAR which could define the layer hosting photosyn-
thetic anoxygenic bacteria, used to be found during the
stratification below 25 m, lowering to 35 or even 40 m
just before mixing. Deep chlorophyll maximum (DCM)
composed mainly by diatoms (Cyclotella alchichicana)
was observed following the stabilization of the lake
stratification.

Prokaryote dynamics

The dynamics of prokaryotic plankton in Lake Al-
chichica followed a periodical warm-monomictic pat-
tern, linked to the hydrodynamics of the lake (i.e., strat-
ification and circulation periods).

Maximums of autotrophic picoplankton (APP), al-
most only picocyanobacteria, were observed during the
mixing period (the maximum depth weighted column
mean from 3.4 x 10° in 2012 to 9.4 x 10° cells mL™" in
2007; median of maximums being 5.8 x 10° cells mL™")
peaking almost all years during March (annual changes
of mean data pooled in the Figure 2; all data used in the
Figs. 14 and 15). However, preceding local peaks of
APP were observed two month before just during the
first mixing event (December) or during February, if the
APP maximums were reached between April and May.

Maximum numbers of HPP (heterotrophic pico-
plankton) were observed also during the mixing period,
generally along with the maximum APP, from the end of
February through March (the maximum column mean
2.5 x10°to 1 x 107 cells mL'; median of maximums
4.2 x 10 cells mL ™), exceptionally during April or May
along with the second (higher) peak of APP. During the
stratification when the Spirostomum teres development
was being found, HPP means laid between 8 x 10° and
2.5 x 10° cells mL™".
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Even though the annual pattern was very similar for
APP and HPP, big differences were found in their stratifi-
cation. During mixing, HPP were found homogeneously
distributed while during the stratification, the peak close
to the metalimnion limit but without well pronounced
pattern was found (see, Fig. 3; all HPP used to charac-
terize the S. teres habitat in Fig. 14). On the other hand,
APP were found stratified almost throughout the year.
During mixing, numbers were maximum in the euphotic
layer > 1% of PAR (until 2013, 1 to 3 x 10° cells mL™")
dropping along with PAR attenuation, in particular, be-
low 0.1%; in 2016, the maximum of 7 x 10° cells mL™!
was found. During stratification, the epilimnetic APP did
not mostly surpass 2 x 10° cells mL™" while higher num-
bers (up to 1 x 10° cells mL ") were found peaking below
the thermocline / oxycline. However, according to the
phycobilins and chlorophyll a fluorescence, APP were
observed in good condition and important numbers min-
imum 4 m below the DO disappearance. APP were also
found near the bottom exceeding 10* cells mL™" during
the mixing and 10° cells mL™"' during the stratification.

Large bacteriochlorophyll possessing purple sul-
phur-like bacteria were observed in Alchichica, gener-
ally, from July or August until December/January in the
layers just below the oxygen limit, reaching numbers
even > 1 x 10* cells mL™ (annual development is not
shown). Additionally to IR images, bacterial elemental
sulphur deposits were proven in the QPS preparations
as silver sulphide precipitate. The meromictic Lake La
Cruz (Cuenca, Spain) possess much higher numbers
of such bacteria during the whole year (Camacho et
al. 2017). On the other hand, in the Lake La Preciosa
we observed minute photosynthetic bacteria forming
chains also just below the oxygen limit.

Spirostomum teres

The ciliate sampling dates and layers, and S. teres
numbers are pooled in the Figure (Fig. 3) along with
the hypoxic layer (DO < 1 mg L) average numbers of
the ciliate. S. feres was found first in the near bottom
/ 60 m samples and in the oxycline from May through
September/November since the launch of ciliate moni-
toring in Alchichica in 2003; the first years’ sampling
was limited to five to 10 layers, i.e., the register would
not be complete (S. teres was misidentified in PeStova
et al. 2008 and Bautista-Reyes and Macek 2012 as
Chaetospira sp.). Typically, S. teres was colonizing the
oxycline just after the stratification (May) but still it
has been found in the very bottom layer until 2009 (the
end of the first monitoring period). Maximum numbers
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Fig. 1. a) Temperature and b) photosynthetically active radiation profiles in Lake Alchichica.
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S. teres numbers throughout an hypoxic/anoxic layer (based on Pestova et al. 2008, Bautista-Reyes and Macek 2012, Sanchez-Medina et al.

2016, and this study).

of 700 cells L' were found within the sampled layers,
while the average number integrated through the whole
hypolimnion (OD < 1 mgL") was found regularly up to
150 cells L!; a high number of 530 cells L' was found
when the anoxic layer was limited to the very bottom
layer on May 2005.

Since 2011 when the sampling already included
over 10 layers within- and below-oxycline (bubbles in
the Fig. 3), S. teres has gradually disappeared from the
bottom and it was found in quite restricted layer below
the oxycline. However, still in August 2011 the maxi-
mum bottom abundance of S. teres (1900 cells L) was
observed. The samples were not taken during the whole
stratification period but it seems the pelagic population
of S. teres was decreasing. Frequently, annual maxi-
mums of 1000 to 2100 cells L' were found during the
stable stratification with the light penetrating the micro-
aerobic layer (July—August of 2011, 2012, 2013, 2016).
On the other hand, S. feres has not been found during

the finishing stratification that was not already support-
ed by strong temperature gradient while oxygen strati-
fication persisted; in 2016, the last samplings within
the study, S. feres was absent already from November.
Additionally, January peak (265 cells L) was found
around 45 m during the uncomplete mixing in 2016.

Examples of the whole limnologic variables, which
accompanied the typical S. teres vertical distribution
are pooled in the Fig. 4. In Alchichica, the ciliate dis-
tribution was extended through the metalimnion during
July—August (Fig. 4 a—h). There was no evident exceed-
ing maximum but S. feres was observed in much wider
metalimnion-hypolimnion boundary layers, following
cyanobacterial pigments distribution, below the chlo-
rophyll a, phycoerythrin and phycocyanin maximums.
Still, apparent photosynthetic anoxygenic bacteria
(PAB) were not so important there. Maximum abun-
dances were found located 2 to 4 m below the limit of
DO. Also nitrates were sometimes peaking there.
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Contrasting situation was found at the end of the strat-
ification period, when higher ciliate numbers were ob-
served in a strictly limited oxygen boundary (Figs. 3, 4),
accompanied by above mentioned bacteria. Nitrite peak
was not as high as in July but, percentually, it was im-
portant (Fig. 4 ¢, g, k, 0).

Very similar S. teres distribution pattern was found
in nearby lake La Preciosa (Fig. 5 a—f). S. feres was
found in higher numbers in similar DO conditions but
below the phycocyanin maximum (composed by pi-
cocyanobacteria colonies and/or aggregates) and just
above the maximum of chlorophyll a.

A meromictic Lake La Cruz (Spain) showed similar
S. teres distribution pattern even though on a % m dis-
tance basis (Fig. 5 d to f). The ciliate was found peaking
in a very narrow layer just within the maximum of pig-
ments, in a limit of DO.

According to QPS preparations, the ciliates from
the three lakes were morphologically very similar even
though, different composition of water did not permit to
obtain all cells equal impregnated (Fig. 6).

Spirostomum teres feeding

During the study, the samples inspected in vivo did
not present any colour that could be related directly to
their food (the ciliate was yellowish to brown due to its
pigment granules). Vacuole content was analysed in all
S. teres samples using its fluorescence & DAPI staining
both in the quantitative ciliate samples fixed primarily
with Lugol and in the samples fixed with formalin, in
which fluorescence of picocyanobacteria and chloro-
phyll bearing eukaryotes persisted longer — up to one
week; FLB were very well distinguishable in both treat-
ments. However, to observe DAPI stained heterotroph-
ic bacteria inside the vacuoles was almost impossible
for the samples fixed with Lugol but according to the
size of a vacuole and the content of APP we were able
to estimate their relative content (Fig. 7).

Samples from all three lakes showed abundant APP
inside the vacuoles along with algae (Fig. 8). Alchichi-
ca samples presented relative lower amount of then but
still, they were observed throughout the season in all
layers, including the very bottom. In Alchichica, within
the larger feeding particles, apparent purple sulphur
bacteria (Thiocapsa-like; genus to be confirmed) were
observed in protargol impregnated samples and in IR-
taken autofluorescence images (Fig. 9), typically at the
end of stratification (October—November). However,
throughout the study, sulphur bacteria did not form the
dominant content of food vacuoles.

Sulphur bacteria were not found abundant inside the
cells neither in La Preciosa or La Cruz samples, even
though they were very abundant in the latter lake. Other
apparently photosynthetic anoxygenic bacteria from La
Preciosa (numbers not shown) were not observed ever
to be ingested.

Other photosynthetic organisms like green algae or
diatoms were found frequently although, with some
exception, forming only a part of the cell content.
Alga Monoraphidium minutum, which was observed
frequently throughout the water column even during
stratification (including hypoxic/anoxic hypolimnion),
was the most important ingested eukaryote but only in
the July 2016, several specimens hosted dominantly the
alga (Fig. 7c). Other typical food was a minute diatom
Cyclotella choctawhatcheeana, sometimes found in Al-
chichica S. teres while very numerous in La Cruz sam-
pling and experiment (Fig. 6¢). No important eukaryotes
were found in the S. teres population of La Preciosa.

Feeding rate experiments (pooled in the Table 1;
Fig. 10) were evaluated during late stratification of the
crater lakes giving similar results for the samples with
abundant ciliates. Typical Alchichica clearance rate laid
about 2000 nL cell 'h™!, which represented in average
130 to 210 cells cell'h ™! ingested. La Preciosa popula-
tion showed roughly similar clearances but the grazing
rates were much more variable in different layers reach-
ing sampling averages 46 to 488 cells cell 'h™! ingested.

Field measurement of Lake La Cruz S. teres popu-
lation did not give positive results due to the logistic
problems. However, the experiment with the whole
community transported to the laboratory had success.
The clearance rates were observed being much lower
than those from Mexican lakes; on the other hand, graz-
ing was similar to Alchichica data.

Ecological relationships

With some exceptions, the oxycline and hypolim-
nion layers, where S. teres was found, showed oxygen
concentration below 1 mg L' with maximum over 2000
cells L' at DO of 0.2 mgL! and lower (Fig. 11). No-
toriously, S. teres was found at DO below the accuracy
limit within the completely anoxic hypolimnion. The
ciliates were observed regularly at the very bottom in-
cluding in anaerobic conditions until 2011, when large
number of 1900 cells L™ was found. S. feres appeared
there again in 2016 (Fig. 3).

To see a possible anaerobic respiration within the
sampled layers, S. feres numbers were plot against DO
and a nitrate concentration (Fig. 12). S. feres maxi-
mums were found upon concentrations over 1 pmol L™
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Fig. 6. Spirostomum teres: a) Lake Alchichica (8/8/2011, 30 m), b) Lake La Preciosa (2/9/2011, 20.5 m and ¢) Lake de La Cruz (25/6/2010,
11.25 m. Protargol stain (QPS). 1 =10 pm.
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Fig. 7. Spirostomum teres in Alchichica on July 2016 (epifluorescence microscope, Leica DMLB). a) DAPI staining; b) Phycobilin filter set
(Y3); ¢) Chlorophyll « filter set (I3). 1 =10 um.
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Fig. 8. Spirostomum teres in Alchichica on July 2013 (epifluorescence microscope, Leica DMLB). a) DAPI filter set (A); b) Phycobilin filter
set (Y3); ¢) Chlorophyll a filter set (I3). 1 =10 um.
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Fig. 9. Lake Alchichica Spirostomum teres with apparent purple sulphur bacteria in Protargol stain a) 4/12/2012, 36.5 m; b) 19/11/14, 38 m,

and in infrared autofluorescence b) 19/11/14, 38 m. 1 =10 um.

both with traces of DO (0.1 through 0.2 mgL™") and
at an anaerobic bottom. Also according to the occur-
rence of S. teres (percentage of positive samples within
a logarithmic scale of concentration intervals), the cili-
ate preferred nitrate concentrations between 0.6 and 2.5
umolL ! while upon concentrations over 6.3 pmolL!
the ciliate was not observed.

The same plot but applying the concentration of ni-
trite (Fig. 13), a possible respiration product, did not
give clear results; nitrites > 1 pmol L™ coexisted with
DO > 1 mg/l but the ciliate was extremely scarce in such
conditions. According to the occurrence of S. teres, the
ciliate preferred nitrite concentrations between 0.1 and
1 umol L™ while hypolimnetic S. feres maximums were
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APP N F SD G SD
lake date depth  cells mL" cells 10°nL ciliate’h APP ciliateh”
Alchichica  25/10/2011 29 1.96x10° 7 0.80 071 217 195
Alchichica  15/11/2011 30 2.20x10° 7 0.41 0.18 135 60
Alchichica  11/09/2012 25 5.51x10* 37 1.70 0.56 136 45
26 5.84x10* 19 2.78 0.92 227 75
27 3.21x10* 34 2.28 0.68 122 36
28 3.96x10* 19 224 1.12 152 76
average 109 2.16 0.76 150 53
Alchichica  24/10/2012 27 1.45x10° 4 122 0.33 196 54
28 1.01x10° 23 1.63 0.97 190 113
29 9.29x10* 15 1.87 0.89 198 95
30 4.45x10* 18 212 1.14 116 62
31 3.93x10* 13 221 0.98 111 49
32 3.52x10* 23 197 1.25 96 60
33 2.93x10* 29 214 1.25 93 54
average 125 1.96 1.08 132 72
La Preciosa 26/10/2011 26 4.36x10° 21 1.18 0.82 595 414
27 1.53x10° 14 1.50 1.46 334 327
28 8.44x10* 1 2.84 384
average 36 1.35 1045 = 488 369
La Preciosa 12/09/2012 19 2.06x10° 96 1.40 0.65 307 141
20 1.40x10° 72 2.13 1.03 326 158
21 1.23x10° 50 3.65 0.94 490 127
22 6.09x10* 20 219 0.75 162 56
23 2.47x10* 4 1.74 1.72 60 60
average 242 2.15 0.85 @ 334 135
La Preciosa 25/10/2012 23 1.24x10° 3 1.24 0.51 192 79
24 2.09x10* 17 1.11 0.30 57 15
25 4.61x10* 1 0.48 43
average 21 1.09 0.31 76 24

La Cruz 25/06/2010 experiment 3.50x10° 40| 0.275 0.065, 115 27

Table 1. Feeding experiments with S. feres (APP = autotrophic picoplankton [cells mL™']: N = number of inspected ciliate cells; F = clear-
ance rate [nL cell'h™']; G = grazing rate [cells cell 'Th™']; average was calculated as weighted by analysed ciliate cells in different layers).
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Fig. 10. Feeding experiments with FLB in Lake Alchichica (a, b), La Preciosa (¢, d) and Lake de la Cruz (e, f). Triple DAPI/FITC/CY3 set
(a, b); DAPI set (¢, e), Chlorophyll @ / FITC set. Arrow: Just filled vacuole. 1 = 10 pm.

observed between 1 and 2 umolL!. The ciliate occur-
rence was higher again over 2 pumol L in the com-
pletely anaerobic conditions but the ciliate numbers
were not considerably higher in such conditions.

From the point of view of picoplankton source of
feed (Fig. 14), S. teres was observed upon APP num-

bers varying roughly two orders of magnitude (2 x 10*
to 2 x 10° cells mL™") with occurrence peaking within
6 x 10*to 1 x 10° cells mL! (logarithmic scale of cat-
egories was applied). In case of HPP, the registered op-
timum was observed round 1.4 x 10° cells mL!, typi-
cally covering the interval 7.8 x 10°to 2.8 x 10° cells
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Fig. 11. Spirostomum teres occurrence (%) in habitats defined by
DO concentration (mgL™).

mL~! (occurrence graph is not shown but dots in the
Fig. 4 represent APP vs. all HPP data). The lowest HPP
numbers were observed in the anaerobic hypolimnion
while the highest ones in the oxycline.

In the plot of S. feres numbers against PAR and APP
(Fig. 15) we could confirm that the ciliate occurrence
upon above mentioned APP numbers is also supported
with the available radiation in the layer / habitat, ex-
cluding the samples from uncomplete mixing event.
According to occurrence, S. teres preferred PAR be-
tween 0.04 and 0.6%, with slight preference for 0.2 to
0.6% interval. However, the occurrence of S. feres was
also considerable in the dark hypolimnion and bottom.
While the ciliate was more common in the hypolimnion,
higher numbers were found in above the bottom-layer.

The dbRDA analysis of the Lake Alchichica sam-
ples where S. teres was present covered the layers from
21 to 61 meters (the very bottom). The results (pooled
in the Fig. 16) show that the first axis of the ordination
(dbRDA1), explained the higher percentage of the vari-
ation (88.6%), and was polarized by the concentrations
of dissolved reactive phosphorus (DRP) and nitrate
(NO;"). The second axis ((bRDA2) explained a much
smaller proportion of the variation (7.8%) and can be
associated to the oxic-anoxic gradient. The abundance

of HPP and S. feres is associated to microaerophilic
and anoxic phosphorus-rich environments with higher
nitrite (NO,”) and ammonium (NH,) concentrations.
However, in the ordination plot APP is located in the
opposite side of DRP, in environments with the lowest
concentrations of phosphorus and with a higher con-
centration of oxygen and nitrate within the oxic-anoxic
gradient.

DISCUSSION

Spirostomum teres identification

Morphologically, the ciliates from all three lakes
showed the same characteristics and, if observed in
vivo, they were brown-yellowish with cortical gran-
ules but almost without visible large food particles that
could change its colour.

Both in DAPI and protargol treated samples, the cili-
ature, membranells and morphology of cytostoma were
in good agreement with the S. feres Claparéde & Lach-
mann, 1858 description (Lopez-Ochoterena 1966; Dra-
gesco and Dragesco Kerneis 1986; Foissner et al. 1992;
Senler and Yildiz 2004; Fernandes and da Silva-Neto
2013; Boscaro et al. 2014; Shazib et al. 2016, 2019).
However, the macronucleus was found more elongated
and curved although not in such extent as for S. yagiui
Shigenaka, 1959. It should not be so surprising because
the morphological species S. teres contains several mo-
lecular clades (Boscaro et al. 2014; Shazib et al. 2016,
2019), which could be related to different environ-
ments. But it is quite strange that almost the same mor-
phology was observed in two Mexican populations, one
from a hyposaline lake Alchichica (9 g L), the other
from a freshwater lake La Preciosa (1.1 g L™') and from
a karstic lake La Cruz (Cuenca, Spain).

Spirostomum teres annual cycle and stratification

During last decade, the interest of the protozoolo-
gists has turned to the so called rare biosphere includ-
ing species able to survive in extreme conditions, e.g.
anaerobic ones, that are present in the ecosystem but
outside their specialised niche and/or following spe-
cial change in environmental conditions appeared be-
low common method detection limits (Weisse 2014).
However, with some exceptions, the studies in medium
to large stratified lakes avoided to quantify protists in
anoxic hypolimnia with microaerophilic / anaerobic
ciliates while the studies on small ponds and lakes, in
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particular meromictic and eutrophic ones were abun-
dant (compare Madoni 1990; James et al. 1995; Ha-
das and Berman 1998; PeStova et al. 2008; Bautista-
Reyes and Macek 2012; Sanchez-Medina et al 2016 vs.
Finlay 1981; Bark 1985; Psenner and Schlott-I1dl 1985;
Neidl 1989; Madoni 1991; Guhl et al. 1994; Finlay and
Esteban 2009; Oikonomou et al. 2014, 2015; Tirjakova
et al. 2016). It explained why we are lacking data to
be compared on the ciliate of interest from an oligo-
mesotrophic anoxic environment.

Migration of naturally benthic organisms was pro-
posed and proven as a source of microaerophilic cili-
ates, including S. teres in an anoxic hypolimnion and
oxycline in small water bodies (Bark 1981, 1985; Finlay
1981; Madoni 1991; Finlay et al. 1996; Finlay and Este-
ban 2009). Definitively, S. teres distribution in the water
column layer of Lake Alchichica was tightly connected
with oxygen stratification (Figs. 3-5 and 11-12), and
also the bottom population has been observed regularly
until 2009 (isolated observation occurred also in 2011
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and 2016). Apparently, during last years the redox po-
tential in the above bottom layer has been dropping (the
robust data covering the study are not available) and the
conditions have become unsupportable for the ciliate.
But the studies of above mentioned authors were based
on annual migration by less than 10 m within the water
column or below the duckweed surface cover (Madoni
1991) comparing to 20 to 40 m distance to the bottom of
60 m in lake Alchichica. One must accept also the dial
migration of S. teres within the water column that was

proposed to be as much as 5 (10) m (Bark 1981) and
well documented in a eutrophic gravel pit lake (Ross-
berg and Wickham 2008). In the latter one, the mean
depth of population varied up 1 m comparing day and
night, even though taking into account changes in the
width of the layer colonised by S. teres, real migration
was wider. However, it should not explain bottom- and
oxycline-population communication in our deep lake. It
seems that the oxycline / anoxic hypolimnion Alchichi-
ca population was proliferating separately and/or, hy-



pothetically, it was related to littoral or less deep parts
of the lake. In the hypolimnion of Lake Alchichica, the
temperature was increasing gradually to 15.3°C during
the last two decades that has reached almost the op-
timum temperature for S. teres growth (Laybourn and
Finlay 1976, Finlay 1977) giving, theoretically, genera-
tion time of < 100 h. Under such conditions, the res-
piration would increase as well. Statistical significance
can hardly be obtained for any limnological variable
to be linked as explicative for S. teres distribution and
abundance due to the fact that thermal stratification, the
position of the oxycline, and the deep chlorophyll max-
imum (DCM) were tightly co-correlated in Lake Alchi-
chica. In this regard, a dbRDA ordination analysis was
the best approach in order to determine to what extend
environmental variables can explain the differences in
the abundance of S. feres, APP and HPP in the abun-
dance matrix (Fig. 16). The dbRDA ordination shows
that S. teres was related to microaerophilic and anoxic
phosphorus-rich environments. On the other hand, S.
teres is supposed to be microaerophilic, i.e. oxygen
respiring upon low DO concentrations while it is able
to slow down oxygen consumption with decreasing
oxygen tension — so called oxygen conformer (Finlay
1977). However, our data demonstrated the occurrence,
even with higher abundance, of S. teres in anoxic con-
ditions, as it has been proven in many studies (e.g., Fin-
lay 1981, Psenner and Schlott-Idl 1985, Madoni 1991,
Sanchez-Medina et al. 2016).

Until now, the nitrate respiration, i.e. nitrite produc-
tion was proven for Loxodes spp. (Finlay 1985) and oth-
er protozoa (Hadas et al. 1992). In the case of S. teres,
Psenner and Schlott-1dl (1985) observed apparent rela-
tion of the ciliate peaking and nitrate drop coinciding
with nitrite peak (not quantified) in lake Piburgersee.
In the same lake, Neidl (1989) tried to correlate nitrite
data with S. teres occurrence but as he had analysed
only nitrates, he applied nitrite profiles taken during
preceding year. In lake Alchichica, many samplings of
nutrients were not sufficiently numerous throughout the
water column to describe local nitrite peaks, cleared
by a linear interpolation of lacking stratification data
(except, e.g. data in Fig. 4) but it is apparent that the
hypolimnion S. teres maximums coincided with higher
nitrate concentrations (Fig. 12). It was confirmed in the
dbRDA ordination analysis showing that the abundance
of S. teres along with HPP is associated with higher ni-
trite (NO,") and ammonium (NH,) concentrations. The
relationship would not be observed directly, since the
activity of nitrogen cycle-bacteria was proven in such
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layers (Pajares et al. 2017). Very recently, a transcrip-
tome of proteins involved in rhodoquinol-dependent fu-
marate reduction to respire in the oxygen-depleted hab-
itats were found in a mixotrophic zoochlorella bearing
S. semivirescens (Hines et al. 2018). Even though the
S. teres occurrence shows preferred PAR between 0.04
and 0.6%, with slight preference for 0.2 to 0.6% inter-
val, the statistical tests may not be applied. Such values
might have a considerable measurement error during
cloudy days when a low absolute PAR was registered.
Moreover, the occurrence of S. feres was also consid-
erable in the near-zero illumination /dark hypolimnion
and bottom showing even higher abundances.
Spirostomum sp. occurrence in the environment was
apparently related to a deep chlorophyll maximum.
Rossberg and Wickham (2008) observed the typical
Spirostomum sp. layer just above the DCM but in that
case, it was form by Chromatium-like purple sulphur
bacteria. In Lake Alchichica, DCM was composed,
generally, by large diatoms Cyclotella alchichicana,
accompanied by a minute C. choctawhatcheeana, chlo-
rophytes Monoraphidium minutum and, frequently, by
a local peak of picocyanobacteria. However, the in situ
registered fluorescence did not reveal cyanobacteria
peaking: “phycoerythrin” stratification resembled that
of diatoms; only cyanobacterial colonies/aggregates
were apparently registered as “phycocyanin”. Just with-
in the DCM, it was possible to observe S. feres, e.g., in
July when the thermocline was very thick presenting
DO and PAR gradient there. DO dropped to zero just
around DCM layer coinciding with about 0.1% PAR.
Typically, S. teres maximums were found 2 to 4 meters
below DCM / zero DO but still above the layer with
abundant Thiocapsa-like purple bacteria, depending on
even lower redox potential (Fig. 4). Due to the lack of
chlorophyll data from the dark layers (untill 2012), we
were not able to use pigment data in the statistical anal-
ysis. Different situation was found in Lake La Preciosa,
where S. teres occupied the layers just above the DCM
but below zero DO (Fig. 5). In contrary, Tirjakova et al.
(2016) found abundant S. teres within cyanobacterial
blooms with pretty high DO saturation (> 50%); no data
on bacteria and picocyanobacteria were measured. Also
Beaver and Crisman (1989) stated primarily the Spi-
rostomum spp. surrounding community as “plankton
of very productive ponds and lakes”. Bacteria with IR
fluorescence (supposingly anoxigenic photosynthetic
bacteria in chains of cells with much brighter fluores-
cence than that of purple bacteria from Alchichica) ap-
parently did not serve as a feeding source, they were
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toxic and/or occupied the layers with the environmen-
tal variables, which already did not support the ciliate
growth. Either in Lake La Cruz (Spain) or La Preciosa
(Mexico), S. teres did not penetrate the maximum of
photosynthetic anoxygenic bacteria, observed via their
autofluorescence registered with infrared camera.

Even though Spirostomum spp. have been study
exhaustively from the point of view of prokaryotic

symbionts (Fokin et al. 2005), there is a lack of infor-
mation on their feeding behaviour and data on their
feeding rate. Adl et al. (2019) declared the genus as
bacterivorous while other classified it as algivorous
/ omnivorous (Lopez-Ochoterena 1966, Bick 1958,
Finlay 1981), deducing bacterivory (Psenner and
Schlott-1dl 1985) and again, Finlay and Esteban (2009)
defined S. feres as a mainly bacterivorous, function-
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ally complex upstream filter feeder. On the other hand,
Foissner et al. (1992) stated S. teres as a bacterivo-
rous, particularly purple- and green-sulphur bacteria
feeder, which ingested even minute chrysophytes,
diatoms and desmids. We have observed during the
study nearly all these organisms inside the cells:
Populations from all three lakes ingested in different
proportion minute plankton bacteria, purple sulphur

bacteria, diatoms C. choctawhatcheeana, green algae
Monoraphidium spp. and Oocystis spp. However, the
observed prey that was almost dominant for the popu-
lations were the picocyanobacteria. It is possible that
the authors, which were not using fluorescence micros-
copy for the ciliate observations, were not be able to
distinguish them either for the ciliate pigmentation or
for the colour of cyanobacteria different to blue-green:
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isolated Alchichica and La Preciosa picocyanobacte-
ria were mainly purple to violet (Callieri et al. 2013)
and La Cruz cyanobacteria were observed yellowish
on the membrane filters. On the other hand, all cyano-
bacteria from the S. feres layers showed both bright
chlorophyll a and phycobilins fluorescence while the
surface picocyanobacteria were observed almost only
through phycobilins. Curiously, according to dbRDA
ordination analysis, S. teres and HPP abundances are
associated to low oxygen and high DRP concentra-
tions accompanied by nitrite and ammonium while the
ordination plot of APP is located in the opposite side

with the lowest DRP and higher DO and nitrate con-
centrations within the oxic-anoxic gradient (Fig. 16).
Although it was possible to find S. feres in the layers
with DO up to 6 mgL™!, we were obliged to follow
strictly the recommendations of Massana and Pedros-
Ali6 (1994) to maintain the feeding experiments upon
anoxic conditions. If the BOD bottles were not filled
passing minimum three their volumes with the sam-
ple coming from the tube of the sampler, S. teres did
not show any activity. In Lake La Cruz where small
amount of the sample had been obtained via pumping
and the washing-out had not been applied, we were



not be able to keep the optimum conditions and con-
sequently we had to measure the feeding activity upon
laboratory conditions.

Average clearance rates of S. teres (Table 1) from
significantly robust samplings of Mexican lakes (over
100 examined cells per sampling) were found around
2000 nL cell''h ™!, i.e. in Alchichica, APP uptake rate of
130 to 150 cells cell 'h™! but in La Preciosa, up 400 cells
cell'h™'. The estimated feeding activity in the samples
with lower S. teres numbers was also lower. La Cruz
population was less active (clearance rate 245 nL cell!
h!, i.e. 115 cells cell'h™) but it was in concordance
with the lake low temperature (6°C in the maximum
S. teres layer) that was followed in the laboratory ex-
periments. According to Finlay (1977), S. teres is near-
ly inactive upon such conditions.

In absolute values, the feeding rates of S. teres
were comparable to efficient plankton ciliates such as
Halteria grandinella, which bacteria uptake rate was
found 1580 cells cell'h™' but that of APP only 210
cells cell'h! (Simek et al. 1995). However, if the vol-
ume specific clearances were calculated according to
Fenchel (1986), S. teres did not present an appropriate
feeding activity to support its suspension feeding-de-
rived growth upon picocyanobacteria. H. grandinella
of a volume of 2.86 x 10° um® and clearance rate of
<1200 nL cell'h™! (Simek et al. 1995) would have spe-
cific clearance of an order of magnitude 10° h™!, which
classifyed it as an efficient suspension feeder, while our
S. teres of biovolume 2.3 x 10° um® and clearance rate
2000 nL cell 'h! possessed specific clearance only up
to 10° h''. Stentor sp. from the same size category was
found to reach a value over 10* h™!. On the other hand,
according to our observations, picocyanobacteria re-
mained in the vacuoles along with FLB for a long time
(over one hour) without that they were digested, which
looked like the ciliate behavioural strategy (for pico-
cynobacteria ingestion/digestion in minute ciliates, see,
Dolan and Simek 1997). Thus, S. teres should use to
support the growth another carbon source, e.g. (i) prod-
ucts of photosynthesis of ingested picocyanobacteria,
(i1) it could ingest bacteria upon higher feeding rates
that APP or (iii) ingestion of larger eukaryotes such as
diatoms and chlorophytes is much more important than
it had been supposed.
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CONCLUSION

Spirostomum teres was found growing in the pelagic
/ anoxic hypolimnion of an oligo- to mesotrophic mo-
nomictic hyposaline crater lake. During the first decade
of monitoring, there was an apparent very bottom popu-
lation of the ciliate during mixing, then the pelagic pop-
ulation has been developing during the stratification.
However, during last years the bottom population has
been gradually disappearing and there is no evidence
for periodical colonization of the hypolimnion from the
bottom.

Early stratification distribution of the ciliate was
located several meters below the deep chlorophyll
maximum (formed basically by diatoms) and below
the zero DO layer; a gradient of light conditions pos-
sibly supporting oxic and/or anoxic photosynthesis
was observed. Late stratification after deepening of the
thermocline reduced the layers with S. teres population
to a minimum, probably due to the drastic drop in DO
and redox-potential conditions. On the other hand, the
ciliate has been found repeatedly in the deep part of the
lake during an uncomplete overturn.

Well defined stratification of the ciliate was appar-
ently driven by source of feed and that of respiration.
S. teres was found almost only upon anoxic condition
but in the presence of nitrates and nitrites (possible final
electron acceptor and the respiration product, respec-
tively). Also residual PAR (below 0.1%) was identified
as possible stimuli for the population development.

The ciliate was able to proliferate in the microaero-
bic and anaerobic environment without presence of
high numbers of prokaryotic prey. Bacteria numbers
found in the S. teres colonised layer laid within an order
of magnitude 10° cells mL"!. Optimum picocyanobac-
teria numbers apparently supporting the ciliate growth
laid within 6 x 10*to 1 x 10° cells mL™". S. feres feeding
upon picocyanobacteria reached clearance rate of 2000
nL cell 'Th™!. Feeding upon purple sulphur bacteria was
observed but only during the end of the lake stable strat-
ification when the ciliate population was already drop-
ping. The results were well comparable with those from
aneighbour freshwater crater lake La Preciosa and with
a meromictic karstic Lake de La Cruz (Cuenca, Spain).

On the other hand, the volume specific clearance
of §. teres upon picocyanobacteria did not support the
hypothesis that they could serve as a dominant prey
along with heterotrophic bacteria. It is hypothesized
that an activity of the ingested photosynthesising
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microorganisms, including eukaryotic diatoms and
chlorophytes, could support S. teres growth.
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