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Abstract The year-to-year variations of vertical
distribution and biomass of anoxic phototrophic
bacteria were studied during ice periods 2003-2005
and 2007-2008 in meromictic lakes Shira and Shunet
(Southern Siberia, Russian Federation). The bacterial
layers in chemocline of both lakes were sampled with a
thin-layer hydraulic multi-syringe sampler. In winter,
biomass of purple sulphur bacteria varied considerably
depending on the amount of light penetrating into the
chemocline through the ice and snow cover. In
relatively weakly stratified, brackish Shira Lake, the
depth of chemocline varied between winters, so that
light intensity for purple sulphur bacteria inhabiting
this zone differed. In Shira Lake, increased transpar-
ency of mixolimnion in winter, high chemocline
position and absence of snow resulted in light intensity
and biomass of purple sulphur bacteria exceeding the

D. Y. Rogozin (X)) - V. V. Zykov - M. Y. Chernetsky -
A. G. Degermendzhy

Institute of Biophysics of Siberian Branch of Russian
Academy of Sciences, Akademgorodok 50-50,

660036 Krasnoyarsk, Russia

e-mail: rogozin@ibp.ru

D. Y. Rogozin - V. V. Zykov - M. Y. Chernetsky -
A. G. Degermendzhy

Siberian Federal University, Svobodny 79,

660071 Krasnoyarsk, Russia

R. D. Gulati
Center for Limnology, The Netherlands Institute
of Ecology, Nieuwersluis, The Netherlands

summer values in the chemocline of the lake. We could
monitor snow cover at the lake surface using remote
sensing and therefore estimate dynamics and amount
of light under ice and its availability for phototrophic
organisms. In Shunet Lake, the light intensities in the
chemocline and biomasses of purple sulphur bacteria
were always lower in winter than in summer, but the
biomasses of green sulphur bacteria were similar.

Keywords Chemocline - Green sulphur bacteria -
Purple sulphur bacteria - Snow - Winter

Introduction

Under-ice limnological studies are few because the
sampling and measurements are difficult under severe
winter conditions. Usually, winter is considered to be
a “dead” season with respect to primary production
of phytoplankton because the presence of ice on lake
surface tends to limit phytoplankton growth due to
decreased light penetration, particularly if it is
covered by snow (Sigee 2005). If the ice cover is
thin, however, and snow is not present, light pene-
tration may be sufficient to support algal growth
(Kelley 1997). For example, in Lake Baikal the
populations of diatoms under ice account for about
40% of annual primary productivity (Sigee 2005; see
also Jewson et al. 2009, this volume).

Phototrophic anoxic bacteria may contribute sub-
stantially to total primary production in stratified

@ Springer



662

Aquat Ecol (2009) 43:661-672

lakes with anaerobic hypolimnion (Bieble and Pfen-
nig 1979). These bacteria use sulphide and other
reduced compounds of sulphur as electron-donors for
anoxygenic photosynthesis. Dense accumulations of
these bacteria can develop, if light reaches the deep
sulphide-containing layers. Although blooms of
anoxic photosynthetic bacteria are observed in the
pelagial of many lakes and reservoirs, their ecological
significance in these systems remains unclear (Over-
mann 1997).

Anoxic phototrophic bacteria are generally known
to persist in chemoclines of temperate meromictic
lakes under ice (Lawrence et al. 1978; Overmann
et al. 1994; Tonolla et al. 2003). In winter, the light
intensity and abundance of phototrophic bacteria in
chemocline are generally lower than in summer. For
example, in Lake Cadagno (Switzerland) in March
1999, the light intensity in the chemocline was 10%
of that in summer due to ice and snow. The
abundance of photosynthetic bacteria (PSB) in
chemocline of Lake Cadagno was an order of
magnitude lower in March 1999 than in August
1999 (Tonolla et al. 2003). In Lake Mahoney
(Canada), during winter (February—March, 1992),
average light intensity was between 20 and 50%, and
the total average biomass of PSB was about 30% of
that in summer (Overmann et al. 1994; Overmann
1997).

The present study concerns lakes Shira and Shunet
in Siberia, Russia, which are both covered by ice
during 5 months, and where the populations of
phototrophic bacteria persist during ice period in
the chemocline and the monimolimnion (Savvichev
et al. 2005; Rogozin et al. 2005). As part of a
comprehensive study of carbon and sulphur cycles in
Shira and Shunet Lakes, we studied vertical distri-
bution and biomass of anoxic phototrophic bacteria
and profiles of physical and chemical characteristics
during under-ice periods from 2003 to 2008. The
under-ice samplings and measurements were carried
out once per winter.

Materials and methods
Description of the lakes

Shira Lake (90.11E, 54.30°N) is located in the
northern part of the Republic of Khakassia, Siberia
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(Russian Federation). This elliptical (9.3 x 5.3 km)
lake has an area of 35.9 km? and maximum depth of
23.8 m. The lake water is brackish, with sulphate—
chloride and sodium—magnesium composition (Kal-
acheva et al. 2002). The average salinity of water is
ca. 15 g 17! in mixolimnion and 19 g 1~ in monim-
olimnion (Rogozin and Degermendzhy 2008). The
lake has no outflow. The main inflow is from Son
River that provides about 42% of fresh water supply
to the lake; other sources of water are precipitation
and seepage water. The lake is in most years ice-
covered from the end of November till the beginning
of May.

Shunet Lake (90.13E; 54.25°N) is located 8 km to
the south-east of Shira Lake. This lake is also
elliptical (1.2 x 0.4 km) but with much smaller in
area (0.47 kmz) and shallower depth (6.2 m). The
ionic composition of the lake water is very similar to
that of Shira Lake (Parnachev et al. 2002). The
salinity of the lake between mixolimnion (17—
20 g 17") and monimolimnion (up to 66 g 1™") differs
markedly. The lake has no outflow but an inflow from
a small stream. The ice cover persists from early
November to April or the beginning of May.

Both lakes have sulphide-rich monimolimnion and
exhibit massive development of PSB dominated by
species closely related to Lamprocystis purpurea
(Chromatiaceae), which form “purple” layers in
chemocline (Pimenov et al. 2003; Rogozin et al.
2005). The PSB in “purple” layer in Lake Shunet
reached a very high density, >10® cells ml~" (Rogo-
zin et al. 2005).

Sampling and measurements

For sampling during winter, a hole was drilled in ice
at the deepest site in the centre of each lake. The
lakes were sampled at the same sites in both winter
and summer. Data were collected once during the
winter season except in 2008. During ice period of
2008, two surveys were carried out to check whether
the biomass of anoxic phototrophic bacteria increased
during period from February to March in response to
increase in day length.

The chemocline in the lakes was detected on each
sampling date using data of temperature, conductiv-
ity, dissolved oxygen, turbidity and redox-potential
measured with Hydrolab Data-Sonde 4a submersible
profiler (Hydrolab, Austin, Texas, USA). The profiler
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was fixed at the lowest part of a thin-layer hydraulic
multi-syringe sampler (Rogozin and Degermendzhy
2008) that was used after locating the chemocline.
Twenty 120-ml samples were taken simultaneously
over a total depth of 1 m (Rogozin and Degermendzhy
2008). Otherwise, the lakes were sampled using 0.5 1
Ruttner sampler. Shira Lake was sampled at depths of
3,6,9,12, 15,17, 19, 21, 23 m and Shunet Lake at 2,
3,4,55,6m.

Dissolved oxygen and sulphide in chemocline
samples were measured by Aquamerck kits (Merck,
Germany). If sulphide concentration exceeded
5 mg 17", the subsamples were fixed with zinc acetate
and determined according to Volkov and Zhabina
(1990).

Irradiance (PAR) was measured using LI-193SA
spherical quantum sensor and LI-COR 1400 datalog-
ger (LI-COR Ltd. Lincoln, NE, USA), and using
these data, vertical attenuation coefficients for the
mixolimnion, chemocline and monimolimnion were
calculated. For light measurements, the hole drilled in
ice was covered with an opaque lid to prevent
exposure of under-ice water to direct sunlight. The
light intensity at the upper border of the chemocline
was calculated for a normalized surface light inten-
sity of 1,500 pE m~2 s~! (Tonolla et al. 2003).

The increase in daily solar radiation during early
spring was estimated from the time courses of solar
radiation calculated for sampling dates of February
16 and March 22, 2008 by solrad.xls program
(Washington State Department of Ecology, Olympia,
WA). In this program, the solar position was
calculated according to NOAA’s JavaScript solar
position calculator, and clear-sky solar radiation was
calculated according to Bras model (http://www.strb.
noaa.gov/highlights/sunrise/azel.htm). The coordi-
nates of the lakes, surface ground elevation and dates
of interest were input data for calculations. Then, the
time curves of solar radiation were integrated to
calculate values of daily solar radiation.

Pigment determinations

Samples were filtered through membrane filters (0.22-
pm pore size; 32-mm filter diameter: Bio-Chrom,
Russia) previously coated with a thin layer of BaCOs.
The BaCO; layer containing bacterial cells was
suspended in 5 ml of 90% acetone at 4°C. After 24-h
extraction (Montesinos et al. 1983), the samples were

centrifuged at 7,000 rpm for 10 min, and the clear
supernatant was decanted and used for pigment
determinations. Absorption scans from 350 to
900 nm were used to identify the principal pigments.
Bacteriochlorophylls a and d in acetone solution were
derived from the absorption at 772 nm (Bchl a) and
654 nm (Bchl d) using the specific absorption coeffi-
cients of 92.31¢g ' cm™' (Jeffrey and Humphrey
1975) and 98 1 g~! cm™" (Stanier and Smith 1960),
respectively. Chlorophyll a was calculated from the
absorption at 663 nm using the specific absorption
coefficient of 87.671g ' cm™' (Jeffrey and Hum-
phrey 1975). In the chemocline of Shunet Lake, the
absorption maxima were detected between 654 and
663 nm indicating similar concentrations of both Bchl
d and Chl a.

In addition, in 2007 and 2008, Chl a was measured
with fluorescent chlorophyll probe 6025 installed in
YSI 6600 sonde (Yellow Springs, Ohio, USA). The
suspension of green alga Chlorella vulgaris was used
to calibrate the probe. The selectivity of the probe
was checked using suspensions of pure cultures of
PSB and green sulphur bacteria (GSB) containing no
Chl a. Because a high fluorescent signal was also
recorded in the two cultures, the selectivity of the
probe is questionable in mixed suspensions of anoxic
phototrophic bacteria and Chl a-containing phyto-
plankton. Thus, the probe data were not used for
chemocline and monimolimnion of both lakes.
Instead, in mixolimnia, Chl @ measured by the probe
corresponded well to Chl a determinations.

Pigments were not determined in 2004 and 2005 but
computed from the PSB and GSB counts. For comput-
ing this, a calibration factor of 2.65 x 10~'* g Bchl
a cell™" was derived from parallel determinations of
Bchl a and PSB numbers in samples of 2007 and 2008. A
calibration factor of 13.4 x 107'* g Bchl d cell™
(Lunina et al. 2007a) was used to convert the GSB
numbers into Bchl d.

Microbial counting

For enumeration of bacteria, subsamples were pre-
served in glutaraldehyde (final concentration 1%).
Purple sulphur bacteria filtered through 0.2-pum pore
size black Nuclepore filters and stained using DAPI
(Porter and Feig 1980) were counted by Zeiss
Axioskop 40 FL (Carl Zeiss, Germany) epifluores-
cence microscope using a filter set 02 (G365, FT 395,
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LP420, Carl Zeiss, Germany). We distinguished PSB
from other bacteria by their distinct shape, size and
type of aggregation (Pfennig and Truper 1989). The
shape, size and autofluorescence of the cells domi-
nating in chemocline were similar to those for pure
cultures (accession number AJ633676 EMBL/Gen-
Bank) of PSB isolated from Shira Lake and related to
Lamprocystis purpureus (Rogozin, unpublished). In
addition, cyanobacterial and algal cells were identi-
fied by their orange and red autofluorescence using
filter set 15 (BP 546/12, FT 580, LP 590, Carl Zeiss,
Germany). PSB were counted at 1,000x magnifica-
tion in 40 fields, each comprising 0.01 mm?. GSB
were counted unstained on 0.2-pm pore size black
Nuclepore filters in 40 fields, using a light micro-
scope MBI-11 (LOMO, Russia) in the reflected
visible light at 1,100x magnification. In light field,
the GSB appear blue or yellow-green (Kopylov et al.
2002a), whereas PSB appear white due to reflection
of gas vacuoles. Heterotrophic bacteria were not
visible in reflected light.

Remote estimation of snow cover

The 8-day multi-spectral composite images obtained
from MODIS space spectroradiometer (product
MODO09A1 downloaded from http://edcimswww.cr.
usgs.gov/pub/imswelcome were used to estimate
snow conditions at the surface of Shira Lake. The
percentage of reflectance (ratio of reflected radiation
to incident radiation x 100) at the wavelength of
858 nm was used as an index of snow cover. This
wavelength provides the best contrast between snowy
and snow-free ice surfaces in reflected spectra. This is
because maximal reflectance of snow is observed in
visible light, but maximal absorbance of water and
clear ice is observed in near-infrared light (Hall et al.
2002). The whole surface of Shira Lake included 162
pixels, 500 x 500 m each. The reflectance was cal-
culated for each pixel, and mean value was used to
estimate snow cover of the whole surface. In most
cases, standard deviation expressed in units of
reflectance was <15%. Atmospheric effects were
removed using the standard MODIS algorithm of
atmospheric correction. This included corrections for
the effect of atmospheric gases, aerosols and thin
cirrus clouds. An estimate of the snow conditions of
Shunet Lake using remote sensing methods was not
possible because of its small surface area.
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Results

In both lakes, the ice thickness differed insignif-
icantly from year to year, whereas the snow cover
varied between no snow and full snow cover
(Tables 1, 2). The reflectance of the Shira Lake
surface measured by space spectroradiometer corre-
sponded well to the nature of snow cover: the
reflectance was low when there was no snow on ice in
March 2007 and March 2008 but high when snow
entirely covered the ice surface in February 2004,
March 2005 and February 2008 (Fig. 1). In February
2003 when snow covered about 50% of the lake area,
the reflectance was also high (Fig. 1).

The water column of both lakes on all sampling
dates was distinctly separated into an aerobic mixo-
limnion and an anaerobic monimolimnion (Figs. 2,
3). In winter, water temperature and conductivity
were distributed evenly throughout the whole oxy-
genated mixolimnions. The winter and summer
profiles of sulphide were similar in the two lakes
(Figs. 2, 3). In Shunet Lake, the vertical position of
the chemocline, the transition zone between oxygen-
ated and sulphide-rich waters, was almost constant
(Table 2), but in Shira Lake it varied between 11 and
16 m (Table 1).

In both lakes, the light penetration during ice
periods depended on snow cover. In both 2007 and
2008, the maximal light intensity under ice was
recorded when snow was absent. The lowest light
intensity was in February 2003 and 2008 when snow
covered the ice surface (Figs. 2a, 3a; Tables 1, 2).
Under the snow-free ice, the light intensity for a
known depth was about 10-times higher in Shira Lake
and 3-6 times higher in Shunet Lake than under the
snow-covered ice (Tables 1, 2). Since the light
transmittance of snow is much less than that of ice,
the thin snow cover of 2 cm resulted in drastic
decrease in under-ice light intensity compared with
snow-free ice cover conditions (Tables 1, 2). In
contrast, the variation of snow thickness from 2 to
20 cm resulted in relatively insignificant variations of
under-ice light intensity (Tables 1, 2).

In winter, the vertical light attenuation coefficient
(Ky) of mixolimnion of Shira Lake was lower than in
summer (Table 1). Thus, the water column in winter
was more transparent than in summer; in Shunet
Lake, however, the Ky values in the mixolimnion
were similar in winter and summer (Table 2); the
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Table 1 Characteristics of snow and ice cover and chemocline of Shira Lake

Date Ice depth  Snow Chemocline T (°C)  Light intensity ~ Vertical Bchl a Chl a
(cm) depth (cm) depth (m) in chemocline attenuation (mg mfz) (mg mfz)

(LE m2s7h coefficient (m™")

In winter

24.02.03 100 12¢ 15.0-15.5 0.3 0.2 0.15 55 -

18.02.04 100 2 11.0-11.5 1.7 - - -

11.03.05 63 20 11.2-12.2 1.3 - - 113 -

13.03.07 77 0 12.7-13.2 1.0 4.9 0.12 155 18

16.02.08 85 4 15.9-16.2 5.5 0.18 0.13 120 17

22.03.08 90 0 15.7-16.2 4.0 1.5 0.12 0 23

In summer

24.05.03 13.0-13.5 —-0.3 1.64 0.21 - -

01.08.03 14.5-15.0 0.5 - - -

01.08.04 13.3-13.5 1.6 - - - -

29.07.05 12.1-12.6 2.3 - - -

01.08.06 12.0-12.5 2.2 1.98 0.14-0.21 - -

12.06.07 11.7-12.2 7.8 - - 273 72

27.07.08 13.5-14.0 1.7 - - 70 61

Chl a (calculated for mixolimnion only) concentrations were measured with fluorescent sensor

? Snow patches alternated with snow-free ones covering about 50% of the lake area

Table 2 Characteristics of snow-ice cover and chemoclines of Shunet Lake

Date Ice Snow Chemocline Light intensity Vertical Bchl a Bchl d Chl a

(cm) (cm) depth (m) in chemocline attenuation (mg m2) (mg m2) (mg m?)
(LE m~2 s’l) coefficient (m™")

In winter

28.02.03 73 12 4.45 0.97 0.18 105 1,117 -

18.02.04 80 2 5.10 - - 69 873 -

12.03.05 70 19 4.95 - - 123 - -

14.03.07 75 0 4.70 3.1 0.35 533 818 75

15.02.08 87 2* 4.90 1.3 0.32 219 977 34

21.03.08 87 0 4.90 7.5 0.28 317 1,019 22

In summer

12.07.02° 4.70 88 0.17-0.22 - 830 54

19.07.02°¢ 4.70 - - - 1,260 -

03.08.03¢ 5.20 - - 189 640 -

05.08.04 5.10 57 0.27 - - -

27.07.05 5.05 49 0.29 - - -

13.06.07 4.95 - - 480 696 21

28.07.08 4.75 - - 135 1,175 6

Chl a concentrations (calculated for mixolimnion only) were measured with fluorescent sensor
% Snow patches alternated with snow-free ones covering about 50% of the lake area

® Derived from (Degermendzhy et al. 2003)

¢ Derived from (Lunina et al. 2007a)
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Fig. 1 Dynamics of Shira Lake surface reflectance at 852 nm during November—April periods of 2003-2005 and 2007-2008

obtained by MODIS space spectroradiometer

maximal light intensity reaching the chemocline in
winter was only ca. 20% of that in summer (Table 2).
Therefore, in Shunet Lake, the light intensity in
chemocline decreased due to ice and snow cover, i.e.,
due to meteorological factors. On the other hand, in
Shira Lake, the maximal light intensity in winter in
the chemocline was even higher than in summer
(Table 1). This was due to increase in water column
transparency combined with snow-free conditions.
Therefore, in Shira Lake, the decrease in plankton
biomass in winter mixolimnion resulted in improved
light conditions for anoxic phototrophic bacteria in
chemocline. This was not the case for Shunet Lake
because the transparency of mixolimnion, i.e., plank-
ton biomasses, in summer and winter were similar in
this lake.

In winter, K4 in both lakes was constantly low
throughout the mixolimnion but sharply increased in
chemocline implying the presence of bacterial plume.
In summer, the PAR intensity below the chemocline
in Shunet Lake was under detection limit due to
extremely dense “purple” layer (data not shown).

In Shira Lake, the Chl a concentration in mixo-
limnion was lower in winter than in summer
(Table 1; Fig. 2). This is in contrast with Shunet
Lake where Chl a concentration in mixolimnion in
winter was even higher than in summer (Table 2;
Fig. 3). In mixolimnion of both lakes, the Chl a was
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distributed uniformly in winter. In Shira Lake, the
summer profile of Chl a concentration had a peak in
oxic mixolimnion near the thermocline (Fig. 2b). The
sharp Chl a peak detected in March 2007 in
chemocline coincided with peak of “purple” layer
of PSB (Fig. 2a). In Shunet, the Chl a concentrations
always abruptly increased by order of magnitude at
the depths near “purple” layer (Fig.3). In Shira
Lake, Chl a under the chemocline was always
detectable in absorbtion spectra of acetone extracts.
The profiles of Chl a in anoxic monimolimnion of
Shira (Fig. 2) were similar in summer and winter.
Bchl a was always absent from mixolimnion of
both lakes, but it was present in traces at the upper
boundary of the chemoclines. Local peaks of Bchl a
were almost regularly detected in the chemoclines of
both lakes, but concentration of Bchl a as well as PSB
abundance in Shunet Lake were from one to two
orders higher than in Shira (Figs. 2, 3). In Shunet,
Bchl a was a 5-10 cm thick, a “purple” layer present
at the oxic—anoxic interface except in February 2003.
In this “purple” layer, the concentrations of PSB and
Bchl a were lower in winter than in summer for all
study years. The peak of PSB in March 2007 was
more spread out in depth than at other times (Fig. 3a),
and the total concentration of Bchl @ in chemocline
was maximal (Table 2). In Shira, the peak of PSB
was detectable only in March 2007 as “purple” layer
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<« Fig. 3 Characteristics of Shunet Lake (a) in winter and (b) in
summer. The highest concentration of bacteriochlorophyll a
observed in June 2007 is shown at the proper scale on inserted
small panel. Summer 2004 light profile is indicated by arrow
on the panel of light profile of March 2008 for comparison.
Bacteriochlorophylles in February 2003 are taken from Lunina
et al. (2007a)

in sampler syringes; concurrently, the concentration
of Bchl a exceeded all reported values for Shira Lake
(Fig. 2a).

Bchl d was not detected at all in Shira Lake,
implying the absence of green sulphur bacteria
(GSB), which was also confirmed by microscopic
examinations. This is in contrast with Shunet Lake
where Bchl d was always detected in the both
chemocline and monimolimnion (Fig. 3). The total
amount of Bchl d in monimolimnion varied less with
depth than that of Bchl a (Table 2), and the depth
profiles of Bchl d were invariably similar (Fig. 3). In
summer, local peaks ranging from 0.6 x 10’ to
1.6 x 107 cell ml~" of GSB were detected in chemo-
cline of Shunet Lake either in the “purple” layer or at
5-10 cm deeper (data not shown). In winter, no peaks
of GSB were detected in the chemocline.

In the chemocline of Shira Lake, temperature
conditions in winter and summer were similar in most
years (Fig. 2; Table 1). The PSB populations devel-
oped at temperatures ranging from 0 to 1.7°C for
most seasons, except during warm period in June
2007 (Fig. 2). In contrast, in Shunet Lake, the
summer temperatures in chemocline were 5-15°C
higher than in winter (Fig. 3).

Discussion

Despite the inconveniences of working in field under
severe winter conditions, a sampling strategy com-
parable with that in summer period is certainly
crucial for investigation into stratified lakes, espe-
cially those exhibiting meromixis. During summer,
for sampling of deeper layers of stratified lakes, even
slight movements of the boat may disturb the micro-
stratification of microorganisms and physical and
chemical factors. In winter, in contrast, an almost
complete sampling precision and replication can be
achieved because of solid ice surface.

Generally, the oxic—anoxic interface positioning in
a stratified lake can be affected by both mixing

processes and microbial activity such as oxygen and
sulphide production. In Shira Lake, the winter oxic—
anoxic interface was positioned at the depth of
maximal salinity gradient for all years, except 2004
(Fig. 2a). In 2004, the vertical position of oxic—anoxic
interface was 1.5 m below the position of maximal
salinity gradient (data not shown). Since the position of
maximal salinity gradient can be scarcely affected by
microbial activity, one can assume that mainly mixing
processes are responsible for chemocline and oxic—
anoxic interface positioning in Shira Lake in winter.
Because the under-ice light conditions of anoxic
phototrophic bacteria depend on position of chemo-
cline, the knowledge of mixing processes is necessary
for the prediction of phototrophic bacterial production
in Shira Lake. Higher salinities in mixolimnion during
winter in 2003 and 2008 than in 2007 (Fig. 2a) indicate
more intensive mixing with the deeper water layers
with higher salinity. Therefore, annual variability in
turbulent mixing during the open-water period is
responsible for the variability in positioning of chemo-
cline in winter. In Shunet Lake, the salinity gradient
between mixolimnion and monimolimnion was nota-
bly stronger than in Shira Lake (Fig. 3), and this
explains why stratification in Shunet is more stable and
the depth of chemocline almost constant.

A relatively more transparent mixolimnion in
winter than in summer in Shira Lake cannot be per
se due to unfavourable prevailing conditions for
phototrophic organisms. The combination of “high”
chemocline with absence of snow on ice surface
appears to have resulted in relatively more light
reaching the chemocline in March 2007. From the
time course of the lake surface reflectance (Fig. 1),
one can assume that the absence of snow from ice
surface probably resulted in higher time-integrated
amount of light energy available for photosynthesis
during under-ice period of 2007 compared with other
winters. Hence, the snowless winter conditions
appear to favour PSB in Shira Lake and can explain
the anomalously high biomass of PSB observed in
March 2007 (Fig. 2a). Since the reflectance of the
lake surface corresponded well to snow conditions for
fixed dates of measurements (Fig. 1), we noted that
remote satellite data can be used to monitor the
horizontal distribution and thickness of snow cover of
Shira Lake. Therefore, the light conditions under ice
can be deduced by monitoring of snow cover
dynamics in studied lakes.
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Since the concentrations of PSB in the chemo-
clines of both lakes were lower in February than in
March, PSB activity in early spring (March) was
probably attributable to an increase in light intensity.
The under-ice samplings in 2008 (February and
March) allowed us to test the hypothesis of start in
spring of PSB growth under-ice. The time-integrated,
daily solar radiation calculated using Solrad.xls for
16 February was 6 x 10° J m~2, whereas for March
22 it was 13.8 x 10° T m™2, i.e., 2.3 times higher.
Between these samplings dates, the snow cover
disappeared from lakes Shira and Shunet, resulting
in 7 and 6 times higher light intensity in the
chemocline of these lakes, respectively (Tables 1,
2). Therefore, in March 2008, the increase in PSB
densities compared with February can be explained
by increase in light intensity rather than that in day
length. Our study generally indicates that densities of
purple sulphur bacteria in meromictic lakes in winter
may vary depending on the amount of light penetrat-
ing the lake and reaching the chemocline through the
snow cover and ice.

In Shira Lake, several studies (Kopylov et al.
2002a; Gaevsky et al. 2002; Pimenov et al. 2003;
Lunina et al. 2007b, this study) have substantiate that
thermocline is formed in summer at 6-8 m depth.
Since the chemocline is always positioned 4-8 m
deeper below thermocline, thermal stratification pre-
vents chemocline waters from warming-up during
summer. That is why the PSB environment in Shira
Lake is not essentially colder in winter than in
summer. Both summer and winter populations of PSB
in Shira are probably adapted to low temperature. In
contrast, in Shunet Lake, the winter populations of
anoxic phototrophic bacteria, both PSB and GSB,
appear to develop in winter under lower temperature
than summer populations.

The winter light conditions for GSB are not
necessarily unfavourable. For example, in 2003, the
decrease in light due to snow cover was compensated
by higher positioning of chemocline and increase in
chemocline transparency due to almost complete
disappearance of “purple” layer. As a result, depth of
PAR was located below the chemocline where GSB
developed; notably, available light intensity for GSB
below the chemocline was higher than in summer.
Assumedly, seasonal variations of light conditions for
GSB are regulated by variations of PSB densities in
the layers above. In winter, the decrease in PSB
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density may provide increase in light intensity
available for GSB. Such effects of light shading by
PSB on GSB have also reported by Montesinos et al.
(1983) for Spanish lakes.

The presence of Chl a in anoxic monimolimnion
of Shira Lake has been observed in a previous study
(Gaevsky et al. 2002). This may be explained by
passive sedimentation of phytoplankton. Although
the quantification of Chl a in anoxic zone of Shunet
was not possible, both the increase in Chl a above the
chemocline (Fig. 3) and absorbance spectra of ace-
tone extracts of filtered water samples suggest that
concentrations of Chl a under the chemocline cannot
be neglected. Since no assimilation of inorganic
carbon in light period was noted in Shira at below
16 m in summer and winter (Kopylov et al. 2002b;
Pimenov et al. 2003; Savvichev et al. 2005), photo-
synthetic microorganisms probably were not active in
deep anoxic waters of the lake. The higher dissolved
oxygen concentrations observed in both lakes under
ice in March than in February (Figs. 2, 3) imply
photosynthetic activity of oxygenic phytoplankton in
mixolimnion thus probably provide an evidence of
spring start of phytoplankton growth (Figs. 2, 3).

Previous workers (Pimenov et al. 2003; Savvichev
et al. 2005; Lunina et al. 2007a, b) observed that rates
of photosynthesis (**C method) in these two lakes
were lower in winter than in summer. Moreover, the
contribution of anoxic photosynthesis to total primary
production was rather low in all seasons (Pimenov
et al. 2003; Savvichev et al. 2005). In both lakes, the
oxic photosynthesis contributed from 93 to 100% of
total photosynthetic inorganic carbon assimilation for
both summer and winter (Pimenov et al. 2003;
Savvichev et al. 2005). In each lake, the differences
in primary production between summer and winter
were more due to differences in oxic photosynthesis.
However, the winter measurements were made only
for 2003 (Savvichev et al. 2005) when light conditions
were very poor in both lakes. Indeed, in the winters of
2003 and 2008, the light intensity in chemocline of
Shira Lake was <0.4 uE m 2 s~' (Table 1). This
value appears to the lowest light intensity to support
growth of pure PSB cultures (van Gemerden et al.
1989). Therefore, anoxic photosynthesis is negligible
in the winters in Shira Lake and relatively low in
Shunet Lake. Obviously, in the winter of 2007, the
rates of oxic and anoxic photosynthesis in both lakes
were higher because of considerably higher under-ice



Aquat Ecol (2009) 43:661-672

671

light intensities. Although direct measurements have
not been made for other winters, in present study we
show that variation of under-ice light values suggest
that under-ice photosynthesis production may vary
significantly depending on environmental conditions.
This study concerns only few aspects of winter
ecology of stratified lakes, mainly the under-ice light
conditions. Certainly, winter study of other aspects,
e.g., phytoplankton primary production and zooplank-
ton studies can add to summer data in understanding
the functioning of microbial food web and its role in
understanding the total ecosystem dynamics.

Conclusions

1. Winter biomass of purple sulphur bacteria in the
studied meromictic lakes may vary depending on
amount of light penetrating into the chemocline
through the snow cover and ice on a lake surface.

2. The amount of light reaching deeper layers
depends on snow-cover characteristics. The nature
of snow cover can be remotely sensed by reflec-
tance of the lake surface. Therefore, the under-ice
light conditions can be roughly derived by mon-
itoring of snow cover dynamics in studied lakes.

3. In relatively less strongly stratified Shira Lake,
the vertical position of chemocline in winter can
vary resulting in considerable changes in light
conditions of chemocline. Hence, the under-ice
light conditions of anoxic phototrophic bacteria
depend on chemocline position.

4. Due to increase in transparency of mixolimnion
in winter, the combination of shallower chemo-
cline with absence of snow results in higher light
intensity in the chemocline of Shira Lake.
Therefore, the biomass of purple sulphur bacteria
in chemocline of Lake Shira may exceed the
summer values under these conditions.
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