Chapter 5

Comparative Study of the Stability

of Stratification and the Food Web Structure
in the Meromictic Lakes Shira and Shunet
(South Siberia, Russia)

Denis Rogozin, Egor Zadereev, Igor Prokopkin, Alexander Tolomeeyv,
Yuri Barkhatov, Elena Khromechek, Nadezhda Degermendzhi,
Anton Drobotov, and Andrei Degermendzhi

5.1 General Description of the Lakes and Historical
Overview

5.1.1 Lakes Physical Surrounding and Historical Overview
of Lakes Level/Salinities

Saline lakes are numerous in Chebakovo-Balakhtinskaya depression of Minusinsk
trough in Altai-Sayan Mountain region of South Siberia (Republic of Khakassia,
Russian Federation). This is a lowland semiarid steppe region surrounded by
mountain ridges (Parnachev and Degermendzhy 2002). In this region, the average
annual precipitation (about 300 mm yr~ ') is significantly lower than potential
annual evaporation (about 600 mm yrfl) (Parnachev and Degermendzhy 2002).
Such a marked difference with twice higher evaporation than precipitation is a
prerequisite for the formation of saline lakes. Because of the continental climate of
this territory, the mean annual temperatures vary greatly, i.e. between +18 °C in
July and —19 "C in January.

The saline lakes Shira (90.11 E, 54.30 N, 355 m ASL) and Shunet (90.13 E,
54.25 N, 418 m ASL) are the most studied lakes of this Siberian region (Fig. 5.1).
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Fig. 5.1 Location of the study area, bathymetry map of Lake Shira and photos of lakes Shira
(upper) and Shunet (lower)

Lake Shira is a closed elliptical (9.3 x 5.3 km) waterbody with an area of 35.9 km?
and maximum depth of 24 m (2007-2014). The main inflow to the lake is from the
River Son, which provides about 42 % of freshwater supply to lake; other sources of
water to the Lake Shira are precipitation and bottom seepage. Salinity in summer
ranges from 14 g 1""t0 15 g 1" in epilimnion and about 18 g 17! in monimolimnion,
based on data from 2007-2009 (Rogozin et al. 2010a). Lake Shunet is located about
8 km to the southeast of Lake Shira. This lake is also elliptical (1.2 x 0.4 km) but is
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both much smaller in area (0.47 km?) and shallower (6.2 m) than Lake Shira
(max. depth 24 m). The lake has no surface outflow, but an inflow from a
small stream that enters the lake on its south-west part. The salinity of the Lake
Shunet in the mixolimnion (17-20 g 1" and monimolimnion (up to 66 glfl)
differs markedly (Rogozin et al. 2009). The main anions in Lake Shira are
sulphate>chloride>>bicarbonate, and main cations are sodium>magnesium>potassium
(Kalacheva et al. 2002). In Lake Shunet the chemical composition is similar to that in
Lake Shira, but magnesium predominates over sodium. Ice cover persists in both lakes
for 5-6 months, from November to early May, and thickness of ice is about 1 m at the
middle of March (Rogozin et al. 2009). Both lakes are meromictic: based on studies
during 1998-2014 (Zotina et al. 1999; Rogozin et al. 2010a, 2012).

The surface elevation of both lakes has noticeably changed over the observation
period. Between the 1920 and 1940, the water level of Lake Shira decreased by
about 7 m and salinity increased, reaching a maximum of 27 g 17! in 1926
(Krivosheev and Khasanov 1990). The lake’s salinity increase was inversely related
to the decrease in water volume (Krivosheev and Khasanov 1990). Also, at the
beginning of the twentieth century, Lake Shunet was just 0.5 m deep, and salinity
was as high as 380 g 17! (Parnachev and Degermendzhy 2002). Since all the closed
lakes in the region were observed to decrease in their water level (Krivosheev and
Khasanov 1990; Parnachev and Degermendzhy 2002), it is suggested that fluctua-
tion in balance of regional precipitation-evaporation and predominance of the latter
were the cause of water level decreases in the lakes. We have no available
information on the lakes’ stratification patterns for the period before 1940, and it
is also unclear if the lakes were then meromictic or holomictic.

5.1.2 Lakes Stratification

The lakes have been shown to be meromictic with autumnal overturn restricted to
mixolimnion (Rogozin et al. 2010a, 2012). The depth of mixolimnion and position
of oxic-anoxic interface varied annually in Lake Shira whereas it was stable in Lake
Shunet. Spring mixing processes contribute to the autumnal formation and posi-
tioning of mixolimnion.

The exceptionally windy spring of 2007 caused the deepening of mixolimnion in
Lake Shira in the winter of 2008 (Rogozin et al. 2010a). The winter position of
oxic-anoxic interface was affected by the position of lower boundary of
mixolimnion. The salinity in the winter mixolimnion increases compared with the
autumn because of freezing out of salts from the upper water layers during ice
formation and their dissolution in the water below.

During May the salinity in the upper 2-m layer of Lake Shira decreases drasti-
cally due to melting of the ice on the lake surface. Therefore, the halocline, i.e. step
of salinity represented by the maximum salinity gradient, is formed in the near-
surface layers of mixolimnion (Fig. 5.2). The depth of that halocline coincides with
the thermocline and pycnocline, indicating the formation of a warmer epilimnion.
The oxic-anoxic interface remains near the former mixolimnion depth (Fig. 5.2).



92 D. Rogozin et al.

@ Salinity (g 1)
@ Density ((Ro-1000) g 17

3 9 15 21 27 333 9 15 21 27 333 9 15 21 27 333 9 15 21 27 33

O
8]
]
O
0

Depth (m)

)

A4 4 9 14 19 24-1 4 9 14 19 244 4 9 14 19 241 4 9 14 19 24

O Temperature (°C)
X Oxygen (mg ™)

Fig. 5.2 Seasonal dynamics of stratification in Lake Shira. Grey colour indicates sulphide-rich
water (from Rogozin et al. 2010a)

Even though the thickness of the measured profiles was qualitatively similar, in
winter it differed for mixolimnion noticeably from winter to winter. In the years
2003, 2008, 2009, 2013 and 2014, the winter depth of lower boundary of
mixolimnion ranged from 15.5 m to 16.7 m. In contrast, in other winters in this
period, the mixolimnion depth varied between 9.5 m and 12.5 m (Rogozin et al.
2009; Rogozin et al. 2016).

A similar dynamics of vertical distribution of temperatures and salinity was also
observed for Lake Shunet (Rogozin et al. 2012). The vertical distribution of salinity
in the depth range from the surface to 4.5 m varied depending on the season; the
salinity varied between 10 g 1™ and 25 g 17" (Fig. 5.3). The salinity in the lower
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Fig. 5.3 Seasonal dynamics of Lake Shunet stratification. Grey colour indicates sulphide-rich
water (from Rogozin et al. 2012)

part of the water column hardly changed during the seasons indicating the absence
of full circulation of water in Lake Shunet. The sharply heterogeneous distribution
of dissolved salts combined with the invariably high sulphide concentration in the
bottom layers indicates meromictic character of Lake Shunet. Thus, the water
column of the lake is divided into aerobic mixolimnion and anaerobic
monimolimnion.

The seasonal dynamics of salinity and temperature in the mixolimnions of both
lakes is significantly affected by the formation of the ice cover and its thawing.
Thus, the mixolimnion in both lakes was monomictic during the study period,
undergoing full circulation in autumn.

Freshwater inflows during the 1930s and 1940s were considerable due to an
increase in atmospheric precipitation, and they probably contributed to the forma-
tion of the stable salinity gradient observed in Lake Shira nowadays. A similar
dramatic increase in water level was observed in 1930—1940s for Lake Shunet (see
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above). Therefore, lake’s meromixis, according to the generally accepted
Hutchinson’s classification of lake stratification (Hutchinson 1957), has an
ectogenic origin (i.e. induced by freshwater covering the saline water) rather than
a crenogenic origin (i.e. induced by supply of mineral-rich water from the lake
bottom).

5.1.3 Mathematical Modelling of Lake Shira Vertical
Structure

The profiles of water temperature, salinity and density in the central deepest part of
the lake during an open-water period are based on a 1-D mathematical model
(Belolipetskii and Genova 2008). For the subglacial period we used a simplified
model of ice formation based on the single-phase Stefan problem (Vuik 1993) with
the linear temperature distribution in solid phase (Genova et al. 2010). We isolated
an under-ice convective mixing layer, which was formed due to an increase in
salinity during ice formation. To obtain analytical solutions concerning the vertical
distributions of temperature, we used a vertical structure diagram in the form of
several layers (Belolipetskii and Genova 2008). Ice melting processes, from both
below and above the ice cover, were modelled for spring period. The calculated
profiles of salinity and temperature of Lake Shira were in good agreement with the
field data for autumnal and winter periods 2002-2003 and 2003-2004 (Genova
et al. 2010).

The calculated and measured profiles of temperature and salinity were quite
similar for most study dates. We used the depth of turbulent mixing layer as an
indicator of the both calculated and observed mixing patterns (Fig. 5.4). Obviously,
the turbulent mixing layer always spread downward to the upper boundary of the
pycnocline, i.e. to the depth of maximal salinity gradient and was positioned near
thermocline during the warm period and gradually descended to chemocline during
autumnal cooling and mixing and winter stratification. Therefore, the sharp maxima
indicate the time of ice melting and formation of thermocline in the upper layer
(Fig. 5.4). The ‘“shoulders” of solid lines indicate the calculated thermocline
position during the stable summer stratification, and lateral straight portions indi-
cate the calculated winter mixolimnion.

Generally, the calculated depth of winter mixolimnion was in good accord with
the observed depth for the winters of both 2002-2003 and 2004-2005. In other
winters, except 20052006, when we did not measure, the agreement between the
measures and calculated profiles was not so good. The calculated positions of
thermocline in summer 2007 and mixolimnions in 2008 and 2009 were well
“shallower” than the observed ones (Fig. 5.4a). The effects of internal currents,
wind directions, lake morphology and water level fluctuations cannot be explained
by the one-dimensional model. We, therefore, assume that the 2-D and 3-D models
provide more adequate prognoses of lake dynamics. In addition, the available data
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Fig. 5.4 Upper Panel (a) Depth of maximal gradient of salinity: calculated for odd years (solid line),
the same for even years (grey solid line); measured ( filled triangle); sharp maxima indicate the
moments of ice melting and formation of thermocline in the upper layer; (b) Depth of observed oxic-
anoxic interface (open triangle). Arrows indicate “deep” mixolimnions (from Rogozin et al. 2010a)

of wind force are based on four preset time measurements per day, but the strong
transient storms as observed in spring 2007 will produce noticeable mixing effects
between the periods of wind force measurements (Rogozin et al. 2010a).

5.2 Biology and Biogeochemistry

5.2.1 Ecology of Phototrophic Sulphur Bacteria in Lakes
Shira and Shunet

5.2.1.1 Species Composition of Phototrophic Sulphur Bacteria

In Lake Shira the purple sulphur bacteria (PSB) dominated in anoxic phototrophic
community whereas green sulphur bacteria (GSB) are a minor group. On the
contrary, both these bacterial types inhabit the redox zone and monimolimnion of
Lake Shunet (Lunina et al. 2007a, b; Rogozin et al. 2009, 2010b). Culture-
independent method of denaturing gradient gel electrophoresis of PCR-amplified
fragments of 16S rRNA genes with universal eubacterial primers has shown that
Thiocapsa sp. Shira_1 (Chromatiaceae) (AJ633676) isolated from chemocline of
Lake Shira was dominant PSB in redox zones of both lakes in 2005 (Rogozin et al.
2010b). According to spectrophotometry analysis, the “green” GSB containing
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bacteriochlorophyll ¢ or d and carotenoid chlorobactene inhabit the anaerobic zone
of Lake Shunet (Lunina et al. 2007a, b; Rogozin et al. 2010b). One GSB strain
related to Chlorobium limicola (Chlorobiaceae) and another to Prosthecochloris
sp. were isolated in 2003 from both lakes Shira and Shunet, respectively (Lunina
et al. 2007a). Nevertheless, PCR/DGGE show that another GSB phylotype domi-
nated in chemocline of Lake Shunet in 2005 (Rogozin et al. 2010b).

5.2.1.2 Stratification of Phototrophic Sulphur Bacteria in Lake Shunet

Intensive “purple layer” of PSB was detected at the oxic-anoxic interface in Lake
Shunet by precision sampling with multi-syringe sampler (Fig. 5.5) (Rogozin et al.
2005; Lunina et al. 2007a). This layer is observed in 5 cm depth interval at the oxic-
anoxic interface, and persisted in all seasons during 2003-2012, though PSB abun-
dance decreased for ice periods (Rogozin et al. 2012; Degermendzhy et al. 2010). PSB
were extremely abundant ( >10° cell ml™") during the open-water periods. Green
sulphur bacteria developed mostly under the “purple layer” (Fig. 5.6). The spatio-
temporal organization of the bacterial community inhabiting the chemocline of the
stratified meromictic Lake Shunet (Khakassia, Russia) was investigated from May to

Fig. 5.5 Multi-syringe
thin-layer sampler (Rogozin
and Degermendzhy 2008).
The photo shows

15 simultaneous, vertical
samples taken from Lake
Shunet (Siberia, Russia) in
August 2004 at 5-cm
intervals. The “purple
layer” can be easily
distinguished (the 9th
syringe from the top) (From
Degermendzhy et al. 2010)
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Fig. 5.6 Vertical distribution of the physicochemical characteristics in Lake Shunet and the
number of microorganisms in the chemocline in 2005. The total number of bacterial cells
(DAPI) does not include the number of PSB cells (from Rogozin et al. 2010b)

September 2005 using microscopical analysis of photosynthetic pigments and
PCR-DGGE with subsequent 16S rDNA analysis. The samples were collected with a
multi-syringe stratification sampler at every 5 cm (Rogozin and Degermendzhy 2008).
There were no large changes observed in the bacterial community of the chemocline, at
least among the detected forms (Fig. 5.6). During the entire study, purple sulphur
bacteria phylogenetically and morphologically close to Lamprocystis purpurea
(Chromatiaceae) predominated in the chemocline. In the layers below the layer of
purple bacteria, green sulphur bacteria were observed. Cryptomonas is a phytoflagellate
developed in the upper zone of the chemocline (Fig. 5.6). Mahoney Lake (Canada) is
the only other lake that is known to have similar abundances of PSB (Overmann 1997).

In chemoclines of both lakes, optimal light conditions and sulphide concentra-
tion provide favourable conditions for photosynthetic production, whereas high-
density gradients and high hydrophysical stability inhibit the sedimentation and
turbulent mixing, respectively. Therefore, the combination of relatively shallow
position of chemocline and high-density gradient in both lakes favours dense
accumulation of PSB at the chemocline (Rogozin et al. 2012).
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5.2.1.3 Effect of Winter Conditions on Phototrophic Sulphur Bacteria
in Lakes Shira and Shunet

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 both lakes we studied vertical distribution and biomass of
anoxic phototrophic bacteria and profiles of physical and chemical characteristics
during under-ice periods from 2003 to 2008, except in 2006 (Rogozin et al. 2009).
The bacterial layers in chemocline of both lakes were sampled with a thin layer
using a hydraulic multi-syringe sampler (Rogozin and Degermendzhy 2008). Win-
ter biomass of purple sulphur bacteria in both lakes varied depending on amount of
light penetrating into the chemocline through the snow cover and on ice at the lake
surface. The quantity of light reaching deeper layers depended on snow cover
characteristics. The nature of snow cover could be remotely sensed by reflectance
of the lake surface (Rogozin et al. 2009). Therefore, the under-ice light conditions
could be roughly assessed by monitoring of snow cover dynamics in studied lakes.
In addition, in the relatively less strongly stratified Lake Shira, the vertical position
of chemocline in winter can vary resulting in considerable changes in light condi-
tions in chemocline. Hence, the under-ice light conditions of anoxic phototrophic
bacteria depend on chemocline position. Interestingly, in Lake Shira due to an
increase in transparency of mixolimnion in winter, the combination of shallower
chemocline and absence of snow resulted in light intensity exceeding summer
values in the chemocline. Therefore, the biomass of purple sulphur bacteria in
chemocline of the lake exceeded the summer values under these conditions
(Rogozin et al. 2009).

In Lake Shunet, the light intensities in the chemocline and biomasses of PSB
were always lower in winter than in summer but the biomass of GSB was similar
over the season. In the chemocline of Lake Shira, temperature conditions in winter
and summer were similar in most years. The PSB populations developed at tem-
peratures ranging from 0 °C to 1.7 °C for most seasons, except during warm period
in June 2007. In contrast, in Lake Shunet, the summer temperatures in chemocline
were 5—15 °C higher than in winter.

Previous researchers (Pimenov et al. 2003; Savvichev et al. 2005; Lunina et al.
2007a, b) observed that rates of photosynthesis (14C Method) in these two lakes are
lower in winter than in summer. Moreover, contribution of the anoxic photosyn-
thesis to total primary production is rather low in all seasons (Pimenov et al. 2003;
Savvichev et al. 2005). In both lakes, the oxic photosynthesis contribute from 93 %
to 100 % of total assimilation of photosynthetic inorganic carbon during both
summer and winter periods (Pimenov et al. 2003; Savvichev et al. 2005). In each
lake the differences in primary production between summer and winter are more
due to differences in oxic photosynthesis. However, the winter measurements are
based only on data of 2003 (Savvichev et al. 2005) when light conditions in both
lakes were very poor. Indeed, in the winters of 2003 and 2008, the light intensity
measured in chemocline of Lake Shira was <0.4 pE m~2s~". This appears to be the
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lowest light intensity known to support growth of pure PSB cultures (van Gemerden
et al. 1989). Thus, anoxic photosynthesis is negligible in the winters in Lake Shira
and low in Lake Shunet. Obviously, in winter 2007, the rates of oxic and anoxic
photosynthesis in both lakes were higher because of considerably higher under-ice
light intensities. We have shown that variation in under-ice light intensities suggest
that under-ice photosynthetic production may vary significantly depending on
environmental conditions.

5.2.2 Vertical Distribution of Ciliates, Zooplankton
and Amphipods

Geographical proximity of the salt lakes Shira and Shunet suggests a similar species
composition because they are probably colonized by species from the same regional
pool and because of the likely migration of species between the adjacent water
bodies. Moreover, both lakes are meromictic having a similar composition of salts
and broadly comparable levels of salinities. Both lakes are fishless in pelagic parts.
It is not surprising that both lakes are dominated by the same species of pelagic
zooplankton. Among the ciliates—representatives of the genera Cyclidium sp. and
Strombidium sp.—and among crustacean zooplankton, both lakes are dominated by
calanoid copepod Arctodiaptomus salinus. Rotifers are represented by two taxa—
Brachionus plicatilis and Hexarthra sp. The largest invertebrate species in these
lakes is the amphipod Gammarus lacustris, which inhabits both the littoral and
pelagic zones of the lakes. Despite the similarity in species composition of zoo-
plankton, the morphometric differences and the patterns of summer stratification in
the lakes affect the vertical structure of zooplankton.

Ciliates The pelagic zone of Lake Shunet comprises several ciliate genera:
Oligotrichida, Scuticociliatida, Hypotrichida, Prostomatida, Cyclidium sp.,
Euplotes sp., Prorodon sp., Balanion sp., Strombidium sp. and Oxytricha
sp. Most of these genera are adapted to poor light conditions, anoxia and hydrogen
sulphide (Khromechek et al. 2010).

The most distinctive feature of ciliate community in the pelagic zone of Lake
Shunet is their clear preference for a specific region in the water column: both
abundance and biomass were much higher in the chemocline zone than in the
mixolimnion (Fig. 5.7a). The protozooplankton maximum was observed in the
10-35 cm layer of the chemocline region, above or sometimes in the layer of PSB,
where hydrogen sulphide concentration varied from 0 mg 1™! to 5 mg 1" with
little or no oxygen. The ciliate abundance in the chemocline (50—400 cells ml~")
was significantly higher than in the mixolimnion (0-36 cells m1~"). Ciliates in this
zone do not seem to migrate and their seasonal dynamics in the chemocline is
insignificant.

In contrast with Lake Shunet, the species composition of ciliates in the pelagic
zone of Lake Shira is extremely poor, being represented by only two species—
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Fig. 5.7 The typical
vertical distribution of the
total number of ciliates in
lakes Shunet (a) and Shira
(b) in summer
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Cyclidium sp. and Strombidium sp. Unlike Lake Shunet, ciliates in Lake Shira are
exposed to significant seasonal fluctuations. In spring and summer, they also form
the deep maximum near the chemocline zone. Ciliate maxima were observed at
12—13 m depth, and their concentration was up to 200 ind. m1~" (Fig. 5.7b), with an
average of 80 ind. ml~" in the water column. During early fall period, the ciliate
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maximum drops to about 20 cells ml~!, which is one-tenth the average value in
summer when their mean concentration in the water column was only about
10 ind. ml~%; in winter, the ciliates are virtually absent in Lake Shira.

Zooplankton Vertical distribution of different developmental stages and sexes of
Arctodiaptomus salinus, rotifers and cladocerans, as well as temperature in
mixolimnion divided in summer to epi-, meta- and hypolimnion in the two lakes
are depicted in Fig. 5.8. The borders of metalimnion are the depths where the water
temperature changes by at least 1 °C/m or more (Garneau et al. 2013). The obtained
data on the average zooplankton densities (ind. 17') and temperature distribution
are for the four selected periods of the season: ice period (March), period of early
stratification of mixolimnion (May—June), the period of stratification of
mixolimnion (July—August) and autumn period of extensive mixing of
mixolimnion. The data of 32 vertical profiles of zooplankton abundances and
water temperature were averaged for the period 1999-2011 (No. of samples
annually in parentheses) in Lake Shira (1999 (1), 2001 (6), 2003 (1), 2007 (4),
2008 (6), 2009 (5), 2010 (4), 2011 (5)) and 16 profiles for the period 2003-2011 in
Lake Shunet (2003 (1), 2004 (3), 2007 (4), 2008 (4), 2009 (2), 2011 (2)).

March. Under the ice the temperature of both lakes was uniform in the oxygenated
water zone. Also copepods A. salinus lacked a persistent vertical structure.
Copepodites of C1-3 and C4-5 stages dominated. In Lake Shunet the temperature
above the chemocline zone was slightly elevated but without an increase of zoo-
plankton. Nauplii were rare in both lakes but the concentration of zooplankton in
Lake Shira was higher than in Lake Shunet—average 35 ind. 1”' versus 19 ind. 1™,
respectively.

May—June. After melting of the ice, there was a mass development of
copepodites C4—C5 to adults and increase in reproduction rates, as well as a
development of rotifer Hexarthra sp. in both lakes. The zooplankton was charac-
terized by a marked predominance of nauplii and rotifers in epi- and metalimnion.
In Lake Shira, zooplankton abundance in the hypolimnion declined, unlike in Lake
Shunet where all life stages of A. salinus, except nauplii, were distributed evenly in
the different layers. In this period, concentration of zooplankton in Lake Shunet
exceeded that in Lake Shira.

July—August. In mid-summer the epilimnion zone of the lakes expanded. More-
over, metalimnion of Lake Shunet sank to the chemocline zone. The peaks of
copepodites C1-C3 and C4-C5 were separated: copepodites C1-C3 were encoun-
tered in epilimnion while the C4—C5 mostly occurred in metalimnion. Like in May—
June, nauplii preferred to develop in the epilimnion. The high numbers of rotifers in
this period were typical for B. plicatilis in Lake Shira, but this species was limited in
its distribution to the epilimnetic water. In Lake Shunet the B. plicatilis massively
developed in a thin layer adjacent to the chemocline zone. Other species of
zooplankton (cladocera Moina sp., rotifers Hexarthra sp.) were found in samples
occasionally.

In October, vertical distribution of temperature dramatically differed between
the lakes. In Lake Shira the mixing zone extended almost to the depth where the
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anoxic zone began. The Lake Shunet had inverse stratification—the surface waters
were colder, while the temperature at the depth of chemocline and below was
higher (see Fig. 5.3). In Lake Shira concentration of A. salinus in a narrow zone
of metalimnion was slightly higher than in the epilimnion above. The relative
proportions of the adult stages, copepodites C4—5 and C1-3, were similar to that
in the period July—August, except for naupliar stages—their contribution to the total
number decreased to almost zero. Rotifer Hexarthra was still abundant, with a
maximum in epilimnion. B. plicatilis was also present but in small numbers.

In the Lake Shunet, A. salinus was represented mostly by adult stages and
copepodites C4-C5. Nauplii and copepodites C1-3 in the population were rare.
The concentration of copepods in the metalimnion despite the higher temperature
was lower than in the upper mixed layer of water. The numbers of B. plicatilis near
the chemocline were comparable with summer numbers.

Interestingly, throughout the season the average numbers of A. salinus, including
nauplii, varied within a rather narrow range, 31-34 ind. 1! from March to October.
Throughout the season, the average numbers of copepods A. salinus in the Lake
Shunet were generally higher than in Lake Shira and were 49 ind. 17" with a
maximum in May—June.

The vertical distributions of A. salinus in both lakes were similar. Nauplii and
copepodites C1-3 preferred to stay in epilimnion. However, copepodites C4-5 in
Lake Shira preferred metalimnion, while in Lake Shunet they moved deeper into
the hypolimnion. Hexarthra sp., a rotifer, in Lake Shira was present in all zones
during entire study period. But in Lake Shunet it was limited to the period May—
June and to epi- and metalimnion. B. plicatilis inhabited the epilimnion in Lake
Shira, but in Lake Shunet it developed a rather thin layer only above the
chemocline.

Gammarus The amphipod Gammarus lacustris is generally considered as a ben-
thic organism in lakes. However, there is growing evidence that the ecological
niche of Gammarus is not only benthic but benthoplanktonic (e.g. Wilhelm et al.
2000). Lake Shira and Lake Shunet are both meromictic lakes, where Gammarus is
one of the few dominant species among macro-zooplankton. In meromictic lakes,
anoxic deeper layers restrict the vertical distribution of zooplankton (Zadereev and
Tolomeyev 2007). It is clear that in the pelagic zone of the meromictic lakes there is
no bottom habitat for the benthic animals. Repeated zooplankton sampling in
central parts of these both lakes demonstrated that G. lacustris is common in
samples from the mixolimnion. To understand the ecology of Gammarus in
meromictic lakes, we studied the vertical distribution and abundance of Gammarus
lacustris in the pelagic zone of two meromictic lakes during stable thermal strati-
fication (July—August).

<
Y

Fig. 5.8 (continued) meta- and hypolimnion zones in the thermally and chemically stratified
mixolimnion, except March in Lake Shira when the mixolimnion is uniform and lines simply
indicate three equal in size zones
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In both lakes during summer stratification, Gammarus was distributed
non-homogenously, with a stable peak in the metalimnion (Zadereev et al. 2010).
The average depth of Gammarus population in the pelagic zone was significantly
correlated with the depth of the thermocline (Fig. 5.9). Our results shown that
Gammarus is regularly present in the pelagic zone of two meromictic lakes, Shira
and Shunet, during summer stratification. The gammarid exhibited high densities in
the thermocline on all sampling dates. Thus, this type of vertical distribution is
stable during summer stratification and typical for these lakes. The vertical distri-
bution of Gammarus apparently reflects its physiological or ecological preferences,
or both. The absence of fish in the pelagic zone, high oxygen concentration, low
water temperature, increased seston concentration, elevated water density in the
metalimnion and the anoxic hypolimnion can be the most probable combination of
factors responsible for the peak abundance of Gammarus in the metalimnion of
these lakes.

The peak abundance of Gammarus in the pelagic zone of both lakes amounted
up to 400 ind. m 2, while the peak animal densities in the metalimnion reached
50 ind. m . These data are comparable with abundances of the same Gammarus
species in the littoral of Lake Shira (Yemelyanova et al. 2002). Thus, both littoral
and pelagic zones can be equally important habitats for amphipods in meromictic
lakes.

It is also important that Gammarus summer biomass in the pelagics of both lakes
(up to 15 g m %) was comparable to that of dominant zooplankton grazers (20 g m™ >
for Arctodiaptomus salinus and 15 g m~> for Brachionus plicatilis) (Zadereev and
Tolomeyev 2007). High pelagic densities of Gammarus suggest that this amphipod
may have an important effect on the food web in this zone. Gladyshev et al. (2000),
who studied the fatty acids in the stomach contents of Gammarus from Lake Shira,
show that the animals probably feed on freshly sedimenting seston. We determine the
role of Gammarus in the pelagic woodweb using its diet and growth rates. Based on a
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survival study of Gammarus on the lake’s seston in a 20-day mesocosm experiment
(Tolomeyev et al. 2006), we can conclude that Gammarus can survive for long
periods on in situ lake seston particles. We used these assumptions about feeding
spectra to simulate with the hydrophysical-ecological model of Lake Shira the effect
of Gammarus on the pelagic seston in the lake (Degermendzhy et al. 2010). It appears
that Gammarus does play a role in regulating the seston carbon in lake water. For
example, according to model simulations, Gammarus present in the water column at
the peak densities can control the seston biomass by 30-40 %.

Thus, the presence in abundance of Gammarus in pelagic water seems to be an
intriguing but an important feature of meromictic lakes, e.g. lakes Shira and Shunet,
which lack fish due probably to high salinity. However, a more specific research
directed to trophic and population dynamics of Gammarus, the role of littoral zone
and the coupling of littoral and pelagic trophic budgets in order to examine the role
this “predominantly” benthic animal plays in the lake’s ecosystem, is needed to
quantify its importance in energy flow.

5.2.3 Food Web Structure and Interactions

Food web structure in the lakes Shira and Shunet is quite similar due mainly to
similarity of species composition of bacterio-, phyto- and zooplankton
(Degermendzhy et al. 2010). This similarity can be explained by the geographical
proximity of the two lakes and by their similar salt composition, annual stratifica-
tion pattern and their simple short food chain structure: mainly because of the
absence of fish as a top predator in the pelagial of these both lakes. To understand
the food web structure and interactions in the lakes, it is necessary to take into
account the vertical stratification of physical, chemical and biological components
in these lakes.

5.2.3.1 The Microbial Loop in Mixolimnion and Chemocline

Heterotrophic bacterioplankton is the main constituent of the planktonic microbial
community in the mixolimnion of Lake Shira (Kopylov et al. 2002). Both the
numbers and biomass of bacteria associated with detrital particles and
microcolonies in the water column are considerable (up to 18 % of the total
bacterial biomass). They may serve as a source of food for the zooplankton.
Heterotrophic flagellates are dominant among the protozoa. Within the microbial
loop, a food chain consisting of bacteria and heterotrophic flagellates appears to be
a possible pathway transferring bacterial production to higher levels of the plank-
tonic food web, i.e. they facilitate linking the microbial and macrobial food webs in
these lakes.

Bacterial community consisting of purple sulphur and heterotrophic bacteria
inhabits the chemocline of the Lake Shira. However, we consider the bacterial
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community in the chemocline as a not essential part of the trophic chain in Lake
Shira. Because the depth of the chemocline is variable, the bacterial community
does not reach high densities and the densities of ciliates and phytoflagellates are
also low (Degermendzhy et al. 2010).

In contrast, the depth of the chemocline in Lake Shunet is stable; the
mixolimnion is relatively thin, and the chemocline inhabited by the extremely
dense bacterial community, a population of Cryptomonas sp. and ciliate commu-
nity comprising several species (Khromechek et al. 2010). The trophic interac-
tions in Lake Shunet partially differ from those in Lake Shira as both ciliates and
zooplankton feed on bacterial community in the chemocline. Ciliates and
calanoid copepods (A. salinus) also feed on Cryptomonas spp. (Tolomeev et al.
2010), which are most probably mixotrophic in the chemocline and consume
bacteria.

5.2.3.2 Phytoplankton and Zooplankton

The phytoplankton diversity in both lakes is relatively low. In Lake Shira the
dominant species in different seasons and at different depths were cyanobacteria
Lyngbya contorta Lemm. and Microcystis pulverea (H.C. Wood) Forti, diatoms
Cyclotella choctawhatcheeana (formerly identified as Cyclotella tuberculate),
green algae Dictyosphaerium tetrachotomum Printz and Oocystis submarina
Lagerheim and cryptophytic algae Cryptomonas salina Wislouch. During spring
and at the beginning of the summer, the dominant species of phytoplankton in Lake
Shira were L. contorta and C. choctawhatcheeana. They developed in the upper
layers of the lake. The peak of C. salina near the oxic-anoxic interface was also
typical for the spring and early summer periods. From late June to September, the
phytoplankton in Lake Shira was stratified, with a maximum in the lower part
(8—12 m) of the thermocline. In these strata the chlorophyll concentration reached
about 23 pg 17", This peak value mainly consisted of vertically segregated peaks of
L. contorta, M. pulverea, D. tetrachotomum and O. submarina var. schiriensis
(Gaevsky et al. 2002).

In Lake Shunet the composition of phytoplankton slightly differs. The dominant
species are cyanobacteria Synechocystis sp.; diatoms Cyclotella sp. that is observed
at all depths of the mixolimnion and Nitzschia acicularis, which is typical for
surface waters; and green alga Dictyosphaerium tetrachotomum Printz which is
observed at all depths of the mixolimnion (Degermendzhy et al. 2003). Population
density of Cryptomonas salina Wislouch in the chemocline is high (Khromechek
et al. 2010).

The pelagic zone of these lakes is dominated by identical species of zooplank-
ton. The major constituents of the zooplankton community in both lakes are ciliates
represented by the genera Cyclidium sp. and Strombidium sp., calanoid copepod
Arctodiaptomus salinus, rotifers Brachionus plicatilis and Hexarthra sp. and
amphipod Gammarus lacustris.
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The similarity of the vertical structure of the distribution of A. salinus in both
lakes consists mainly of nauplii and copepodites C1-3 in the epilimnion. Vertical
distribution of copepodites C4-5 slightly differs: in Lake Shira copepodites prefer
metalimnion zone and in Lake Shunet they move deeper in hypolimnion. Rotifer
Hexarthra sp. in Lake Shira is present in all lake zones and present in all observa-
tion periods. In contrast, in Lake Shunet Hexarthra was limited to May—June period
alone, only in epi- and metalimnion. Differences in vertical positioning in the lakes
showed that whereas B. plicatilis inhabited the epilimnion in Lake Shira, in Lake
Shunet this rotifer developed as a thin layer above the chemocline.

The feeding spectra of Arctodiaptomus salinus (Calanoida, Copepoda)
populations inhabiting lakes Shira and Shunet are based on fatty acid
(FA) trophic markers measured by Tolomeev et al. (2010). This study revealed
the calanoid to feed on Cryptomonas and sulphur purple bacteria in Lake Shunet
and on ciliates and colonial picoplankton in both lakes. The analysis of markers in
storage lipids—triacylglycerols (TAG) of A. salinus—reflected the differences in
seston composition of the lakes and, consequently, in the feeding preferences. FA
composition of seston in the lakes moderately differed: levels of diatom FA
markers were higher in Lake Shunet, and those of cyanobacteria and green
algae markers were higher in Lake Shira. Moreover, A. salinus in Lake Shira
had significantly higher concentrations of bacterial FA markers, while in Lake
Shunet, contribution of cryptophytes and/or flagellates or both to the diet of
A. salinus was higher. The analysis of markers in storage lipids also revealed
high food selectivity by A. salinus. This conclusion is based on the detection in
the storage lipids of the trophic markers of the minor components of seston,
which must be selectively ingested by the animals in order that it can be detected
in the storage lipids.

The presence of Gammarus lacustris in the pelagic part of both lakes is a specific
feature of their food webs. The study of gut contents of G. lacustris and fatty acid
trophical markers revealed that gammarids ingest primarily fresh seston (Gladyshev
et al. 2000). The 20-day mesocosm experiments demonstrated that G. lacustris
could grow on in situ concentrations of seston in the lakes. Moreover, the
mesocosm experiments revealed that gammarids and copepods are most probably
the other competitors for seston in the pelagic part of Lake Shira (Tolomeyev et al.
2006).

Thus, the difference in food web structure and trophic interactions (Fig. 5.10)
is mainly due to differences in mean and maximum depths of the two lakes and in
their salinity levels that control the stability of permanent stratification. Lake
Shira, which is deeper and less saline, has a deeper redox zone with variable
depth. Depending on the weather conditions, the oxic-anoxic interface can sink to
about16 m or ascend to 11 m depth. The depth of the chemocline is variable and
the bacterial densities in the chemocline are not high. The mixolimnion in
summer also creates different habitats for various species. The distribution of
phytoplankton is non-uniform with peak of biomass in the metalimnion. The
distribution of zooplankton is also patchy with rotifers and juvenile copepods in
the warm epilimnion and older copepods in the cold oxic hypolimnion (Zadereev
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and Tolomeyev 2007). The zooplankton that is comprised of calanoids A. salinus
and rotifers B. plicatilis and H. oxiuris feed mostly on phytoplankton, while the
bacterial community in the chemocline does not significantly contribute to the
food web.

The chemocline in Lake Shunet is located at 5 m depth, which unlike in Lake
Shira is very stable, with the annual variations of <20 cm. This stability of the
chemocline depth is based on the sharp salinity gradient between the mixolimnion
(salinity ranges from 17 g 1™ to 20 g 1"") and monimolimnion (salinity up to
66 g 17 "). Because the depth of the chemocline in Lake Shunet is stable and the
mixolimnion is relatively shallow, the chemocline is inhabited by an extremely
dense bacterial community, and by a population of Cryptomonas sp. and several
ciliate species. As the mixolimnion of Lake Shunet is thermally not stratified for
long periods, the vertical distributions of phytoplankton and zooplankton are also
not vertically well defined. The trophic interactions in Lake Shunet partially differ
from those in Lake Shira; ciliates, rotifers and zooplankton in the lake feed on
bacterial community in the chemocline. Both ciliates and A. salinus also feed on
Cryptomonas sp., which is most probably mixotrophic in the chemocline and
consumes bacteria.

We conclude that the food web in the pelagic part of the Lake Shira is mainly
based on the transfer of organic matter from the phytoplankton to zooplankton,
which can be considered as a classical food web based on the autotrophic produc-
tion of organic matter by the phytoplankton. In contrast, in Lake Shunet the food
web is a combination of classical phytoplankton-zooplankton trophic link and
trophic interactions based on the production of organic matter in the chemocline
of the lake.

5.3 Mathematical Modelling to Understand the Ecosystem
Functioning

5.3.1 General Information on the Lake Shira Model

Lake Shira was selected to develop coupled hydrophysical-biochemical model as
the lake has a long history of observations and is of considerable economic value
for the region. We developed model of Lake Shira to simulate and explain the
thermal structure (the position of thermocline and halocline, vertical mixing rates
and the vertical distributions of temperature, salinity and density) and the vertical
spatial distribution of the main components of ecosystem (Fig. 5.11). The model
was developed to simulate the processes in the pelagic part of the lake during the

<
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Fig. 5.10 (continued) values and concentrations of biological components are described in the
other parts of this chapter (Degermendzhy et al. 2010)
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instruments as well as on the basis of the extensive lake model sexperience
(Mooij et al. 2010).

Phytoplankton in the model is represented by the dominating species of green
alga, Dictyosphaerium tetrachotomum, and cyanobacterium, Lyngbya contorta
(Zotina et al. 1999). Also, the supplementary module describing the cryptophytic
alga population was added recently (Prokopkin et al. 2014). Zooplankton is
represented by a population of calanoid copepod Arctodiaptomus salinus, a species
that dominates the biomass of pelagic zooplankton (Zadereev and Tolomeyev
2007), which is divided into two age classes: young nauplii and juvenile copepodite
stages and old copepodite stages and adult copepods. The amphipod G. lacustris
that occupies benthic-planktonic niche in the lake was also introduced in the model.
The transformation of sulphur in the model is carried out by two groups of
microorganisms: light-dependent purple sulphur bacteria oxidizing hydrogen sul-
phide (H,S) and sulphate-reducing bacteria decomposing detritus in the water
column. The processes calculated for all biological components of the model are
growth and death rates, sedimentation, consumption by other components (if any)
and optionally respiration (excretion rates).

The model simulates organic matter cycling in the water column in units of dry
weight, phosphorus and nitrogen and processes of diffusion and transformation
(e.g. oxidation of hydrogen sulphide and nitrification). The model was calibrated
and validated with the field data for the time period 2000-2010. Hydrophysical and
biochemical modules of the model were described in detail by Belolipetsky et al.
(2010) and Prokopkin et al. (2010, 2014) and compared with other lake models,
e.g. the one of Mooij et al. (2010).

The model has wide range of applications—from general simulation of ecosys-
tem development to the analysis of specific processes as well as scenarios of lake
behaviour under the effect of different driving forces. Below we provide several
examples of how the model was used to understand the stratified meromictic lake
ecosystem.

5.3.2 Analysis of the Mechanisms of Formation
of Deepwater Peak of Phytoplankton

In summer, the deepwater peak of phytoplankton biomass is typical for Lake Shira.
The model simulates the general trends of the development of the phytoplankton
(Fig. 5.12a) in agreement with the field observations: the dominating species of
green alga Dictyosphaerium peaked in July at 8 m depth and in August at 10-12 m
depth (Gaevsky et al. 2002); during the second part of summer, cyanobacterium
Lyngbya contorta begins to dominate in phytoplankton community with the bio-
mass peak above the peak of green alga (Zotina et al. 1999).

To understand the driving forces for the changes in phytoplankton community,
we selected several factors and processes that control phytoplankton dynamics:
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Fig. 5.12 Model calculations (Prokopkin et al. 2010) of the vertical distribution of green alga
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obtained in the absence of trophic pressure exerted by zooplankton; (c) calculations in the absence
of phytoplankton sedimentation

irradiance; water temperature; nutrient concentration; growth, mortality and respi-
ration; consumption of zooplankton and amphipods; and sedimentation rates of
organic matter. Sensitivity analysis of the model based on the different calculations,
where these factors and processes were switched on/off or their effects were
increased/decreased, was performed. This analysis allows ranking the model
parameters, factors and processes according to degree of their influence on the
phytoplankton community.

The model calculations show that filter-feeding calanoid A. salinus considerably
affects the vertical distribution of phytoplankton and change of the dominant
species (Fig. 5.12b). The analysis revealed that the sedimentation rate of phyto-
plankton seems to be the most important factor that determines the deep peak of
phytoplankton biomass in the water column, i.e. the biomass would be concentrated
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in the subsurface water layers if sedimentation is absent (Fig. 5.12¢) (Prokopkin
et al. 2010).

We conclude that the changes in dominant species in phytoplankton community
during summer occur in response to temperature and nutrient factors and grazing
activity of zooplankton. The model demonstrates that the change of the vertical
positions of the biomass of different phytoplankton species first of all is the result of
sedimentation of phytoplankton that is either sinking of live phytoplankton based
on gravity or senescence connected sedimentation (Prokopkin et al. 2010).

5.3.3 The Effect of Weather Parameters on the Thermal
Stratification of the Lake

To understand the relative importance of the effect of weather parameters on the
thermal stratification of Lake Shira, we obtained the temperature profiles of the
water column using different weather scenarios. The reference scenario was calcu-
lated using the meteorological data set for the year 2002. Then, we compared the
output of the reference scenario with the outputs of the calculations performed with
altered meteorological data sets. To obtain the altered data sets, the values of wind
speed or air temperature or % cloud cover in the reference year weather data set
were increased or decreased by several values equal to the unit of measurement of
corresponding weather parameter (by 1 m s~ for wind speed, 1 °C for air temper-
ature and 1 relative unit based on % for cloud cover).

The characteristic parameters of the temperature profile of the water column
were (a) the depth of the thermocline, (b) the average temperature of water in the
epilimnion and (c) the temperature of water at 10 m depth (hypolimnion)
(Table 5.1). The values of these parameters were calculated as of June 1 and
15, July 1 and 15 and August 1, 15 and 31. The average of these values was used
for analysis.

Changes in the values of weather parameters had strong effect on the tempera-
ture of the epilimnion, while for the hypolimnion this effect was less pronounced.
We observed similar to Arvola et al. (2010) that in thermally stratified lakes, the
increase in summer air temperatures will only result in an increase in hypolimnetic
temperatures if winds are strong enough to trigger mixing. Also, Liu et al. (2014)
demonstrated that increasing the air temperature warms up the epilimnion but does
not effect the hypolimnion temperature. Our calculations support these
observations.

The greatest variations in the depth of the thermocline in our calculations were
caused by variations in the wind speed and air temperature. Opposite variations in
the values of these parameters (increase in air temperature and decrease in wind
intensity or vice versa) initiated two scenarios in the water column: (1) the increase
in the temperature in the epilimnion together with an increase in the depth of
thermocline or (2) a decrease in the temperature of the epilimnion with a decrease
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of the thermocline depth. The second scenario predicts less stable thermal
stratification.

De Stasio et al. (1996) and some others state that in response to the ongoing
global climate change, the lakes will become warmer and stratification will occur
earlier and will be more pronounced. These hypotheses support our calculations if
we associate the climate change with an increase in air temperature. The model
study by Robertson and Ragotzkie (1990) showed that when the air temperature is
increased by 1 °C, the temperature of the epilimnion rises by 0.4-0.85 °C, but the
temperature of the hypolimnion in the middle of the summer season would not
change significantly. Hondzo and Stefan (1993) showed that because of climate
change (scenario of a 100 % increase of CO, content in the atmosphere), the
temperature of epilimnion will also increase, but to a lesser extent than the air
temperature, and hypolimnetic temperature would be determined by the lake
morphometry and spring mixing rather than by weather in summer alone. Based
on our calculations, we estimated the increase in the water temperature in the
epilimnion by 0.73 °C and in the hypolimnion by 0.01 °C, when the air temperature
increases by 1 °C, which is in very good agreement with above-mentioned
published results.

5.3.4 The Effect of Weather Parameters on the Lake Shira
Ecosystem

The model analysis revealed the link between the variations of weather parameters
and related changes in temperature profiles in the water column and response of
ecosystem components both in the mixolimnion and the monimolimnion
(Fig. 5.13).

Response of mixolimnion and monimolimnion components to the weather
changes can be depicted by two sets of correlations that influence the content of
hydrogen sulphide in the monimolimnion and the depth of the chemocline. What is
essential for the ecosystem behaviour is the response of two light-dependent and
separated in space primary producers (phytoplankton and purple sulphur bacteria)
to the effect of weather parameters and interrelation between them.

The first interrelated set of links is between phytoplankton biomass and detrital
mass in the water column and hydrogen sulphide content in the monimolimnion.
Phytoplankton is the main source of dead organic matter (detritus) sinking to the
monimolimnion, where it participates in the sulphur cycle and production of
hydrogen sulphide.

The second interrelated set of links is between the biomass of phytoplankton in
the water column, and of purple sulphur bacteria in the chemocline, and the content
of hydrogen sulphide in the monimolimnion. Phytoplankton and purple sulphur
bacteria are spatially separated light-dependent components; there is a negative
correlation between their biomasses. A decrease in phytoplankton biomass
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Fig. 5.13 A diagram of weather induced changes in the stratification of the water column and
related effects on the food web of Lake Shira. Sign “+” denotes the significant positive correla-
tions between parameters, sign “—’—significant negative correlations. *—the correlation is sig-
nificant only for the values calculated with the variations in air temperature and wind speed

probably leads to an increase in water transparency, more favourable underwater
light conditions, and an increase in the biomass of purple sulphur bacteria. To
support this finding, we note that the maximal biomasses of bacteria in winter were
observed in winters of 2006 and 2007 when the light intensity in chemocline was
highest because of snow-free weather conditions (Rogozin et al. 2009). As hydro-
gen sulphide is the main substrate for the growth of purple sulphur bacteria
(Rogozin et al. 2012), an increase in their biomass leads to a decrease in the content
of hydrogen sulphide in the monimolimnion. The content of hydrogen sulphide in
the monimolimnion determines the depth of the chemocline.

Thus, we demonstrated how biological processes control the depth of the
chemocline during the growing season. In our calculations, we did not use the
depth of the chemocline at the beginning of the season as a factor influencing the
ecosystem properties. Our studies on the lake during 2002-2009 showed (Rogozin
et al. 2010a) that the depth of the chemocline in spring differs from year to year.
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Fig 5.14 Carotenoids in upper sediments of Lake Shira. Right diagram shows the dynamics of the
water level (maximum depth) in the lake. Shaded area shows carbonate (white) layer from Zykov
et al. (2012)

This is because this depth in the years to come is likely to be affected by the weather
conditions in the preceding year. Moreover, this depth in spring largely depends on

the mixing depth of the mixolimnion in the preceding autumn period (Zadereev
et al. 2014).

5.4 Paleolimnology. Reconstruction of Local Climate Lake
Properties Based on Bacterial Pigments and Other
Markers

5.4.1 Geochemical Characteristics of Lake Shira Sediments

We did not study the composition of Lake Shunet sediment because of its
non-laminated semi-liquid consistency that prevented detailed analyses and deter-
mination of age of the layers. In contrast, Lake Shira sediment is a proper object for
paleolimnological studies because of its laminated and consolidated structure
(Figs. 5.14 and 5.15).

The water level of a closed saline lake is highly sensitive to climate changes: it
depends first of all on humidity. Therefore, reconstruction of the changes in lake’s
water level may help us understand the climate changes in the past better. The
laminated structure of the bottom sediments is best preserved in meromictic lakes,
because the stable stratification of the water column prevents sediment stirring and
resuspension. In addition, high concentrations of sulphide and anoxia in bottom
waters inhibit the activity of benthos, i.e. bioturbation is absent and, hence, the
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Fig 5.15 Carotenoids and LOI;5, in bottom sediments of Lake Shira. The absence of okenone in
the lower sample is shown by an arrow (from Zykov et al. 2012; see explanation in text)

original progression of the sediment layering remains preserved. Therefore, the
bottom sediments in the meromictic lakes are easier to date, and therefore they
represent excellent “archives” of the climatic change (Overmann et al. 1993).

In 2009 a paleolimnological study of Lake Shira was first initiated by Rogozin
et al. (2011). Isotope dating was carried out using '*’Cs, *'°Pb and '*C measure-
ments together with direct counting the annual layers (Kalugin et al. 2013).
Geochemical analyses show that Lake Shira has two contrasting mixing states:
meromictic and holomictic. In upper sediment the period in which the first white
layer was formed corresponds to the period of decrease in water level
(1900-1930s), indicating that the water level had decreased (1920s) (Fig. 5.14).
The content of organic matter is lower in the white sediment layers than in the dark
sediment layers (Fig. 5.15), perhaps because of accelerated decomposition rate in
the white layers because white layers indicate the oxic conditions in near-bottom
waters (Kalugin et al. 2013)

This accelerated decomposition rate of organic matter was probably caused by
oxic conditions prevailing in near-bottom waters during the low water-level period
of the lake (1900—-1930s). Therefore, Lake Shira was presumably holomictic during
this period.

Meromictic periods, as in more recent time, are comprised of black thin lami-
nated mud coloured by organics and hydrotroilite (FeS,H,0), which are predomi-
nant in the core. For holomictic conditions, white organic matter-free mud appeared
in the periods BC 220-75, AD 480-565, AD 900-1045, AD 1437-1603 and AD
1853-1947 (Fig. 5.15) (Kalugin et al. 2013). Presumably, most organic matter
produced in the waterbody and sediment was decomposed by dissolved atmo-
spheric oxygen due to mixing at that time. Simultaneously, the biomass of
phototrophic sulphur bacteria seems decreased or disappeared due to lack of
hydrogen sulphide.
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5.4.2 Photosynthetic Pigments in Bottom Sediments

The fossil molecular remains of APB (such as carotenoids, bacteriochlorophylls
and their derivatives (i.e. phaeopigments and DNA) serve as indicators of anaerobic
conditions in the photic zone of the lake at some stage of its existence (Overmann
et al. 1993). For the first time, in 2011, we analyzed the composition of carotenoids
in the bottom sediments of Lake Shira. Okenone, the main carotenoid of purple
sulphur bacteria inhabiting Lake Shira, was common in all sediment layers except
from deepest layers located at a depth of 1430 m (about 2350 years old) (Fig. 5.14).
Other carotenoids were found in all layers without exception. Clear maximum of
okenone and local maxima of other carotenoids were detected near the upper limit
of the carbonate layer at 13 cm in the sediment core. The concentration maximum
of okenone was much higher than the maxima of all other carotenoids.

The presence of okenone allows one to construe that the anaerobic zone existed
in the lake from fourth century BC to the present. Nevertheless, the absence of
okenone in the earlier sample indicated that during the earlier period, there was no
anaerobic activity in the near-bottom water layers. As known from studies on other
lakes, okenone is found in bottom sediments only during meromixis/holomixis only
if anoxia develops in summer hypolimnion (Schmidt et al. 2002; Dressler et al.
2007). As a rule, meromixis favours the high production of PSB and the better
preservation of carotenoids (Overmann et al. 1993; Schmidt et al. 2002; Leavitt
1993). Therefore, a peak in the concentration of okenone in the layers forming
110-130 mm stratum (1945-1970) indicates pronounced meromictic properties of
the lake in this period. The most probable (Rogozin et al. 2010a) cause for the
current meromixis of Lake Shira is the influence of an ectogenic factor (freshwater
layer lying above the saline water), which is in agreement with Hutchinson’s lake
typology based on type of meromixis in lakes (Hutchinson 1957). Due to the inflow
of large amounts of freshwater with the surface run-off into the saltier lake, which
was the case during the 1920s and 1930s, in this period the water level was
minimum, but a difference in salinity probably favoured a stable density gradient
and permanent meromixis (Rogozin et al. 2010a). The low content of okenone in
the sediment of Lake Shira until the 1920-1930s indicates that meromixis at a high
water level either was quite weak or absent.

In the 1950s when the concentration of okenone was higher, the water level of
the lake was about 2 m lower than at present (Fig. 5.14). Thus, it is quite possible
that the depth of the mixolimnion (i.e. the depth position of the chemocline) was
lower than it is now. Consequently, light conditions in chemocline were better than
now. At present, very low light intensity (about 2 pE m~2 s~ ') in the chemocline of
the lake limits light conditions for PSB (Rogozin et al. 2009).
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5.5 Conclusions

Both lakes Shira and Shunet are examples of ectogenic meromictic lakes
(meromixis is induced by freshwater lying on top of the saline water). This
condition is sustained annually by ice formation in winter. In spring due to melting
of ice, the second halocline is formed at the near-surface layers of mixolimnion that
prevents the lakes from full circulation in spring. The mixolimnion in the both lakes
is monomictic (based on the regular observations from year 2000 to year 2014) and
undergoes full circulation in autumn.

Both these lakes because of their geographical proximity, similar chemical
composition, stable stratification and the absence of fish and other plankton pred-
ators have quite similar species compositions of bacterio-, phyto- and zooplankton.
However, there are also notable differences in the food web structure and interac-
tions because of the differences in morphometry (mean and maximum depths) of
these lakes and in the salinities that control the stability of permanent stratification.
In Lake Shira, the zooplankton feed mostly on phytoplankton, while the bacterial
community in the chemocline does not significantly contribute to the food web. In
the shallower Lake Shunet, the extremely dense bacterial community, a population
of Cryptomonas sp. and several species of ciliates inhabit the chemocline. The food
spectra of zooplankton in Lake Shunet and Lake Shira differ. Ciliates, rotifers and
zooplankton in Lake Shunet feed on bacterial community in the chemocline. Both
ciliates and the calanoid A. salinus also feed on Cryptomonas sp. which is most
probably mixotrophic in the chemocline and consumes bacteria.

We used the coupled biochemical-hydrophysical model of Lake Shira to study
the effect of weather parameters on the ecosystem of this meromictic lake. We
show that although different weather parameters have opposite effects,
i.e. quantitatively their effects on the different ecosystem components are similar
but opposite. Thus, even for estimating the consequences of global climate change
on a specific ecosystem, local characteristics of weather variations should be taken
into account, because they may considerably alter the ecosystem structure and
functioning.

The major factors influencing the stability of stratification of the saline
meromictic lakes studied by us are the salinity and water level. The maximal
depth of Lake Shira in the last 120 years has increased from 16 m to 24 m
presumably due to an increase in freshwater inflow into the lake due to a negative
annual water budget based on precipitation-evaporation balance. With the increase
in the depth of the lake, water salinity decreased. The differences between salinity
of upper and bottom waters (i.e. salinity gradient), maximal depth and lake area
influence the stability of permanent stratification. According to sediment composi-
tion, Lake Shira was holomictic about 90 years ago when the water level was low,
but it became strongly meromictic just after the water level increase in the1940s.
Therefore, the transition between holomictic and meromictic regimes can be caused
by changes in the lake’s water level.
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