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Diatoms are one of the main paleo-indicators of lake changes, as they are preserved in bottom
sediments for centuries. The present study reports new data on diatoms in the bottom sediments of
Lake Shira and compares them with diatoms from the bottom sediments of Lake Utichye-3, which is
situated close to Lake Shira (Khakassia, Russia). The results showed that both lakes have undergone
changes in the past, and the species compositions have changed several times. The dominant species
in Lake Shira is now Cyclotella choctawhatcheeana Prasad, a planktonic marine species. Rhopalodia
constricta (W. Smith) Krammer is a benthic brackish or freshwater species that often occurs in Lake
Shira. The lower layers of sediments, dating from approximately the 17" century, were dominated by
the freshwater plankton species Aulacoseira ambigua (Grunow) Simonsen and A. italica (Ehrenberg)
Simonsen, Staurosira venter sensu lato (Ehrenberg) Cleve & JD Mdller, a benthic freshwater species,
also occurred there. The bottom sediments of Lake Utichye-3, with the exception of the lower layers,
were dominated by C. meneghiniana Kiitzing (a planktonic brackish or freshwater species). This
species was also found in the upper layers of the bottom sediments of Lake Shira. This suggests that
conditions in Lake Shira and Lake Utichye-3 were once similar. Surirella peisonis Pantocsek (a marine
species) prevailed in the lower layers of the core of Lake Utichye-3. Thus, we can say that the climatic

conditions in the region where the lakes are situated have changed several times.
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JAunaToMoBbIe BOAOPOCIH
B JIOHHBIX OTJIO’KEHUSAX ABYX OJIM3KO PACIOJIOKEHHBIX

COJICHBIX 03ep XaKacum

I''H. Bosio6anmukona?,

M.C. Kyankosckuii®, I.FO. Poro3un™*®

‘Uncmumym ouochuzuxu CO PAH

@UI] «Kpacnoapckuu nayunwviti yenmp CO PAH»

Poccus, 660036, Kpacuospck, Axademeopoook, 50/50
SUncmumym pusuonozuu pacmenutl um. K.A. Tumupsizeea PAH
Poccusa, 127276, Mockea, yn. bomanuueckas, 35

‘Cubupckuii ghedepanvHwvlil YyHUSepCUmem

Poccus, 660041, Kpacnospck, np. C60600mbi1L, 79

B cea3u ¢ mem, umo ouamomogvie 6000pOCU COXPAHAIOMCA 8 OOHHBIX OMIOICEHUSAX 6 MeyeHUe
MHO2UX CMOJeMULl, OHU ABAAIOMC OOHUM U3 OCHOBHBIX NAIEOUHOUKAMOPOE YCI06UlL 6 Godoeme. B
Hacmoswel pabome Mol NPUBOOUM HOBbLE CEEOCHUSA 0O OCMAMKAX OUAMOMOBBIX 8 OMA0NCCHUSAX
ozepa lupa, a maxace nNposOOUM CPABHUMENLbHBIU AHAIU3 OUAMOMOBLIX 8000POCIEl OOHHBIX
omaodcenuti ozepa [llupa u 61u3K0 pacnonodxiceHHo2o Kk Hemy ozepa Ymuuve-3 (Xaxaccus, Poccus).
Pesynvmamul ananuza nokasanu, 4mo 0oa 03epa 6 NPouLiom npemepnesanu usMeHeHus, a U080l
cocmas HeoOHOKpamHuo mensica. Jomunupyowum eudom 6 oszepe [llupa 6 nacmoswee epems
sensiemes Cyclotella choctawhatcheeana Prasad — naankmonHulil, cOIOHOB00HbIU 6UO0, A MAKIICE
yacmo ecmpeuaemcs Rhopalodia constricta (W. Smith) Krammer — 6enmocusiil, coionosamo-
NPecHOB8OOHbLL 8U0. B HUdMCHUX CLOAX OOHHBIX OMAONCEHUN, NPUOLUUMENbHO OAMUPYEMbLX
17-vlm 6eKOM, OOMUNHUPYIOM NPECHOBOOHbIE, NianKmoHHble 6udbl Aulacoseira ambigua (Grunow)
Simonsen u A. italica (Ehrenberg) Simonsen, a maxoice écmpeuaemces Staurosira venter sensu
lato (Ehrenberg) Cleve & J.D.Mdller — 6enmochbiil, npectogooHulil 6ud. B 0oHHbIX omaodcenusnx
osepa Ymuuve-3, 3a uckuouenuem HUMCHUX cioes, domunuposana C. meneghiniana Kiitzing —
NAAHKMOHHBLIU, COJIOHOB8AMO-NPECHOBOOHBIU U0, BCIMPEYAGUIULICS 8 HE3HAUUMEIbHOM KOTUYeCcmeae
U 6 GEPXHUX CN0AX OOHHBIX omaodicenull ozepa [Hupa. B nudcnux crnosax kepua ozepa Ymuuve-3
domunupoeana Surirella cf. peisonis Pantocsek — cononogoonuiii 6uo. Takum obpazom, ModriCHO
coenamov 6bl600, UMO KIUMAMUYECKUE YCI0GUS 6 PEeUOHE PACHON0NACEHUS 03ep HeOOHOKPAMHO

MEHATIUCH.

Kniouesvie cnosa: naaieoiumMHoONIocUA, NaaieoKaumam, ouamomoswle 60()0]700]11/{, OOHHbLE OMIIOMNCEHUA,

conenvie ozepa, Aulacoseira sp., Cyclotella sp., Surirella sp., Rhopalodia sp.
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Introduction

The bottom sediments of water bodies are
among the best sources of retrospective climate
data. In meromictic lakes, they retain their layered
structure for long periods of time. The absence
of oxygen in the bottom water layer is favourable
for the conservation of materials that settle to the
bottom. Because of their silicon frustules, diatom
algae, which are among the best paleo-indicators
of water body development, are preserved well in
bottom sediments.

Lake Shira has long been a site chosen for
studying the species composition and vertical
distribution of phytoplankton (Popova, 1946;
Aleksandrovskaya et al., 1959; Cherepnina, 1977,
Kolmakov etal., 1993; Degermendzhy etal., 1996;
Zotina et al., 1997; Zotina, 2001; Makeeva et al.,
2012; Bolobanschikova et al., 2015). Materials
collected in sediment traps were analysed in
2012 (Bolobanschikova et al., 2015). By 1996, the
following diatoms had been identified in Lake
Shira:
(Zotina, 2001), formerly known as Cyclotella

Cyclotella choctawhatcheeana Prasad

tuberculate Makarova & Loginova (Genkal,
2012), Diatoma vulgaris Bory, Navicula sp.,
Nitzschia sp., and Stephanodiscus sp., with
C. choctawhatcheeana definitely dominating
(Zotina, 2001).

The species composition of diatoms in
one part of the bottom sediment core from
Lake Shira was analysed in a previous study
(Bolobanschikovaetal.,2015). The purpose of this
study was to investigate the species composition
of diatoms in bottom sediments of two closely
located lakes, Lake Shira and Lake Utichye-3, to
reveal past changes in the conditions in the lakes

and climate conditions of the region.

Materials and Methods

Lake Shira (54°30° N, 90°11” E) is situated in
the north of the Republic of Khakassia (Russia).
The lake is meromictic, brackish (15-19 g/L of

salt) (2002-2012), and weakly alkaline (pH 8.9-
9.3). The lake area is 39.5 km?, and the maximum
depth is 24 m (Rogozin et al., 2011). The lake has
no outflow, and the inflow is via the Son River and
atmospheric, underground, and anthropogenic
water sources.

Lake Utichye-3 (54°31” N, 90°28’ E, the
Republic of Khakassia, Russia) is located 23 km
east of Lake Shira. Its area is 1.41 km?, and its
shoreline length is 5.4 km. The lake is of an
oblong form, stretching 2.1 km northeast, and it
is 1.2 km wide. The average depth of the lake is
2.5 m, and the maximum depth is approximately
5.5 m (2008-2015). The mineral content of the
water varies annually and seasonally between
7.9 and 5.9 g/L. The pH varies between weakly
alkaline (pH=7.6) and alkaline (pH=8.3). The lake
has no outflow, and the inflow is from ground,
underground, and atmospheric water.

Sediment samples collected in
May 2011 (Lake Shira) and July 2012 (Lake
Utichye-3) using a box corer designed at the
Institute for Biology of Inland Waters RAS
(Borok) (Abakumov et al., 1983). The sample
collected from Lake Shira was 400 mm long
(Fig. 1-1) (Bolobanschikova et al., 2015), and
the sample from Lake Utichye-3 was 210 mm

were

long (Fig. 1-2). In the laboratory, plastic tubes
(dipner = 45 mm) were used to take cores from
the samples. Then, both ends of each tube
were sealed, and the tubes were stored at
a temperature of +4°C in a strictly vertical
position. In the laboratory, the cores were cut
longitudinally and divided into halves with
two thin stainless steel plates inserted into the
cleft. After the core was separated, the plates
were removed by moving them transversely,
and thus, the split surfaces, with their visible
horizontal layered heterogeneities, remained
intact. The core halves were kept in air under
weak light for 24 h to achieve the most distinct

colour differences. Then, a colour photograph
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Fig. 1. Sediment cores: 1 — Lake Shira (Khakassia, May 2011, the arrow indicates the first carbonate layer); 2 —

Lake Utichye-3 (Khakassia, July 2012)

of each core with a fixed millimetre ruler was
taken. The core halves were then sliced into
5-10 mm thick transverse samples. All samples
were stored in the dark at a temperature of -20°C
in vacuum-sealed polyethylene bags (Rogozin
et al,, 2005). During sample collection, the
upper layers of the core from Lake Shira were
washed away and lost. Therefore, to obtain the
same depth scale for all samples, we used the
upper boundary of the first “white” layer as a
reference point, which was set at 130 mm below
the water—sediment interface (Fig. 1-1). The
exact position of this boundary was determined
2013). Visual
counting of the layers showed that the upper

previously (Kalugin et al.,

boundary of the first “white” layer could be
dated to 1945 (Kalugin et al., 2013). No dating
was performed for the bottom sediments of
Lake Utichye-3. The species composition and
abundance of diatoms in the bottom sediments
were determined using a method described
elsewhere (Bolobanschikova et al., 2015).

In addition to the collection of bottom
in 2012 and 2013,

sediment traps at Lake Shira. The procedure

sediments, we used
of trap placement and sample collection and
analysis is described in more detail elsewhere
(Bolobanschikova et al., 2015). The traps were
placed in the central deep-water part of the
lake, close to 54°30°350 N, 90°11°350 E, for the
following periods: 4 September — 24 October in
2012, 24 October — 31 May, 16 March — 31 May,
31 May — 8 July, 10 July — 3 September, and
4 September — 23 October in 2013. The traps were
suspended in the 13, 15, and 20 m layers. Two
traps were placed in each layer; the data obtained
for each layer were averaged.

Three 1.5 ml samples of sediment were
taken from each trap. The samples were placed in
centrifuge tubes and dried in a drying cabinet for
24 h at a temperature of 100°C. The remaining
sediment was weighed to determine its dry
weight, and an aliquot of approximately 0.05 mg
was taken. It was treated with a 30% hydrogen
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peroxide solution while being heated in a solid
state thermostat to a temperature of 90°C for
4 h, with hydrogen peroxide added continually
(Abakumov et al.,, 1983). After cooling the
samples, the hydrogen peroxide was removed by
washing the samples 5 times in distilled water
using centrifugation; then, each sample was
diluted with distilled water to achieve a volume
of 1.5 ml

The valves of the diatoms were counted
and photographed using a light microscope
Axiovert (Zeiss, Germany) equipped with an oil
immersion objective (x100/n.a.1.4, DIC) and an
electron microscope TM3000 (Hitachi, Japan).
Determination of the sedimentation rate was
based on the total number of cells in the trap,
the time of deployment of the trap, and the
cross-sectional area of the trap. These data were
compared with the available data on the diatom
sedimentation rate in 2012 (Bolobanschikova
et al., 2015). Diatoms were identified using
identification guides and taxonomic keys
(Kiitzing, 1844; Zabelina et al., 1951; Krammer
et al., 1988; Krammer et al., 1986; Krammer
et al.,, 1991; Likhoshvai et al., 1997, Lange-
Bertalot, 2001; Makarova, 2002; Genkal et
al., 2009; Levkov, 2009; Genkal, 2012). The
correctness of the authors’ species names and

the currently used species names were checked

Results
Seasonal dynamics of the sedimentation
of diatoms in Lake Shira

Qualitative determination of the material
from the traps showed that in all periods,
the diatom community had been dominated
by C. choctawhatcheeana. The samples also
contained Cyclotella meneghiniana Kiitzing and
a few representatives of Amphora sp., Synedra
sp., Navicula sp., Cocconeis sp., and Rhopalodia
sp.

The sedimentation rate of diatoms in Lake
Shira in 2013 was the highest in summer and
autumn (July—September), reaching (8.3+2.5)-10%
cells/(m?-d) (Fig. 2). The lowest sedimentation
rate was recorded in spring (March—May); as in
2012, the number of sinking cells was the highest
at a depth of 20 m: (0.2+0.2)-10% cells/(m?-d).

Composition of diatoms
in the sediments of Lake Shira

Analysis of the bottom sediments showed
a non-uniform vertical distribution of diatoms
in the core (Bolobanschikova et al., 2015). The
presence of the valves of C. choctawhatcheeana
and representatives of Cocconeis sp. and Nitzschia
sp. in the layers above the first carbonate layer at
a depth of 60-110 mm (approximately 1980-1955)
is indicative of the similarity between diatom

at http://algaebase.org. composition at that time and the contemporary
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Fig. 2. Seasonal dynamics of the diatom sedimentation rate in Lake Shira in 2012-2013
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composition of diatoms in Lake Shira. The valves
of Nitzschia cf. sigmoidea (Nitzsch) W. Smith,
Aulacoseira italica (Ehrenberg) Simonsen,
A. ambigua (Grunow) Simonsen, and Staurosira
venter sensu lato found at a depth of 310-355 mm
(approximately 1690-1627) presumably suggest
a subsequent change in the species composition
of diatoms in Lake Shira. In addition to the
previously mentioned C. choctawhatcheeana
(Bolobanschikova et al., 2015), layers above the
first carbonate layer contained numerous partially
destroyed valves of the brackish-water diatom

Rhopalodia constricta (W. Smith) Krammer
(Fig. 3).

R. constricta

Composition of diatoms
in the sediments of Lake Utichye-3

As dating of the layers of the core from Lake
Utichye-3 was not performed, the results of the
sediment analysis are presented as a description
of the layers without approximate dates of their
formation.

In contrast to the cores of Lake Shira, the
frequency of occurrence of diatoms in the cores
of Lake Utichye-3 was considerably higher,
and diatoms were present in almost all layers.
The diatoms in the core were dominated by
C. meneghiniana (Fig. 4) except for the 41-
44 mm layers and the layers between 92 mm and

Fig. 3. Diatoms in the bottom sediments of Lake Shira, depth of 60-110 mm: parts of the shells of Rhopalodia

constricta. Scale bars, 10 pm

) > < g
. P i
P
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Fig. 4. Diatoms in the bottom sediments of Lake Utichye-3: Cyclotella meneghiniana
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112 mm. Diatoms found at a depth of 41-44 mm
were dominated by Surirella cf. peisonis (Fig. 5);
this layer also contained numerous broken
frustules of Surirella spp. (Fig. 6). The layers
between 92 mm and 112 mm were dominated by
Navicula sp. A few representatives of Amphora
sp., Cocconeis lineata Ehrenberg, Cocconeis sp.,
Caloneis sp., Rhopalodia musculus (Kiitzing)
Otto Miiller,

Ehrenberg, Navicula sp., Paralia sp., and

Navicula viridula (Kitzing)

Cocconeis lineata

Diploneis sp.

Caloneis sp.

Diploneis sp. and broken frustules of Achnanthes
sp. (some of them tentatively identified) were
found.

We determined the number of valves of

diatoms in the bottom sediments of Lake Utichye-3

(Fig. 7) and observed peaks in the 0-2 mm, 51-
54 mm, and 82-83 mm layers: (152.8+ 47.7)-10°,
(323.3+101.1)-10°, and (146.9£77.8)-10¢ valves/g.
No diatoms were found in the 112-119 mm, 145-
152 mm, or 165-210 mm layers.

Surirella cf. peisonis

Fig. 5. Diatoms in the bottom sediments of Lake Utichye-3. Scale bars 10 um

) . k.
TM3000_8030 2014-10-05 1255 N D52 x4.0k
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D52 x50k  20um

20141005 13:06 N

Fig. 6. Diatoms in the bottom sediments of Lake Utichye-3: parts of the shells of Surirella spp.
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Fig. 7. Vertical profile of diatom numbers in the bottom sediments of Lake Utichye-3

Discussion

Analysis of samples of water and
sedimentation material from Lake Shira shows
that since 1946, the species composition of
diatom algae has remained unchanged (Popova,

1946; Aleksandrovskaya et al., 1959; Cherepnina,

1977; Kolmakov et al., 1993; Degermendzhy
et al., 1996; Zotina et al., 1997, Zotina, 2001,
2012; Bolobanschikova et

al., 2015). C. choctawhatcheeana, which is a

Makeeva et al.,

planktonic saltwater diatom that commonly

occurs in eutrophic water bodies (Genkal,
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2012), has remained the dominant species. In
addition to C. choctawhatcheeana, the samples
contained numerous partially destroyed valves
of R. constricta, a benthic brackish-freshwater
species commonly occurring in water bodies
with a low nitrogen to phosphorus ratio (Kiitzing,
1844; Krammer et al., 1988).

Examination of the core showed the non-
uniformity of the vertical profile of diatom
numbers in the upper portion of the bottom
sediments collected from Lake Shira. Diatoms
were only found in the core layers above the
carbonate white layers; the other core layers
contained no diatoms (Bolobanschikova et al.,
2015).

Comparison of the trapped material
with the core samples showed that the species
composition of diatoms in Lake Shira since
approximately 1946 has been similar to the
contemporary species composition. However,
the species composition of diatoms in the
periods from 1690-1683 and 1655-1627 was
different from their present-day composition.
The presence of the valves of colonial species
of alpine, arctic, and medium-latitude diatoms
such as A. italica and A. ambigua (planktonic
benthic indifferent mesotrophic species) and
Staurosira venter sensu lato (a benthic indifferent
oligotrophic species) suggests that in the mid and
late 17" century, Lake Shira was a mesotrophic
lake with weakly alkaline water whose salinity
was lower than it is now (hence, the lake was
deeper). The presence of alpine-arctic species
may be indicative of a colder climate, which is
consistent with the Little Ice Age that occurred
at that time.

Diatoms were poorly preserved in the
sediments of Lake Shira, and the layers
between 120 mm and 310 mm did not contain
any diatoms, not even fragments of valves.
The reasons for this could be the high mineral

content of the lake water and high pH, which is

unfavourable for the conservation of the valves
of diatoms.

A study by Flower et al. (2009) described
an adverse effect of a more alkaline medium on
the preservation of diatom shells. Other factors
influencing the preservation of the shells are the
rate of sedimentation and sediment accumulation
and the concentration of diatoms: the higher these
parameters and the lower the pH and temperature,
the better the shells are preserved. In addition,
the shells of diatoms are preserved better if other
organisms, including bacteria, do not consume
them at a high rate.

Researchers working at Lake Beloye (West
Siberia, Russia) noted that the absence of diatoms
in the white carbonate and mud layers could be
associated with the increase in pH and, at the
same time, with phosphorus and iron deficiencies
caused by the abundance of calcium, which limits
the activity of these elements (Krivonogov et al.,
2012).

In a more alkaline medium, the silicon
frustules of diatoms may dissolve after the cells
die, which affects their preservation and, hence,
the detection of the shells of diatoms in the layers
corresponding to periods when the water in the
lake was more alkaline. Moreover, lakes with
high mineral contents and an alkaline pH cannot
boast a high diversity of diatoms.

Analysis of the bottom sediments from Lake
Utichye-3 shows that in the recent past, the state
of the lake has not changed significantly. The
greater number of valves found in the middle part
of the core may suggest a decrease in the mineral
content of the lake water. The number of cells of
the dominant diatom C. meneghiniana, which
occurs in both saltwater and freshwater lakes,
decreases in the deeper layers, and the number of
cells of Surirella cf. peisonis, which is a saltwater
species, increases, which may suggest a decrease
in the water level of the lake and an increase in

the water mineral content.
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A possible reason for the absence of the
valves of diatoms in the 112-119 mm, 145-152 mm,
and 165-210 mm layers of the core from Lake
Utichye-3 may be that in the 1920s, the lake dried
up (Parnachev, 1999). During that period, no algal
flora, including diatoms, could develop in the lake.
The literature data (Parnachev, 1999) suggest that
the precipitation of the first white carbonate layer
and the drying up of Lake Utichye-3 occurred at
the same time, when the water levels in all the
lakes of the North Minusinsk Depression were

considerably lower than they are now.

Conclusion

The comparison of the bottom sediments
from Lake Shira and Lake Utichye-3 suggests that
the species composition of diatoms in the water
(trap samples) and bottom sediments above the

first white carbonate layer in Lake Shira is similar
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