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Abstract

We studied diatom assemblages of the proglacial arctic lake Bolshoy Kharbey
(Bolshezemelskaya tundra, Russian Arctic) from a short sediments core cover-
ing last ca. 200 years. In total, 121 taxa from 2 classes, 5 orders, 18 families,
and 50 genera were identified. The diatom flora included species with mainly
cosmopolitan distribution. The assemblages were dominated by alkaliphilic
benthic diatoms preferring standing — flowing waters, indifferent to salinity
and moderate temperature conditions. The main changes in diatom assem-
blages took place at ca. 1870 and 1980. After 1870, which can be attributed to
the end of the Little Ice Age, the species richness rose, especially of planktonic
centric and small penate diatoms. This rise of diatom diversity took place most
probably in response to climate warming, related to prolongation of the grow-
ing season and period of open water. A negative trend in the evenness of the
diatom assemblages during the last decades can be seen as an early-warning
signal indicating a decrease of stability of the lake ecosystem.
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Introduction

Climate change in polar regions is among the largest and most rapid of any re-
gions on Earth and will cause major ecological impacts (Fritz et al., 2016; Pala-
gushkina et al., 2017a). According to the scientific report of the Arctic Council
and the International Arctic Science Committee (IASC), more observations are
urgently required to better understand ecosystem responses to climate change in
the Arctic (Douglas et al., 1994; ACIA, 2005). The sensitivity of arctic ecosystems
to temperature variations makes them especially important locations for inves-
tigation of past and present climate-related ecological changes (Nazarova et al.,
2013; Frolova, 2018; Plikk et al., 2019). Therefore, lake sediments and permafrost
records can provide unique data on recent biotic changes in remote areas where
expensive long-term monitoring has not been possible (Frolova et al., 2017a,
2019; Wetterich et al., 2018). The dominant response of arctic ecosystems and
species to climate change is very likely to be relocation rather than adaptation of
single species (Frolova et al., 2013, 2017b; Ibragimova et al, 2016), but knowledge
of the entire spectrum of responses of the most important indicator group of wa-
ter communities, including diatom algae (Palagushkina et al., 2012, 2017b; Hoft et
al,, 2015; Solovieva et al., 2015), is essential for assessment of the ecological state
of surface waters (Nazarova et al., 2004, 2017a) and for exploration of natural suc-
cessions under the influence of natural and anthropogenic factors (Subetto et al.,
2017; Syrykh et al., 2017).
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Fig. 1. Location of the study area (A) and the sampling site S(K1) at the lake Bolshoy Kharbey (B).

Studies of the lakes from the Canadian Arctic, Scan-
dinavia and Fennoscandia showed that the changes in
their ecosystems are largely linked to global warming dur-
ing the last 150-200 years (Smol et al., 2005). However,
there are only few recent studies which investigated envi-
ronmental changes in lakes from northeastern European
Russia (e.g., Solovieva et al., 2005, 2008; Nazarova et al.,
2017b). The aim of this work was to study the taxonomic
composition of diatom flora of the Lake Bolshoy Kharbey
(Bolshezemelskaya tundra, Russian Arctic) and to iden-
tify changes in the structure of diatom assemblages under
the changing climatic conditions of the sub-recent time.

Study area

The research area covers eastern part of the Bolsheze-
melskaya tundra in the European West tundra province
within the circumpolar tundra region in the subzone of
shrub tundra (Teteryuk, 2012) (Fig. 1).

The relief is hilly, with a maximum height of 230 m
above sea level. The climate of the region is severe and
sharply continental, which is associated with deep and
prolonged freezing of the soil and development of cryo-
genic processes (Vlasova, 1976). Winter lasts 8-9 months.
The coldest month is January with a minimum tempera-
ture of -55° C; the warmest month is July with a maxi-
mum temperature of 31° C. The annual rainfall varies
between 370 and 395 mm, 60 % of which falls during the
summer months, with a maximum in August (Mukhin et
al,, 1964). Over the past decades, the climate continental-
ity in the research region has increased: the difference be-
tween the warmest and the coldest months has increased
by 1.4° C. In 1961-1990 January became colder by ca. 0.4°
C, and July became warmer by ca. 1° C compared with ob-
servations over the proceeding 110 years (Fefilova, 2006).

Kharbey Lakes System has a glacial origin and in-
cludes three inter-connected large lakes — Golovka, Bol-
shoy Kharbey, Maliy Kharbey — and many small lakes
connected by channels (Fefilova, 2006). The study lake,
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Fig. 2a. Distribution of diatoms in the short sediment core of Lake Bolshoy Kharbey, Shannon diversity (H) and Pielu Evenness () indices; D | — D
IIl — statistically significant zones. Species with > 2 % of valves per sample are shown in this figure.

Bolshoy Kharbey (LBK), has a catchment area of 57.3 km?.
The shoreline is swampy. The lake area is 21.3 km?; maxi-
mum and average depths are 18.5 and 4.6 m, respectively
(Vlasova, 1976; Fefilova, 2006). Earlier studies have shown
insignificant salinity of the lake water, and predominantly
hydrocarbon-calcium composition of water with low
color, neutral pH, and low nutrient content (Baturina et
al., 2012). During the study period water in LBK had low
conductivity (27 uS cm™!) and was circum-neutral (pH =
7.1-7.3). Water transparency varied from 2.7 to 2.9 m.

Material and Methods

In summer 2012, a short sediment core (26 cm) was
taken in the southern part of LBK (67° 31.832" N, 062°
52.669 E) from the depth of 6 m using a UWITEC sam-
pler. The core was cut into 1 cm intervals for further
laboratory analysis. The age-depth model for the core is
based on results of 2!°Pb analysis performed at Geochro-
nology Laboratory of St. Petersburg State University and
made with the Bacon 2.2 package (Blaauw and Christen,
2011) of R software (R Core Team, 2012). All the dates
in the paper are expressed as years AD.

Processing of sediment samples for diatom analysis
was performed using the water bath method (Battarbee,
1986) in the laboratory of the Alfred Wegener Institute,
Helmholtz Centre for Polar and Marine Research (Pots-

dam, Germany). Diatom slides were mounted using
Naphrax. Diatoms were identified at the lowest possible
taxonomic level following mainly Krammer and Lange-
Bertalot (1986-1991), in accordance with modern tax-
onomy as given in the Algaebase database (Guiry and
Guiry, 2015) and classification of diatoms used in Russia
(Glezer et al., 1988) with the latest revisions (Genkal et
al,, 2013; Guiry and Guiry, 2019, http://www.algaebase.
org/browse/taxonomy/?id=77640).

We identified and counted 300 to 500 valves per sam-
ple under Axioplan Zeiss light microscope equipped with
an oil-immersion objective. The total number of valves
was taken as 100 %. We defined taxa with abundances of
>10% and =5 % as dominants and subdominants, respec-
tively (Palagushkina et al., 2012). Biogeographical and
ecological characteristics of the taxa with respect to pref-
erences of habitat, pH, water salinity, as well as changes in
the ice cover duration and the spring/autumn turbulence
period were described following Davydova (1985), Van
Dam etal. (1994), Fallu et al. (2000), Barinova et al. (2006)
and other sources from case studies.

To assess the species diversity and evenness of diatom
communities, we calculated the Shannon and Pielou indices
(Pielou, 1966; Shannon and Weaver, 1963). The stratigraph-
ic diagram was constructed in the C2 program 1.7.7 (Jug-
gins, 2007); zonation was performed using cluster analysis
performed in the program PAST 2.07 (Hammer et al., 2001).
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Fig. 2b. Distribution of ecological groups of diatoms in sediments of Lake Bolshoy Kharbey with regard to habitat type, salinity, pH, geographical

distribution, temperature, and water flow.

Results

Altogether, in sediment samples from LBK we identified
122 diatom taxa belonging to 2 classes, 5 orders, 18 fam-
ilies and 50 genera (Table 1).

In relation to habitat, benthic species were the most
frequent in the flora (74 species or 60.7 % of the taxo-
nomic richness), 28 species were planktonic-benthic
(23% of the taxonomic richness), 5 planktonic species
(4.1%), and 1 epiphytic species were found (0.8 %).

In relation to salinity the diatom flora of LBK was
dominated by oligohalobic taxa (105 species, or 86 %
of the taxonomic richness), the majority of which con-
stituted indifferent species (74 species or 70.5%). We
found 17 halophobic (16.1 %) and 13 hallophilic (12.4 %)
species. Mesohalobic flora was represented by 3 species
(2.5%): Navicula digitoradiata, Surirella amphioxys, and
Surirella ovalis (Table 1).

In relation to pH, the majority of species preferred
alkaline waters (61 species, or 50% of the taxonomic
richness). Among them 51 species (41.8 %) were alkali-
philes and 10 (8.2 %) were alkalibionts. Flora indifferent
to pH was represented by 25 species (20.5 %), and only
15 acidophilic species were found (12.3 %).

By geographical distribution, most of the species
could be attributed to cosmopolitan species (73 species,
or 59.8 % of the taxonomic richness), 11 (9 %) have bo-

real distribution, 9 (7.4 %) arctic-alpine, and 1 species,
Planothidium delicatulum, has Holarctic distribution
(0.8%).

In relation to water temperature, information is
available for 30 species that we found in LBK: 22 of them
prefer moderate conditions, 4 species are cold-steno-
thermic, 3 are eurythermic, and 1 species is warm-water
(Planothidium lanceolatum).

With respect to the water-flow factor, information
is available for 87 species, of which species of stagnant-
flowing (45) and flowing water (23) constituted the ma-
jority. Flora of stagnant water was represented by 18 spe-
cies. One aerophilic species, Pinnularia borealis, was also
found.

The diatom stratigraphy from LBK was split into
3 assemblage zones (D I — D III; Fig. 2 and 3).

D 1(1829-1880; 25-18 cm). The number of species
in sediment layers from this time interval varied from
15 to 23, the Shannon species diversity index ranged
from 0.45 to 2.7 and evenness varied from 0.11 to
0.64 with the lowest values of all parameters at the top
of the zone in ca. 1870. The diatom flora was represented
by cosmopolitan benthic and planktonic-benthic alka-
liphilic species, indifferent to water salinity, preferring
moderate temperature conditions and stagnant waters
(Fig. 2, 3). Presence of the cold-stenothermic Gyrosigma
acuminatum in the species composition until 1870 sug-



248

BIOLOGICAL COMMUNICATIONS, vol. 64, issue 4, October-December, 2019 | https://doi.org/10.21638/spbu03.2019.403

gests a moderate to cool climate at this time. Dominance
of benthic and planktonic-benthic diatoms may be as-
sociated with a low water level in the lake that started
to rise after 1870 (Fig. 3). A strong dominance of Ach-
nanthidium minutissimum (92 % of the total number of
valves) at ca. 1870 reflects an increase of water flow.

D II (1880-1962; 18-6 cm). The number of species
ranged from 14 (ca. 1890) to 49 (1950). The Shannon index
ranged from 2.5 to 3. 3. The Pielou index gradually declines
towards the top of the zone from 0.65 to 0.52, indicating a
lower level of evenness of the diatom communities (Fig. 2b).

At the beginning of this time interval, after 1880 we
observed some decrease in the proportion of benthic di-
atoms and a gradual increase in the share of planktonic
and planktonic-benthic species (Fig. 3). The planktonic
subdominant species Aulacoseira islandica reached the
highest abundance in ca. 1917, when planktonic Aulaco-
seira subarctica and planktonic-benthic Ellerbeckia are-
naria dominated the diatom assemblages. We observed
an increase as well in the share of halophobic species
(from 0.2 to 23.7 %). These floristic changes confirm that
in ca. 1870 the water level in the lake started to rise. We
observed an increase of the cold-stenothermic species in
ca. 1950 (Fig. 3), like Gyrosigma acuminatum and Euno-
tia praerupta, which indicates some cooling.

D III (1977-2009; 4-0 cm) The upper part of the
core is characterized by high species richness (41-
50 species), moderate Shannon’s diversity (2.74-2.95)
and lower evenness of diatom assemblages (0.35-0.38)
than in D II (Fig. 2). High taxonomic richness in com-
bination with low evenness indicates that the diatom
assemblages are dominated by only a few species, and
the other species remain at low abundances. There is a
consistent increase in the proportion of planktonic and
planktonic-benthic species and an increase of the stand-
ing-flowing water taxa in D III (Fig. 3). Aulacoseira sub-
arctica (6-21%), Tabellaria fenestrata (5-14.8%), Coc-
coneis placentula (6-20.3% ), Pseudostaurosira brevis-
triata (5-20 %) and Staurosira construens (5.8-7.7 %) are
dominant. This reflects a further rise of the water levels.
The reappearance of the benthic species Achnanthidium
minutissimum among subdominant species probably
can reflect spreading of the lake littorals. A decrease of
halophilic species reflects a decrease in mineralization.

Discussion

Our investigation has shown high species richness of di-
atoms in the investigated proglacial lake Bolshoy Khar-
bey, Bolshezemelskaya tundra, Arctic Russia. During the
last 200 years the species richness rose. During the last
ca 30-40 years it was a negative trend in the evenness (or
rise of the dominance) of the diatom assemblages, which
can be seen as a decrease of the stability of the lake eco-
system (Pielou, 1966).

Previous studies have shown that phytoplankton of
the lakes in the Bolshezemelskaya tundra is character-
ized by a high species richness of diatoms. Especially
taxonomically rich are deep glacial lakes with good wa-
ter exchange (Stenina and Getsen, 1975; Stenina, 1978,
2009). Typical for phytoplankton of such lakes is a low
diversity of planktonic, especially centric diatoms, fre-
quent occurrence of periphytic and phytobenthic spe-
cies as a result of intensive mixing of the water columns.
The main role in diatom assemblages of the glacial lakes
is played by species from the genera Aulacoseira, Aste-
rionella, Tabellaria. The genera Cyclotella and Stephano-
discus are less represented (Stenina, 2009).

Earlier hydrobiological studies on LBK revealed
146 diatom taxa (Stenina, 2009). The diatom flora of the
lake was mainly formed by benthic and periphytic spe-
cies. Planktonic species accounted only for about 9% of
the total number of species. In accordance with our study,
Aulacoseira islandica, Aulacoseira subarctica, Asterionella
formosa and Tabellaria fenestrata were described as domi-
nants. A relatively high proportion of alkaliphilic diatoms
was found in LBK in comparison with other lakes of the
Bolshezemelskaya tundra. The proportion of boreal spe-
cies in LBK was higher than the share of Arctic-alpine
species (Stenina, 2009). These two features of the modern
phytoplankton remain characteristic of the fossilized dia-
tom assemblages of the lake during the last 200 years.

The taxonomic composition and richness of fossil-
ized diatoms from the investigated core demonstrated
high similarity to the data obtained from studies of the
modern phytoplankton of the lake. Benthic and plank-
tonic-benthic species dominated the assemblages dur-
ing the last ca. 200 years. The share of planktonic species
was as low as 4% on average, but it steadily increased
towards the modern time, reflecting increasingly rising
water-flow in the lake system, most probably caused by
warming of the climate.

However, during the last ca. 200 years diatom as-
semblages of the Bolshoy Kharbey Lake underwent
some transformations in response to changing environ-
ment. We distinguished three intervals characterized by
different complexes of diatoms. As a reflection of the
increasing warming of the environment and infilling
of the lake that started after ca. 1870, the proportion of
planktonic species (Aulacoseira subarctica, Ellerbeckia
arenaria, Staurosirella pinnata, Cocconeis placentula,
Pseudostaurosira brevistriata, Tabellaria fenestrata) in-
creased, and increased further after 1980 (Fig. 3). A
strong dominance of Achnanthidium minutissimum
around ca. 1870 reflects an increase of water flow, prob-
ably in response to warming associated with the end of
the Little Ice Age (LIA) in this region at this time (Solo-
vieva et al., 2005). Changes in the species composition
and complex of dominants reflect the ongoing processes
of lake level rise associated with the influx of meltwater
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from the slopes of the Polar Urals and decrease of the
total mineralization of the water.

Investigations of the other lakes from the Bolsheze-
melskaya tundra, also unaffected by direct anthropogenic
impact, have shown a sufficient increase in the proportion
of planktonic centric diatoms since 1970 (Solovieva at al.,
2005, 2008). This trend reflects climate warming and the
associated increase in the period of open water, contrib-
uting to the development of planktonic centric diatoms
from the genus Aulacoseira. Species from the genus Au-
lacoseira require a sufficient amount of silicon for normal
development, which becomes available only under a good
mixing of the water column (Ruhland and Smol, 2005).
The species Pseudostaurosira brevistriata and Staurosire-
lla pinnata became dominant after 1870, as they were the
first to inhabit the carbonate-rich waters of the recently
thawed areas (Puusepp et al., 2010; Rouillard et al., 2012).
The dominance of the Staurosirella pinnata also reflects
an increase in paleotemperatures and climate warming
(Weckstrom et al., 1997; Kumke et al., 2004). The domi-
nance of Tabellaria fenestrata may be associated with a
further increase of the water level in the lake due to cli-
mate warming (Trifonova and Afanasyeva, 2008).

Conclusions

Our study revealed several trends in the composition
of diatom flora in Lake Bolshoy Kharbey during ca.
200 years in response to changing environmental condi-
tions in the region of Bolshezemelskaya tundra, Russian
Arctic. The strongest shift in diatom assemblages was
observed around ca. 1870 and can be associated with the
end of the LIA, related climate warming and prolonga-
tion of the open water period. The growth of diatom spe-
cies richness and increase in abundances of planktonic
centric and small penate diatoms can be related to the
rise of the water level in the lake. A negative trend in
the evenness (or rise of the dominance) of the diatom
assemblages can be seen as an early-warning signal of a
decrease of stability of the lake ecosystem.
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