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Abstract

Recent Arctic warming has major influences on biological communities, especially in freshwater environments. There is
substantial evidence that lake ecosystems in the Canadian Arctic and Fennoscandia are undergoing changes that have been
linked to human-induced climate warming during the past 150—100 years. However, only few data linking recent climatic
changes with the changes in biological communities are available from the Russian Arctic. We investigated a short sediment
core (bottom of the core dates to 1830 CE) from Lake Bolshoy Kharbey, the biggest lake of the Bol shezemelskaya Tundra,
western Russian Arctic, using chironomid, cladocera, diatom and palynological analyses. Variations in biological proxy were
linked to regional meteorological data and compared with the available sub-recent palacoecological and hydrobiological
studies from the region. The overall change in species composition was the smallest for terrestrial vegetation (0.485 SD)
followed by cladoceran communities (0.966 SD). Chironomid taxonomic turnover was 1.331 SD, and the greatest rate of
change was observed in diatom assemblages (1.701 SD). Changes in biological communities demonstrated a correlation with
meteorologically recorded climatic parameters (air temperature and precipitation). The strongest taxonomic shifts in biologi-
cal communities took place in 1880 and 1980. Both dates can be linked with prominent and recent climatic events: 1880
can be related to the end of the Little Ice Age in the region and 1980 is the beginning of the modern accelerating warming.
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Recent studies have shown that the Arctic has warmed at
more than twice the rate of the rest of the planet during
the past decades and the magnitude of ecological changes
exerts major influences on biological dynamics in the Arctic
(IPCC 2013). Greening trends of tundra vegetation derived
from satellite images have identified the tundra as one of the
clearest examples of the terrestrial impacts of climate change
(IPCC 2014). Associated with greening vegetation, climate
feedbacks at high latitudes alter global soil carbon stor-
age, surface energy budgets and local hydrological regimes
(Forkel et al. 2016; Myers-Smith et al. 2020). Some of the
most rapid ecological changes associated with warming have
occurred in freshwater environments (Arctic Biodiversity
Trends 2010). Warmer air temperatures exert considerable
control over numerous processes, including lake chemistry,
ice and permafrost dynamics (Magnuson et al. 1997; Kumke
et al. 2007; Fritz et al. 2016; Palagushkina et al. 2017a) and
have important implications for biological communities
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(Smol et al. 2005; Heino et al. 2009; Hoff et al. 2015; Wet-
terich et al. 2018). There is substantial evidence that lake
ecosystems in the Canadian Arctic and Fennoscandia are
undergoing changes that have been linked to human-induced
climate warming during the past 150-100 years (Overpeck
et al. 1997; Wolfe 2003; Riihland and Smol 2005; DeSellas
et al. 2008; Douglas and Smol 2010; Medeiros et al. 2012,
2014). However, only few data that link recent climate
changes with the changes in biological communities are
available from the Russian Arctic (Smol et al. 2005; Solo-
vieva et al. 2005); the majority of palaeoecological studies
in the Russian Arctic concentrate on longer time-periods
(Melles et al. 2012; Biskaborn et al. 2012; Meyer et al. 2015;
Solovieva et al. 2015; Subetto et al. 2017; Syrykh et al. 2017,
2021; Nazarova et al. 2020). Whether the recent changes in
the biological communities can be solely explained by global
warming is still to be understood (Engels et al. 2019).

The Bol shezemelskaya Tundra (Fig. 1) is a swampy,
hilly plain situated in the Russian Arctic west of the Ural
Mountains, within the zone of continuous permafrost.
This is the most eastern region of the European Arctic.
Few data are available on recent changes in biological
communities and vegetation from the area and most are
published in Russian (Baranovskaya 1978; Martynenko
and Getsen 1978; Sekretareva 2004; Teteryuk 2012a,b;
Fefilova et al. 2012, 2014, etc.). The only sub-recent
palaeoecological data available from the region are par-
tially controversial (Solovieva et al. 2005). The investi-
gation of lacustrine sediment records from two lakes of
the region, Mitrofanovskoe and Vanuk-ty (Solovieva et al.
2005), has demonstrated that recent diatom and chirono-
mid changes at both lakes have been driven, largely, by
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climate warming. At Mitrofanovskoe Lake the evidence
is clearer: the major compositional changes in diatom and
chironomid communities are synchronous, and they are
supported by increases in total diatom accumulation rate
and loss-of-ignition. At Vanuk-ty Lake, diatoms show a
clearer response to temperature changes during the past
decades, but chironomid fauna demonstrates only a weak
reaction (Solovieva et al. 2005). Nonetheless, an investi-
gation of the modern chironomid ecology in the Pechora
river basin, which includes Bol shezemelskaya Tundra and
adjacent areas, have confirmed a high importance of air
temperature as the main ecological driver of chironomid
distribution in the region (Nazarova et al. 2017a). For a
better understanding of the response of freshwater and ter-
restrial (vegetation) biological communities of the region
to the recent global climatic changes, more investigations
that apply more proxies and include further lakes should
be conducted.

Our study aimed to trace the effects of the recent cli-
matic changes on biological communities of a big glacial
lake and surrounding vegetation in this poorly studied
region of Russian Arctic. We performed a multi-proxy
investigation of a short sediment core from Lake Bolshoi
Kharbei (BK), the biggest lake of Bol shezemelskaya
Tundra, using chironomid, Cladocera, diatom and pollen
analyses. We compared our data with the available mete-
orological and modern hydrobiological records from the
region.

Bolshoy Harbey
Lake

Bolshoy Harbey
Lake\

Fig. 1 Location of the investigated Lake Bolshoy Kharbey. White star shows sampling location. Maps source https://earth.google.com/web/
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Materials and methods
Regional settings

The Bol shezemelskaya Tundra (67°31'15" to 67°36'9” N;
62°50'43" to 62°55"20"” E) is a large lowland plain situated
to the north-west of the Ural Mountains (Fig. 1). The area is
underlain by Permian rocks and Quaternary deposits (Vlas-
ova 1976). The relief is hilly, with maximum altitudes reach-
ing 226 m a.s.l. The region is characterised by continuous
permafrost that is up to 130 m thick, averaging 40-80 m; the
active layer is 0.3-2.5 m thick (Getsen 2011). The climate
is severe, with 8 months of winter when the mean monthly
temperatures are below 0 °C. The coldest months are Janu-
ary and February with minimum temperatures of about
— 55 °C. The warmest month is July with maximum temper-
atures (Ty,,) reaching 31 °C, and mean Ty, 12.9 °C (Getsen
2011). Mean annual T (T,,,) is — 5.5 °C and varies between
—2.8(2007) and — 8.8 °C (1998). Mean annual precipitation
(Prec,,,,) is 534 mm and varies between 349 mm (1997) and
762 mm (1962), with 60% of precipitation falling during
the summer months, and maximum precipitation in August
(Getsen 2011).

Lake Bolshoy Kharbey

Lake Bolshoy Kharbey (surface area 21.3 km?) is located
in the eastern part of the Bol shezemelskaya Tundra
(67°33"22"N, 62°53"23"E). The lake has a glacial origin and
is surrounded by a swampy watershed (Zvereva et al. 1970).
The greatest depth (18.5 m) was recorded in the southern
part of the lake, but most of the lake is 3—6 m deep. Due to
relatively shallow depths, Lake B. Kharbey differs from the

other large tundra lakes in the region by having less stable
temperature stratification (Goldina 1972). In some years, a
lack of summer stratification has been observed (Gladyshev
et al. 2011). The water of the lake has low conductivity and
mineralisation (17.7-76.9 mg 17!) and high oxygen satura-
tion (98-100%), with pH varying in different years between
6.5 and 7.4 (Table 1). The N, ;P 1atio in the lake varies
between 2 and 240, averaging at 110, which characterises
the lake as oligotrophic (Fefilova et al. 2012).

According to the geobotanical division of the European
part of Russia (Vegetation 1980), the lake system is located
in the European — West Siberian tundra province. It is within
the circumpolar tundra belt and lies in the shrub tundra
subzone, which is dominated by Betula nana, with some
Empetrum nigrum and Vaccinium vitis-idaea.

The lake is far from any industrial sources. The nearest
source of possible human-induced pollution is the industrial
area of the city of Vorkuta, which is ca 80 km from the
lake. The lake has no permanent settlements in the vicinity;
therefore, it is classified as ‘undisturbed’ and oligotrophic
according to comprehensive ecological monitoring surveys
(Dauvalter and Khloptseva 2008; Stenina 2009; Gladyshev
et al. 2011; Fefilova et al. 2012; Baturina et al. 2012, 2014).
Although results of sediment analyses suggest that the lakes
of Bol shezemelskaya Tundra have been influenced by
global lead pollution during the past ca 150 years (Dauvalter
2004; Solovieva et al. 2005, 2008), lead concentrations in
the sediments of Lake B. Kharbey are low (mean 9 pg g~}
and do not exceed 20 pg g~!, which is within the threshold of
the background lead concentration in soils (12.5-20 pg g™}
(Clarke and Washington 1924; Taylor 1964).

During our expedition at the end of July to early August
of 2012, the water temperature in the lake was 9.6-13.0° C.

Table 1 Hydrochemical and

physical parameters of the Lake Years

B. Kharbey. P min — mineral 1963 1968 1969 2009 2010

phosphors
Transparency, m 2.04.5 2.0-3.5 2.0-3.5 2.2-2.7 2.2-2.71
pH 6.7.-7.4 6.3-7.2 6.5-7.1 6.3-6.9 7.1-7.4
Conductivity, pS cm ™! No data No data No data 24-28 27-28
Mineralisation, mg L™!  32.1-63.9  20.6-76.9 25.3-55.4 18.7-42.9 17.7-22.9
Cl-, mg L™ 3.5-5.5 nf* nf 0.6-8.1 0.6-0.9
S0,2~, mgL~! 2.9-10.6 nf nf 1.4-1.6 1.3-1.6
HCO*, mg L! 12.8-30.5  nf nf 10.2-16.1 10.7-14.3
Ca®", mg L™ 2.6-8.2 nf nf 22-32 2.5-3.1
Mg?*, mg L™! 0.6-1.7 nf nf 0.7-0.8 0.6-0.7
Na*, mg L7 (+K+)1 4.5-8.5 nf nf 0.7-1.0 0.7-0.8
02, mgL™! 3.2-10.4 8.2-11.7 11.3-12.9 9.4-10.5 6.9-7.3
P min, mg L™ nf 0.004-0.026  0.005-0.026  0.000-0.110  0.002-0.008
NH*", mg L™ nf 0.04-0.13 0.01-0.44 nf nf

“Here and further on in this table: nf is for “not found”
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Sediment coring and radiometric dating

A short sediment core was collected in the southern part
of Lake B. Kharbey from a depth of 6 m using a UWITEC
sampler (Austria) during the summer expedition in 2012
(Nazarova et al. 2017a). The core was sectioned in the field
at 1 cm intervals for further laboratory analyses. Selected
sediment intervals were analysed for 2!°Pb at Geochronology
Laboratory of St. Petersburg State University. The samples
for 2!°Pb were selected upon the availability of the mate-
rial in order to gather sufficient data for a highly reliable

A
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age—depth model. The age-depth model for the core is based
on the results of >!°Pb analysis and was made with the Bacon
2.2 package (Blaauw and Christen 2011) using R software
(R Core Team 2013).

Climate data

The meteorological data used in this study were obtained
from a Vorkuta meteorological station. The monthly tem-
perature record is available since 1937 and the precipitation
record is available since 1947 (Fig. 2; Getsen 2011). The
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Fig.2 Data on a mean monthly and annual (T,,,) air temperatures and b mean monthly and annual (P
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instrumental record of Vorkuta meteorological station shows
that during the last ca 80 years, there has been a steady
growth of the mean annual and mean monthly temperatures
of nearly all months. An especially strong increase occurred
in 1980-1985 (Fig. 2). The coldest period was recorded for
the 1960s and 1970s. Precipitation in the region shows a
slight negative trend, with the driest period at the beginning
of the record (end of the 1940s), the wettest period between
1955 and 1965, and a slightly decreasing precipitation rate
towards the twenty-first century (Fig. 2) (Getsen 2011).

Biological indicators
Chironomids

Treatment of sediment samples for chironomid analysis
followed standard techniques described in Brooks et al.
(2007). To capture the maximum diversity of the chirono-
mid population, 74 to 138 chironomid larval head capsules
were extracted from each sample. Several studies have dem-
onstrated that this sample size is adequate for a reliable esti-
mate of inferred temperature (Heiri and Lotter 2001; Quin-
lan and Smol 2001). The total number of chironomid head
capsules was taken as 100%. Chironomids were identified
to the highest taxonomic resolution possible with reference
to Wiederholm (1983) and Brooks et al. (2007). Information
on the ecology of chironomid taxa was taken from Brooks
et al. (2007), Moller Pilot (2009, 2013) and Nazarova et al.
(2011, 2015, 2017a, 2017b).

Cladocera

Sediment samples at 1-cm intervals were prepared for clad-
oceran analysis using the methods described in Szeroczyniska
and Sarmaja-Korjonen (2007). The most abundant body part
was chosen for each species to represent the number of indi-
viduals. A minimum of 100 individuals were encountered,
which is satisfactory to characterise cladoceran assemblages
(Kurek et al. 2010). The percentages for all cladoceran spe-
cies were calculated from this sum of individuals. Taxa
constituting at least 10% of the total number of Cladocera
individuals per sample were regarded as dominant.

Diatoms

Diatom slide preparation followed standard methods using
the water-bath technique (Battarbee 1986). Diatom slides
were mounted using Naphrax, identified and counted 300 to
500 valves per sample under an Axioplan Zeiss light micro-
scope equipped with an oil-immersion objective. Diatoms
were identified at the lowest possible taxonomic level fol-
lowing mainly Krammer and Lange-Bertalot (1986—-1991),
in accordance with modern taxonomy from the Algaebase

database (Guiry and Guiry 2015) and classification of dia-
toms used in Russia (Glezer et al. 1988) with the latest revi-
sions (Genkal et al. 2013; Guiry and Guiry 2019). The total
number of valves was taken as 100%. We defined taxa with
abundances of > 10% and >5% as dominant and subdomi-
nant, respectively (Palagushkina et al. 2012, 2017b). Bio-
geographical and ecological characteristics of the taxa with
respect to preferences of habitat, pH and water salinity, as
well as changes in the ice-cover duration and the spring/
autumn turbulence period were described following Davy-
dova (1985), Van Dam et al. (1994), Fallu et al. (2000), Bar-
inova et al. (2006) and other sources from case studies.

Pollen

A total of 25 samples with an interval of 1 cm and each
consisting of ca 1-4 g of dry sediment, were processed for
pollen analysis using a standard procedure that included
treatment with HCI and KOH, sieving (250 um), treatment
with HF, acetolysis and mounting in glycerine (Faegri and
Iversen 1989). One Lycopodium spore tablet was added to
each sample to calculate total pollen and spore concentra-
tions (Stockmarr 1971). Identification of the pollen and
spores was performed using a reference pollen collection
and pollen atlases (Kuprianova and Alyoshina 1972; Reille
1992, 1995, 1998). In this study, we did not separate the
pollen attributed to Betula into two sections (Betula sect.
nanae / fruticosae and Betula sect. albae). The morphology
of birch pollen is variable (Blackmore et al. 2003), which
makes it difficult to separate shrubby and tree taxa by means
of a pollen analysis with a high degree of confidence. Non-
pollen palynomorphs (NPPs) were identified using descrip-
tions, pictures and photographs published by van Geel et al.
(2001). The microscopic analysis revealed moderately high
pollen concentration and generally good preservation of pol-
len grains, allowing an easy counting of up to 300 terrestrial
pollen grains per sample. Percentages of all taxa were calcu-
lated based on setting the total of all pollen and spore taxa
equal to 100%.

Numerical analysis

The metheorological data and the results of chironomids,
cladocerans, diatom and pollen analyses are displayed in
diagrams produced with C2 ver. 1.7.7 (Juggins 2007). Zona-
tion of the stratigraphies was done using cluster analysis in
PAST (Hammer et al. 2001).

A principal component analysis (PCA) was used to assess
the overall changes in species composition throughout the
sediment core for chironomids, cladocerans, diatoms and
pollen (ter Braak and Prentice 1988) based on square-root
transformed data. Detrended canonical correspondence
analysis (DCCA), the direct form of DCA, with species
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assemblage changes constrained to sediment age as the
sole environmental variable, was used to develop quantita-
tive estimates of compositional turnover as beta-diversity
(BD), scaled in standard deviation (SD) units for each taxo-
nomic group. This technique has been previously used in
palaeolimnological studies in arctic regions to quantitatively
assess the response of biological indicators to environmental
stressors, including climate warming and permafrost thaw
(Smol et al. 2005; Thienpont et al. 2013). Species diversity
was estimated using Hill’s N2 index, which is commonly
used as a measure of ‘effective’ diversity (Hill 1973).

To find potential statistically significant relationships
between species composition and diversity (chironomids,
cladocerans, diatoms and pollen) and the climatic vari-
ables, we performed an ordinary least square regression
using PAST (Hammer et al. 2001). This method was previ-
ously used in the only palaeoecological study conducted in
the region (Solovieva et al. 2005); application of the same
method enables a better comparison of the results. Due to the
relatively short time span, we assumed a linear response of
the species composition along the major underlying gradi-
ent. The species composition data were summarised as PCA
axes before being used as response variables. All ordinations
were performed using CANOCO 4.0 for Windows (ter Braak
and Smilauer 2002).

Results
Age-depth model

Data on the content of 2!°Pb in the core are presented in
Table 2. Concentrations of 2!°Pb in the core decreased
exponentially with the depth, which was determined the
by half-life of !°Pb (T,,=22.2 years). The mean sedi-
mentation rate calculated for the first 20 cm of the core
was 1.34+0.12 mm yr~! and, accordingly, the age of the

Table 2 2!°Pb concentrations and calculated age of the sediments of
the Lake B. Kharbey

Depth, cm 210pb, 5, Bq kg™ Pb Ages, years
0-1 36021 3.7+03
2-3 220+ 14 18.6+1.7
4-5 166 +12 33.6+3.0
7-8 101+7 56.0+£5.0
9-10 38.7+4.7 70.9+6.3
11-12 20.6+£4.0 85.8+7.6
14-15 10.1+14 108.2+9.6
19-20 4.7+0.7 149+13
22-23 3.2+07 -

24-25 1.5+0.8 -

@ Springer

19-20 cm layer was 149 + 13 years. Deeper layers (22-23
and 24-25 cm) contain only traces of 210pp, showing almost
complete decay of this radionuclide over ~ 150 years, which
is the age limit for the 2!°Pb method (Fig. 3). All dates in the
manuscript are expressed as years CE.

Chironomids

We found 38 chironomid taxa in the core. Micropsectra
insignilobus-type is present in all investigated horizons.
This taxon is characteristic of oligotrophic waters of cold
regions and, probably, is acidophobic. We found acidifi-
cation-tolerant taxa (Heterotrissocladius grimshawi-type,
Heterotrissocladius marcidus-type and Heterotrissocladius
maeaeri-type), taxa that are indicative of moderate tempera-
tures littoral-sublittoral (Microtendipes pedellus-type) and
taxa that are usually rare in the Russian Arctic (Constempel-
lina — Thienemanniola) (Nazarova et al. 2008, 2015), which
is attributed to lentic and lotic ecosystems (Brooks et al.
2007). The chironomid records were subdivided into three
statistically significant chironomid assemblage zones (Ch
I-1IT) (Fig. 4).

Ch I (25-18 cm, 1830-1880). The dominant taxa are
Microtendipes pedellus-type, the abundance of which gradu-
ally increases toward the end of the zone from 19 to 31%,
Micropsectra insignilobus-type, Heterotrissocladius grim-
shawi-type and Heterotrissocladius maeaeri-types 1 and 2,
which slightly decrease at the upper part of the zone (Fig. 4).

Ch II (18—4 cm, 1880-1980). After 1880, the abun-
dance of Microtendipes pedellus-type dropped sharply
while Micropsectra insignilobus-type becomes dominant,
although its abundance gradually declines towards the upper
layers of the core together with the abundances of several
acid-tolerant Heterotrissocladius taxa (Heterotrissocladius
macridus-type, Heterotrissocladius maeaeri-type, Hetero-
trissocladius grimshawi-type). Constempellina — Thiene-
manniola becomes quite frequent within Ch II.

Ch III (4-1 cm, 1980-2002). Abundances of thermophilic
taxa with high nutrient demands increase Heterotrissocla-
dius macridus-type, Tanytarsus mendax-type, Psectrocla-
dius sordidellus-type and Chironomus plumosus-type. Abun-
dances of phytophilic taxa (Cricotopus intersectus-type and
Cricotopus cylindraceus-type) also increase.

Cladocera

A total of 20 cladoceran taxa were identified, of which, 13
taxa belonged to the family Chydoridae (Chydorids). Cla-
docera stratigraphy was split into three assemblage zones
(CLZ I-111; Fig. 5).

CLZ T (25-18 cm, 1830-1880) is characterised
by the strong dominance of planktonic Bosmina spp.
(55-72%) and littoral Chydorus cf. sphaericus (19-32%).
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Fig.3 Age model of the
sediment core from the Lake
Bolshoy Kharbey (B. Kharbey)
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Cold-tolerant, phytophylous Acroperus harpae, littoral
Alona affinis and benthic Alona quadrangularis occurred
in this zone mostly at low abundances (mean 2-3%). Alona
quadrangularis increases towards a maximum of 5% at ca
1845 and nearly disappears from the record afterwards.
Bosmina longirostris has maximum abundances in the
zone around the same time. Chydorus cf. sphaericus and
Alona affinis increases distinctly towards the top of the
zone.

In CLZ II (18—4 cm, 1880-1980), littoral Alona affinis
increases to 21% and became dominant. Another littoral
species, Alonopsis elongatus, also increases towards the
middle of the zone and reaches 10% ca 1925. Similar to
the underlying zone, Bosmina (Eubosmina) cf. longispina
prevails over Bosmina longirostris among Bosmina species.
Eurycercus sp. and small species of Alona are permanently
present. Abundances of Bosmina longirostris increase up to
26% towards the top of the zone. This is a small planktonic
species that is common in the littoral zone of lakes (Luoto
et al. 2008). Planktonic species Bosmina (E) cf. longispina
increases to its maximum abundance in the core (45%) in
the upper part of the zone. Only in this zone, we found a

T T T
1950 1900 1850
Pb Age, years CE

moderately thermophilic species, Camptocercus rectirostris,
which is rare for the Bol shezemelskaya Tundra.

In CLZ III (4-0 cm, 1980-2010), abundances of Bosmina
species vary and increase from 56% in the previous zone to
65% in this zone. In CLZ III, the abundances of Chydorus
cf. sphaericus and Alona affinis first decrease, then sharply
increase toward the top of the zone. Bosmina longirostris
increases to its maximum abundance.

Diatoms

In total, 122 diatom taxa were identified in the sediment
core. Diatom assemblages were composed of predominantly
benthic (74 taxa), oligohalobic indifferent (74 species),
cosmopolitan (73) and alkaliphilic (61) taxa. In relation to
water temperature, few prevalent diatom species preferred
moderate conditions. With respect to the water-flow factor,
the prevalent species preferred stagnant-flowing waters. We
identified three significant diatom zones (D I-III; Fig. 6).
In DI (25-18 cm, 1830-1880), the diatom flora are
represented by cosmopolitan benthic and planktonic-ben-
thic alkaliphilic species, which are indifferent to water
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Fig.4 Stratigraphic diagram showing distribution of the main chironomid taxa in the sediment core from the Lake B. Kharbey, principal compo-

nent analysis axis 1 scores (PCA 1) and N2 diversity

salinity and prefer moderate temperature conditions and
stagnant waters (Fig. 6). At the top of the zone, Achnan-
thidium minutissimum (92% of the total number of valves)
dominates the diatom assemblages.

In D II (18-4 cm; 1880-1980), the share of planktonic
and planktonic-benthic species increase. The planktonic
subdominant Aulacoseira islandica reaches the highest
abundance in 1917 when planktonic Aulacoseira subarc-
tica and planktonic—benthic Ellerbeckia arenaria domi-
nate the diatom assemblages. The share of halophobic
taxa increases from 0.2 to 23.7%. Cold-stenothermic spe-
cies Gyrosigma acuminatum is still present in this zone,
alongside with other taxa that are characteristic of cool
conditions (Eunotia praerupta, Aulacoseira islandica and
Pinnularia brevicostata).

In D IIT (4-0 cm, 1980-2010), there is a consecu-
tive increase in the proportion of planktonic and plank-
tonic—benthic species and an increase of the standing-
flowing water taxa, such as Aulacoseira subarctica,
Tabellaria fenestrata, Pseudostaurosira brevistriata.

@ Springer

Pollen

The pollen diagram (Fig. 7) is subdivided into four pollen
zones (PZ I-1V).

PZ 1 (25-18 cm, 1830-1880) is characterised by the dom-
inance of Pinus (up to 40%) and Picea (up to 35%). Among
other conifers, Larix pollen are constantly present at very
low abundances (0.4-1.4%). Betula is also abundant in this
zone (up to 21%). Cyperaceae dominates the herbaceous
taxa (up to 16%).

In PZII (18-12 cm, 1880-1920), the composition of the
dominant taxa is the same as in the PZ I; however, the abun-
dances of Betula decrease and Cyperaceae slightly increases
among the herbaceous plants. Amarantaceae (Chenopodi-
aceae) has high abundances ca 1880-1890.

PZ 1II (12—4 cm, 1920-1980) is characterised by a sig-
nificant increase of Pinus (up to 60%) and a decrease of
Picea. Larix almost disappeared (0 to 0.3%). Betula and
Cyperaceae also continue decreasing in this zone. In the
upper part of the zone (from ca 1950), the abundance of
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Fig.5 Stratigraphic diagram showing distribution of the main cladoceran taxa in the sediment core from the Lake B. Kharbey, principal compo-

nent analysis axis 1 scores (PCA 1) and N2 diversity

planktonic infusorium Staurophrya elegans significantly
increases, reflecting a rise of the water level in the lake.

PZ IV (4-0 cm, 1980-2010) is distinguished by a sharp
increase of Betula (up to 25%) and decrease of Pinus and
Picea percentages. The concentration of pollen sharp
increases especially for Pinus, Picea, Betula, Alnaster fru-
ticosa, Cyperaceae and Poaceae. Spores of Sphagnum and
Polypodiophyta and remnants of Staurophrya elegans also
increase (both percentages and concentrations). The pollen
analysis revealed that, despite decreasing percentages of
Pinus and Abies, the concentration of these taxa increase
significant (Fig. 7, in grey).

Changes in biological communities

N2 diversity of chironomid communities increased from
the bottom of the core (N2 =11-12) towards the surface
of the sediment (N2 =17-20). However, between 1990
and 2005, it declined to 11-14. Cladoceran N2 diversity
increased from its minimum values in the lowest part of
the core (mean N2 =15.9 between 1822 and 1844) towards

the surface of the core with the highest values at ca 1980
(N2="7.6) and decreased thereafter to 6. Diversity of diatom
communities had a clear trend to increase from N2=9-10 at
the lower horizons of the core to N2 =18-22 around 1950
and a decreasing trend thereafter. N2 diversity of pollen
assemblages was 9.7 (median) before 1880. Between 1880
and 1980, it decreased to 7.0 (median) and increased to 10
(median) after 1980.

The overall changes in species composition during the ca
180 years was the smallest for terrestrial vegetation (pollen
0.485 SD). All investigated components of hydrobiological
communities (chironomids, cladocerans, diatoms) demon-
strated a high rate of species turnover. The smallest changes
took place in cladoceran communities (0.966 SD). Chirono-
mid taxonomic turnover was 1.331 SD, and the greatest rate
of change was observed in diatom assemblages (1.701 SD).

Regression analysis shows that mean July air tem-
peratures from instrumental records (1937-2009) had a
significant relationship (p <0.01) with variations in chi-
ronomid communities (R?>=0.62, span=0.2 and 0.3, chi-
ronomid PCA axis 1; Table 3). For Cladocera, the strongest
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Table 3 Results of regression analysis (p <0.01)

Span  Chironomids  Cladocera  Diatoms  Pollen
Tonn 0.2 0.32 0.05 vl 0.46

0.3 0.28 vl vl 0.05

0.5 0.28 vl vl 0.05
Ty 0.2 0.62 0.13 vl 0.18

0.3 0.62 0.25 vl 0.51

0.5 0.05 0.39 vl 0.28
Thanuary 0.2 0.04 0.05 0.53 ns

0.3 vl vl 0.10 0.11

0.5 vl vl 0.10 0.11
Prec,,, 0.2 0.03 0.36 0.30 vl

0.3 vl 0.32 0.41 vl

0.5 vl 0.19 0.39 vl
T,,, mean annual air temperature, 7}, mean July air temperature,
T4nuary Mean January air temperature, Prec,,,, mean annual precipita-

tion, vl very low

relationship was found for Ty, (R*=0.39, span=0.5 and
0.3, PCA axis 1) and precipitation (R2:0.36, span=0.5,
PCA axis 1). Diatoms demonstrated the strongest correla-
tion with Ty, ary (R?=0.53, span=0.2), annual precipitation
(R?=0.41, span=0.3, PCA axis 1) and no significant cor-
relation with summer temperature. Pollen data demonstrated
a significant relationship with Ty, (R?=0.51, span=0.3)
and a positive correlation with T, (R*=0.46, span=0.2).

ann

Discussion

Investigation of the short sediment core from Lake B. Khar-
bey, performed by a complex of palacobiological methods,
including chironomids, cladocerans, diatom and pollen
analyses, showed that notable changes took place in both in
the in-lake biological communities and in the surrounding
vegetation. The sediment core covered a period from the
nineteenth century to the present day. This time interval is
known as a time of considerable ecological changes, which
includes climate change due to the end of the Little Ice Age
(LTA) to modern climate warming (Miller et al. 2012) and
industrialisation in many areas, including acidification of
many lakes throughout the Northern Hemisphere (Battarbee
1994).

However, the overall level of pollution in the region of
this investigation is very low (Solovieva et al. 2008; Fefilova
2014), and during modern monitoring studies no evidence
of any acidification or eutrophication of other lakes in the
Bol shezemelskaya Tundra (Solovieva et al. 2002, 2005,
2008) and specifically in Lake B. Kharbey have been found
(Baturina et al. 2012; Fefilova et al. 2012). Therefore, it is
unlikely that global and regional atmospheric contamination

had any effect on the lake ecosystem and its catchment, and
we can suppose that the changes in the ecosystem of the lake
and the catchment must be caused by predominantly climate-
related reasons. The late nineteenth and twentieth centuries
are characterized by generally increasing temperatures, espe-
cially in recent decades (MacDonald et al. 2008). The shift
in hydrobiological communities at ca 1880 can be related to
the beginning of the gradual climatic warming in the region
associated with the end of the LIA. In Bol shezemelskaya
Tundra there is an overall rise in chironomid-inferred mean
July air temperatures starting from the mid-nineteenth cen-
tury (Solovieva et al. 2005) with the especially prominent
increase in temperature in 1980-1985 (Fig. 2; Getsen 2011)
when the second strong shift was observed in the biologi-
cal records. The influence of the climate change on biologi-
cal communities in our investigation is further supported
by strong correlations between the air temperature and the
taxonomic shifts in chironomids, cladocerans, diatom and
pollen (vegetation) data (Table 3).

The chironomid communities of the lake demonstrate
that substantial changes occurred over the past 180 years,
which is reflected in the high BD (1.33 SD). Our results
complement earlier studies in the region. Chironomid com-
munities of the glacial lakes Mitrofanovskoe and Vanuk-ty
from the Bol shezemelskaya Tundra (Solovieva et al. 2005;
Smol et al. 2005) demonstrated slightly lower species turno-
ver in both lakes from 1850 to 2000: 1.08 and 1.15 SD,
respectively. A higher estimate of the total species turnover
(BD=1.47 SD) for the same period is known only for Col
Pond (Ellesmere Island, high Canadian Arctic) (Smol et al.
2005).

Up until 1880, the chironomid communities were domi-
nated by taxa indicative of cold to moderate temperatures
and mainly littoral-sublittoral taxa; the highest representa-
tion was from Microtendipes pedellus-type. This taxon pre-
fers waters with higher oxygen content, low phosphorus and
is frequently, but not exclusively, found in flowing waters
with sandy and stony sediments where it feeds on algae
or fine particulate organic material (Moller Pillot 2009;
Ptéciennik et al. 2015). Between 1880 and 1930, abun-
dances of Microtendipes pedellus-type varied significantly,
and after 1930, it declined up to the end of the record, where
it remains present only at lower abundances, being replaced
by taxa that are more characteristic for profundal conditions.

The general trend in compositional changes of chirono-
mid communities have a significant relationship (p <0.01)
with the mean July air temperatures from instrumental
records (1937-2009). The strongest taxonomic change
occurred in 1980, when the cold-stenotherm taxa (Hetero-
trissocladius maeaeri-type, Heterotrissocladius grimshawi-
type and Micropsectra insignilobus-type) decline. At the
same time, around 1980, Microtendipes pedellus-type was
replaced by Heterotrissocladius macridus-type, the most
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thermophilic species of Heterotrissocladius (Brooks et al.
2007). Larvae of Heterotrissocladius macridus-type feed
on detritus and prefer organic muddy bottoms and substrate
with vegetation; they are seldom found in sands. Although
Heterotrissocladius macridus-type is reported to be oligo-
trophic, it has been often collected in mesotrophic lakes, is
common in humic waters and tolerates lower oxygen content
(Moller Pillot 2013). Heterotrissocladius macridus-type is
acidophilic, probably because as detritus feeder, it is depend-
ent on particular decomposition products, which are affected
by pH (Moller Pillot 2013, and references therein). After
1980, several other temperate-thermophilic, phytophilic or
tolerant-to-eutrophication taxa appeared or increased in the
lake (Chironomus plumosus-type, Psectrocladius sordidel-
lus-type, Stempelinella-Zavrelia, Cricotopus taxa and Tany-
tarsus mendax-type).

These clear taxonomic changes strongly indicate a
response of chironomid communities to climate warming.
The prevalence of the profundal fauna reflects lake infill-
ing. A similar transition has been observed at ca 1985 in
chironomid and diatom assemblages of small lakes near the
Alaskan tundra—taiga boundary (Medeiros et al. 2014) and
is seen in many Arctic and subarctic lakes (Medeiros et al.
2014; Hamerlik, et al. 2017; Engels et al. 2020).

The diversity of chironomids had an increasing trend,
with a short-term decline between 1990 and 2000. Similar
dynamics were reconstructed from the chironomid record
of the two earlier investigated lakes from the region: Mitro-
fanovskoe and Vanuk-ty (Solovieva et al. 2005). In both
lakes, N2 diversity of chironomid communities remained
relatively stable until the 1980s—1990s, then consider-
ably declined and increased again after ca 2000. In Lake
Mitrofanovskoe (Solovieva et al. 2005) the most apparent
taxonomic changes were observed after the 1980s when
several taxa that are characteristic for warm productive
lakes appeared or increased in chironomid fauna. However,
in Lake Vanuk-ty, changes in chironomid communities
were not so well pronounced (Solovieva et al. 2005). Here
a simultaneous increase in thermophilic (Paratanytarsus
penicillatus-type, Psectrocladius sordidellus-type), tem-
perate (Microtendipes pedellus-type) and taxa preferring
cool conditions (Tanytarsus lugens-type and Psectrocladius
septentrionalis-type) were observed at the end of the twen-
tieth century. However, the Vanuk-ty Lake has been used
for small-scale commercial fishing since the late 1940s
(Solovkina and Sidorov 1966). During the 1960s the fish
catches were more than two times higher than in the 1980s,
decreasing further by nearly ten times by 2002 (Solovieva
et al. 2005). Decreasing fish catches and increasing fish-
ing pressure since the 1960s suggests that fish populations
in Vanuk-ty Lake may have declined substantially in recent
decades. Therefore, it was supposed that chironomid com-
munities of Lake Vanuk-ty were responding mainly to strong
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changes in fish populations, connected to industrial fishing
and not to climatic factors (Solovieva et al. 2005).

Thus, in chironomid communities of the lakes in the
Bol'shezemelskaya Tundra that do not experience any
anthropogenic load (Mitrofanovskoe and B. Kharbey), recent
climatic changes caused similar taxonomic shifts and a simi-
lar pattern of diversity variations.

Cladoceran communities demonstrated lower species
turnover (0.966 SD) and a positive correlation with the Ty,
and precipitation. The moderate compositional turnover of
cladoceran communities in the lake was determined by the
prevalence of species acclimated to variable ecological con-
ditions. In general, over the entire investigated time inter-
val, the cladoceran communities were dominated by the taxa
that are characteristic for large water bodies, mainly from
the Bosminidae family. Typical inhabitants of open pelagic
biotopes dominated: Bosmina (Eubosmina) cf. longispina,
Bosmina (B) longirostris, Bosmina sp., Chydorus cf. spha-
ericus, and Alona affinis.

Before 1880, cladoceran assemblages were typical for
cold high latitudes (Bosmina (Eubosmina) cf. longispina,
Acroperus harpae, Alona affinis and Chydorus cf. sphaeri-
cus) (Hofmann 2000; Nevalainen and Luoto 2010). After
1880, the abundances of moderately thermophilic species
such as Bosmina longirostris and Eurycercus lamellatus
(Kamenik et al. 2007; Nevalainen and Luoto 2010; www.
artsdatabanken.no) increased. Bosmina longirostris and
Chydorus cf. sphaericus (Smirnov 2010) are also attributed
to the higher trophic state of the lake. All these species are
widespread in the Arctic (e.g. Rautio 2001; Kotov et al.
2010; Frolova et al. 2013, 2014, 2017), occur at high abun-
dance in large lakes of the Eastern Europe (Fefilova et al.
2014) and are dominant in the modern zooplankton of Lake
B. Kharbey (Kononova et al. 2014).

No detailed palaeoecological studies of sub-recent
changes in cladoceran communities have been conducted
on the lakes of the region until now. An earlier investi-
gation of Holocene sediments from two lakes from the
Bol shezemelskaya Tundra (Vankavad and Mezhgornoe)
(Sarmaja-Korjonen et al. 2003; Kultti et al. 2003) had only
low resolution of the upper part of the cores and could not
be used as reference material for our current study. How-
ever, at the end of the twentieth century, several compre-
hensive studies of zooplankton were carried out on Lake
B. Kharbey (Baranovskaya 1978; Fefilova et al. 2012,
2014; Kononova et al. 2014; etc.). Our results comple-
ment these modern hydrobiological investigations, which
also revealed an increase in abundances of the same taxa
(Bosmina longirostris, Daphnia) from the end of the twen-
tieth century to the present. Higher percentages of Daph-
nia, Bosmina longirostris and Chydorus cf. sphaericus in
zooplankton suggest chemical or thermal eutrophication,
while an increase of Bosmina cf. longispina is indicative
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of the oligotrophication (O’Brien et al. 2005; Tsugeki
et al. 2003; Smirnov 2010; Guilizzoni et al. 2012). The
dynamics of Bosmina longirostris was uneven, with the
last and highest peak in abundance observed in the late
1990s and some decrease in the upper layers of the core,
which corresponded to the 2000s (Fig. 5). This decrease
in abundance of Bosmina longirostris was recorded in
an analysis of modern zooplankton samples in the 2000s
(Fefilova et al. 2012, 2014).

The present study showed that changes in the quantita-
tive parameters of Cladocera populations in the lake were
at least partly determined by temperature and precipitation.
Temperature has been identified as an important factor in
the structuring of cladoceran assemblages in Finnish Lap-
land (Korhola 1999; Sarmaja-Korjonen et al. 2006), Norway
(Hessen et al. 2006) and the Yukon and Northwest Territo-
ries, Canada (Swadling et al. 2000; Sweetman et al. 2010).
This is in agreement with data from East Siberia (Frolova
et al. 2013, 2014), which found that TJuly was significantly
correlated with the distribution of subfossil Cladocera in
the lakes of north-western Yakutia; 17.4% of the variance
in the taxa data was explained by this Tj,,,. Precipitation
induces water drainage from the catchment area, supplying a
lake with additional allochthonous mineral and organic sub-
stances. It has been reported that an increase in atmospheric
precipitation at the beginning of the growing season caused
changes in the littoral zooplankton, similar to that what is
usually observed when the amounts of organic matter and
nutrients increase (Krylov et al. 2014). In the tundra, the
precipitation-induced surface run-off from the catchment is
facilitated by the thawing of permafrost (Adrian et al. 2009).

The largest rate of change was observed in diatom
communities (1.701 SD) and, similarly to chironomids,
was higher than in two earlier studied lakes from the
Bol shezemelskaya Tundra: Lake Mitrofanovskoe (1.23 SD)
and Lake Vanuk-ty (1.49 SD) (Solovieva et al. 2005; Smol
et al. 2005).

During the past ca 180 years, the main trend in diatom
turnover is an increase in the proportion of planktonic spe-
cies, which starts after ca 1880 (Aulacoseira subarctica,
Tabellaria fenestrata, Cocconeis placentula, etc.), and fur-
ther increases after 1980. A strong dominance of Achnanth-
idium minutissimum at ca 1870 reflects an increase of water
flow and flooding of shore zones that can be associated with
the end of LIA in this region at that time, as was hypoth-
esised in an earlier study (Solovieva 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 or permafrost thawing and related
active shoreline thermokarst processes and increasing sup-
ply of dissolved inorganic carbon and nitrogen to the lake
(Bouchard et al. 2017). This has been confirmed by field
observations that demonstrated a considerable increase in

the depth of the active layer in the region after 1996 (Mazhi-
tova and Kaverin 2007).

For diatoms, the strongest correlation was found with
Tyanuary and with annual precipitation. Although winter
temperature does not influence diatoms directly, the air
temperature was found to be a driver of temporal variabil-
ity of ice cover (Marszelewski and Skowron 2006). Even a
slight decrease in winter air temperature can cause a sig-
nificant shift of a lake’s freeze-up (Palecki and Barry 1986;
Gronskaya 2000; Vuglinsky et al. 2002; Menard et al. 2002;
Hampton et al. 2017). Duration of ice cover and loss affects
the available light, mixing depth and input of nutrients from
rainfall and runoft (Reynolds 1980, 1984, 2003). All of these
factors affect the abundance and dynamics of algae, thus
linking winter temperatures with variations in diatom assem-
blages. Our findings are also supported by an earlier obser-
vation, where the abundance of Aulacoseira subarctica,
which increasingly dominate diatom assemblages in Lake B.
Kharbey, was positively related to short ice cover, early ice-
out and a long-lasting spring circulation (Horn et al. 2011).
Aulacoseira subarctica prefer mild, short winters and can
develop a high initial biomass under low-light conditions
while the abundances of other diatoms decreased over win-
ter. However, further warming leading to an early summer
stratification can cause a decline of Aulacoseira subarctica
(Horn et al. 2011).

The dominance of Tabellaria fenestrata, which was espe-
cially abundant in Lake B. Kharbey after 1980, may be asso-
ciated with a further increase in the water level in the lake
(Trifonova and Afanasyeva 2008). A sufficient increase in
the proportion of planktonic diatoms since 1970 has been
found in other lakes of the Bol shezemelskaya Tundra (Solo-
vieva et al. 2005, 2008). This trend reflects climate warm-
ing and the associated increase of the open water period,
strengthening the development of planktonic centric dia-
toms from Aulacoseira that require a sufficient mixing of
the water column for their development (Ruhland and Smol
2005).

Our study reveals that the pollen spectra of the inves-
tigated core showed low species turnover over the study
period (0.485 SD). Little variations took place between
1830 and 1980 and the strongest change started after 1980.
The concentration of pollen increased sharply, especially
for Pinus, Picea, Betula, Alnaster fruticosa, Cyperaceae,
Poaceae, ferns and Sphagnum. The abundance of plank-
tonic infusorium Staurophrya elegans increased signifi-
cantly as well. According to Rebristaya (1977), lakes in
the Bol shezemelskaya Tundra are surrounded by sedge
bogs, which explains the high percentages of Cyperaceae
in every pollen zone. Increasing abundances of planktonic
Staurophrya elegans, ferns and mosses that are indicative
for wet conditions suggest an increase of the soil moisture
content or further spreading of marshy environments, which
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could be related to climate-induced thawing permafrost in
the region.

Variations in pollen data in our study demonstrate a sig-
nificant relationship with air temperature (both Ty, and
T,,n)- Although no study on the succession of vegetation
in the Bol shezemelskaya Tundra or Northern Ural during
the past two centuries has been done before, several low-
resolution Holocene sediment sequences from different parts
of the region demonstrated that cooling during the LIA influ-
enced the vegetation in the north of the region and led to
a dominance of the tundra vegetation. In the south of the
region, north-taiga forests dominate during the entire period
(Klimanov and Sirin 1997; Volkova et al. 1989; Elina et al.
2000, 2005; Golubeva 2008).

In our study, the presence of Pinus, Picea and partially
Betula pollen in sediments is a result of long-distance trans-
portation. Pollen of Pinus can be transported for 3000 km
(Campbell et al. 1999); Picea and Betula can be transported
for 300-400 km and 250-300 km, respectively (Sladkov
1967). Picea and Betula form the tree line in north-east
Europe (MacDonald et al. 2008) and occurred 30 km south
of Vorkuta (Rebristaya 1977). Increases of Picea and Bet-
ula pollen concentrations may reflect a shift of the tree line
northwards after 1980. A detailed survey of recent disper-
sion of Pinus sibirica, Picea obovata, Larix sibirica and
Larix cajanderi at nine sites in north-eastern European Rus-
sia and Central Siberia revealed that their population growth
started during the 1970s and was linked to rise of annual
and summer temperatures (Esper and Schweingruber 2004).
Increase of pollen concentrations of Betula, Alnaster fruti-
cosa and Poaceae after 1980 indicates the development of
erect dwarf-shrubs and low shrub tundra (the southern type
of Arctic tundra, according to Walker 2000).

Conclusions

This is the first multi-proxy investigation in the region of
sub-recent (ca 180 years) variations in chironomids, clad-
ocerans, diatoms and pollen in sediments of Lake B. Khar-
bey. We revealed that the main changes in the biological
communities took place synchronously around ca 1880 and
1980. Both dates can be linked with prominent and recent
climatic events: 1880 can be related to the end of the LIA in
the region and 1980 is the beginning of the modern accel-
erating warming. This, together with the results of the com-
parative analysis involving modern meteorological records
and the results of the scarcely available regional palaeo-
ecological and hydrobiological studies, provides support
that recent taxonomic changes in chironomid, cladoceran,
diatom and vegetation assemblages are largely driven by
changing climate. For all investigated biological proxies, we
observed general growth of diversity from the beginning
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of the record towards modern time; however, from 1980 to
2010, the diversity of chironomids, cladocerans and diatoms
demonstrate a slight decline. This can be associated with
modern eutrophication of Lake B. Kharbey caused by warm-
ing, increasing run-off from the adjacent area and release
of nutrients from the melting permafrost. The first-ever
detailed pollen record of the past ca two centuries has shown
a decline in pollen diversity between 1880 and 1980. The
increase in the pollen concentration, especially for Picea and
Betula, and increase of the pollen diversity after 1980 can
be caused by the northwards shift of the treeline. Changes
of the diversity appear together with strong taxonomic shifts
in all biological proxies. The observed taxonomic trends in
chironomid, cladoceran and diatom communities since the
beginning of the nineteenth century constitutes a shift from
predominantly cold to moderate stenotherm, oligotrophic- to
mesotrophic taxa and an increase in the contribution of lit-
toral and thermophilic taxa tolerant to eutrophication and a
wide range of pH. The smallest rate of change was observed
in vegetation and the highest rate of change occurred in the
diatom assemblages.
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