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TheKamchatkaPeninsula (RussianFarEast) remains among the least studied regionsof easternAsia.Recent studies
revealed a high degree of palaeoenvironmental variability between different parts of the peninsula. We investigated
semi-aquatic (chironomids) and terrestrial (leaf wax biomarkers) proxies from a sediment core collected from Lake
Sokoch (southern Kamchatka) to provide reconstruction of the mean July air temperature and variations in limnic
conditions. The lake formed after 10.0 cal. ka BPas a result of postglacialwarming andwas fed byglacialmeltwaters
from neighbouring glaciers. Our data show a later beginning of the Holocene thermal maximum (HTM) relative to
morenorthernsites inKamchatka,SiberiaandChukotkaandsupportclimatemodelexperiments thatsuggest that the
HTMwas delayed in southern and central Kamchatka by about 2000 years comparedwith Alaska andNE Siberia.
Warm conditions prevailed between 10.0 and 6.4 cal. ka BPwith a short spell of cool and dry climate around 8.2 cal.
ka BP thatmight be related to the 8.2 ka cooling event. TheHTMtook place between 6.5 and 3.4 cal. ka BPwith the
warmest phase from 6.0 to 5.0 cal. ka BP. An onset of Neoglacial cooling at 3.4 cal. ka BP is consistent with the
strengthening of both the Siberian High and the Aleutian Low. Warming between 1.2 and 0.9 cal. ka BP can be
attributed to the Mediaeval Climate Anomaly. The LIA cooling is related to another strengthening of the Siberian
High and the Aleutian Low. The modern warming, though weakly traced in our record, is consistent with the recent
meteorological observations. The presented palaeoenvironment record confirms the earlier findings of spatial
differences within Kamchatka in timing and magnitude of the major Holocene climate fluctuations and contributes
towards understanding the expression of Holocene climate change in Kamchatka.
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The Kamchatka Peninsula (eastern Russia) is one of the
most remote and least studied regions of eastern Asia. It
lies in the Russian Far East between the Sea of Okhotsk
to thewest and theNorth Pacific to the east (Fig. 1). The
area experiences frequent tectonic, volcanic and cyclonic
activities (Jones & Solomina 2015). This is one of the
world’smost volcanicallyand tectonicallyactive regions,
with active eruptions occurring in the Late Pleistocene
between 45 and 39 ka ago and 30 and 25 ka ago and
enhanced volcanic activity occurring in the Early to
Middle Holocene between 9.5 and 7.0 ka BP (Pono-
mareva et al. 2007). The Pacific Plate is actively
subducting beneath the Kamchatka Peninsula at
about80–100 mm a�1 resulting in threedistinctvolcanic
arcs. There are about 300 volcanoes, more than 20 of
which are active (Braitseva et al. 1997; Gledhill 2007;
Jones & Solomina 2015) and include caldera, strata-
volcanoes, somma-volcanoes andmixed types; addition-
ally, there are many thermal and mineral springs and
geysers.

The climate of Kamchatka is complex and influenced
by the position of thePeninsula along the easternmargin
of theAsian landmass, by cold ocean currents to the east
and the Sea of Okhotsk to the west. Moreover, sub-
meridional mountain areas with recent glaciation and
permafrost yield steep climatic gradients, most pro-
nounced between coastal and interior areas (Dirksen
et al. 2013). Palaeoenvironmental records from this
unique region are important for understanding of past
climate and landscape changes and volcanic activity
within Beringia (Lozhkin et al. 2011; Palagushkina et al.
2017; Subetto et al. 2017) and for evaluating its response
to the modern climate warming (Kaufman et al. 2009;
Brooks et al. 2015). Recent studies of palaeoclimate in
Kamchatka confirmed a high degree of environmental
variability between different parts of the peninsula and a
mismatch in timing and magnitude of some Holocene
climate events. Some delay of the HTMwas observed at
sites close to the Pacific Ocean relative to inland sites
(Dirksen et al. 2013; Brooks et al. 2015). In central
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Kamchatka, an expansion of birch and alder indicated
warm, wet conditions associated with the HTM started
from 8.9 cal. ka BP. In contrast, forest expansion in
coastal regions did not start before 7.0 cal. ka BP
(Dirksen et al. 2013). Neoglacial cooling started first in
the northern parts of Kamchatka from 5.8 cal. ka BP,
and from 5.0 cal. ka BP in central and coastal areas. The
start of the Neoglacial in the south of Kamchatka is
controversial (Brooks et al. 2015).

We investigated a Holocene sediment record from
Lake Sokoch, southern Kamchatka. From this core,
partly contradictoryqualitative interpretationof diatom
(Hoff et al. 2014) and pollen (Dirksen et al. 2015) data
were obtained and published. A relatively warm period,
corresponding to theHTMwas reconstructed fromboth
diatoms and pollen after 9.6 cal. ka BP. But the
Neoglacial cooling, according to pollen data, started
after 5.1 cal. ka BP andwas evidenced by a pronounced
forest retreat, while diatoms reflected a climate deterio-
ration only after 2.7 cal. ka BP.

In this paper, we present new data derived from semi-
aquatic (chironomids) and terrestrial (leaf wax biomarkers
and their stable hydrogen isotope values) proxies from
sedimentsofLakeSokoch.Chironomids arewell knownas
good indicators of air temperature and hydrological
conditions (Stief et al. 2005; Engels et al. 2012, 2020; Heiri
et al. 2014; Nazarova et al. 2017a, b). Long-chain n-alkane
biomarkers, derived from the leaf waxes of higher terres-
trial plants and their stable hydrogen isotope composition
(expressed as a d2H or dD values) record hydrological
change (Sachse et al. 2010, 2012;Kahmen et al. 2013). d2H
values of the biomarkers depend on the isotope composi-
tion of precipitation, which can be influenced by temper-
ature and evaporation as well as the moisture source (Gat
1996) and can be modified by plant evapotranspiration
under arid conditions (Feakins & Sessions 2010; Sachse
et al. 2010; Kahmen et al. 2013). As such, sedimentary
records of leaf wax n-alkane d2H values have become
powerful tools to reconstruct continental palaeohydrolog-
ical changes over different time scales (Tierney et al. 2008).

Fig. 1. Location of Lake Sokoch inKamchatka (Russia) together with the other sites earlier studied inKamchatka. Arrows showdirection of the
water-flow. [Colour figure can be viewed at www.boreas.dk]
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The main aim of this study is to produce qualitative
and quantitative reconstructions of the regional climate
and limnological conditions during the Holocene using
chironomid and biomarker records from Lake Sokoch.
We compare our newly obtained results with earlier
published inferences from pollen, diatoms and sediment
chemistry records for this lake (Hoff et al. 2014; Dirksen
et al. 2015) along with interpretations of the palaeocli-
mate from other parts of Kamchatka in order to bring
our research into the broader regional context.

Material and methods

Study site

Lake Sokoch (LS) (latitude 53°15.1330N, longitude
157°45.4890E, altitude 495 m a.s.l.) lies at the southern-
most tip of Ganal’sky Ridge, which belongs to the
Eastern Ridges and borders the southern part of the
central Kamchatka Depression between the Eastern
VolcanicZoneandPacific coast (Fig. 1).DuringtheLast
GlacialMaximum (LGM) c. 22–18 cal. ka BP, this area
was relatively weakly glaciated (Braitseva et al. 1968).
The nearest glaciers originated from large cirques that
deposited two terminal moraines in the river valleys
approximately 10 km from the modern glacier edge
(Braitseva et al. 1968). LS is confined by the steep fronts
of these moraines. The lake has a triangular form
(10009750 m in size) with a maximum water depth of
7 m. Morainic landforms bordering the lake and a U-
shaped river valley with a roughly 2.5 by 1.5 km wide
glacial cirque at the upper part of the valley prove the
proglacial origin of the lake system (Fig. 1). The lake is a
hydrologically open system with one major inflowing
stream in the north and one outlet at its southern end.
Approximately 500 m to the north of LS behind the
lobate arc of younger moraine deposits there is another
lake, Maly Sokoch (300 m in diameter; Fig. 1). It has a
narrow channel connection to LS. The rounded basin of
LakeMaly Sokoch is now ~300 m in diameter but it was
apparently larger in thepast, up to~160091000 m in size
(Hoff et al. 2014). This former lake area is nowoccupied
by awide shrubby bog (Dirksen et al. 2015).

The study area has a temperate continental climate
with cold winters and cool summers. The mean January
air temperature is �11.3 °C and the mean July temper-
ature (T July) is 9.4 °C. The annual precipitation is
850 mm(www.iwmi.org).The lake lieswithin the zoneof
sub-alpine forest close to the upper limit of the tree line at
650–700 m a.s.l. and is surrounded by an open stone
birch (Betula ermanii) forest with shrubs and short herbs
in the understory (Dirksen et al. 2015).

Core lithostratigraphy

A92-cm-long sediment core (PG1890-1)wasobtained in
September 2007 from 4.5-m water depth in the north-

eastern part of LS (Hoff et al. 2014; Fig. 1). The
sediments consisted mainly of light brown gyttja with
the lowermost 8 cm represented by sandy gyttja. The
core contains five layers of volcanic ash (1–5 cm thick;
Fig. 2), consisting ofwell-sorted fine- to coarse-grained,
light-coloured sand. A layer of poorly sorted material at
the depth of 66–71 cm most probably is related to a
mudflow that entered LS (Dirksen et al. 2015).

Except for the volcanic ash layers (1–5 cm thick), the
sediment core was sliced in 1-cm intervals, freeze-dried
and split into subsamples for micropalaeontological,
sedimentological and stratigraphical analyses at AWI
Potsdam. Results of diatom analysis and sedimentolog-
ical data are presented in Hoff et al. (2014) and pollen
data in Dirksen et al. (2015).

Radiocarbon dating and age model

Accelerator mass spectrometry (AMS) radiocarbon
dating (14C) was carried out at Pozn�an Radiocarbon
Laboratory, Poland, on the total organic carbon
fraction of eight sediment samples (Table S1). The
14C dates were calibrated to calendar years before
present (BP; 1950), by using the CALPAL online
program (Danzeglocke et al. 2010). Eight radiocarbon
dates (Table S1) span the last c. 9.6 ka. The uppermost
sample has a calibrated age of �0.026 cal. ka BP,
indicating that reservoir effects possibly can be
neglected in the interpretation of radiocarbon dates.
The lowermost sample at 95 cm (core-catcher), corre-
sponding to c. 9.4 cal. ka BP, has an Early Holocene
age. Overlying sediments at 87 and 84 cm yielded ages
of 9.6 and 8.86 cal. ka BP, respectively. The ‘old’
sample was omitted from interpolation of the age–
depth relationship (Fig. 2), as it might include
reworked older material (Hoff et al. 2014). In this
paper we adopted the age model that has been
developed in the previous study on LS (Hoff et al.
2014; Fig. 2).

Lake water and sediments chemistry

A single water-depth profile was taken in the centre of
Lake Sokoch on 25th September 2007 (Hoff et al. 2014).
The water-depth profile demonstrates a nearly uniform
vertical distribution of temperatures between 10.8 and
11.1 °C and a low variability of the oxygen concentra-
tions (7.3–7.7 mg L�1, corresponds to an oxygen satu-
ration of 66–69%). Lake water had low ion
concentrations (total dissolved ions: 36.8–38.7 mg L�1,
conductivity: 45–46 mS cm�1) andwas slightly alkaline
(pH 8.03–8.24), with the pH tending to increase towards
the lake bottom. The ion composition, with
Ca2+>Na+>Mg2+>K+ and HCO3�>SO4

2�>Cl�, indi-
cated a terrigenous origin of the water, supplied by river
runoff and precipitation in an open lake system (Wetzel
2001).
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Chironomid analysis

Treatment of sediment samples for chironomid analysis
followed standard techniques described in Brooks et al.
(2007). In order to capture the diversity of the chirono-
mid communities that is necessary for a reliable estimate
of inferred temperatures we extracted 54–117 chirono-
mid larval head capsules from each sample (Larocque
2001; Quinlan & Smol 2001). Chironomids were identi-
fied to thehighest taxonomic resolutionwith reference to
Wiederholm (1983) and Brooks et al. (2007). Informa-
tion on the ecology of chironomid taxa was taken from
Brooks et al. (2007), Moller Pilot (2009; 2013) and
Nazarova et al. (2008, 2011, 2015, 2017b, c); values of air
temperature optima are taken from Nazarova et al.
(2011, 2015).

Stratigraphical diagrams were created in C2 version
1.7.7 (Juggins 2007). Zonation of the chironomid stratig-
raphy was done using the optimal sum-of-squares parti-
tioningmethod(Birks&Gordon1985)using theprogram
ZONE (Lotter & Juggins 1991). The effective number of
taxa (Hill’s N2 index; Hill 1973) were estimated after
sample-size normalization using a rarefaction analysis in
the iNext package version 2.0.20 (Chao et al. 2014; Hsieh
et al. 2020) in R (RCore Team 2012).

To determine the lengths of the sampled environmen-
tal gradients, from which we decided whether unimodal
or linear statistical techniques are the most appropriate
for the data analysis, we performed detrended corre-
spondence analysis (DCA), detrended by segments, on
the chironomid data (rare taxa downweighted) (Birks
1995). DCA shows that the eigenvalues for DCA axes 1
and 2 are 0.445 and 0.179 and gradient lengths of species
scores axes 1 and 2 are 2.75 and 2.165 standard deviation
units, respectively,which implies thatnumericalmethods
based on a lineal response model are the most appropri-
ate for assessment of the variation in structure of the
chironomid assemblages (ter Braak 1995).

Principal component analysis (PCA) was used to
explore the main pattern of variation of chironomids,

biomarkers, diatoms and pollen data throughout the
sediment core (ter Braak & Prentice 1988).

We reconstructed mean July air temperatures (T July)
by using a Far East (FE) chironomid-based temperature
inference model (Nazarova et al. 2015). The T July FE
model has been previously used for palaeoclimatic
inferences in the Russian Arctic, Siberia and Far East
and demonstrated high reliability of the reconstructed
parameters (Nazarova et al. 2013a, 2021a, b; Solovieva
et al. 2015; Syrykh et al. 2017; Wetterich et al. 2018).
Chironomid-based reconstructions were performed in
C2 version 1.5 (Juggins 2007). The data were square-
rooted to stabilize species variance.

To assess the reliability of the chironomid-based
reconstruction, we calculated percentage abundances
of the taxa that are absent or rare in the modern
calibration data sets. Less reliability was placed on
the samples in which more than 5% of taxa were not
represented in the modern calibration data or more
than 5% of taxa were rare in the modern calibration
data set (i.e. Hill’s N2 less than 5; Heiri & Lotter
2001; Self et al. 2015; Plikk et al. 2019). Goodness-
of-fit statistics derived from a canonical correspon-
dence analysis (CCA) of the modern calibration data
and down-core passive samples with T July as the
sole constraining variable (Birks et al. 1990; Heiri &
Lotter 2001; Palagushkina et al. 2012; Frolova et al.
2013). This method shows how unusual the fossil
assemblages are in respect to the composition of the
training set samples along the gradient of interest.
Fossil samples with a residual distance to the first
CCA axis larger than the 90th and 95th percentiles
of the residual distances of all the modern samples
were identified as samples with a ‘poor fit’ and a
‘very poor fit’ with T July, respectively (Birks et al.
1990).

DCA, PCA and CCA were performed using
CANOCO4.5 (terBraak& �Smilauer 2002).Chironomid
percentage data were square-root transformed and rare
taxawere downweighted.

Fig. 2. Lithology and applied age–depth relationship of sediment sequence PG1890-1 from Lake Sokoch (adapted fromHoff et al. 2014).
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Biomarker analysis

For biomarker extraction between 0.52 and 4.90 g of
dry sediment was used. To obtain a total lipid
extract (TLE) we used a Dionex accelerated solvent
extraction system (ASE 350) with a 9:1 dichloro-
methane (DCM):methanol (MeOH) mixture (9:1)
operated at 100 °C and 103 bar for 15 min in two
cycles following established laboratory protocols of
the Helmholtz Centre Potsdam GFZ German
Research Centre for Geosciences. To the TLE an
internal standard (5a-androstane) was added. The
TLE was separated into two fractions (aliphatic
compounds, F1 and polar compounds F2) by solid
phase extraction (SPE) using 2 g silica gel as the
stationary phase and hexane and DCM:MeOH (9:1)
as the respective mobile phases. The F1 fraction was
passed over activated copper in a pipette column to
remove elemental sulphur, the F2 fraction was
archived.

The chromatographic analysis of the n-alkanes
(dissolved in hexane) was done with a 30-m DB-
5MS UI column (diam. 0.250 mm, film 0.25 µm).
The compound identification was done in a two-
step procedure: first by using a NIST mass spectra
library and second by comparing sample n-alkane
retention times to an external C10 to C40 n-alkane
standard, which was measured at the beginning of
each sequence. The GC temperature program began
with sample injection at 70 °C (held for 3 min),
then heating up to 320 °C with a ramp of 8 °C per
minute. The final temperature of 320 °C was held
for 30 min. The PTV injector started at 70 °C and
was heated to 320 °C with a ramp of 12 °C per
second.

In order to obtain sufficient material for
compound-specific stable isotope measurements, we
combined three consecutive samples (four consecutive
samples for the lowermost sample) into one, resulting
in eight samples. d2H values were measured on the
nC23, nC25, nC27, nC29 and nC31 alkanes. Compound-
specific hydrogen isotope ratios (d2H or dD values) of
the F1 fraction were measured using a Delta V Plus
Isotope Ratio Mass Spectrometer (IRMS; Thermo
Scientific, Bremen, Germany) coupled to a Trace
1310 GC (with an Agilent DB-5 column,
30 m90.25 m90.25 µm film) via a Thermo GC
Isolink pyrolysis furnace operated at 1420 °C. Every
sample was measured in duplicate. Correction of d2H
values to the VSMOW scale was done using a linear
regression function derived from the relationship of
an n-alkane standard mixture (Mix A4, supplied by
Arndt Schimmelmann, Indiana University, USA) with
known dD values to its measured values. The H3+

factor was determined once a day and had stable a
value of 2.4, indicating stable ion source conditions.

Results

Chironomids

In total, we identified 70 chironomid taxa,most ofwhich
hadonly single occurrences.Only21 taxahadN2above5
and were non-rare. Chironomid communities are
stronglydominated by twoCorynocera taxa:C. ambigua
dominate until 3.0 cal. ka BP, and C. oliveri-type there-
after. An unusual structure of chironomid communities
is reflected by diversity indices.

PCA 1 (Fig. 3) explains 55% of the total variance of
chironomid data and high axis scores correlatewith high
abundances of C. ambigua. The low scores of PCA 1
correlate with C. oliveri-type. Both taxa are cold
stenotherms, butC. oliveri-type has lower T Julyoptima
in all Russian models (Nazarova et al. 2011, 2015) and
was found in colder sites thanC. ambigua in a northwest
North American training set (Barley et al. 2006). The
second PCA axis explains 13.3% of the variance within
the data set and high axes scores correlates with high
abundances of phytophilic taxa (Paratanytarsus
austriacus-type, Cricotopus laricomalis-type, Phaenop-
sectra flavipes-type, Psectrocladius sordidellus-type.
Psectrocladius barbimanus-type). Low scores for PCA
2 correlate with profundal taxa Tanytarsus lugens-type
andMicropsectra insignilobus-type (Fig. 3). Correlation
of high and low scores of PCA 1 and 2 with these
ecological groups of chironomids shows that PCA 1
mainly reflects changes in temperature. The chironomid
record is divided into six chironomid assemblage zones
(CH I–VI, Fig. 3).

CH I (9.4–9.0 cal. ka BP). – In the lowermost zone,
C. ambigua has a median abundance of 63%. Several
littoral taxa tolerant to meso- and eutrophic conditions
and often associatedwithmacrophytes have abundances
up to 10%: Cladotanytarsus mancus-type, Dicrotendipes
nervosus-type, M. insignilobus-type, Stictochironomus
and Tanytarsus pallidicornis-type. Among them,
C. mancus-type and Stictochironomus can occur in both
lotic and lentic environments. Acidophobic M. in-
signilobus-type declines to 5% at 9.0 cal. ka BP in line
with an increase of C. ambigua and other phytophilic,
acidophilic and eutrophic taxa.ReconstructedT July are
~1 °C above modern level (median 10.4 °C).

CHII (9.0–6.4 cal. ka BP). – Phytophilic taxa decrease
or disappear. Chironomid diversity (N2) strongly
declines. Together with the very high abundances of
C. ambigua in this zone we observe a steady increase of
taxa tolerant to anoxic conditions Procladius has the
highest abundance at c. 7.1 cal. kaBPand reduces to 2%
thereafter. At the same time, M. insignilobus-type
appears again in the lake and its abundances gradually
rise. Reconstructed T July are on average 1 °C warmer
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than today (median 10.3 °C) with a small cooling spell
(9.8 °C) around 8.2 cal. ka BP.

CH III (6.4–3.4 cal. ka BP). – Between 6.4 and 6.0 cal.
ka BP, taxonomic diversity increases (Fig. 3). Abun-
dance of C. ambigua decreases and we observe a short
increase in littoral phytophilic Paratanytarsus, Parakief-
feriella triquetra type, and the profundal taxa Chirono-
mus anthracinus type, Stictochironomus and T. lugens
type. M. insignilobus-type reaches highest abundances
between 4.5 and 4.0 cal. ka BP. After 6.0 cal. ka BP
abundances of C. ambigua increase. Reconstructed T
July remainonaverage 1 °Cabovemodern level,with the
warmest period between 6.0 and 5.0 cal. ka BPwhen the
reconstructed T July are 2 °C warmer than today
(11.5 °C).

CH IV (3.4–1.8 cal. ka BP). – C. ambigua declines
after 3.4 cal. ka BP and we observe a rise in diversity of
chironomid communities. Between 3.2 and 2.5 cal. ka
BP,P. penicillatus-type andC. anthracinus-type have the
highest abundances in the whole record. These taxa
prefer colder conditions, are associated with macro-
phytes and tolerant to low oxygen and low pH. Recon-
structed T July decrease to 1.2 °C below modern level
(8.2 °C).

After 2.5 cal. ka BP, C. anthracinus-type and
P. penicillatus-type are replaced by C. oliveri-type,
M. insignilobus-type, Stictochironomus and Procladius.
Abundances of the cold stenotherm P. austriacus-type
increase. Reconstructed T July are ~1 °C below modern
level (8.4 °C).

CHV (1.8–1.5 cal. ka BP). – During this short period,
we observe another abrupt faunal change. All taxa that
dominate the previous zone strongly decline or disap-
pear. Chironomid communities are composed of cold
stenotherm P. austriacus-type, P. penicillatus-type,
P. triquetra-type, and acidophilic Psectrocladius taxa.
Chironomid diversity and reconstructed T July strongly
decrease (up to 6.6 °C).

CH VI (1.5 cal. ka BP–present). – C. oliveri-type and
M. insignilobus-type dominate the upper part of the
core. P. austriacus-type and P. penicillatus-type
decline, and P. penicillatus-type disappears after
1.1 cal. ka BP. T. lugens-type and Procladius are
constantly present. P. sordidellus-type has a maxi-
mum around 1.1 cal. ka BP and nearly disappears
from the lake thereafter. Reconstructed T July rise
and reach modern level (9.4 °C) in the uppermost
samples.

Fig. 3. Relative proportions of ‘non-rare’ chironomid taxa (N2 > 5) in the sediments of Lake Sokoch, Hill’s N2, chironomid-inferredT July and
PCA axes 1 and 2 scores for chironomid data.
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Quality of T July reconstruction

Nineteen of 70 identified chironomid taxa are rare in
the FE data set and five taxa are absent. Of these rare
and absent taxa, only P. triquetra-type and Microp-
sectra radialis-type reach abundances of 4% (Fig. 3) in
the core.

Goodness-of-fit statistic reveals that 8 of 48 sam-
ples have a ‘very poor fit’ and 11 had a ‘poor fit’
with T July (Fig. S1). Samples from the lower
horizons of CH V (c. 1.9–1.78 cal. ka BP) have the
worst fit with T July. However, there is little empirical
evidence of the relationships between ‘fit’ of fossil
and training-set samples and increased error or
unreliability if fossil taxa are well represented in the
training set (Juggins & Birks 2012). Experiments with
simulated data suggested that methods, apart from
the modern analogue technique, perform well under
moderate non-analogue situations (ter Braak et al.
1993; ter Braak 1995). Reconstructions for such
samples should probably be treated with caution,
although when most of the taxa in the fossil samples
are present in the training set, there are no reasons
for suspecting the reconstructions to be an error
(Juggins 2001). Therefore, although the representation
of the fossil taxa in the FE T July data set are good,
results for the GoF statistic suggest that T July
reconstruction for the parts of the core with ‘very
poor fit’ should be probably treated with caution and
should be supported by results obtained from the
other available proxy.

Biomarkers

In the sediment extracts, we identified n-alkane
biomarkers of variable chain length, ranging from
nC17 to nC33. All samples are characterized by a
strong odd over even carbon number predominance.
The overall concentration of n-alkanes is relatively
low, with maximum values of 9.04 lg g�1 sediment.
The most abundant n-alkane in almost all samples is
nC27 with concentrations ranging from 0.32 to
9.04 lg g�1 sediment, followed by nC29, nC25 and
nC31 with concentrations ranging from 0.20 to
5.82 lg g�1 sediment (Fig. 4). Short-chained n-
alkanes, such as nC17 and nC19 are present in some
samples in the upper 10 cm of the core (c. 0.25 cal.
ka BP; due to low concentration they are not shown
in Figs 4 and S2). Mid-chain n-alkanes, such as nC21

and nC23, are present throughout the core in lower
concentrations ranging from 0.11 to 1.91 lg g�1

sediment. In general, all biomarker compounds
remain in very low concentrations below c. 2.3 cal.
ka BP but show substantially higher concentrations
thereafter (Fig. 4).

d2H values of the nC23 and nC25 alkanes range
from �202 to �209 and �200 to �215&, respectively.
The nC31 alkanes range from �199 to �207&,
whereas d2H values of the nC27 and nC29 alkanes
range from �216 to �225 and �213 to �220&,
respectively. In general, all n-alkane biomarkers show
a pronounced decrease of d2H values of about 10–
15& after c. 2.3 cal. ka BP (Fig. 4).

Fig. 4. Down-core variation of biomarker data. Dashed lines differentiate chironomid assemblage zones I to VI (CH I–VI).
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Discussion

The sediment core from LS provides a Holocene
palaeoecological record for the southern part of central
Kamchatka. Several stages in lake development and
evolution of the environment can be recognized from
changes in fossil chironomid communities (Fig. 3) and
biomarker records (Fig. 4) discussed herein, together
with the results of diatom, sediment composition and
pollen analysis (Figs 5, S3) (Hoff et al. 2014; Dirksen
et al. 2015).

Variations in the investigated proxy (Fig. 5) suggest
that palaeolimnological changes to some extent were
driven by climatic changes.

The lowermost interval of the sediment core docu-
ments the onset of lacustrine conditions in the lake,
possibly related to local glacier retreat during the Early
Holocene. Between 9.6 and 9.0 cal. ka reconstructed T
July were ~1 °C above modern level (Figs 3, 5). The
chironomid fauna was dominated by littoral meso- and
eutrophic taxa, someofwhichwere characteristic of lotic

environmentsandcouldbebrought inwithmeltingwater
from the upstream glaciers (Fig. 3). Cold-stenotherm
acidophobicM. insignilobus-type (Nazarova et al. 2015)
is gradually replaced by C. ambigua and several phy-
tophilic chironomid taxa suggesting spreadingofmacro-
phytes in the initially shallow lake under relatively warm
climatic conditions. Low overall concentrations of ter-
restrial and aquatic biomarkers (Fig. 4), as well as low
amounts of biogenic opal, and organic carbon in the
lowermost sediment layer (Fig. S3) point to low biolog-
ical productivity at the beginning of the record
(c. 9.4 cal. ka BP) that rose towards 9.0 cal. ka BP as
indicated by the increasing trend of C:N ratio, S, total
organic carbon (TOC), d13C and biogenic opal (Figs 5,
S3) (Hoff et al. 2014). This is further supported by the
presence of periphytic/benthic diatoms (Hoff et al. 2014)
and growing abundances of green algae (Botryococcus,
Scenedesmus,Tetraedron minimum andPediastrum) that
develop under meso- to eutrophic conditions (Dirksen
et al. 2015).Highabundances ofBotryococcus thatprefer
stagnant and shallow water bodies (Guy-Ohlson 1992;

Fig. 5. Compilation of palaeoenvironmental interpretations of theKamchatkapalaeoenvironment for theHolocene.A.Down-core variations of
sediment core PG1890-1: chironomid-inferred T July (°C); PCA 1 of chironomid, biomarker (present study), diatom (Hoff et al. 2014) and pollen
data (Dirksen et al. 2015). B. Trends in temperature, humidity changes in lake trophy inferred from lake records ofKamchatka (Andr�en et al. 2015;
Dirksenetal. 2015;Hoffetal. 2015;Selfetal. 2015;Solovievaetal.2015), trends inwinterprecipitation inferredfromvegetationdynamicsandstable
isotope signals in lake recordsofKamchatka (Hammarlund et al. 2015;Meyeret al. 2015), and timingofmountainglaciationonKamchatka (Barr
& Solomina 2014;Meyer et al. 2015). C. Alkenone-based sea-surface temperature reconstructions in the Sea of Okhotsk at Site LV29-114-3 (Max
et al. 2012). D. Kamchatka climate stages (Brooks et al. 2015). [Colour figure can be viewed at www.boreas.dk]
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Riera et al. 2006) prove that shallowconditions existed in
the initial stage of lake development (Hoff et al. 2014).

The presence of lotic chironomid taxa, low concen-
trations of terrestrial and aquatic biomarkers, domi-
nance of small periphytic/benthic diatoms, and rise of
biological productivity indicate a changing environment
(Lotter & Biegler 2000; Biskaborn et al. 2019) in and
around the newly developing lake ecosystem. In the
valleys neighbouring LS, morainic relics of Lateglacial
retreat were dated at c. 10.0 cal. ka BP (Savoskul 1999).
Thus, the formation ofLS canbe seen in associationwith
the onset of the Early Holocene climate warming in the
interior of the peninsula and an increase of meltwater
runoff due to glacial retreat. The postglacial warming of
sea-surface temperatures at the northeast Pacificmargin
of Kamchatka took place earlier, at c. 11.0 cal. ka BP
(Max et al. 2012; Brooks et al. 2015) and had an
environmental impact at least 1000 years later at the
higher elevation of southern Kamchatka (Fig. 5).

From9.0until 3.0 cal. kaBPchironomidcommunities
were representedmainlybyC. ambigua, abrachypterous
taxon that might have been able to avoid the hazards of
flight in windy conditions and is among the first
immigrants to lakes following glacial retreat in Europe
(Berglund & Digerfeldt 1970; Hofmann 1978, 1983a, b;
Schakau&Frank 1984; Brodin 1986). The adults can be
carried long distances by thermal convection and turbu-
lent air masses (Walker &Mathewes 1988). In the study
lake this taxon was able to develop dense populations
under environmental conditions unfavourable for
swarming of winged chironomid taxa and declinedwhen
conditions became less turbulent and other chironomid
taxa became able to swarm and reproduce.

Shallow limnic conditions and high production of
aquatic macrophytes from near-shore areas and/or
higher land plants between 9.0 and 8.0 cal. ka BP are
suggested by peaks in mid-chain n-alkanes (nC23)
(Ficken et al. 2000) and a relatively high C:N ratio
(Meyers & Teranes 2001) (Figs 4; S3). Planktonic
diatom taxa strongly declined and diatom assemblages
were dominated by tychoplanktonic species (Hoff et al.
2014) – free-living or attached benthic species that get
into plankton through a disturbance of their benthic
habitat, or by winds and currents.

Reconstructed T July remained on average 1 °C
warmer than today with a short weak cooling around
8.2 cal. ka BP. This cooling is aswell supported by some
decline of white birch (Betula platyphylla) forest along
with downy alder (Alnus hirsuta) forest that is observed
around 8.0 cal. ka BP (Dirksen et al. 2015). Although
evidenceof thewell-known8.2 kacoolingevent ismostly
found in North Atlantic regions (Alley et al. 1997;
Kerschneret al. 2006;Nazarova et al. 2020), some sites in
Kamchatka provide evidence of this event aswell. In the
south of Kamchatka (Topolovaya Valley), moraine
sequences reflect a former presence of glaciers at
c. 8.5 cal. ka BP (Savoskul & Zech 1997). Similar

evidence was found 100–150 km north of the Topolo-
vaya Valley, in the headwaters of the Sredniya Avacha
River (Savoskul 1999). Glacial advances were found in
central Kamchatka (Klyuchevskaya group of glaciers)
starting prior to 8.5 cal. ka BP (Yamagata et al. 2000,
2002). At the Bilchenok and Koryto sites (central
Kamchatka), glacial advance is dated at c. 8.3 cal. ka
BP. At the West Ichinsky site, the till layer was found
beneath the tephra c. 7.8 cal. ka BP (Barr & Solomina
2014). In northeast Kamchatka (Andr�en et al. 2015),
both the pollen and diatom records indicate a brief
cooling at c. 8.2 cal. ka BP, and a short, dry period at
around 8.0 cal. ka BP was indicated in pollen records
elsewhere in Kamchatka (Fig. 5) (Dirksen et al. 2013).

We suppose that cooler and drier conditions led to
reduction of meltwater inflow from the glaciers causing
short-termshallowingof the lake that terminatedaround
8.2 cal. kaBP.Decreaseof themid-chainn-alkane (nC23)
concentration and C:N ratio after c. 8.2 cal. ka BP
indicated reduction of the allochthonous input of
organic matter into the lake (Meyers & Teranes 2001).
Further lowering of the lake level, and consequently,
shrinking of the macrophyte belt at the lake littoral
is supported by taxonomic shifts in chironomid
and diatom communities. Dominance of brachypterous
C. ambigua and tychoplanktonic diatoms suggests that
lake conditions were disturbed during this time interval,
probably by windy conditions, which can be especially
noticeable in shallow limnic settings. Diatoms and
sedimentary data indicate a shallow lake until c. 6.0 cal.
ka BP (Hoff et al. 2014).

The C:N ratio showed a minimum point at c. 7.6 cal.
ka BP (Fig. S3) indicating that the depositional envi-
ronmentwasdominatedby the accumulationofbiogenic
autochthonous material, mostly from pelagic algae
(Hoff et al. 2014). At 7.4 cal. ka BP, acidophobic
M. insignilobus-type appeared again, which together
with high amounts of the tychoplanktonic diatoms
S. venter, S. mutabilis and S. martyi suggested that the
water conditions probably became alkaline. Taking into
account the high representation of meso- to eutrophic
diatom species (A. subarctica, S. minutulus, S. venter,
S. mutabilis and S. construens), maximal abundance of
green algae Scenedesmus and Pediastrum (Dirksen et al.
2015) and peaking of eurytopic, meso-to eutrophic
Procladius (tolerant to anoxic conditions) at 7.1 cal. ka
BP, we assume that this was an interval of shallow
mesotrophic conditions under a mild climatic setting. A
rise in the C:N ratio thereafter indicates an increase in
surface runoff, in response to climate amelioration that is
further supported by an increase in planktonic diatom
species, particularly of A. subarctica that peaked at
7.1 cal. ka BP (Hoff et al. 2014).

Between 6.4–3.4 cal. ka BP an increase in d13C values
of organic matter (Hoff et al. 2014) indicates a rise in
palaeoproductivity, which together with lower C:N
values indicate a change in the source of organic matter
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with a greater algal contribution and deepening of the
lake. A deeper lake, and less disturbed limnic conditions
under a steady warming climatic trend between 6.4 and
6.0 cal. ka BP are supported by a shift in diatom
communities, as reflected by PCA 1 scores (Fig. 5).
Stephanodiscus and Aulacoseira that thrive in turbulent
water bodies decline and eutrophic Staurosiramartyi
increase.Deepeningof the lake causedbyhumidification
of the climate is reflected by pollen data (Dirksen et al.
2015). Appearance of suitable shallow-water sites, likely
due to higher lake levels and shore flooding after 6.4 cal.
ka BP, was confirmed by the development of local
wetlandswith sedges and Filipendula and distribution of
Thelypteris palustris and Isoetes (Dirksen et al. 2015).

Around 6.0 cal. kaBP, sediments included 5-cm-thick
traces of a mudflow (Figs 3, 4). The reconstructed
warming after 6.4 cal. ka BP in association with high
precipitation (Dirksen et al. 2015) may have intensified
melting of glaciers and snowfields in surrounding
mountains, resulting in an increased water inflow.
Considering the morphology of the catchment areas of
LS and Lake Maly Sokoch (Fig. 1), we assume that the
meltingwater fromtheupstreamridges first filledout the
basin of Lake Maly Sokoch and then, by infiltration
throughandevenbyperiodical pouringover themoraine
arc. The mudflow could have been caused by a massive
discharge of the meltwater stored in the Lake Maly
Sokoch basin when its moraine gave way to a glacial
outburst flow (Hoff et al. 2014). This event coincided
with the warmest interval when the reconstructed T July
averaged 2 °C above modern level (Figs 3, 5).

After 5.0 cal. ka BP high abundances of acidophobic
and profundal M. insignilobus-type, and higher abun-
dances of planktonic diatoms and diatoms indicative of
more eutrophic conditions (A. subarctica f. recta and S.
alpinus) could be explained by strengthened nutrient
influx, which is supported by the increasing values of the
C:N ratio and high values of d13C (Fig. S3).More humid
conditions and eutrophic to hypertrophic water condi-
tions can be inferred from the occurrence of Stephan-
odiscus medius, which is strictly limited to this interval
(Cremer et al. 2007; Rioual et al. 2007; Hoff et al. 2014).

The intervalbetween4.0and3.4 cal.kaBPisbordered
by two ash layers. Sedimentation rates had two peaks
directly before and after the ash layers (Hoff et al. 2014).
Chironomids demonstrated no clear response to the
ashfalls,while thediatomdiversitydecreasedanddiatom
PCA 1 suggested a noticeable taxonomic shift at 4.0 cal.
kaBP.Ashfall-related, short-lived fluctuations in pollen,
diatom and chironomid assemblages were observed
earlier in some lakes in central and northernKamchatka
(Self et al. 2015; Solovieva et al. 2015).

The interval between 6.5 and 3.4 cal. ka BP can be
attributed to the HTMwith the warmest phase between
6.0 and 5.0 cal. ka BP. The glacial historyofKamchatka
suggests the absenceof anyglacial advances in the areaof
investigation between 6.0 and 4.3 cal. ka BP (Savoskul

1999). The pollen record from LS suggested that forests
wereat theirmaximumextentbetween7.4and5.1 cal. ka
BP (Dirksen et al. 2013).

Pollen records from the Pacific coast document earlier
maximum humidity and warmth, between 8.0 and
5.0 cal. kaBP (Fig. 5;Dirksen et al. 2013). The sediment
records in central Kamchatka as well indicated a
relatively warm climate until about 5.0 cal. ka BP and
expansion of birch and alder from 8.9 to 5.0 cal. ka BP
(Self et al. 2015).

During the warmer HTM climatic conditions, many
lakes in Kamchatka became more productive. From
6.2 cal. kaBP,LSbecame increasingly nutrient-enriched
under warm climatic conditions. Similar nutrient-
enriched conditions were also apparent at the lakes in
the highlands of centralKamchatka (Hammarlund et al.
2012) and on the northern Pacific coast of Kamchatka
(Andr�en et al. 2015; Solovieva et al. 2015). Chironomid-
inferred temperatures there reached a peak between 5.7
and 5.3 cal. ka BP. Evidence for increased summer
temperatures at this time has been found in other records
in the region (Mayewski et al. 2004; Nazarova et al.
2013a).

After 5.0 cal. ka BP, the chironomid-inferred T July
demonstrated a cooling trend. At the same time, d2H
values of lipid biomarkers started to decline (Fig. 4), for
example, the most abundant terrestrial biomarker nC27

showed a decrease in values from �203 to �218&. In
response to the beginning of the climatic cooling, stone
birch forests near the lake retreated significantly between
5.1 to 3.5 cal. ka BP, and sub-alpine-like meadows and
alder shrubland advanced, suggesting a lowering of the
timberline (Dirksen et al. 2015). A remarkable disap-
pearance of T. palustris and Isoetes, and abrupt decline
ofFilipendula indicateddegradationofwetlands that can
be explained by the river outflow from LS leading to the
establishment of an open lake system and a steady
decrease in lake level after 5.0 cal. ka BP.

At 3.4 cal. ka BP the strongest taxonomic shift in
chironomid communities and diatom assemblages was
observed (Fig. 5). ChironomidC. oliveri-type gradually
replacedC. ambigua. Relatively little is known about the
ecological preferences ofC. oliveri-type and the ecology
of C. ambigua is still debated (Brodersen & Lindegaard
1999; Halkiewicz 2009; Nazarova et al. 2013a). Oliver &
Roussel (1983) suggested that C. ambigua inhabited
predominantlycold lakesandponds.Wiederholm(1983)
attributedC. ambigua to Palaearctic andNearctic lakes.
C. ambigua has mainly been described as a cold-
stenotherm species living in the sediments of shallow,
oligotrophic lakes of arctic and sub-arctic regions
(Fjellberg 1972; Pinder & Reiss 1983; Walker &
Mathewes 1988), although it was also found in Lategla-
cial sediments of temperate lakes, often in very high
numbers (Brodersen & Lindegaard 1999). In areas
located more to the south, it was considered as a
postglacial relict (Reiss & Gerstmeier 1984). These facts

1020 Larisa Nazarova et al. BOREAS



denote that ecological adaptations of C. ambigua are
complex. But a sharp change in the distribution of
Corynocera species that occurs at the tree line in
Northern Yakutia (Russia) suggested that the distribu-
tion ofCorynocera taxa may provide valuable palaeocli-
matic information. C. ambigua in this region was found
in warmer, forested sites, whereas C. oliveri-type dom-
inates colder sites north of the tree line (Porinchu &
Cwynar 2000). In the FE and Northern Russian (NR)
inference models (Nazarova et al. 2015), these two
Corynocera taxa demonstrated a clear difference in the T
July optima. In the FE model, the T July optimum for
C. ambigua is 10.0 °Cand forC. oliveri-type, it is 8.8 °C.
A similar difference was observed in the North Russian
(NR) data set and inference model: 13.3 and 10.7 °C,
respectively. Available ecological information on both of
these dominant chironomid taxa supports the quantita-
tively reconstructed climatic change.The revealed strong
taxonomic shiftwith the clear change of dominants from
the less cold-tolerantC. ambigua to the cold-stenotherm
C. oliveri-type in chironomid communities after 3.4 cal.
ka followed the climatic deterioration and onset of
Neoglacial cooling with the reconstructed T July ~1 °C
below modern level. From 2.2 cal. ka BP, an increase of
abundances of cold stenotherm P. austriacus-type indi-
cated further cooling that culminates between 1.7 and
1.6 cal. ka BP.

Climate deterioration after 3.4 cal. ka BP was docu-
mented aswell by a change in diatom assemblages (Hoff
et al. 2014) and was supported by frequent glacier
advances between 3.2 and 2.8 cal. ka BP in the wider
vicinity of LS (Savoskul 1999). Although Neoglacial
cooling in the north of Kamchatka started at c. 5.8 cal.
kaBPand in central andcoastal areasat c. 5.0 cal. kaBP
(Brooks et al. 2015), radiolarian data from the Sea of
Okhotsk, west of Kamchatka (Itaki & Ikehara 2004),
suggested an onset of Neoglacial climate cooling
between 3.3 and 2.4 cal. ka BP. A shift to drier climate
and moderately cool conditions (Dirksen et al. 2015)
between 3.5 to 2.2 cal. ka BP was evident from an
advance of white birch forest at lower elevations along-
side the stable relationshipbetweenstonebirchforestand
alder thickets surrounding the lake (Dirksen et al. 2015).
Drier conditions are evident from the shallow state of LS
until 2.5 cal. ka BP indicated by an appearance of
macrophytes, Cladocera and shore wetlands (Dirksen
et al. 2015), and a decrease of planktonic diatoms.

The intervalbetween3.4and1.8 cal. ka showedhigher
sedimentation rates and a stable diatom community of
medium diversity. The C:N ratio showed a minimum,
indicating limnicoriginoforganicmatter,while theother
parameters present small maxima. Between 2.2 and
1.7 cal. ka BP, the second maximum of stone birch
occurred in the study area (Dirksen et al. 2015) pointing
to a rise of the timberline.At this interval,C. oliveri-type
declined while more eutrophic Procladius and two other
cold stenotherm oligotrophic to mesotrophic chirono-

mid taxa Stictochironomus and P. austriacus-type
increased. High abundances of the taxa that can with-
stand low-oxygenconditionsandpHfluctuationsmaybe
indicative of prolongedwinter ice cover, aswas suggested
for theTwo-YurtsLake incentralKamchatkaat this time
(Nazarova et al. 2013a; Brooks et al. 2015). The
reconstructed T July showed a short-term increase by
1 °C around 1.9 cal. ka BP.

Although some records across Kamchatka indicated
climate amelioration between 2.5 and 1.1 cal. ka BP
(Nazarova et al. 2013a; Brooks et al. 2015; Hoff et al.
2015; Meyer et al. 2015), evidence for cool and oceanic
conditions at this time is also available from southwest-
ern (Klimaschewski et al. 2015) and northern Kam-
chatka (Solovieva et al. 2015).

Near LS in the southeast of Kamchatka, two glacier
advances were dated at 2.6–2.1 and 1.8–1.4 cal. ka BP,
which is in accordance with chironomid, diatom and
pollen data from LS suggesting a cool climate during
these intervals with some short-lived amelioration in-
between.

Between 1.8–1.5 cal. ka BP chironomid and diatom
communities demonstrated another strong shift in tax-
onomic composition (Figs 3, 5). Reconstructed T July
dropped significantly. Although the GoF tests and sum
of rare taxa showed that the reconstructed T July for the
upper part of the record were not fully reliable, the
highest recorded abundances of cold-stenothermOrtho-
cladius oliveri-type (T July optima in the FE model
8.1 °C), and especially of P. austriacus-type (T July
optima in the FE model 3.7 °C), and increased concen-
tration of chrysophyte cysts (Hoff et al. 2014) pointed
clearly toclimaticdeterioration.This short-termclimatic
cooling was reconstructed from several sedimentary
records in central Kamchatka (Nazarova et al. 2013a,
2017a) and fits with glacial advances that occurred
around 1.8–1.4 cal. ka BP (Savoskul 1999). An abrupt
cooling under relatively dry conditions could lead to
deterioration of water inflow into the lake and cause
strong, short-lived drops in water level. At this time,
higher abundances of periphytic/benthic species,
decrease of tychoplanktonic species and low concentra-
tion of planktonic species (Hoff et al. 2014) support the
short and abrupt shallowing of the lake.

After 1.5 cal. ka BP the reconstructed T July had
variations but demonstrated a steady increasing trend
towards modern time. From 1.5 to 1.3 cal. ka BP,
disappearance of cold-stenotherm P. austriacus-type
indicated climatic amelioration. A short-term shift of
downy alder around 1.5 cal. ka BP, retreat of stone birch
forest and advance of alder thickets between 1.7 and
1.27 cal. ka BP alongwith development of shrubby bogs
with sweet gale and clubmoss around the lake confirm a
span of milder and wetter conditions (Dirksen et al.
2015). Stone birch (B. ermanii) is a common tree in the
interior mountain forests and prefers a mild climate and
well-drained, even poor, nutrient substrates (Shamshin
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1999) while the downy alder is a microthermic hygro-
philous plant that needs very wet and mild conditions
and prefers fertile substrateswith a shallow groundwater
table (Neshataeva & Kukurichkin 2003).

Another reconstructed cooling andpossible short lake
shallowing between 1.2–1.1 cal. ka BP fit in the second
Late Holocene glacier advance in southeastern Kam-
chatka (Savoskul 1999). After 1.1 cal. ka BP cold
stenotherm P. austriacus-type disappears from the
record. The reconstructed T July rose to modern level
and remained high until c. 0.9 cal. ka BP.A similar brief
rise in chironomid-inferred summer temperatures
around 1.0 cal. ka BP at Pechora Lake in the north of
Kamchatka (Andr�en et al. 2015) and at Two-Yurts Lake
in central Kamchatka (Nazarova et al. 2013a) may be
related to the MWP.

After 0.9 cal. ka BP, reconstructed T July remained
below modern level until present. Indication of low
temperatures arises as well from the increasing trend in
the absolute number of chrysophyte cysts (Smol 1985;
Rioual et al. 2007), although they do not necessarily
indicate colder conditions and may depend on different
ecological parameters (Lotter et al. 1997; Rioual et al.
2007). The last 1.2 ka, except for the uppermost
spectrum, were characterized by minimal temperatures
according to the record of forest distribution (Dirksen
et al. 2015). As suggested by chironomids, diatom
assemblages and vegetation composition, a cool cli-
mate, during the youngest interval of our record, is
consistent with extended sea-ice coverage in the
Okhotsk Sea (Koizumi et al. 2003), a temperature drop
in central Kamchatka (Nazarova et al. 2013a; Ham-
marlund et al. 2015; Hoff et al. 2015; Meyer et al. 2015)
and multiple Late Holocene glacier advances in central
and southeastern Kamchatka after 1.0 cal. ka BP
(Savoskul & Zech 1997; Savoskul 1999). Long-term
cooling culminated during the Little Ice Age (LIA)
around 0.15 cal. ka BP, as shown by tree-ring and ice-
core records in Kamchatka (Solomina et al. 2007).

The chironomid and diatom communities of LS did
not respond to the LIA or the following modern
warming. However, the last 200 years are characterized
byanoccurrenceof short-chainednC17andnC19alkanes
(Fig. 3), often indicative of cyanobacteria and algal
blooms (Bauersachs et al. 2017). This indicates a more
productive lake. In the pollen record of LS, a prominent
re-advance of stone birch forest most probably reflects
the recent warming trend.

Many biological records suggest a prominent impact
of the LIA on cooling across Kamchatka (Dirksen et al.
2013; Nazarova et al. 2013a; Andr�en et al. 2015; Hoff
et al. 2015; Solovieva et al. 2015; Nazarova et al. 2017a).
It is also apparent in tree-ring and glacial records
(Savoskul 1999; Solomina et al. 2007). Nonetheless,
low taxonomic diversity or poor taxonomic and tempo-
ral resolution, and other factors like volcanic ashfalls

could obscure the climatic response and cause spatial
heterogeneity of responses (Brooks et al. 2015).

Our results detected several major Holocene climatic
events (Early Holocene warming, HTM, Neoglacial,
MWP) in the mountain region in the south of
Kamchatka. These events are also found in many
other records across Kamchatka and are apparent in
climate records from the North Atlantic region
(Brooks et al. 2015). However, our study confirms the
earlier findings of spatial differences within Kamchatka
in timing and magnitude of some of the major
Holocene climate fluctuations. Onset of Early Holo-
cene warming in the interior of the south of Kam-
chatka took place at least 1000 years later than at the
northeast Pacific margin of the peninsula (Max et al.
2012; Brooks et al. 2015). In our data we as well
observed a later beginning of the HTM relative to more
northern sites in Kamchatka, continental areas of
Siberia (Biskaborn et al. 2012; Nazarova et al. 2013b)
and Chukotka (north of Kamchatka; Anderson &
Lozhkin 2015). Our results support climate model
experiments that suggest that the HTM was delayed in
southern and central Kamchatka by about 2000 years
compared with Alaska and NE Siberia (Jansen et al.
2007; Renssen et al. 2009, 2012). This gradual onset of
the HTM has been explained by influence of post-
glacial ice-sheet decay that modulated the westerly
storm tracks in Eurasia (Renssen et al. 2009).
Neoglacial cooling in Kamchatka is consistent with
the strengthening of both the Siberian High and the
Aleutian Low (Mayewski et al. 1997; Anderson et al.
2005; Jones et al. 2014; Hammarlund et al. 2015).
Possible causes of the Medieval Warm Period include
increased higher solar activity and lower volcanic
activity (Schurer et al. 2014). The LIA cooling is
related to another strengthening of the Siberian High
and the Aleutian Low (Brooks et al. 2015), and the
modern warming, though weakly traced in our record,
is consistent with the modern observations (http://
www.pogodaiklimat.ru/history/32540.htm).

Conclusions

In summary, chironomid and biomarker records from
LS, a proglacial lake in south Kamchatka, reveal
variable climatic conditions in the region during the
Holocene. Fluctuations of limnic conditions are
enhanced by the proximity of glacier that reacts
sensitively to climatic changes. Consequently, chirono-
mids and other proxy-indicators at the study site are
responding not only to temperature, but also to
changing lake depth that reflects changing runoff from
the catchment. Although numerical reconstructions of
the T July have moderate statistical significance, they
are supported by biomarker, diatom and vegetation
data, as well as available historical records across
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Kamchatka. We have found that several climatic events
influenced the lake and regional environmental history.
Postglacial warming probably had an impact at higher
elevations in central Kamchatka, initially between 10.0
and 9.0 cal. ka BP, which is about 1000 years later than
on the Pacific coasts of Kamchatka. LS was formed
after 10.0 cal. ka BP and was fed by glacial meltwaters
from neighbouring glaciers in response to climate
amelioration. Around 8.2 cal. ka BP the conditions in
the interior peninsula became drier and cooler. This
might be related to the 8.2 ka cooling event. The
interval between 6.5 and 3.4 cal. ka BP can be
attributed to the HTMwith the warmest phase between
6.0 and 5.0 cal. ka BP, which is c. 2.0 ka later than in
more northern sites of continental Siberia. The shift
from an initially wet, maritime climate towards drier,
more continental conditions after 6.0 cal. ka BP led to
increasingly nutrient-enriched lake conditions, appar-
ent in many lakes across Kamchatka. A clear change in
dominants from less cold-tolerant C. ambigua to cold-
stenotherm C. oliveri-type after 3.4 cal. ka BP followed
the climatic deterioration and onset of Neoglacial
cooling with the reconstructed T July ~1 °C below
modern level. An abrupt short-term climatic cooling
and strong lake shallowing between 1.8 and 1.5 cal. ka
BP fits with a second glacial advance during the Late
Holocene that occurred around 1.4–1.8 cal. ka BP. A
short-term warming reconstructed between 1.2 and
0.9 cal. ka BP may be related to the MWP. Biological
records of LS show only a weak response to the LIA or
the following modern warming period.

Our results confirm the presence of teleconnections
between the North Atlantic and North Pacific, modu-
lating these climatic oscillations on a global scale.
However, the revealed spatial differences in timing and
magnitude of Holocene climatic events across Kam-
chatka demonstrate that more multi-proxy qualitative
and especially quantitative palaeoecological studies are
needed to better document the regional pattern in
palaeoclimatic events and to unveil the background
mechanisms driving the successions in ecosystems in the
Kuril-Kamchatka region.
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TableS1.Radiocarbondateson the sediments fromLake
Sokoch (following Hoff et al. 2014).

Fig. S1. Chironomid-inferred T July; PCA axes 1 and 2
scores for chironomid data; results of goodness-of-fit
(GoF) tests for reconstructed T July, with 90th and
95th percentiles of the residual distances of all the
modern samples that are identified as samples with a
‘poor fit’ anda ‘verypoor fit’with the reconstructedT
July; sumsof rare andabsent taxa in theTJuly training
sets (Nazarova et al. 2015).

Fig. S2. Down-core variation of nC17 and nC19 alkanes.

Fig. S3.Down-core variations of sediment corePG1890-
1:PCA1ofchironomid,diatom,pollenandbiomarker
data; sedimentological data. Thin blue bars represent
horizons of volcanic ash layers with names of the
tephras at the right side. Grey bar representsmudflow.
For PCA 1 of the diatom data and T July, red lines
represent LOESS 0.2 smoothing of the data. Dashed
linesdifferentiate chironomidassemblagezones I toVI
(CH I–VI).
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