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Northern Eurasia underwent major hydroclimatic changes since the beginning of the Holocene interglacial. A rapid
warming period reaching the Holocene ThermalMaximum (HTM), followed by a general cooling trend until recent
times, was observed inEurasian lacustrine diatomoxygen isotope (d18Odiatom) records. In this study,wepresent a new
Holocene d18Odiatom record from Lake Khamra (59.99°N, 112.98°E, Siberia). Our record aligns with Holocene
d18Odiatom records across the Northern Hemisphere, showing a general millennial-scale cooling trend following an
initialmaximumat11.2 cal. kaBPanda secondmaximumat6.7 cal. kaBP.Thesemaximacorrespond to the summer
insolation maximum and elevated NorthernHemisphere air temperatures, aswell as increased bioproductivity. Var-
iability on centennial scales is likely driven by precipitation changes, which coincide with higher sedimentation rates
andoverlay thegeneraldecreasing trend throughout theHolocene. Inaddition,wecompared twomultiproxydatasets
with decadal resolution from Lake Khamra, including d18Odiatom data and biogeochemical proxies such as total
organic carbon (TOC), total nitrogen (TN), stable carbon (d13C) and nitrogen (d15N) isotopes, and total mercury
(THg). The datasets cover a ~210-year period (c. 6.140–6.350 cal. ka BP) at the end of the HTMand a recently pub-
lished ~220-year record (c. 1790–2015 CE) that embraces the anthropogenic times. The comparison of these two
warm phases reveals distinct differences in both the absolute values and the variability of the records. Regarding
the d18Odiatom data, the recent period shows a nearly threefold increase in range and double the standard deviation,
suggesting greater hydroclimatic variability compared to the end of the HTM. Notably, THg levels indicate a sharp
increase in recent decades,while d13Cdeclined, contrastingwith the observations at the endof theHTM.Weattribute
these observations partially to far-reaching anthropogenic effects on remote lake systems.
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Northern latitudes experienced substantial hydrocli-
matic changes since the start of the Holocene (Kaufman
et al. 2020; Herzschuh et al. 2023), which is generally
dated to 11.65 ka BP (thousand years before present,
referring to the year 1950 CE, CommonEra), as derived
from the Greenland NGRIP2 ice core (Walker
et al. 2009). In the last decades, the northern latitudes
have undergone rapid warming, at rates almost four
times higher than the rest of the globe (Rantanen
et al. 2022). This recent warming has been accompanied
by permafrost thawing (Biskaborn et al. 2019; Czer-
niawska & Chlachula 2020), tree line migration (Mac-
Donald et al. 2008), increasing wildfires (Kirillina
et al. 2020;Scholten etal. 2022)and it affects lake systems
(Woolway et al. 2020; Huang et al. 2022), as also identi-
fied in Siberia (Roberts et al. 2018; Biskaborn
et al. 2021b; Stieg et al. 2024b), raising concerns about
natural water resources.

Conditions during the Early Holocene were quite dif-
ferent and are described as colder than today, withmoist
summer conditions (Nazarova et al. 2013) and pro-
longed seasonal lake ice cover (Biskaborn et al. 2016)
in eastern Siberia. At Lake Khamra (59.99°N,
112.98°E), in the Republic of Sakha (Yakutia) in eastern
Siberia (Fig. 1A), long-term shifts in aquatic and terres-
trial ecosystems over the Holocene have been observed
(Baisheva et al. 2024). At this site, the onset of the Holo-
cene is identified at 11.2 cal. ka BP (calibrated thousand
years BP), with theEarlyHolocene (11.2–8.2 cal. kaBP)
characterised by warmer and wetter conditions,
increased bioproductivity and denser vegetation cover
compared to the preceding Pleistocene (Baisheva
et al. 2024). Following the Early Holocene, air tempera-
tures rapidly increased towards the Mid-Holocene,
reaching a Holocene Thermal Maximum (HTM) that
varied spatially and temporally between approximately
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8.9 and 4.5 cal. ka BP in north-eastern Siberia (Biska-
born et al. 2016). At Lake Khamra, the highest peak of
bioproductivity is observed between 8.2 and 6 cal. ka
BPduring theMid-Holocene, coincidingwith a decrease
in lake level and the presence of diatom taxa indicative of
warm conditions (Baisheva et al. 2024). In the Late
Holocene, after approximately 4.5 cal. ka BP, a cooling
trend is observed (Biskaborn et al. 2016; Baisheva
et al. 2024), accompanied by the establishment of a
mixed evergreen-summergreen forest, similar to
present-day conditions (Baisheva et al. 2024).

Subetto et al. (2017) provided an overview of palaeo-
limnological studies across northern Eurasia. In eastern
Siberia, numerous studies haveutilised a rangeof proxies
to reconstructHolocene and pre-Holocene environmen-
tal conditions. These proxies include pollen or chirono-
mid analysis (M€uller et al. 2010; Nazarova et al. 2013;
Tarasov et al. 2013;Andreev et al. 2022), biogeochemical
indicators (Baumer et al. 2020; Hughes-Allen et al.
2021), macroscopic charcoal records for palaeo-fire
reconstruction (Gl€uckler et al. 2021, 2022), multiproxy
approaches (Diekmann et al. 2016; Biskaborn
et al. 2021c) or sedimentary ancient DNA (Courtin
et al. 2021; Baisheva et al. 2023). In addition, diatoms,
unicellular microalgae with a cell wall made of biogenic
silica (SiO29 nH2O), are valuable indicators for palaeo-
climate conditions in Siberia (Biskaborn et al. 2012,
2013; Pestryakova et al. 2012, 2018).

Oxygen isotopes of diatoms (d18Odiatom) analysed in
lake sediment records are a powerful proxy for recon-
structing past hydroclimate (Leng & Barker 2006). A
global compilation of lacustrine d18Odiatom records indi-
cates that most studies are focused on the Holocene,
revealing a common long-term climate trend following

decreasing summer insolation and air temperatures in
the Northern Hemisphere (Meister et al. 2024). Particu-
larly in Asia, more than 20 diatom oxygen isotope
records have been published (Meister et al. 2024). In
Siberia, several studies of d18Odiatom covering the Holo-
cene are available, progressing from western Eurasia
(Kostrova et al. 2019;Meyer et al. 2022) to the east (Kos-
trova et al. 2021) and the Russian Far East (Swann
et al. 2010;Chapligin et al. 2012b) towardsCentralKam-
chatka (Meyer et al. 2015a). Southern Siberia, particu-
larly the Lake Baikal region, has been extensively
studied (Kalmychkov et al. 2007; Mackay et al. 2011;
Kostrova et al. 2013a, 2016; Swann et al. 2018; Harding
et al. 2020). However, the coverage of d18Odiatom records
in continental eastern Siberia, particularly betweenCen-
tralYakutiaandLakeBaikal, remains limited, highlight-
ing the need for additional data to improve
reconstructions of Holocene hydroclimatic conditions
(Fig. 1A).

A limited number of diatom records (isotopes and
assemblages) address particular modern climate change
and its impacton lake ecosystems, forexample, in eastern
Siberia or at Lake Baikal (e.g. Roberts et al. 2018; Biska-
born et al. 2021b; Stieg et al. 2024a, b). On short-term
scales, the sub-decadal d18Odiatom record from Lake
Khamra revealswinter precipitation as a key driver over
the last c. 220 years (Stieg et al. 2024b), contrasting with
the long-term Holocene influence of summer insolation
and temperature (Meister et al. 2024). Despite this,
numerous studies have focused on reconstructing Holo-
cene climate, yet continuous, high-resolution d18Odiatom

records—at a decadal scale—are relatively rare for key
periods like theHTM.This lackofdecadal-resolveddata
substantially limits our ability to compare rapidmodern

Fig. 1. A.LocationofLakeKhamra(59.99°N,112.98°E) inSWYakutia,Siberia,withotherHolocened18Odiatom study sitesmentioned in the text:
1=LakeBolshoyeShchuchye in thePolarUrals (Meyeret al. 2022); 2=LakeBaikal (Mackayetal. 2011); 3=LakeKotokel (Kostrovaet al. 2013b); 4
=Lake Baunt (Harding et al. 2020); 5 =Lake Emanda (Kostrova et al. 2021); 6 =Lake El’gygytgyn (Swann et al. 2010; Chapligin et al. 2012b); 7 =
Two-Yurts Lake in Kamchatka (Meyer et al. 2015a); and 8 = d18O record of permafrost ice wedges in the Lena River delta, awinter temperature
proxy (Meyeret al. 2015b).B.BathymetryofLakeKhamra,withmain inflow in theSWandoutflow in theNEanddrillingpositionof the sediment
cores EN20001 and EN18232-1 in the central part of the lake. Service layer credits: Esri, Maxar, Earthstar Geographics and the GIS User Com-
munity.
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climate fluctuations with historical warm periods, such
as theMid-Holocene, and to analyse the impact of mod-
ern human activities on lake ecosystems.

In this study, we present a new Holocene d18Odiatom

record from Lake Khamra, eastern Siberia. Our objec-
tives are (i) to investigate the relationship between the
Holocene d18Odiatom record and lake ecosystemdevelop-
ment (Baisheva et al. 2024) and (ii) to compare our local
record with published Northern Hemisphere d18Odiatom

data (Meisteret al. 2024), to identify commonkeydrivers
of d18Odiatom variability and their operating timescales.
Additionally, we provide a new ~210-year continuous
multiproxy record fromLakeKhamra, covering a phase
at the end of the HTM. This record includes d18Odiatom

data, alongwith carbon, nitrogen, andmercuryanalyses.
It is directly comparable to a recent multiproxy dataset
(c. 1790–2015 CE) from the same lake (Stieg et al.
2024a, b), which captures the modern period of climate
warming. Both records, covering approximately
200 years each with a (sub-)decadal mean resolution,
were obtained from the same lake system and analysed
using identical methods and proxies, allowing a direct
comparison. Thus, we aim (iii) to compare proxy vari-
ability between a warm phase at the end of the HTM
and the modern warm period to assess environmental
stability and explore potential human impacts on the
lake ecosystem.

Regional setting

Lake Khamra (59.99°N, 112.98°E) is located in the
southwest of Yakutia, eastern Siberia (Fig. 1A).
The catchment area spans 107.3 km2 and is surrounded
bygentle hills. Situated at an elevationof 340mabove sea
level (m a.s.l.), the lake is approximately 30 km north-
west of the Lena River. The site is remote, with the near-
est settlements, Peleduy and Vitim, situated
approximately 40and60 kmto the southwestof the lake.
The lakehasa surfaceareaof4.6 km2andreachesamax-
imum depth of 22.3 m in its centre (Fig. 1B). Hydrolog-
ically, the lake is an open system, with a main inflow in
the southwest and an outflow in the northeast. Ice and
snow cover the lake during winter, as observed during
an expedition in March 2020, reaching on average
0.5 m of ice and 1 m of snow at different drilling loca-
tions (Biskaborn et al. 2021a).

The regional climate is continental,with cold, drywin-
ters andwarm, humid summers. Referring to the closest
weather station in the settlementofVitim (EuropeanCli-
mate Assessment (ECA) station code: 3235, 59.45°N,
112.58°E, 186 m a.s.l.), the region has a mean annual
air temperature of �5.0 °C and an annual precipitation
amount of 423 mm (1929–2018 CE). A corresponding
climate diagram and further meteorology details are
available in Stieg et al. (2024b).

The study site is locatedwithin themiddle taiga (Isaev
et al. 2010), in the transition zone from evergreen to

deciduous needleleaf boreal forest, described in more
detail in Gl€uckler et al. (2021) and Baisheva
et al. (2024). According to the observations made in
the field, the catchment area is covered by amixed conif-
erous forest (Kruse et al. 2019;Miesner et al. 2022). At a
soil depth of 10–20 m, the annual ground temperature
ranges between 0 °C and 1 °C (Shestakova
et al. 2021), characterising discontinuous to sporadic
permafrost conditions (Obu et al. 2019). In geological
terms, the region is underlain by Cambrian bedrock
composed of dolomite and limestone, with silty Ordovi-
cian sandstone and sporadic clayey Silurian limestone
deposits (Chelnokova et al. 1988). Lake formation dates
back to the Last Glacial Period, and lacustrine condi-
tions were established at around 18.4 cal. ka BP
(Baisheva et al. 2024).

Material and methods

Sediment core retrieval and corresponding age-
depth-model

Two field campaigns, a summer campaign in August
2018 (Kruse et al. 2019) and awinter campaign inMarch
2020 (Biskaborn et al. 2021a),wereconductedat the lake.
This study includes analyses of the sediment short core
EN18232-1 from 2018 and the composite long
coreEN20001 from2020 (Fig. 1B,Table 1).The compos-
ite core EN20001, consisting of six overlapping seg-
ments, was recovered using an UWITEC tripod piston
coring system from the central part of the lake
(59.99095°N, 112.98345°E) at a water depth of 20.6 m
(Fig. 1B), while the lake was covered by ice reaching a
thickness of up to 65 cm. After retrieval, the core seg-
ments were transported to the Alfred Wegener Institute
Helmholtz Centre for Polar and Marine Research
(AWI), Potsdam, Germany, and split, described and
studied for X-Ray fluorescence (XRF) scanning analy-
sis, carbon and nitrogen concentrations, pollen and
non-pollen palynomorphs counting, and sedimentary
ancient DNA amplicon sequencing of aquatic and ter-
restrial plants and diatoms (Baisheva et al. 2024). Lake
level changes discussed in Baisheva et al. (2024) were
rated using the ‘Rarefied sedaDNA diatoms’ data pro-
vided in their supplementary material, along with habi-
tat assignments from the same publication, by
calculating aplanktonic to benthic (P/B) ratio, following
the methodology outlined in Wang et al. (2013). Specif-
ically, the proportion of planktonic diatoms was deter-
mined by dividing the sum of all planktonic taxa by
the sum of all planktonic and benthic taxa. To highlight
the contrast with planktonic species, we grouped epi-
phytic and benthic taxa.

The corresponding age–depthmodelwas published in
detail by Baisheva et al. (2024) and is based on 38 radio-
carbon dates of bulk sediment samples (Fig. 2A). The
study reveals that the record, with a composite depth

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 3
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of c. 10.8 m, dates back to 19.6 cal. ka BP and has
its highest sedimentation rate of 0.33 cm a�1 at
� 5.6 cal. ka BP (Baisheva et al. 2024). The calibration
is referred toyears before present (a BP), where ‘present’
is 1950 CE. Calibrated age is used in our study.

The sedimentary succession of the core EN20001 is
divided into four lithological units (Fig. 2B). The begin-
ning of the Holocene (11.2 cal. ka BP, at 909 cm) lies at
the upper end of a unit characterised by a dark-grey,
organic-poor mixture of fine and medium-coarse mate-
rial (1052–892 cm). However, the majority of the Holo-
cene is represented in the upper unit (892–0 cm), which
consists of a uniform, dark-brown, organic-rich fine
material deposited over the last 10.5 cal. ka BP. The
Holocene onset is also supported by diatoms, XRF,
and total organic carbon analyses (Baisheva
et al. 2024). The substantial thickness of approximately
9 m covering the Holocene provides the foundation for
decadal-scale studies at LakeKhamra, even in older sed-
iment sections.

Millennial and decadal-scale subsampling of sediment
core EN20001

For diatom oxygen isotope determination, 26 subsam-
ples were selected from the composite core EN20001,
covering the entire Holocene period and reaching up
to 19.6 cal. ka BP, with an average sample resolution
of 786 years. The millennial-scale sample series should
allow for comparison with other long-term diatom oxy-
gen isotope records from Siberia.

Additionally,wepartially subsampled a sediment core
segment (EN20001-6, 0–89 cm) of the composite
core EN20001 (Table 1). The two radiocarbon dates at
the top andbase of this segment showno reversal relative
to thedirectlyadjacentdatesandthusmayframeaperiod

with continuous sedimentation (Fig. 2A). This segment
was selected due to elevated total organic carbon
(TOC)valuesandasimultaneousmaximumintotalnitro-
gen(TN)(Fig.4B,C;Baishevaetal.2024),which indicate
a phase of maximum biological productivity in the lake.
Further, the age range of about 6.3–6.1 cal. ka BP iden-
tifiesatimeperiodattheendoftheHTMatLakeKhamra
(Baishevaetal.2024),atimewithnohumanimpact.Con-
tinuous 1-cm sliceswere extracted from0 to 22 cmdepth
downcore (n = 22) to create a diatom oxygen isotope
recordwithdecadalresolution,coveringabout200 years.
The sampling strategy is comparable to a previous study
on the short core EN18232-1 of Lake Khamra (Stieg
etal.2024b)(Table1).Subsamplingwasconductedunder
sterileconditionsinaclimatechambermaintainedat4 °C
attheGermanResearchCentreforGeosciences (GFZ) in
Potsdam. The 1-cm sliceswere taken parallel to the sedi-
ment layers, with the outer rim material (~<0.5 cm) of
each subsample being discarded because it touched the
plastic of the transport tubes and was likely dragged
downward during the coring procedure. The remaining
samplematerialwasusedformultiproxyanalyses, includ-
ing biogeochemical assessments andmercury concentra-
tion determination. This recordwill be referred to as the
‘6k series’ and serves to compare with a similar
sub-decadal record from the same lake, covering the last
~220 years from c. 1790 to 2015 CE (Fig. 3A) (Stieg
et al. 2024b), including the period of the industrial revo-
lution, toanalyse thehuman impacton thehydroclimatic
system.

Diatom purification process and contamination
assessment

The diatom purification process for isotope analyses
involves a combination of chemical and physical prepa-

Table 1. Overviewof sediment cores retrieved fromLakeKhamra used in this study, including core ID, core information, location,water depth at
the core location, core length, age-depthmodeldetails, individual age rangeand relevantproxydata.Theproxydata includediatomoxygen isotope
data (d18Odiatom), total mercury (THg), biogeochemical sediment proxies such as total organic carbon (TOC), total nitrogen (TN), their ratio (C/
N), aswell as their stable isotopes (d13C and d15N), and a planktonic to benthic diatom ratio (P/B ratio) based on diatom sedaDNA analysis. The
table highlights both previously published and new data from the cores.

Core ID Core
information

Location Water
depth

Core length Age
information

Age range Proxy data relevant for
this study

EN18232-1
Recent
series

Short core;
retrieved
August
2018

59.99091°N
to
112.98373°E

22.3 m 42 cm; continuous
samples: 0–39 cm,
1 cm interval

210Pb-137Cs
method
(Stieg
et al. 2024b)

2015–1793 CE mean
ages, ~220 years, mean
age uncertainty
�14 years

d18Odiatom and THg
(Stieg et al. 2024b)
TOC, TN, C/N, d13C and
d15N
(Stieg et al. 2024a)

EN20001
Holocene
series

Composite
long core;
retrieved
March 2020

59.99095°N,
112.98345°E

20.6 m Composite depth
~10.8 m

14C method
(Baisheva
et al. 2024)

�0.063-19.604 cal. ka
BP mean ages
(0–1076 cm)

d18Odiatom, THg and P/B
ratio (this study)
TOC, TN and C/N
(Baisheva et al. 2024)

EN20001-6
0–89 cm
6k series

Core
segment of
EN20001

59.99095°N,
112.98345°E

20.6 m Upper 22 cm
subsampled, 1 cm
interval, composite
depth 693–714 cm

14C method
(Baisheva
et al. 2024)

6.140–6.347 cal. ka BP
mean ages, ~210 years,
mean age uncertainty
�110 years

d18Odiatom, THg, TOC,
TN, C/N, d13C and d15N
(this study)
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ration techniques to achieve a purified diatom sample
(Morley et al. 2004; Leng & Barker 2006). The purifica-
tion steps closely follow the procedure used for previous
sediment samples from Lake Khamra, outlined in Stieg
et al. (2024b), following Morley et al. (2004) and Kos-
trova et al. (2021). For processing, we used freeze-dried
sample material. Aliquot weights were dependent on
the available sample material, averaging 1.5 g for sam-
ples of the millennial-scale sample series of the core
EN20001 (n = 26) and 1.2 g for the 6k series of the
core segment EN20001-6 (n = 22). At the beginning of
the purification process, organic matter was removed
by using hydrogen peroxide (H2O2, 30%) at a tempera-
ture of 50 °C for ~55 h, followed by the removal of car-
bonates with hydrochloric acid (HCl, 10%) for another
~16 h. Subsequently, samples were washed neutral with
ultra-pure water to remove any remaining reagents. To
separate diatoms from the heavy minerogenic fraction,
heavy liquid separations (HLS) were performed by
centrifuging the samples with a sodium polytungstate
solution (SPT, 3Na2WO4�9WO3 9 H2O), using specific

decreasing densities for the subsamples of EN20001
(2.35–2.15 g cm�3) and the 6k series (2.50–-
2.00 g cm�3). Light microparticles, like charcoal, were
removed with an inverse HLS, following the procedure
described in Kostrova et al. (2021). Finally, the purified
samples were washed with ultra-pure water through a
1-lm filter to ensure complete neutrality.

We assessed the contamination of each sample to
ensure the purity of the prepared diatom samples. A
JEOL M-IT500HR analytical scanning electron
microscope (SEM) with an integrated energy dispersive
X-ray spectroscopy (EDS) system supplied with a
Peltier-element-cooled detector (SDD) was applied to
identify elements of each sample, given as oxides with
weight percentages. Thereby, we followed the standard-
less procedure, detailed in Chapligin et al. (2012a), per-
forming six repetitions with an acceleration voltage of
20.0 kV, amagnification of 300 and ameasurement time
of 30 s. Aluminium oxide (Al2O3) is used as a proxy for
the clay fractionandservesasan indicatorof sample con-
tamination. Its content should remain below 2.5% to

Fig. 2. A.Age-depthmodelof the coreEN20001, first published inBaishevaet al. (2024).Theage-depth relationship is basedon14Cdatingofbulk
sediment samples (blue signs indicate individual 14C dates, n = 38). The rectanglemarks the period of the 6k series. B. Lithology of core EN20001
fromBaishevaet al. (2024), indicating four lithologicalunits (LU;LU1=organic-poor, coarse;LU2=darkorganic layerswithincoarsematrix;LU3
= organic-poor, dark grey, medium coarse; and LU4 = organic-rich, dark brown, fine).

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 5

 15023885, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/bor.70022 by Jens Strauss - H

elm
holtz-Z

entrum
 Potsdam

 G
FZ

 , W
iley O

nline L
ibrary on [24/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



prevent significant shifts due to correction in the diatom
oxygen isotope record, while silicon dioxide (SiO2)
reflects the sample’s purity (Chapligin et al. 2012a).

Diatom oxygen isotope measurements

Thediatomoxygen isotope compositionwasdetermined
using a semi-automated laser-fluorination line (Chapli-
gin et al. 2010) at the ISOLABFacility at AWI Potsdam,
coupledwith a SerconHS2022 mass spectrometer. Prior
to measurements, we applied the inert gas flow dehydra-
tion method (iGFD; Chapligin et al. 2010), heating up
aliquots of the processed sample material with ramp
degassing at up to 1100 °C under an inert (either Argon
or Helium) gas flow to remove exchangeable hydroxyl
groups from the siliceous diatom cell walls. During the
laser fluorination, oxygen was quantitatively released
using bromine pentafluoride (BrF5) as a reagent (Clay-
ton & Mayeda 1963).

The oxygen isotope composition was determined rel-
ative to reference material with a known isotopic value,
expressed in delta notation (d18Odiatom) relative to
VSMOW in per mil (&). As laboratory standards, we
used BFC 2 (d18O = +27.63�0.22&, n = 34) and PS
Jun17_2 (d18O = +43.84�0.28&, n = 16), both cali-

brated against the marine standard PS1772-8 and the
biogenic silica standard BFC (Chapligin et al. 2010,
2011). Additionally, BDP-1 (fossil lacustrine diatoms)
was established as a new laboratory control standard
(d18O = +27.11�0.27&, n = 43). Its accuracy and
analytical precision are comparable to the method’s
long-term analytical reproducibility (1r) of �0.25&
(Chapligin et al. 2010).

All d18Odiatom measurements were adjusted for con-
tamination using the geochemical mass-balance
approach (Brewer et al. 2008; Swann&Leng 2009; Cha-
pligin et al. 2012a), following the same procedure as
described in Stieg et al. (2024b).

Mercury analyses

Total mercury concentration (THg) was determined in
43 subsamples from the composite core EN20001
(Table 1), in addition to the existing biogeochemical
analyses (TOC, TN, and C/N; details in Baisheva
et al. 2024), to determine the background signal of
the lake sediment. Furthermore, THg was analysed
in 22 subsamples from the 6k series (EN20001-6) to
provide comparative values with recent sediment sam-
ples of the short core EN18232-1 (Table 1). Due to lim-

Fig. 3. A. Bayesian accumulationmodel, first published in Stieg et al. (2024b), based on the 210Pb and 137Cs dating (green horizontal lines) of the
short coreEN18232-1 (dottedgrey lines indicate the 2r range; in red line represents themedian).B.Model iteration log.C,D.Prior (green line) and
posterior (grey area) distributions for accumulation rate and memory, respectively.

6 Amelie Stieg et al. BOREAS
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ited sample material, THg in the 6k serieswas analysed
from the rim material. THg concentrations (lg kg�1)
were measured using an MLS-MWS DMA-80 evo III
at the BioGeoChemistry Laboratory, AWI Potsdam.
The instrument had a detection limit of 0.003 ng, with
a laboratory-established limit of determination of
0.4 ng.

Biogeochemical proxies (TOC,TN, d13C and d15N) of the
6k series

TOC and TN concentrations of the 6k series samples
(n = 21; EN20001-6) were measured to examine varia-
tions in the organicmatter content of the lake sediments,
in comparison with the recent sediment samples of Lake
Khamra (Table 1). Before analysis, freeze-dried aliquots
were ground in an agatemill to achieve a uniform sample
material. TOC was assessed using an Elementar soli
TOC cube, while TNwas determinedwith an Elementar
rapidMAXNexceed.Both instruments provided amea-
surementaccuracyof 0.1%,andanalyseswereperformed
at the BioGeoChemistry Laboratory at AWI Potsdam.
The atomic TOC/TN ratio (C/N), which serves as an
indicator of the organic matter source, was calculated

by multiplying the mass ratio by 1.167, which is the
atomic-weight ratio of carbon to nitrogen (Meyers &
Teranes 2001).

Stable carbon isotope ratios (13C/12C) were deter-
mined to gain further insights into past productivity
and organic matter sources, in relation to the recent
LakeKhamra sediments. Before isotope analysis, inor-
ganic carbon was removed using a 1.3 mol L�1 hydro-
chloric acid (HCl) treatment on freeze-dried andmilled
samples (n = 21). The carbon isotope measurements
were conducted at the ISOLAB at AWI Potsdam using
a ThermoFisher Scientific Delta-V-Advantage gas
mass spectrometer, integrated with a FLASH EA
2000 elemental analyser, a CONFLO IV gas-mixing
system and an MA200R autosampler. Results are cal-
ibrated against laboratory standards with known iso-
topic compositions and referenced to the Vienna Pee
Dee Belemnite (VPDB) standard. Nitrogen isotope
ratios (15N/14N) of 21 samples were determined using
the same gas mass spectrometer. Results are presented
relative to the standard atmospheric nitrogen ratio
(air). Both carbon and nitrogen isotope ratios are
expressed in delta notation (d13C, d15N) in per mil
(&), with standard errors of less than �0.15& (1r).

Fig. 4. A.Holocene d18Odiatom record of the core EN20001 fromLakeKhamra, black circles indicate corrected d18Odiatom values, grey diamonds
show values before contamination correction. B.–F. Lake-internal parameters (TOC, TN, C/N and SR; Baisheva et al. 2024) of core EN20001. E.
Mercury concentrations (THg) of core EN20001. The shading of the individual curves indicates values above or below the individual mean. G.
Planktonic to benthic (P/B) ratio based on ‘Rarefied sedaDNA diatoms’ data published in Baisheva et al. (2024). Horizontal bars highlight the
period of the recent sample series of the short coreEN18232-1 (c. 1790–2015CE) and the 6k series of core segmentEN20001-6 (c. 6.140–6.350 cal.
ka BP). The division into Early-, Mid- and Late Holocene is based on the study of Baisheva et al. (2024).

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 7
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Comparison of decadal multiproxy records of Lake
Khamra

We compared the decadal multiproxy datasets from the
6k series (EN20001-6) with the recent record from Lake
Khamra, which is derived from analyses of the parallel
short coreEN18232-1 (Fig. 1B, Table 1), focusing on dif-
ferences in absolute values and their variability. Proxy
data of the recent dataset are available online via the
PANGAEA database; the specific dataset links are pro-
vided in the Data Availability Statement. The proxies
used for comparison include d18Odiatom, TOC, TN,
C/N, d13C, d15N, and mercury concentrations. Boxplots
are used to illustrate the differences between the datasets
and to visualise variability.

Results

Millennial and decadal-scale Holocene diatom oxygen
isotope records

Themillennial-scaleseriescontained26samples,ofwhich
only22couldbesufficientlypurified for isotopemeasure-
ment (mean Al2O3 = 0.7%, mean SiO2 = 98.7% and
n = 22). The oldest four samples (≥14.680 cal. ka BP)
contained too few diatoms for the purification process
andthesubsequent isotopemeasurement.Theremaining
22samplesweremeasuredatleasttwice,exceptfortheold-
est sample of the record (c. 11.240 cal. ka BP), for which
there was only sufficient material for one measurement.
The series will be referred to as the ‘Holocene record’.
Overall, the Holocene d18Odiatom record has a mean of

+25.1&, with a standard deviation (SD) of �1.3& and
atotalrangeof�5&.Themeananalyticalreproducibility
of the sample material was 0.17&, with a maximum of
0.47&.Contaminationcorrection increasedallmeasure-
ments by an average of +0.5&, with aminimum increase
of+0.3&andamaximumof+1.4& (Fig. 4A).Across the
entire Holocene record, we observe a negative trend of
�0.3& ka�1. Between about 11.2 and 6.7 cal. ka BP,
theHolocene d18Odiatom record reveals themost elevated
values,startingwithamaximumof+27.1&at11.2 cal.ka
BPand including the totalmaximumof+27.4& at about
6.7 cal. ka BP (Fig. 4A). Thereafter, d18Odiatom values
decline stepwise by about �3.2& until +24.2& at
5.2 cal. ka BP. Following, the d18Odiatom record slightly
increases again and establishes a rather stable phase
around or slightly below the mean until �0.016 cal. ka
BP, with high variability between 3.3 and 2.5 cal. ka BP,
which includes a minimum of +22.9& at 2.8 cal. ka BP.
The most recent two samples of the record, past
�0.016 cal. ka BP, show a drastic drop of nearly �2&,
including the total minimum of +22.4& at �0.038 cal.
ka BP (Fig. 4A).

The 6k series spans the time period from about 6.140
to 6.350 cal. ka BP (mean ages), resulting in a decadal
mean sampling resolution of 9.9�1.6 years (min: 7,
max: 12 years). All 22 samples of the 6k series were suc-
cessfully processed and purified for the oxygen isotope
measurements (mean Al2O3 = 0.4%, mean SiO2

= 99.1%, n = 22). Each sample was measured at least
twice. Contamination correction increased all diatom
d18O values by an average of +0.3& (Fig. 5A), with a
maximum correction of +0.4& and a minimum of

Fig. 5. A. d18Odiatom record of the 6k series (core segment EN20001-6), with the uncorrected record displayed in grey. B.–F. Biogeochemical
parameters and mercury concentrations (G) of the 6k series. Data from the recent series (EN18232-1), first published in Stieg et al. (2024a, b)
are integrated for comparison and coloured in blue, using the same proxies.

8 Amelie Stieg et al. BOREAS
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+0.2&. These corrections are identical to the purity and
theminimal corrections of the recent d18Odiatom series of
Lake Khamra (Stieg et al. 2024b). The d18Odiatom values
of the 6k series have an overall mean of +23.3�0.3&
(n = 22), indicating isotopic enrichment compared to
the recent series (Figs 5A, 6), which has a mean value
of +21.7�0.6& (n = 39) and a total range of 2.9& (Stieg
et al. 2024b). In the 6k series, values range from a mini-
mum of +22.8& at ~6.210 cal. ka BP to a maximum of
+23.9& at ~6.175 cal. ka BP (Fig. 6), reflecting a nar-
rower total range of 1.1& (Table 2). The analytical
reproducibility of the sample material was consistently
≤0.41& and generally (with five exceptions) ≤0.25&.

Both, the recent and 6k series, show slightly more
depleted d18Odiatom values compared to the correspond-
ing parts of the Holocene record. These differences are
likely related to the sampling of different sediment cores
or core segments (Table 1). However, both the recent
and the Holocene records display similar trends of more
depleted values in the most recent samples, which sup-
ports their overall reliability. To account for the discrep-
ancy, we focus on general trends and rates of change for
the millennial-scale Holocene record and use the two
high-resolution series for comparing decadal-scale vari-
abilities.

Mercury concentrations of the Holocene

Allmercurymeasurements(n = 43)ofthecompositecore
EN20001areabove thedetection limit of 0.003 ng. In the
Holocene,THghas ameanvalueof 85 lg kg�1 (n = 27).
Between c. 11.2 and 4 cal. kaBP,THg remains below the
Holocene mean and rises from 32 to 82 lg kg�1. There-
after, THg continues to increase until modern times up
to 104 lg kg�1 (�0.016 cal. ka BP). In the most recent
three samples, we identify a drastic increase up to
186 lg kg�1 in the youngest sample. We show the THg
measurementsalongwiththeHolocened18Odiatomrecord
and other lake internal parameters such as TOC, TN,
C/N, and sedimentation rates (SR) from Baisheva
et al. (2024) (Fig. 4A–F). Additionally, we integrate the

results of the P/B ratio, derived from the ‘Rarefied
sedaDNA diatoms’ dataset (Baisheva et al. 2024), into
this lake internal plot (Fig. 4G).TheP/B ratiohas amean
valueof0.3fortheperiod11.2to�0.044 cal.kaBP(mean
ages, n = 22), with values ranging from 0 to 0.99.

In subsamples of the 6k series, THg levels range froma
minimum of 73.4 lg kg�1 to a maximum of
81.4 lg kg�1 (Fig. 5G), remaining close to the mean
of 77.6 lg kg�1 (n = 22).

Carbon and nitrogen proxies of 6k series

Overall, thebiogeochemical proxiesof the 6k series exhibit
relatively low variability throughout the record (Fig. 5B–
F). TOC averages 25.9% (n = 21), with a maximum of
26.5% at c. 6.350 cal. ka BP and a minimum of 24.9% at
c. 6.150 cal. ka BP. TN remains largely stable around its
mean of 2.7% (n = 21). The C/N ratio declines slightly
towards the younger samples, similar to TOC (Fig. 5B,
D), to a minimum of 10.7 in the uppermost sample (c.
6.150 cal. ka BP), with an overall mean of 11.1 (n = 21).
d13C and d15N values also indicate low variability
(Fig. 5E, F). d13C,with ameanof�27.3& (n = 21), rang-
ing from aminimum of�28.0& around 6.220 cal. ka BP
to a maximum of �26.8& in the three oldest samples
downcore. d15N has a mean of 2.4& (n = 21) and shows
minor variability with a SD of �0.1&.

The comparison between the 6k series and the recent
dataset of the short core EN182321 (Table 1) is sum-
marised in Table 2 and shown in Fig. 5, while Fig. 8 visu-
alises differences in absolute values and variability using
box plots.

Discussion

Modern hydrology and drivers of diatom oxygen isotopes
at Lake Khamra

A comprehensive understanding of the modern hydrol-
ogy of the study site and the drivers influencing
d18Odiatom is essential for accurate interpretation of the

Fig. 6. Recent d18Odiatom recordof the short coreEN18232-1 (Stieget al. 2024b) compared to d18Odiatom recordof the 6k series of the core segment
EN20001-6 of Lake Khamra. Horizontal lines indicate the individual mean value. Both x-axes cover a time span of 230 years and share the same
scaling to ensure comparability.

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 9
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oxygen isotope signatures of lacustrine diatoms (Leng&
Barker 2006). The hydrology of Lake Khamra, along
with the water isotopic composition and its relationship
to the d18Odiatom in modern sediment samples, was thor-
oughly examined in a previous study (Stieg et al. 2024b).
Key findings indicate that Lake Khamra represents an
open lake system, whose lake water isotope signature is
generally linked to that of the precipitation (d18Oprec)
(Leng & Barker 2006). In the region, d18Oprec exhibits
a strong seasonality related to monthly air temperatures
(Tair) changes, with enriched values during summer and
strongly depleted values in the cold season, with a high
seasonal variation D18O of up to 22& (based on stable
isotope data of Yakutsk; Kurita et al. 2004). Modern
snow samples revealed the lowest isotopic signatures
(mean d18O = �29.14�0.5&, n = 2; Stieg et al. 2024b),
underlining these observations. Using the OIPC (Online
Isotopes in Precipitation Calculator; Bowen 2024), we
calculated a modern modelled annual mean of d18Oprec

of �13.2& for the study site (latitude 60°, longitude
113°, altitude 340 m a.s.l.; Bowen & Revenaugh 2003;
IAEA/WMO2015; Bowen 2024). Overall, depleted oxy-
gen isotopes of the lake water (mean d18Olake, March
2020: �19.98�0.14&; n = 6; Stieg et al. 2024b) com-
pared to the modelled annual mean of d18Oprec suggest
that LakeKhamra is influenced by isotopically light pre-
cipitation. As there are no glaciers in the region and the
area lies only within a discontinuous to sporadic perma-
frost zone (Obu et al. 2019; Shestakovaet al. 2021),which
could both contribute isotopically depleted waters
through melting or degradation, we assume the lake is
primarily fed by snowand snowmelt.Although evapora-
tion might occur during summer months, its effect on
d18Olake is considered minimal. This is indicated by the
lake water isotopes being positioned close to the global
and local meteoric water lines in the co-isotope plot
(Stieg et al. 2024b). In addition, a persistent ice cover
forover 6months eachyear and the lake’s approximately
annual mixing (residence time: 474 days; Messager
et al. 2016) further limit the impact of evaporation.

Based on the most recent d18Odiatom of +22.9& at
�0.044 cal. ka BPof the Holocene record and the mean
d18Olake (�19.98&), we estimate awater temperature of

approximately +4.2 °C using the equation of isotopic
fractionationofLeclerc&Labeyrie (1987).This estimate
closely alignswith the previously calculated temperature
rangeof+4.8 to+8.7 °C(Stieget al. 2024b)basedondata
from the short core EN18232-1 (Table 1), which is real-
istic for the early summer months shortly after the ice
break-up. It also falls within the growth temperature
range of Aulacoseira subarctica (4–16 °C; Gibson
et al. 2003), the dominant diatom species in the recent
record (Stieg et al. 2024a), supporting the reliability of
the new d18Odiatom record.

Oxygen isotope composition in diatom silica is influ-
enced by both direct and indirect factors, leading to an
increaseordecreaseof the isotopic signatureduring frac-
tionation processes, as compiled inMeister et al. (2024).
Thekey factorshereare the temperature-dependent frac-
tionationduringbiosynthesis (~�0.2&per °C;Moschen
et al. 2005; Dodd & Sharp 2010), which contrasts with
the positive temperature-dependent fractionation of
the oxygen isotopes in precipitation. The latter influ-
ences the isotopic signature of the lake water (d18Olake).
Globally, the temperature-dependent fractionation of
precipitation amounts to +0.7& per °C (Dans-
gaard 1964), though it is even stronger at Lake Khamra
using local meteorological and modelled data (+0.8&
per °C; Stieg et al. 2024b). Consequently, at Lake
Khamra, the influence of Tair on the d18Odiatom variabil-
ity surpasses that of lake temperature (Tlake) during bio-
synthesis, as shown inmanyother diatom isotope studies
of the Northern Hemisphere (e.g. Meyer et al. 2015a;
Chapligin etal. 2016;Broadman etal. 2022).Asoutlined,
the influence ofwinter precipitation, specifically isotopi-
cally depleted snowmeltwater, has been identified as the
primary factor influencing d18Olake and, as a conse-
quence, the diatom isotope variability over the recent
d18Odiatom record of Lake Khamra. According to this,
low d18Odiatom values were interpreted as increased
inflow of isotopically light d18O snow meltwater, while
high d18Odiatom values were associated with reduced
inflow.Rising air temperatures and solar radiation, how-
ever, could be largely ruled out as primary drivers for the
recent d18Odiatom record, as their trends run opposite to
the diatom oxygen isotopes (Stieg et al. 2024b).

Table 2. Comparisonof key statistics, includingmean,median, standard deviation (SD),minimum (Min),maximum (Max) and total range (Max
–Min), for the comparable proxies of the recent (‘Recent’) and 6k series (‘6k’).

Mean Median SD Min Max Total range

Recent 6k Recent 6k Recent 6k Recent 6k Recent 6k Recent 6k

d18Odiatom (&) 21.7 23.3 21.7 23.2 0.6 0.3 20.6 22.8 23.4 23.9 2.9 1.1
TOC (%) 9.2 25.9 9 26.1 1.2 0.5 7.5 24.9 12.5 26.5 5 1.6
TN (%) 0.9 2.7 0.8 2.7 0.1 0 0.7 2.7 1.2 2.8 0.5 0.1
C/N 12.6 11.1 12.6 11.1 0.3 0.2 11.9 10.7 13.3 11.4 1.4 0.6
d13C (&) �30.6 �27.3 �30.3 �27.3 0.7 0.4 �32.3 �28 �29.5 �26.8 2.9 1.2
d15N (&) 2.9 2.4 2.9 2.4 0.1 0.1 2.7 2.2 3.2 2.5 0.5 0.2
THg (lg kg�1) 123 77.6 95.8 78.4 48.8 2.6 81.7 73.4 246.3 81.4 164.6 8

10 Amelie Stieg et al. BOREAS
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Millennial-scale isotopic changes in relation to
lake-internal parameters during the Holocene

During the Holocene, the Lake Khamra d18Odiatom

record indicates a decreasing trend (�0.3& ka�1;
n = 22) (Fig. 4A) and the mean value (+25.1&) falls
within the general range of Northern Hemisphere
d18Odiatom records (mean values between +20& and
+35&; Meister et al. 2024). During the Early and
Mid-Holocene (11.2 to 6 cal. ka BP), d18Odiatom values
remain above the Holocene average (Fig. 4A), with
two maxima at 11.2 and 6.7 cal. ka BP. According to
the interpretation of the recent series fromLakeKhamra
(Stieg et al. 2024b), elevated d18Odiatom valueswould sig-
nify either a decreased influence of isotopically light
snow meltwater or warmer Tair. The climate during the
Early Holocene at Lake Khamra is described aswarmer
and wetter than that of the Late Pleistocene (Baisheva
et al. 2024).At the onset of the d18Odiatom record at about
11.2 cal. ka BP, lake bioproductivity significantly
increased at Lake Khamra, identified by rising total
organic carbon (TOC; Fig. 4B) and Bromine values

(Br; shown in Baisheva et al. 2024). The temperature rise
led to the establishment of taiga forest and overall denser
vegetation around Lake Khamra. This contributed to
increased TOC and reduced erosional input (Baisheva
et al. 2024), as evidenced by low sedimentation rates
(SR) until approximately 6.7 cal. ka BP (Fig. 4F). The
strongly positive link between Tair and d18Oprec at
the study site suggests thatwarmer conditions likely con-
tributed to elevated values of d18Olake, and consequently
d18Odiatom, as observed in our record. The d18Odiatom

record does not cover the transition from the Late Pleis-
tocene to the Holocene. However, the maximum in
d18Odiatom at 11.2 cal. ka BPmight also be linked to par-
ticularly high Tair, which represents one of the highest
temperatureswithin the Holocene, especially at its onset
(Fig. 7C). A reduced snowmelt influx during the Early
Holocene as an explanation for elevated d18Odiatom

values seems rather unlikely, as tendentially more melt-
ing would be expected during a warming phase.

Until 6.7 cal. ka BP, the diatom isotope record is still
characterisedby relativelyhigh d18Odiatomvalues, consis-
tently remaining above theHolocenemean (Fig. 4A). At

Fig. 7. A.Holocene d18Odiatom recordofLakeKhamrawith an individual trend line indicating negativeHolocene trendof�0.3&ka�1; the shad-
ing indicates values above or below the individual mean. B.–H. External proxies. B. Summer and winter insolation calculated for 60°N (Laskar
et al. 2004). C. Proxy-based temperature reconstruction for 60–90°N(Kaufman et al. 2020).D.Compilation ofEurasian d18Odiatom records (Meis-
ter et al. 2024). E.–G. Selected d18Odiatom records: Towards the west from Lake Khamra in the Polar Urals, Lake Bolshoye Shchuchye (Lake BS)
(Meyer et al. 2022); eastern Siberia, Lake Emanda (Kostrova et al. 2021); southern Siberia, Lake Kotokel close to Lake Baikal (Kostrova
et al. 2013b). H. d18O record of permafrost ice wedges from the Lena River delta used as a winter temperature proxy (Meyer et al. 2015b).

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 11
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11.2 cal. ka BP, marking the onset of the Holocene, a
shift in diatom species composition towards planktonic
species occurred (Fig. 4G), including Aulacoseira
(Baisheva et al. 2024). This shift has been interpreted
as a rise in lake water level, while low C/N ratios, as an
indicator of organic matter source (Meyers & Ter-
anes 2001), suggest a more distal and algae-dominated
environment (Baisheva et al. 2024). A wetter climate at
the onset of the Holocene at Lake Khamra (Baisheva
et al. 2024) could have contributed to higher d18Olake

and, consequently, d18Odiatom values if driven by isotopi-
cally enriched summer precipitation, alongside rising air
temperatures.Nevertheless, the resolution at the onset of
the isotope record is limited, making it challenging to
draw explicit conclusions.

The d18Odiatom maximum at 6.7 cal. ka BP (Fig. 4A)
coincides with the highest bioproductivity, indicated by
a maximum in TOC (Fig. 4B) and Br between 8.2 and
6 cal. ka BP (Baisheva et al. 2024). The presence of dia-
tom taxa indicating warm conditions (Baisheva
et al. 2024) suggests that elevated temperatures played
a key role in both lake productivity and elevated
d18Odiatom during the Mid-Holocene. A decrease in
planktonic diatoms from 8.2 to 6.5 cal. ka BP
(Fig. 4G) indicates lower lake levels at Lake Khamra
(Baisheva et al. 2024). Combined with elevated temper-
atures, this could have led to enhanced evaporative
effects, which have the potential to further increase the
d18Odiatom values (Meister et al. 2024). The presence of
Abies sibirica and Larix sibirica in the sedaDNA record
of Lake Khamra at 6.3 cal. ka BP (Baisheva et al. 2024)
was interpreted tobe representativeof permafrost degra-
dation (Tchebakova et al. 2009) and low winter temper-
atures as well as reduced precipitation (Pel�ankov�a
et al. 2008), further reinforcing the idea that over the
Mid-Holocene, warmer and drier conditions led to high
d18Odiatom values.

After the maximum of d18Odiatom at 6.7 cal. ka BP,
d18Odiatom decreased stepwise until 5.2 cal. ka BP, coin-
cidingwith a reported lake level rise at around 6.5 cal. ka
BP (Baisheva et al. 2024), which is reflected in the
increase of planktonic diatom taxa in the P/B ratio
(Fig. 4G). At the same time, the SR increases and dis-
plays high variability framing the 6k series (Fig. 4F).
The high SRand simultaneously occurring age reversals
in the 14C dating (Baisheva et al. 2024) (Fig. 2A) could
also indicate mass wasting processes, potentially trig-
gered by increased precipitation and enhanced erosional
input. The stepwise decline in the d18Odiatom record after
itsmaximumat6.7 cal. kaBPcouldbe related to reduced
evaporation effects during higher precipitation levels, an
increase inprecipitationprimarily from isotopically ligh-
ter winter precipitation entering the lake as depleted
snowmeltwater, as well as a decrease in air temperature.
A more abrupt climatic cooling in the Lake Khamra
region has been suggested only after c. 4.5 cal. ka BP,
indicated by a decline in warm-water diatom species

and macrophytes (Baisheva et al. 2024). However, the
d18Odiatom values showamodest but continuous increase
of+1.4&after theminimumat5.2 cal. kaBP, continuing
until 3.3 cal. kaBP (Fig. 4A).This suggests that the cool-
ing inferred from the biological proxies after approxi-
mately 4.5 cal. ka BP is not directly reflected in the
d18Odiatom record, as the trends are opposing.

After 3.3 cal. ka BP, the d18Odiatom record indicates
increased variability between 2.8 and 2.2 cal. ka BP,
coinciding with another SR maximum (Fig. 4F). At
the same time, C/N rises and reaches its absolute Holo-
cenemaximumat 2.2 cal. kaBP, suggesting apotentially
increased input of organicmatter from terrestrial plants,
even though it displays a mixed-source signal between
aquatic and land origin (Meyers & Teranes 2001). This
could indicate another period of increased precipitation
and erosional input, driving centennial-scale variability
in the d18Odiatom record.

A charcoal record from Lake Khamra (Gl€uckler
et al. 2021) reveals the regional wildfire history over
the last approximately 2200 years. In the recent
d18Odiatom record of the short core EN18232-1, charcoal
maxima coincide with elevated d18Odiatom values and
were associated with possible dry periods characterised
by reduced winter precipitation and, consequently, a
decreased inflow of isotopically lighter snow meltwater
(Stieg et al. 2024b). Referring to the charcoal record
(Gl€uckler et al. 2021), periods of increased fire activity
are indicated between 600 and 900 CE (1.350 and
1.050 cal. ka BP) and after 1750 CE (0.200 cal. ka
BP). In the Holocene d18Odiatom record, we observe a
continuous decrease in d18Odiatom from around 1.5 cal.
ka BP, with no signs of higher variability during periods
of increased fire frequency. However, the resolution of
the Holocene record limits the detection of fire-induced
short-term fluctuations on these timescales.

After �0.016 cal. ka BP, we observe a drastic
d18Odiatom decrease of approximately �2&, including
the absolute minimum of +22.4& at �0.038 cal. ka
BP.These d18Odiatom values approach the recentKhamra
record, which has an average value of +21.7&, strongly
influenced by isotopically light winter precipitation
(Stieg et al. 2024b). Simultaneously, SR again shows a
maximum during this recent period (Fig. 4F), further
supporting the idea of precipitation-driven d18Odiatom

variability on centennial scales.
Thus, in comparison with other lake-internal param-

eters, the Holocene d18Odiatom record of Lake Khamra
appears to follow temperature changes over millennial
timescales. Especially in the Early toMid-Holocene, ele-
vated d18Odiatom values align with interpretations of the
lake development, likely indicating warmer conditions
during a period of high bioproductivity. However, the
stepwise decline in the d18Odiatom record at Lake
Khamra, beginning after 6.7 cal. ka BP until 5.2 cal.
ka BP, could be linked to decreasing temperatures and
increasing precipitation levels. Since biological lake-
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internal proxies indicate a shift to colder conditions only
from 4.5 cal. ka BPonwards, the d18Odiatom decline here
appears to bemore closely associatedwith increased pre-
cipitation, which is also reflected in the rising lake level,
as indicated by the increasingP/B ratio.High centennial-
scale variability in the d18Odiatom record corresponds
with increased sedimentation rates during the Mid-
and Late Holocene. This suggests that fluctuations in
precipitation likely influenced d18Odiatom signal, poten-
tiallyoverlaying thebroadercooling trendover theHolo-
cene.

Diatom oxygen isotope patterns at Lake Khamra in the
Northern Hemisphere and Eurasian context

In the recent decadal-scale d18Odiatom series, isotopically
light winter precipitation acts as a key influence on
d18Olake, and consequently, on d18Odiatom. At millennial
timescales, we hypothesise that d18Odiatom at Lake
Khamra is primarily influenced by summer climate var-
iations, followinga long-termdecreasing summer insola-
tion and air temperature trend throughout theHolocene
(Fig. 7A–C). Similar Holocene d18Odiatom trends have
been observed in other Eurasian lake studies (e.g. Swann
et al. 2010; Mackay et al. 2011; Chapligin et al. 2012b;
Kostrova et al. 2013b, 2021).

In a compilation of lacustrine d18Odiatom records
(Fig. 7D), Meister et al. (2024) presented a stack of
NorthernHemisphere data, revealing a commonpattern
that clearlyalignswith the long-termdecreaseof summer
insolation and air temperature throughout the Holo-
cene. The decreasing Holocene trend observed at Lake
Khamra (�0.3& ka�1; n = 22; Fig. 7A) is in the same
range, but slightly stronger than the decrease observed
in the compiled d18Odiatom records from hydrologically
open lakes with water residence times under 100 years
across the Northern Hemisphere (�0.19& ka�1) and
Eurasia (�0.21& ka�1), respectively (Meister et al.
2024). The statistical combination of individual records
into a common trend likely led to a flatteningof the trend
compared to the values from a single record. The nega-
tive trendatLakeKhamra is comparable to, for example,
the d18Odiatom decrease observed further northeast, at
Lake Emanda (Figs 1A, 7F; Kostrova et al. 2021).

At Lake Khamra, the highest d18Odiatom values occur
during the Early to Mid-Holocene between 11.2 and
6.7 cal. ka BP, which align well with an overall summer
insolation maximum at 60°N (Fig. 7B; Laskar
et al. 2004). Simultaneously at the onset of theHolocene,
the Northern Hemisphere experienced a rapid warming
(Fig. 7C; Kaufman et al. 2020). The positive air
temperature-dependent fractionation of precipitation
at the study site (+0.8& per °C; Stieg et al. 2024b) sug-
gests that warmer conditions likely contributed to ele-
vated d18Olake, and hence d18Odiatom. An increased
summer insolation could have enhanced evaporation
during the ice-free season at LakeKhamra, whichwould

further contribute to higher d18Odiatom values. However,
based on the findings of Baisheva et al. (2024), the rise in
planktonic diatoms (Fig. 4G), along with higher lake
levels and moisture conditions at the beginning of the
Holocene, suggests that evaporative effects were likely
minimal. This supports the interpretation that elevated
d18Odiatom valueswere primarily driven by summer inso-
lationandwarmer temperatures, rather thanbyevapora-
tion. Winter insolation can be largely discounted as a
potential driverof d18Odiatom atLakeKhamraonmillen-
nial timescales. Winter and summer insolation show
opposing trends throughout the Holocene, with winter
insolation remaining generally lowand indicating amin-
imum at the beginning of the Holocene (Fig. 7B; Laskar
et al. 2004). Additionally, reconstructedwinter tempera-
tures, as indicated by a d18O record of permafrost ice
wedges from the Lena River Delta (Figs. 1A, 7H;Meyer
et al. 2015b), have generally increased since the Mid- to
Late Holocene, opposite to the decreasing Holocene
d18Odiatom record. This suggests that the long-term
d18Odiatom trend is rather linked to the summer season,
coincidingwith themain diatombloom that occurs from
late spring to early summer, shortly after the ice break-
up.

In the diatom isotope compilation by Meister
et al. (2024), Holocene maxima of Eurasian records
regionally differ. While eastern Eurasian sites show an
earlier Holocene maximum around 12 cal. ka BP, west-
ern Eurasian sites display a later maximum, occurring
during the Mid-Holocene between 8 and 6 cal. ka BP
(Meister et al. 2024). Accordingly, the Lake Khamra
d18Odiatom record aligns more closely with the eastern
study sites, revealing its first maximum at the onset of
the record at 11.2 cal. ka BP. However, this maximum
should be interpreted cautiously as it relies on a single
measurement and due to enhanced contamination cor-
rections, particularly in the older section of the core
(Fig. 4A).Nevertheless, consistently elevatedvalues dur-
ing the Early Holocene, including a second maximum
around 6.7 cal. ka BP, share similarities with the Lake
Emanda record in northeastern Siberia, which also
reveals high d18Odiatom at both the beginning and during
the Mid-Holocene (Fig. 7F). The timing of the absolute
d18Odiatom maximum at 6.7 cal. ka BP at Lake Khamra
could be linked to the HTM, which is generally associ-
ated with the maximum of summer solar insolation. At
the same time, we also observe a maximum in the lake’s
bioproductivity (Baisheva et al. 2024), as illustrated by
the maxima in TOC and TN, supporting the interpreta-
tion of a warm and insolation-rich period at Lake
Khamra.Thealignmentof theLakeKhamrarecordwith
the general Eurasian trend (Fig. 7D;Meister et al. 2024)
suggests that it is consistent with broader Eurasian sum-
mer temperature and insolation trends during the Holo-
cene. However, the timing of the HTM varies both
spatially and temporally across the Northern Hemi-
sphere (Kaufman 2004; Renssen et al. 2009), which is

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 13
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also reflected in different spatiotemporal patterns
observed in northeastern Siberia (Biskaborn
et al. 2016) and evidenced by the individual maxima in
d18Odiatom records from the Northern Hemisphere stack
(Meister et al. 2024).

After 6.7 cal. kaBP, the d18Odiatom valuesdecline step-
wise until 5.2 cal. ka BP, reaching a minimum which is
also noted at Lake Emanda (Kostrova et al. 2021). The
authors attributed this depletion to a distinct cooling
event with global implications, driven by prolonged pos-
itive North Atlantic Oscillation (NAO) conditions
(Roland et al. 2015). This event around 5.2 ka BPmight
also be reflected in the Khamra record, as the recent
d18Odiatom data suggest a possible relationship with the
NAO, indicating the transport of moisture via the west-
erlies, which impacts the hydroclimate at Lake Khamra
(Stieg et al. 2024b).

We attributed the centennial-scale variability after 3.3
and 2.2 cal. ka BP to precipitation variability, as dis-
cussed in relation to the lake-internal parameters. At
Lake Kotokel, close to Lake Baikal (Fig. 1A), high var-
iability in d18Odiatom is observed after 2.7 cal. ka BP
(Fig. 7G), linked to adecrease in precipitation anda tem-
perature decline in the region (Tarasov et al. 2007; Kos-
trova et al. 2013b). Also, at LakeEmanda, aminimumat
3 cal. ka BP is recorded (Fig. 7F), seen as regional cool-
ing (Kostrova et al. 2021). Focusing on the long-term
trends on millennial scales, other Northern Hemisphere
and especially Eurasian records also show a clear
decrease following the Mid-Holocene optimum
(Fig. 7D).However, the decline in the compiledEurasian
records is rather later compared to the Lake Khamra
record, and starts only at 4 cal. ka BP (Meister
et al. 2024). This decrease of d18Odiatom on the Northern
Hemisphere has been linked to a phenomenon known as
Neoglacial cooling, with decreasing summer tempera-
tures in the Arctic and an associated advance of North-
ern Hemisphere glaciers (Solomina et al. 2015). The
temporal offset in the decreasing trend of the Khamra
record compared to the compiled d18Odiatom records
(Meister et al. 2024) could result froma smoothing effect
inherent in data compilation, which can obscure individ-
ual record trends. Alternatively, it suggests that the Lake
Khamra record behaves similarly to eastern Eurasian
sites that closely follow the insolation curve as a proxy
for summer air temperature (Chapligin et al. 2012b;Kos-
trova et al. 2021;Meister et al. 2024), which declines even
earlier (Fig. 7B).

Over the last 1–2 cal. ka BP, the decrease inKhamra’s
d18Odiatom aligns well with the decline of the Eurasian
compilation (Fig. 7D;Meister et al. 2024). Nevertheless,
further climatic events of theNorthernHemisphere can-
not be clearly verified due to themulti-centennial resolu-
tion of the Khamra Holocene record. The recent drastic
decrease in d18Odiatom values at Lake Khamra after
�0.016 cal. ka BP mirrors similar trends in other Eur-
asian records, such as Lake Bolshoye Shchuchye in the

Polar Urals (Figs 1A, 7E; Meyer et al. 2022), where a
Holocene d18Odiatom minimum contrasts with the cur-
rent global temperature rise. Meyer et al. (2022) also
noted a shift in key drivers on d18Odiatom at Lake Bol-
shoye Shchuchye, with millennial-scale trends following
decreasing summer insolation and temperatures, while
short-term variations are linked to snowmelt variability
(Fig. 7E), similar to the interpretation of the recent
d18Odiatom Khamra record (Stieg et al. 2024b).

Throughout the Holocene, the Lake Khamra diatom
oxygen isotope record is driven by large-scale factors,
generally aligning with millennial-scale trends of declin-
ing summer insolation and corresponding changes in air
temperature. The d18Odiatom record from Lake Khamra
shares strong similarity with the Eurasian trends, partic-
ularly those from sites in eastern Eurasia, such as Lake
Emanda (Kostrova et al. 2021).

Decadal-scale multiproxy comparison of Mid-Holocene
and recent warm phases at Lake Khamra

Inorder toassess thepotential impactsof humanactivity
on the lake ecosystem, we compare two warm periods
recorded in the sediment cores of Lake Khamra, the
end of theHTM (6k series) and the recent climatewarm-
ing (recent series) (Table 1).During theHTM,bothTOC
andTN reach their highest levels (Fig. 4B, C), indicating
a productivity maximum at Lake Khamra between 8.2
and 6 cal. ka BP (Baisheva et al. 2024). In the broader
context of global climate, the HTM is characterised by
global mean surface temperatures approximately 0.7
°C higher than in the preindustrial era (Kaufman
et al. 2020). In comparison, the recent Khamra record
(c. 1790–2015 CE; Stieg et al. 2024b) covers the modern
climate warming. We hypothesise that human influence
might have increased the variability in the recent proxy
records compared to the natural warming phase of the
Mid-Holocene, which occurred without anthropogenic
impacts, thereby reflecting effects of human activity on
hydroclimatic systems.

Boxplots of the twomultiproxy records reveal notable
differences not only in total values but also in variability
(Fig. 8), highlighting contrasts between the two warm
phases at Lake Khamra. The median d18Odiatom value
in the recent series (median: +21.7&) is 1.5& lower than
those of the 6k series (median: +23.2&, see Table 2). As
previously discussed, the d18Odiatom values primarily fol-
lowed the solar insolation and air temperatures during
the Holocene, with the highest d18Odiatom values
during the Early and Mid-Holocene. In contrast, the
recent series is strongly influenced by winter precipita-
tion, which reaches the lake through isotopically lighter
meltwater inflow, explaining the lower d18Odiatom values
despite the recent rise in air temperatures (Stieg
et al. 2024b). Notably, the standard deviation in the
recent series (+21.7�0.6&) is twice as high as in the 6k
series (+23.3�0.3&). Additionally, the total range of
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variability in the recent series (2.9&) is nearly three times
greater than that of the 6k series (1.1&; Table 2,Fig. 8A).
This suggests that, although both periods were charac-
terised as warm phases, the recent series shows greater
variability (Fig. 6), likely driven by increased hydrocli-
matic fluctuations, while conditions during the ~200-
year period of the 6k series were probably more stable
at Lake Khamra. Besides hydroclimate changes,
differential signal preservation and smoothing, such as
by bioturbation or diffusive processes, might have
affected both datasets differently, though these aspects
lie beyond the scope of this study. Moreover, the

d18Odiatom values of the 6k series could potentially be
influenced by long-term diagenetic processes, which
could elevate the original isotope values (Meister
et al. 2024). However, analysis from a 250 ka record of
Lake El’gygytgyn in the Far East Russian Arctic
(Fig. 1A) indicates no significant trend towards higher
d18O values, suggesting that diagenetic effects on
d18Odiatom are rather minimal (Chapligin et al. 2012b).

TOC and TN serve as indicators of organic matter
content and are closely linked to primary productivity
(Meyers & Teranes 2001). According to Baisheva
et al. (2024), bioproductivity reached its Holocene max-

Fig. 8. Boxplots of individual proxies from the recent series (short core EN18232-1, blue, Stieg et al. 2024a, b) and the 6k series (core segment
EN20001-6, orange) of Lake Khamra. Proxies include diatom oxygen isotope data (d18Odiatom), total organic carbon (TOC), total nitrogen
(TN), their ratio (C/N), as well as their stable isotopes (d13C, d15N) and total mercury (THg) (A–G). The boxplots illustrate differences in central
tendency, variability, and outliers for each parameter.

BOREAS Hydroclimatic development from the Early Holocene to anthropogenic times, Lake Khamra, eastern Siberia 15
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imumbetween 8.2 and6 cal. kaBP, followedbyadecline
towards the Late Holocene. This decreasing trend is
clearly illustrated when comparing the two high-
resolution records. Compared to TOC in the 6k series,
the carbon content in the recent series decreasedbya fac-
tor of 2.8, while TN values dropped to about one-third
(Fig. 8B, C, Table 2). The recent series also demonstrates
greater variability in TOC and TN, evident in the higher
standard deviations and increased total ranges (Table 2).
Furthermore, a tendency towards higher values in the
recent series has been observed since the 1950s, corrob-
orated by rising carbon accumulation rates since the
1970s, interpreted as a rise in productivity (Stieg
et al. 2024a). However, despite this recent rise in produc-
tivity, the recent TOC and TN values remain well below
themaximum levels recordedduring the endof theHTM
(Fig. 8B, C).

The C/N ratios of both series indicate no distinct
source signal oforganicmatter (Fig. 8D), consistentwith
observations from the Holocene sediment record on a
millennial scale (Fig. 4D). This suggests contributions
fromboth aquatic sources and terrestrial plants (Meyers
&Teranes 2001).However, a lowerC/Nratio from the 6k
series suggests a tendency towardsahigherproportionof
aquatic productivity, in contrast to the recent series. This
aligns with the observations made by Baisheva
et al. (2024), suggesting the occurrence of epiphytic
and benthic taxa and a lake expansion with colonisation
of the lake periphery in theMid-Holocene.Nevertheless,
the recent series shows a greater total range (Table 2),
possibly indicating larger fluctuations in organic matter
sources over similar time periods. This could be linked to
higher variability between reduced and increased ero-
sional input from snowmelt inflow in recent times, which
is also reflected in the rapidly rising SR in recent times
(Fig. 4F). In contrast, the 6k series is framed bymaxima
in SR rates, but the period itself displays more stable SR
(Fig. 4F). Bordered by two radiocarbon dates, the 6k
period shows no age reversals and maintains a continu-
ous age-depth relationship (Fig. 2A), which indicates
more stable conditions characterised by high internal
lake productivity compared to the recent series.

Potential anthropogenic effects on Lake Khamra
sediments could be inferred from the d13C, d15N, and
mercury concentration data. Algae and terrestrial
plants have indistinguishable d13C values, with both
d13C records falling within the typical range of �31
to �25& (Meyers 2009). However, recent series show
lighter d13C (�30.6�0.7&) compared to the 6k series
(�27.3�0.4&), with a median difference of 3& and
outliers towards even lighter values (Fig. 8E). This
depletion in the recent series has been partially attrib-
uted to a potential anthropogenic imprint resulting
from fossil fuel combustion (Stieg et al. 2024a), known
as the Suess effect (Keeling 1979), as seen, for example,
in lake sediment records from Greenland (Stevenson
et al. 2021). The higher d13C values in the 6k series

could reflect increased aquatic productivity at the
end of the HTM, as enhanced productivity is associ-
ated with rising d13C values in organic matter
(Meyers 2009). This period falls within a peak of bio-
productivity that occurred between 8.2 and 6 cal. ka
BP, as outlined in Baisheva et al. (2024). However,
d13C values in sediments are influenced by multiple fac-
tors, and besides bioproductivity, source changes, and
the decomposition of organic matter, other (post-
depositional) processes, such as changes in bottom-
water redox conditions over time, could also have con-
tributed to the observed difference in d13C.

The d15N values in both series (Fig. 8F) indicate a
mixed source signal from algae (5–10&) and terrestrial
sources (around 0&; Meyers 2009), similar to the C/N
ratios. Even though differences are small, the recent
series exhibit slightly higher d15N values than the 6k
series (Table 2), which is somewhat unexpected. Human
activities, such as fossil fuel combustion and fertiliser
production, are a man-made source of reactive nitrogen
(Nr) (Galloway et al. 2008) with lighter isotopic d15N
released into the atmosphere, which affects lake systems
globally and has led to the deposition of anthropogenic
depleted d15N in lake sediments (Holtgrieve et al. 2011;
McLauchlan et al. 2013; Wolfe et al. 2013). Given that
Lake Khamra, despite its remote location, is suggested
to be influenced by atmospheric pollution (Stieg
et al. 2024b), we would have expected lower d15N values
compared to the 6k series. However, nitrogen isotope
fractionation processes (Meyers & Teranes 2001) and
diagenetic processes in the sediment are complex,
and it appears that not all lakes show a recent decline
in d15N values, depending on nitrogen inputs and the
in-lake N pool (Anderson et al. 2018). Furthermore,
d15N in lake sediments displays a natural variability
throughout the Holocene, with a decline until the Mid-
Holocene, followed by an increase thereafter (McLau-
chlan et al. 2013). This variability could be evident in
the comparison of the two periods at Lake Khamra,
which does not indicate any anthropogenic d15N deple-
tion in recent times.

In contrast to the d15Ndata, the changes in THg in the
sediment samples are more pronounced, suggesting a
link to human influence. Although the median THg
values of both series are relatively close (Table 2,
Fig. 8G), the recent series shows a much higher range,
with values reaching up to 246.3 lg kg�1.We calculated
a baseline level of THg in Lake Khamra sediments over
the Holocene prior to industrial times (>1850 CE) of
74.7 lg kg�1 (n = 23), which is quite comparable to
the median of the 6k series (Table 2). The increase in
THg concentrations in recent times, also reflected
in the recent spike in the Holocene record (Fig. 4E),
was partially attributed to far-reaching anthropogenic
inputs fromfossil fuel combustionandair pollution,par-
ticularly since the 1990s, due to industrialisation in Asia
(Stieg et al. 2024b).
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Themultiproxy comparison shows that the 6k series is
rather stable with minimal fluctuations, while the recent
series, despite both representing warm phases, exhibits
greater variability and different absolute values (Figs 5,
8). Elevated aquatic productivity and stable hydrocli-
matic conditions during the 6k period likely explain
the consistency,while the increasedvariability anddiver-
gent values in the recent series are attributed to greater
hydroclimatic fluctuations, which are contemporaneous
with human influence on the lake ecosystem.

Conclusions

The newHolocene d18Odiatom record fromLakeKhamra
in eastern Siberia enhances our understanding of the
proxy’s seasonal and long-term dynamics during
the Holocene. It offers insights into the hydroclimatic
development in Yakutia, thereby enhancing the regional
coverageacrossSiberia.Thed18Odiatom recordalignswell
with interpretations of the lake ecosystem development
based on published biodata of the same sediment core.
Elevated d18Odiatom values during the Early to Mid-
Holocene correspond toaperiodofhighbioproductivity
and warmer air temperatures.

In contrast to the recent sub-decadal d18Odiatom record
for the past~220 years,which is influencedby isotopically
light winter precipitation, the Holocene d18Odiatom record
over millennial timescales generally follows a long-term
decline in summer insolation and the associated decrease
in air temperatures in the Northern Hemisphere. Higher
variability observed on a centennial scale in the Holocene
d18Odiatom record corresponds to phases with increased
sedimentationrates, likelydrivenby fluctuations inprecip-
itation that overprint the general temperature trend. The
overalldecreasingHolocene trend ind18Odiatomalignswith
findings from other Eurasian lake studies. Furthermore,
the d18Odiatom shows strong similarities with eastern Eur-
asian sites, suggesting a regional Early Holocene maxi-
mum. In particular, the resemblance to Lake Emanda
suggests a broader regional hydroclimatic pattern.

A new decadal multiproxy record from Lake Khamra
(6k series), covering a c. 210-year period during theMid-
Holocene, has been compared to a recent sub-decadal
dataset from the same lake. Both analysed periods occur
within warm phases, at the end of the HTM and the
recentwarming.Themultiproxycomparisonreveals that
the 6k series is notably more stable, with minimal fluctu-
ations across the proxy records. In contrast, the analysed
parameters in the recent record not only differ in their
absolute values but also indicate consistently higher var-
iability. These observations reflect an increased recent
hydroclimatic variability and a potential human impact,
as suggested by mercury and d13C signatures in organic
matter.Themultiproxycomparisonenhancesourunder-
standing of hydroclimate variability over the Holocene
and provides deeper insights into the lake ecosystem
development.
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