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a b s t r a c t

Oxygen (d18O) and carbon (d13C) isotope records of calcitic carbonate components (Chara sp. algal en-
crustations and Bithynia tentaculata gastropod opercula) from a lake-sediment succession on the Baltic
Sea island of Gotland, south-eastern Sweden, have been obtained to investigate regional climate dy-
namics during the Holocene. The hydrological sensitivity of the small lake, particularly in terms of spring
snowmelt contribution to the local water budget, provides a means of tracing past changes in the in-
fluence of snow-bearing easterly winds across the Baltic Sea Proper, which signifies the wintertime
strength of the Siberian High. Repeated episodic depletions in 18O at the centennial scale correlate with
events of increased potassium concentration in the GISP2 ice-core record from Greenland, which in-
dicates a coupling to large-scale fluctuations in atmospheric circulation patterns. A corresponding cor-
relation with simultaneous depletions in 13C suggests repeated responses of the local lake hydrology to
snow-rich winters through decreasing water residence time, perhaps augmented by methanogenesis
due to prolonged ice-cover seasons under the influence of an expanding Siberian High. Frequency
analysis of the isotopic records reveals well-defined fluctuations at quasi-500-520-, 670-, 830- and 1430-
yr periodicities, and a gradually stronger impact of Polar air outbreaks across the southern Baltic Sea
region with time after ca 6000 cal. BP.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

The North Atlantic atmospheric system plays a key role in North
European climate (Luterbacher et al., 2002). Precipitation is closely
related to the passage of cyclones that normally follow a west-east
trajectory across Scandinavia. The highest amount of precipitation
is registered on the windward, western side of the Scandinavian
Mountains, with decreasing air-mass penetration eastwards lead-
ing to drier conditions in the interior regions. North European
climate variability and associated changes in air mass trajectories
are often attributed to the North Atlantic Oscillation (NAO) (Hurrell
et al., 2001), but regional climate is also strongly influenced by the
Siberian High. This is frequently the case in winter when a high-
pressure ridge associated with the Siberian anticyclone extends
across Scandinavia, bringing cold and dry easterly winds. These
collect moisture from the Baltic Sea and generate strong snowfall
along the Baltic Sea coast of eastern Sweden (Yu and Harrison,
F. Muschitiello).
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1995; Uvo and Berndtsson, 2002; Uvo, 2003). Present-day atmo-
spheric circulation dynamics are well understood, but knowledge
of past changes in circulation patterns, and especially their regional
impact, still lacks sufficient detail.

Stable-isotope analyses of lake sediments, based primarily on
d18O of carbonates (Hammarlund et al., 2002; Rosqvist et al., 2007),
silica (Rosqvist et al., 2004), or aquatic cellulose (St. Amour et al.,
2010), have been successfully employed in Sweden during the
last decade to reconstruct past atmospheric circulation dynamics
on multiple timescales. For example, these studies allowed for
reconstructing past regional changes in the dominant airflow
pattern and associated moisture variations (Hammarlund et al.,
2002; Rosqvist et al., 2004, 2007; Jonsson et al., 2009; Andersson
et al., 2010; St. Amour et al., 2010). As shown by these studies of
open-basin lakes, the inferred lakewater oxygen-isotope composi-
tion mirrors d18O of the dominant input water component, usually
precipitation (d18Op), although this may be biased by groundwater
and snowmelt contributions.

By using a multi-proxy approach involving multiple lacustrine
carbonate components, Hammarlund et al. (2002) found a devia-
tion from the modern Dansgaard-type d18Op-temperature relation
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in northern Sweden during the early Holocene. A long-term
decreasing trend in d18Op was attributed to a change in the domi-
nant airflow pattern, from zonal, characterised by strong westerly
or south-westerly winds in the early Holocene, to a more meridi-
onal flow pattern since ca 6500 cal. BP, suggesting a potential link
between centennial- to millennial-scale d18Op fluctuations and
prolonged intervals of NAO-like circulation patterns (St. Amour
et al., 2010). In southern Sweden, a related approach based on
sediments from a closed-basin lake, provided information on
changes in summer water balance. This study demonstrated that
warm and dry conditions characterised an extended period during
the Holocene thermal maximum (ca 8000e4400 cal. BP), and that
these were followed by a generally wetter and more variable
climate (Hammarlund et al., 2003; Jessen et al., 2005).

Scandinavian isotopic records thus seem to reflect shifts in
moisture source location, changes in oceanicity, and more gener-
ally, long-term variations in the North Atlantic climate system. In
this perspective, the Baltic Sea island of Gotland presents a slightly
different case as it represents a region with its own climate char-
acteristics, with limited influence of the North Atlantic and the NAO
(Busuioc et al., 2001; Uvo and Berndtsson, 2002; Uvo, 2003). Pre-
cipitation variability on Gotland is primarily linked to easterly
winds from the Eurasian continent (Uvo and Berndtsson, 2002;
Uvo, 2003). Therefore, isotopic records from the island may pro-
vide important information on hydrological responses to climate
change and variability associated with the Eurasian continental
interior during the Holocene.

Here we present a centennial-scale climate reconstruction for
the last ca 10,000 years based on lake sediments from Gotland.
Records of d18O and d13C of lacustrine carbonates have been ob-
tained from a small and hydrologically sensitive lake, with the aim
of reconstructing local variations in precipitation seasonality dur-
ing the Holocene. The interpretations have been incorporated in a
regional framework and implications for large-scale circulation
changes associated with the dynamics of the Siberian High and the
North Polar atmospheric vortex are discussed.

2. Study area

Lake Bjärsträsk is situated in the south-central part of the island
of Gotland in the Baltic Sea Proper (57�19’N,18�25’E) (Fig. 1AeC), at
an elevation of 44 m a.s.l. The oval-shaped lake is ca 200 m long, up
to ca 80 m wide, and has a maximumwater depth of ca 3.5 m. The
lake is at the downstream end of a chain of five lakes within a
catchment that extends over ca 4.8 km2 (Fig. 1D). The lakewater
residence time in Lake Bjärsträsk is ca 13 days (Table 1). The
bedrock consists of Silurian limestone and is overlain by thin and
discontinuous deposits of clayey calcareous till and fluvial sand
(Fig. 1E). A steep limestone outcrop (65 m a.s.l.) marks the lake’s
southern shore, while the northern shore is more gently sloping.

Gotland became deglaciated during the Late Weichselian
interstadial complex, but was initially situated below the surface of
by the Baltic Ice Lake (Svensson, 1989). Due to glacio-isostatic
rebound, areas above ca 56 m a.s.l. gradually emerged, but it was
not until the final drainage of the Baltic Ice Lake at ca 11,700 cal. BP,
that areas in the interval of 56e45 m a.s.l. became rapidly exposed
(Svensson, 1989; Björck, 1995, 2008). The regression during the
subsequent Yoldia Sea Stage, in response to continued glacio-
isostatic rebound, progressively exposed more low-lying land
areas (Svensson, 1989; Björck, 1995, 2008).

Gotland is a climatically unique region. Despite the influence of
the Baltic Sea, the island can be classified as sub-arid and dry with a
humidity index below 24 on the Hesselman scale (Ångström,1974).
Extended dry periods frequently occur during the summer season
(Alexandersson and Andersson, 2004). Due to the rain shadow
effect of the South Swedish mainland and restricted air convection
owing to the relatively low surface temperatures of the Baltic Sea,
annual precipitation is generally below 450 mm/yr along the coast
but up to ca 700 mm/yr in the interior parts of the island. Precip-
itation falling as snow is about 20e25% and the duration of snow
cover is around 60 days along the coast and up to 80 days in the
inland (Table 1). Maximum winter snow depths generally range
between 20 and 40 cm (Dahlström, 1995).

Mean summer and winter temperatures measured at Hemse
(1968e1997), the meteorological station closest to Lake Bjärsträsk
(Fig. 1C), are þ16.2 �C and �1.7 �C, respectively, and mean annual
temperature is 6.4 �C (Table 1). Precipitation values (1968e1997)
range between 30 mm (April) and 64 mm (November), with an
annual mean of 569mm (Fig. 2A). Autumn andwinter precipitation
variability is mainly related to easterly winds that capture moist air
over the Baltic Sea (Busuioc et al., 2001; Uvo, 2003), a process that is
connected to the influence of the Siberian High pressure system at
sub-annual timescales. In contrast, south-westerly winds dominate
during the summer. However, other than the North Atlantic influ-
ence on winter temperatures, no conclusive correspondence exists
between the NAO and observed precipitation and temperature data
from the interior part of the island (Table 2), neither on seasonal
nor annual timescales (Busuioc et al., 2001; Uvo and Berndtsson,
2002; Uvo, 2003).

3. Methods

3.1. Fieldwork and sub-sampling

Sediment cores were collected from the frozen surface in the
central part of the lake in March 1999 at an approximate water
depth of 2.8 m, using a 1 m-long Russian corer with a diameter of
10 cm. The 6.15-m thick sediment sequence was described in detail
in the field (Table 3). The uppermost part of the sequence, which
consists of gyttja with high water content, was sampled with a
gravity corer. After correlation of overlapping core segments in the
laboratory, the sediment successionwas contiguously sub-sampled
into 124 sections, generally 30e60 mm thick, taking into account
lithostratigraphic boundaries. Minor aliquots were used for carbon
and nitrogen elemental analyses and stable carbon- and oxygen-
isotope analyses of bulk carbonates. For radiocarbon dating and
extraction of carbonate macrofossils for additional stable-isotope
analyses, the remaining parts of the 124 sections were carefully
washed through a 200 mm sieve and the residues were examined
under a binocular microscope.

Lakewater from Bjärsträsk and the upstream lakes, groundwater
and snowwere sampled during different months of the years 1999,
2000, 2002 and 2012 for oxygen- and hydrogen-isotope analyses.

3.2. Elemental analyses and carbonate determination

Homogenised and oven-dried samples of bulk sediment (15e
20 mg dry weight) were subject to elemental analysis by combus-
tion at 1150 �C using an ELEMENTAR VARIO EL III analyzer for
determination of total carbon and nitrogen contents (TC, TN). The
analytical error based on triplicate determination (n ¼ 25) for TC
and TN was 0.16 and, 0.01 weight %, respectively. Total organic
carbon (TOC) content was determined by decalcification of 50mg of
dried sediment with 10% HCl in ceramic crucibles placed in a sand
bath at 80 �C. After washing and drying, the samples were analysed
for TOC in a LECO CS 225 analyser equipped with an induction
furnace operated at 1250 �C, allowing calculation of total inorganic
carbon (TIC) as TC � TOC. Reproducibility of the TOC analysis using
an in-house sediment standard (TOC ¼ 7.86%) was 0.25 weight %
based on triplicate analysis. The records of TOC, TN and TIC
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Fig. 1. Location of the study area and other records mentioned in the text. (A) Schematic representation of the Siberian High atmospheric centre and direction of the associated
winds; 1 ¼ GISP2. (B) Map of Fennoscandia showing the location of Gotland (C) and other sites referred to in the text: 2 ¼ Lake Flarken (Seppä et al., 2005); 3 ¼ Lake Igelsjön
(Hammarlund et al., 2003); 4 ¼ coring site 303610-12, Eastern Gotland Basin (Harff et al., 2011); 5 ¼ Lake Kurjanovas (Heikkilä and Seppä, 2010); Smedby meteorological station. (C)
Location of Lake Bjärsträsk on the island of Gotland, and Hemse, the closest meteorological station. (D) Topographic map of the investigation area showing catchment extent, the
position of Lake Bjärsträsk within the catchment and upstream water bodies. Fr ¼ Lake Fridträsk; Ra ¼ Lake Rammträsk; Sl ¼ Lake Slottsträsk; Br ¼ Lake Broträsk. (E) Map of
Quaternary deposits in the area based on data provided by the Geological Survey of Sweden.

Table 1
Local climatic and hydrological data valid for Lake Bjärsträsk. Mean annual tem-
perature and precipitation data refer to climate normals (SMHI, 1968e1997). Mean
annual evapotranspiration and runoff were obtained from Jutman (1995) and refer
to the period 1961e1990.

Mean annual temperature (�C) 6.4
Mean February temperature (�C) �1.7
Mean July temperature (�C) 16.2
Ice-cover season Mid. Dec.emid. Apr.
Snow coverage duration Early Dec.eearly Apr.
Annual precipitation (mm) 569
Proportion of snow (relative to mean

annual precipitation)
20e25%

Ice-free season relative humidity 70e90%
Annual evapotranspiration (mm) 400
Annual runoff (mm) 200
Maximum water depth (m) 3.5
Lake area (km2) 0.008
Lake volume, V (mm3) 1.4 � 1013

Catchment area (km2) 4.82
Discharge, Q ¼ P � E (mm3/a) 7.3 � 1014

Residence time, t ¼ V/Q (days) w13
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(converted to CaCO3 using a stoichiometry factor of 8.33) contents
of the sediments are shown as percentages of total dry weight.

The determination of TOC using decalcified samples may lead to
an underestimation of TOC in recent marine (e.g. Froelich, 1980) or
limnic (e.g. Brodie et al., 2011) sediments due to loss of organic
compounds being either water-soluble/hydrolysable or of low
density (close to that of water) and thus removed during washing.
We have corrected for this loss of organic matter (OM) by multi-
plying the original TOC values with a factor of 1.15. This correction
factor was established in-house by analysis of a recent lake sedi-
ment sequence standard (Lake Steisslingen, southwestern Ger-
many) with and without washing of samples after decalcification.
Application of a constant correction factor is justified by the
excellent correlation of TOC with TN, arguing for OM of homoge-
neous composition. This was further confirmed by constant yields
of solvent-extractable OM when normalized to TOC (data not
reported).

The calculation of the organic-bound nitrogen used for calcu-
lation of C/N ratios for OM source assessment was based on a
regression analysis of TN versus TOC (Talbot, 2001). The intercept of
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the regression linewas found to be 0.030% TN, ascribed to inorganic
nitrogen species like NH4

þ in clay minerals, which was subtracted to
give the organic-bound nitrogen fraction.

3.3. Radiocarbon dating

Macroscopic remains of terrestrial and emergent aquatic plants
were sampled from the sieve residues at seven levels and radio-
carbon dates were obtained by accelerator mass spectrometry
(AMS) at the Lund University Radiocarbon Laboratory (Table 4). The
14C ages were calibrated using the OxCal 4.1 software and the
IntCal09 calibration curve (Reimer et al., 2009). Radiocarbon ages
are reported as 14C years before present (BP) and calibrated radio-
carbon ages as cal. BP (present ¼ CE 1950).

3.4. Stable-isotope analyses

Isotopic analysis of fine-grained sedimentary calcite (dbulk) was
undertaken on aliquots of freeze-dried sediment that had been
Table 2
Correlation coefficients (r) for winter (DJF), spring (MAM), summer (JJA), autumn
(SON) and annually, calculated between NAO Index (Hurrell et al., 2001) and
observed Precipitation (P) and Temperatures (T) data from Hemse (SMHI, 1968e
1997).

DJF MAM JJA SON Annual

NAO-P 0.05 0.18 0.23 �0.08 �0.07
NAO-T 0.67 0.23 0.24 0.37 0.34
gently passed through a 125 mm sieve to eliminate fragments of
mollusc shells and ostracod valves. Samples of Chara sp. calcitic
encrustations (ca 5 mg dry weight) and calcitic opercula of
Bithynia tentaculata gastropods (dbit; each consisting of generally
10e15 opercula; ca 5 mg dry weight) were collected and homo-
genised after sieving of contiguous stratigraphic sections within
stratigraphic intervals where these materials occurred as macro-
scopic remains. The majority of the B. tentaculata samples (98) and
all Chara samples (8) were analysed at the Geological Institute,
University of Copenhagen, using a Finnigan-MAT 250 mass-
spectrometer. All bulk sediment samples (ca 5 mg dry weight)
and B. tentaculata samples not exceeding 3 mg in weight (12) were
analysed at the Woods Hole Oceanographic Institute, USA, using a
Finnigan-MAT 252 mass-spectrometer. All carbonate samples
were analysed according to standard procedures as described by
Buchardt (1977). The analytical reproducibility for d18O and d13C is
better than �0.03& and �0.07&, respectively. The results are
expressed as d-values (per mil deviations from the V-PDB stan-
dard) by calibration against laboratory standards, thus ensuring
compatibility of results obtained from different laboratories.

Modern water samples collected from the lake and its vicinity
between the years 1996 and 2002 (Table 5) were analysed for
18O/16O ratios at the University of Copenhagen, and for 2H/1H ratios
the University of Aarhus, using standard methods. The results are
related to the V-SMOW standard with an analytic reproducibility of
�0.2& and �3& on the d-scales for d18O and d2H, respectively.
Modern water samples collected in 2012 (Table 5) were analysed
for both 18O/16O and 2H/1H ratios at the Stable Isotope Laboratory,
Department of Geological Sciences, Stockholm University, by laser
absorption spectroscopy using a Liquid Water Isotope Analyzer
from Los Gatos Research Inc. (USA). The results are related to the V-
SMOW standard with an analytic reproducibility of �0.15& and
�0.6& on the d-scales for d18O and d2H, respectively.

3.5. Frequency analysis

Frequency analysis was performed on the first principal
component of the B. tentaculata isotopic dataset (PC1bit) and the
GISP2 potassium ion time series (Mayewski et al., 1997), using the
maximum entropy method (MEM) (Ghil et al., 2002). In addition,
continuous wavelet transform analysis (Torrence and Compo,1998)
of the PC1bit series was computed in order to detect changes in the
power of the periodicities over time. Prior to frequency analysis,
PC1bit and GISP2 potassium data were linearly interpolated to
produce evenly-spaced time series. PC1bit was interpolated ac-
cording to its average sampling resolution of ca 90 yr, whereas the
GISP2 potassium series was interpolated at intervals of 10 yr. The
data were subsequently detrended and normalised using the
associated standard deviation. The significance of MEM and of the
wavelet spectra was tested using a Chi-squared distribution of the
theoretical first order autoregressive process AR (1) with respect to
the red-noise background spectra. Following Ghil et al. (2002), in
order to allow for the non-stationarity of the signals and to validate
individual spectral peaks, the MEM spectral estimates were cross-
tested by the application of singular spectrum analysis (SSA) and
the multiple-taper method (MTM).

4. Results and interpretations

4.1. Modern isotope hydrology

Groundwater samples show minor seasonal changes in isotopic
composition over the year (Table 5) and plot close to the global
meteoric water line (GMWL) (Fig. 3A), i.e. corresponding to the
weighted mean annual d18Op for the region (Fig. 2B). This suggests



Table 3
Lithostratigraphic description of the Lake Bjärsträsk sediment succession (see Fig. 4). Org. C and CaCO3 represent contents of organic carbon and calcium carbonate
respectively. Depths are related to the water surface. CaCO3 values exceeding 100% are due to intrinsic error propagation in the determination of TIC and TOC. These values are
within the margin of analytical error.

Unit Depth (m) Description Org. C (%) CaCO3 (%)

12 2.80e3.24 Dark brown, loose calcareous gyttja. Lower boundary gradual. 5.43e29.6 64.0e72.1
11 3.24e3.50 Brown to light brown faintly laminated calcareous gyttja with

moss remains. Lower boundary rather sharp.
7.21e12.0 60.7e75.4

10 3.50e4.85 Olive brown to light brown, faintly laminated calcareous gyttja
with abundant macroscopic shell fragments. Lower boundary gradual.

6.27e12.5 89.5e95.4

9 4.85e5.52 Light brown, partly laminated, calcareous gyttja with macroscopic
shell fragments. Lower boundary rather sharp.

7.61e15.0 78.1e95.2

8 5.52e6.53 Brown to light brown or pinkish brown, laminated, partly algal-rich
calcareous gyttja with macroscopic shell fragments. Lower boundary
rather sharp.

11.6e42.3 57.1e97.6

7 6.53e6.85 Light brown, laminated calcareous gyttja with macroscopic shell fragments.
Lower boundary rather sharp.

8.83e14.6 85.5e92.6

6 6.85e7.54 Brown to light brown, laminated, partly algal-rich calcareous gyttja, some
layers with macroscopic shell fragments. Lower boundary rather sharp.

6.81e37.4 80.5e101

5 7.54e8.16 Light brown, faintly laminated calcareous gyttja with abundant macroscopic
shell fragments. Lower boundary gradual.

4.81e11.2 90.6e103

4 8.16e8.57 Brown, faintly laminated, algal-rich calcareous gyttja with macroscopic
shell fragments. Lower boundary gradual.

9.38e24.8 76.2e103

3 8.57e8.72 Dark brown, slightly clayey, carbonate-rich algal gyttja. Lower boundary gradual. 30.3e34.2 64.0e84.2
2 8.72e8.82 Greyish brown, slightly silty, algal-rich clay gyttja. Lower boundary gradual. 9.38e14.0 16.9e19.9
1 8.82e8.95 Grey, silty clay. Core stop at 9.07 m 0.09e0.47 27.1e29.6
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that the isotopic composition of the groundwater broadly reflects
local d18Op. Water samples collected during autumn, winter, and
early summer show values that cluster close to the GMWL (Fig. 3A)
within the range of regional monthly d18Op data (Fig. 2B), indicating
that groundwater and local precipitation dominate the input to the
lake duringmost of the year. On the other hand, a slight evaporative
enrichment may occur in late summer along a local evaporation
line with a slope near 5 (cf. Craig and Gordon, 1965), although
probably confined to relatively dry summers. This observation is
based on only one data point from late August 2012 but it repre-
sents a summerwith rather low precipitation and lowgroundwater
levels. The value plots relatively far from the estimated isotopic
steady state (dSSL), which represents the local maximum evapora-
tive enrichment of a non-dessicating lake (Fig. 3A).

In contrast, the water isotopic composition of the upstream
lakes (Fig.1D) seems to be predominantly controlled by evaporative
enrichment (Fig. 3B). Thus, Lake Bjärsträsk is influenced by
groundwater from the catchment and by lakewater from the up-
stream lakes. Each of the lakes in the downstream succession col-
lects progressively greater proportions of groundwater that dilutes
the evaporation-affected water received from the upstream lakes.
These have more restricted catchments in relation to their size,
larger volumes and potentially longer residence times as compared
to Lake Bjärsträsk (Table 1). The overall downstream effect explains
why the isotopic composition of Lake Bjärsträsk, as compared to the
upstream lakes, plots close to the GMWL (Fig. 3A), with only aweak
Table 4
Radiocarbon dates obtained from the Lake Bjärsträsk sediment succession (see Fig. 4).

Sample
depth (m)

Lab. no. Material
analysed

Weight
(mg)

3.72e3.80 LuA-4735 Bet., Aln., Que. 4.5
5.10e5.18 LuA-4832 Aln. 3.1
6.16e6.22 LuA-4833 Que., Bet., Aln. 6.1
7.05e7.09 LuA-4734 Pin., Nym., Bet. 4.5
7.67e7.71 LuA-4834 Pin., Aln., Que., Nym. 7.7
8.16e8.20 LuA-4733 Pin., Aln., Que., Bet. 6.3
8.77e8.82 LuA-4732 Dry., Bet., Emp. 4.8

Bet.¼ fruits and/or catkin scales of Betula pubescens, Aln.¼ fruits and/or catkin scales of Aln
Pinus sylvestris, Nym. ¼ fruits of Nymphaea alba, Dry. ¼ leaf fragments of Dryas octopetal
tendency of isotopic enrichment during late summer. Therefore, it
can be assumed that variations in lakewater d18O at the study site
primarily follow d18Op over decadal-scale and longer time-scales.

4.2. Sediment description and chronology

The sediment succession was divided into 12 lithostratigraphic
units (Table 3). Following a basal layer of silty clay, the sediments
exhibit a rapid increase in TOC content (Fig. 4), which most prob-
ably reflects the isolation of the lake basin from the Yoldia Sea
around 11,500 cal. BP (Björck, 2008). Thereafter, the sediments
grade into algal-rich gyttja with an increasing carbonate content,
followed by a ca 2.7-m sequence of laminated calcareous gyttja
with varying contents of TOC and macroscopic shell remains. The
uppermost 2.7-m part consists of slightly more homogenous
calcareous gyttja with TOC contents generally in the range of 8e
12%.

The seven radiocarbon dates (Table 4, Fig. 4) in combination
with the assumption of a contemporary age of the sediment surface
(�48 cal. BP) suggest continuous sediment deposition at a relatively
uniform rate. However, the sedimentation rate is slightly higher in
the lowermost, mineral-rich units and post-depositional compac-
tion has influenced the overlying organic-rich strata to a progres-
sively decreasing degree upwards in the record. Fig. 4 shows the
age-depthmodel applied, constrained bymid-intercepts within the
calibration ranges of the seven radiocarbon dates (Table 4) based on
Reported age
(14C years BP)

Calibrated age
(mid intercept)

Calibrated age
(2s interval)

580 � 90 576 cal. BP 479e674
2165 � 90 2126 cal. BP 1904e2348
3600 � 90 3895 cal. BP 3641e4149
5230 � 110 6007 cal. BP 5734e6280
6315 � 95 7208 cal. BP 6991e7426
8320 � 120 9272 cal. BP 9010e9533
9770 � 130 11126 cal. BP 10,701e11,551

us glutinosa, Que.¼ bud scales of Quercus robur, Pin.¼ seeds and needle fragments of
a Emp. ¼ seeds of Empetrum nigrum. Depths are related to the water surface.



Table 5
Modernwater samples collected from Lake Bjärsträsk and its catchment (see Fig. 3).

Site Date d18O d2H

Snow (ca 11.5 km E) 27 Feb 1999 �12.96 �86.70
Groundwater (ca 1.4 km NE) 28 Feb 1999 �12.03 �81.50
Groundwater (ca 1 km NNE) 04 May 2012 �11.06 �81.52
Groundwater (ca 9 km NE) 04 May 2012 �11.02 �82.36
Groundwater (nearby stream) 14 Jun 2002 �11.43 �80.05
Groundwater (ca 1 km NNE) 28 Aug 2012 �10.83 �80.20
Groundwater (ca 4.2 km NE) 28 Aug 2012 �10.37 �78.03
Groundwater (ca 9 km NE) 28 Aug 2012 �10.46 �79.58
Groundwater (ca 1 km NW) 28 Aug 2012 �11.00 �79.35
Groundwater* (ca 8.8 km NE) Nov 2002 �12.20 �86.60
Bjärsträsk (outlet) 02 Mar 1999 �10.35 �73.30
Bjärsträsk Mar 2000 �11.08 �76.88
Bjärsträsk 30 Apr 2000 �9.72 �71.32
Bjärsträsk 04 May 2012 �9.82 �72.02
Bjärsträsk* May 2002 �10.8 �77
Bjärsträsk (outlet) 14 Jun 2002 �9.74 �72.49
Bjärsträsk 19 Jul 2000 �9.91 �71.13
Bjärsträsk 28 Aug 2012 �8.32 �68.00
Bjärsträsk* Nov 2002 �10.05 �74.85
Broträsk 28 Feb 1999 �9.60 �70
Broträsk 04 May 2012 �8.44 �65.90
Broträsk 28 Aug 2012 �7.60 �63.38
Slottsträsk 04 May 2012 �7.20 �57.62
Slottsträsk 14 Jun 2002 �5.71 �53.05
Slottsträsk 28 Aug 2012 �5.95 �56.89
Rammträsk 28 Feb 1999 �9.04 �67
Rammträsk 04 May 2012 �8.62 �64.03
Rammträsk 14 Jun 2002 �8.39 �65.33
Rammträsk 28 Aug 2012 �7.43 �62.68
Fridträsk 28 Feb 1999 �10.44 �74
Fridträsk 04 May 2012 �9.70 �72.17
Fridträsk 28 Aug 2012 �8.38 �67.30

Values from May and November 2002 (*) were reported by Pettersson (2003).
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a 3rd degree polynomial. The oldest part of the model (before
ca 10,700 cal. BP) was modified to incorporate the assumed effect of
relatively rapid deposition of the silty sediments at the base (units
1e3). The inferred age of the onset of lacustrine sedimentation
(ca 11,300 cal. BP) is in general agreement with the estimated age of
the isolation of the basin from the Yoldia Sea (see above).

4.3. Stable-isotope records

Our multi-component isotopic study, with parallel records of
d18O and d13C obtained on bulk carbonates and B. tentaculata
opercula, enables assessment of palaeoenvironmental and palae-
oclimatic changes through most of the Holocene. As outcrops of
Fig. 3. (A) Plot of d18O versus d2H values of modern water samples collected from Lake Bjär
were reported by Pettersson (2003). (B) Isotopic composition of water samples from other la
while the dotted line refers to the local evaporation line (LEL), which was constructed
composition of steady-state terminal lakewater (dSSL) at Lake Bjärsträsk, constructed using
Silurian limestone as well as Quaternary deposits with high con-
tents of limestone fragments occur in the lake catchment (Fig. 1E),
deposition of detrital carbonates can be considered as a potentially
complicating process at the interpretation of sediment isotopic
records obtained on bulk carbonates (Hammarlund and Buchardt,
1996). However, the close correspondence between isotopic data
obtained on eight pure samples of Chara sp. encrustations and bulk
carbonates (dbulk) at the same levels, in combination with the
general agreement of first-order trends in dbulk and dbit throughout
the record (Fig. 5), provides compelling evidence that the bulk
carbonate material analysed is indeed composed of ”Chara lime”
(Mörner and Wallin, 1977), and thereby of endogenic origin. As
confirmed by microscopy, disintegrated Chara sp. encrustations
occur abundantly throughout the carbonate-rich part of the sedi-
ment sequence (units 4e12) but their generally very fine-grained
nature enabled specific sampling for isotopic analysis at only
eight levels. Furthermore, any major influence of detrital contam-
ination on the dbulk records can be dismissed based on the signifi-
cant difference as compared to isotopic data obtained on the local
limestone (Samtleben et al., 2000) (Fig. 6). Accordingly, TIC can be
assumed to be predominantly composed of Chara-derived CaCO3.

Chara sp. encrustations are calcitic precipitates that form on the
stems and leaves of green algae mainly during the early part of the
summer (Mörner and Wallin, 1977), which implies that their iso-
topic compositions reflect lakewater conditions during this
restricted part of the year. In contrast, the calcification of B. tenta-
culata opercula ceases only during a restricted period of winter
hibernation (Fretter and Graham, 1978; Hammarlund et al., 2003)
and isotopic compositions represent at least the entire ice-free
season. This difference is the main explanation for the observed
isotopic offsets, i.e. ca 2& enrichment in 18O of Bithynia opercula, as
compared to d18Obulk indicating lower average lakewater temper-
atures during gastropod calcification. Correspondingly, Bithynia
opercula are depleted in 13C by 2e4&, which probably reflects
mainly a lower degree of isotopic equilibration with atmospheric
carbon dioxide on average as compared to d13Cbulk, the latter rep-
resenting summertime precipitation of Chara calcite during con-
ditions of slightly reduced throughflow. In addition to these
seasonal effects, the isotopic offsets are influenced by a kinetic
enrichment in 13C of Chara calcite related to proton pumping during
photosynthesis (Hammarlund et al., 1997) and possibly by a cor-
responding, minor enrichment in 18O (Hammarlund et al., 1999).
The isotopic offsets between the two carbonate components
observed at Lake Bjärsträsk are qualitatively consistent with sea-
sonality inferences based on previously published comparisons
sträsk and adjacent snow and groundwater between 1999 and 2012. November values
kes in the catchment. The solid line represents the global meteoric water line (GMWL),
by linear regression through available lakewater data (r2 ¼ 0.94). The hypothetical
the Craig and Gordon (1965) model, is shown for reference.
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(Hammarlund et al., 1999, 2003), which together with data from
Lake Geneva (Anadón et al., 2006) suggests that calcification of B.
tentaculata opercula is not associated with any substantial isotopic
vital effects.
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Fig. 5. Records of d18O and d13C obtained on bulk carbonates (thin lines), discrete calcitic Ch
total organic carbon (TOC) content, CaCO3 content, and carbon/nitrogen (C/N) ratio, obtain
The d18O and d13C data from Lake Bjärsträsk generally exhibit
millennial-scale trends, although without any obvious correlation
(Figs. 5 and 6). These observations, together with a relatively stable
offset between the d18Obulk and d18Obit records throughout the
Holocene, suggest that changes in d18O of input water rather than
seasonal water temperature effects exerted a primary control on
d18O of carbonates, consistent with the short lakewater residence
time (Talbot, 1990). Thus, millennial-scale changes in d18O can be
interpreted primarily as being dependent on variations in the
condensation temperature of precipitation mediated through d18O
of groundwater, possibly with slight contributions of circulation-
dependent shifts (Hammarlund et al., 2002; St. Amour et al.,
2010) and long-term changes in the evaporation/inflow (E/I) ratio
of the lake. Superimposed on these millennial trends are a number
of short-term fluctuations that likely reflect variations in the sea-
sonal distribution of precipitation, with minor concurring (and
confounding) effects arising from changing lakewater temperature.

Millennial-scale variations in d13C, on the other hand, likely
reflect changes in lakewater uptake of 13C-enriched atmospheric
carbon dioxide through changes in residence time (cf. Hammarlund
et al., 2003). Potential contributions derive from changes in the
supply of soil-derived 13C-depleted carbon dioxide in response to
vegetation development in the catchment (cf. Reuss et al., 2010).
Variations in primary productivity are unlikely to have played a role
as dissolved inorganic carbon (DIC) is rapidly replenished in Lake
Bjärsträsk due to the short lakewater residence time. Moreover,
centennial-scale episodes of higher/lower d13C values generally do
not correspond to increases/decreases in sediment TOC content
(Fig. 5), which can be assumed to primarily reflect aquatic pro-
ductivity. This decoupling would suggest transient episodes of
increased flushing of 13C-depleted groundwater and runoff, which
could have disturbed the Chara calcification process due to elevated
suspension load (cf. Hammarlund et al., 2005). An alternative
explanation is periodic methane formation, which may have
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occurred during periods of prolonged winter ice cover, when car-
bon dioxide derived from methane oxidation is usually markedly
depleted in 13C (Håkansson, 1985).

5. Discussion

5.1. Long-term trends

The Early Holocene part of our record (prior to ca 9000 cal. BP)
represents the initial history of Lake Bjärsträsk, which was char-
acterised by a progressive increase in sediment CaCO3 content
(Fig. 5). The low sample resolution, with initial dbulk values possibly
to some extent influenced by detrital carbonates due to catchment
erosion (Fig. 6) and absence of dbit data, precludes detailed palae-
oclimatic interpretations. However, the pronounced increase in
d18Obulk shortly before 10,000 cal. BP may reflect increasing E/I
ratios in response to dry conditions as recorded by a widespread
lake-level lowering in southern Sweden (Digerfeldt, 1988;
Digerfeldt et al., 2013). The relatively low d18Obulk and d18Obit
values at about 8700e8300 cal. BP could potentially reflect the
major cooling event identified in Greenland ice-core records
around 8200 cal. BP (Alley et al., 1997). The slightly older age and
longer duration of this event in our data could be related to chro-
nological uncertainty and/or reflect the compounded nature of this
climatic cooling (Rohling and Pälike, 2005).

Increasing isotopic trends are observed up to 4500 cal. BP,
probably reflecting generally dry and warm conditions associated
with the Holocene thermal maximum. This assumption is consis-
tent with lacustrine d18O data from south-central Sweden
(Hammarlund et al., 2003) and pollen-based temperature re-
constructions from both sides of the Baltic basin (Seppä et al., 2005;
Heikkilä and Seppä, 2010). These data sets suggest summer dryness
(Hammarlund et al., 2003) and relatively high annual and seasonal
temperatures (Seppä et al., 2005; Heikkilä and Seppä, 2010) (Fig. 7).
Drier and warmer summers can be explained by high summer
insolation and a stronger influence of anticyclonic blocking-like
circulation (Yu and Harrison, 1995).

A shift towards more humid and unstable climatic conditions is
indicated by generally decreasing d18O values and increased vari-
ability after ca 4500 cal. BP (Fig. 5). This change correlates well with
increasing net precipitation, rising lake-levels, higher peat aggra-
dation, and colder and more variable climatic conditions in
southern Sweden (Digerfeldt, 1988; Hammarlund et al., 2003;
Jessen et al., 2005; Seppä et al., 2005; Borgmark and Wastegård,
2008; Edvardsson et al., 2012). Substantial cooling and associated
changes in forest composition after ca 4000 cal. BP are also evi-
denced in vegetation reconstructions and pollen-based tempera-
ture estimates from Latvia (Heikkilä and Seppä, 2010) (Fig. 7) and
Estonia (Seppä and Poska, 2004), east of the Baltic Sea. These Late
Holocene climatic trends, probably involving enhanced moisture
flux across southern Scandinavia and the Baltic region, have been
attributed to a general change in atmospheric circulation over the
North Atlantic in response to decreased summer insolation at mid-
northern latitudes (Seppä et al., 2005).

The decrease in d18Obulk and d18Obit after ca 2000 cal. BP (Fig. 5)
may be related to increasing human impact, particularly through
deforestation (Gaillard et al., 2010). Pollen data from the study area
show for example that substantial forest clearance occurred after
ca 2500 cal. BP (Påhlsson, 1977). This probably led to decreased
transpiration, increased catchment runoff and consequently to a
general decrease in lakewater d18O due to decreased E/I ratios.

The records of d13Cbulk and d13Cbit exhibit progressively
increasing millennial-scale trends after ca 6000 cal. BP, which may
be related to the gradual shallowing-up of the lake in response to
sediment infilling. This could have caused increased turbulence in
the water column and loss of the warm-season stratification.
Bottom-dwelling molluscs and characean algae could have become
exposed to enhanced carbon-isotope equilibration with atmo-
spheric carbon dioxide, reducing the isotopic offset. A potentially
contributing process is a long-term decrease in the supply of 13C-
depleted carbon dioxide from soil respiration in response to forest
clearance in the catchment since the onset of the neolithisation
(Påhlsson, 1977).

5.2. Short-term variability

The most pronounced short-lived isotopic excursions are
observed at ca 4400, 2800 and 500 cal. BP (Fig. 5). These temporary
shifts to distinctly lower values of d18Obit, d13Cbulk and d13Cbit are
accompanied by increased TOC and decreased CaCO3 contents,
while d18Obulk values remain relatively stable (Fig. 5).

The variability observed in the isotopic and geochemical records
at ca 4400 and 2800 cal. BP could be explained by increased
groundwater input to the lake through increased winter precipi-
tation. The amount of snow accumulating in the catchment during
the winter season regulates the severity of spring floods and thus
the amount of meltwater that recharges the aquifer during the
thawing season. The replenishment of the groundwater, following
heavy winter snowfall, thus induces a general 18O-depletion of
recharging groundwater (Fig. 3A), leading to decreased d18Obit, and
also results in an overall increase in the mean throughflow of the
lake. Shorter lakewater residence times could explain the accom-
panying lowering of d13C values (possibly together with a lowering
of d18Obit through reduced E/I ratios). Increased throughflow during
the snowmelt season likely led to a more turbulent water column
and to increased suspension load. This process probably induced
more limited Chara blooms during the short growing season, as
suggested by distinctly lowered carbonate percentages (Fig. 5),
since Chara mainly thrives in clear and nutrient-poor waters (Ito,
2001). Reduced competition by characean algae could in turn
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have provided more favourable conditions for phytoplankton
growth as indicated by elevated TOC values. The rather stable
d18Obulk values may be ascribed to lowered lakewater temperature
associatedwith inflow of coldmeltwater into the lake during spring
and early summer, influencing the isotopic composition of Chara
calcite and thus counterbalancing the effect of 18O-depleted melt-
water. Colder lakewater might therefore have been an additional
factor limiting Chara growth.

An alternative explanation for the distinctly lowered d13C values
in association with increased winter severity and increased in-
tensity of the thawing season is methane formation through
degradation of organic matter (Bastviken et al., 2004). Periodic
strengthening of this process in response to hypolimnetic oxygen
deficit during severe winters with a prolonged ice cover season
may have led to enrichment of the lakewater with 13C-depleted DIC
(Håkansson, 1985), subsequently incorporated by lacustrine
carbonates.

The marked isotopic and geochemical shifts at around 500 cal.
BP have similar signatures as those observed at ca 4400 and
2800 cal. BP, except for the C/N ratio, which shows the largest
increase during the Holocene (Fig. 5). The pronounced increase
in the C/N ratio may indicate increased catchment erosion
related to agricultural land use (e.g., Hodell and Schelske, 1998;
Matzinger et al., 2007). Indeed, a strong anthropogenic influ-
ence on the catchment and a reduction of the vegetation cover
has been reported at around this time (Påhlsson, 1977). However,
the shifts observed in our geochemical data set at this stage may
also represent an episode characterised by particularly strong
input of snowmelt to the local aquifer, consistent with cold
temperature anomalies in northern Europe between ca 600 and
100 cal. years BP associated with the Little Ice Age (Ljungqvist
et al., 2012).
5.3. Dynamics of the Siberian High

The amounts of snow precipitation and sea ice cover in the
Baltic Sea are tightly linked to the severity of the winter season. The
harshness of winters depends on the vigour and extent of sub-polar
anticyclones, which have a strong impact on the climate of areas
downwind (west) of the Baltic Sea from late autumn through
spring. In this perspective the island of Gotland provides an ideal
location for the assessment of the regional hydrological impact
associated with the sub-polar climate system. Therefore, it is not
surprising that a broad consistency exists between our d18Obit and
d13Cbit isotopic records and the potassium (Kþ) time series from the
GISP2 Greenland ice-core record (Fig. 7). The GISP2 Kþ record is a
proxy for the intensity of the Siberian High, which is primarily
induced by pressure gradients between Greenland and the Eurasian
continent, where the Siberian anticyclone forms (Mayewski et al.,
1997; Meeker and Mayewski, 2002).

To study the relationship between our records and the proxy
record of the Siberian High from Greenland we performed fre-
quency analysis by computing MEM spectral estimates. The age
discrepancies between our data sets (d18Obit and d13Cbit) and the
GISP2 Kþ series are probably related tominor inconsistencies in the
age model of the Lake Bjärsträsk sediment sequence. Therefore, we
focused on the low-frequency domain of the spectrum. Spectral
analysis was used on the first principal component of the B. ten-
taculata isotopic dataset (PC1bit, accounting for 74% of the total
variance) (Fig. 8A). Quasi-periodic oscillations, significant above the
99% confidence level, were found at 0.7, 1.2, 1.5, 1.9 and 2.0 cycles/ka
(Fig. 8B). The PC1bit and the GISP2 Kþ series share spectral peaks at
1.2 cycles/ka (w830 yr) and 1.5 cycles/ka (w670 yr). Frequency
bands at 0.7 cycles/ka (w1430 yr) and 1.9e2.0 cycles/ka (w520e
500 yr) show a consistent in-phase relationship with similar low-



Fig. 8. (A) The GISP2 Kþ record (light blue) together with first principal component analysis scores (black) of the Lake Bjärsträsk d18Obit and d13Cbit isotopic records (PC1bit), plotted
as 200-yr-smoothed curves. Each record is displayed on its own independent timescale. The arrows show increasing winter precipitation and a stronger Siberian High, respectively.
(B) Maximum Entropy Method (Ghil et al., 2002) spectral estimates of the PC1bit (black line) and the GISP2 Kþ series (light blue line) as determined over N/2 lags. Periods are noted
above individual peaks. The dashed lines represent the 99% confidence limits for the respective records. The percentage indicates the variance of PC1bit signal explained for periods
higher than 520 yr (statistically significant above the 99% confidence limit). The peak at 1.43 ka (22% of the total variance explained) is comparable to the 1.45 ka periodicity
observed in the GISP2 Polar Circulation Index (PCI) series, as discussed in Mayewski et al. (1997). (C) Wavelet analysis (Morlet function) (Torrence and Compo, 1998) of the PC1bit
record showing the power of the cycles (greyscale) over the length of the time series. The hatched area shows the cone of influence. The black contour is the 99% confidence limit,
using a red-noise AR (1) background spectrum. (D) Global wavelet power spectrum performed by using the online application of the Department of Atmospheric and Oceanographic
Science at the University of Colorado at Boulder (http://paos.colorado.edu/research/wavelets/). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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frequency periodicities at 1450 yr and 512 yr (statistically signifi-
cant above the 99% and 95% confidence levels, respectively)
detected in the power spectrum of the GISP2 Polar Circulation In-
dex (PCI) series. The latter is the dominant EOF of eight different
glaciochemical species which, according to Mayewski et al. (1997),
provides a measure of the average strength of the North Polar at-
mospheric circulation. Although the process attribution of the
detected cyclicities is beyond the scope of this study, a common
forcing mechanism can be expected.

The wavelet analysis of the PC1bit indicates that the spectral
amplitude of all these low-frequency components increased
markedly with time after 6000e5000 cal. BP (Fig. 8C). This in-
dicates that the variance of the local climate response to winter
variability increased from the Early to the Mid Holocene, and that
the Siberian High and more generally the influence of the North
Polar atmospheric vortex became increasingly prevalent in the
area. Potentially, this pattern arose in response to summertime
cooling and a longer duration of the winter season due to a change
in precessional forcing (Wanner et al., 2008). Recent studies sup-
port our findings and show a pronounced mid-Holocene climate
transition after 6000 cal. BP, marked by the appearance of a cyclic
w1500-yr spectral signature included in several palaeoclimatic
records (Debret et al., 2009).

We thus hypothesize that the hydrological variability at Lake
Bjärsträsk, highlighted by the PC1bit time series, depends primarily
on the pace and frequency of Eurasian and Polar cold-air outbreaks
towards Scandinavia and the Baltic Sea. This variability underlies
changing degrees of replenishment of the local aquifer following
the snow accumulation season. Our interpretation of a strong hy-
drological response to winter precipitation is consistent with evi-
dence of increased supply of terrestrial matter from the southern
coasts of the Baltic Sea to sediments in the Baltic Sea Proper (Fig. 7)
at comparable low-frequency periodicities (Harff et al., 2011). The
nonlinearity between the intensity of the Siberian High and the
local hydrological response recorded by our isotopic records
(Fig. 8A) could have stemmed from the variability of sea-ice dis-
tribution associated with the intensity and longevity of the winter
season. In fact, the accumulation of snow in the catchment is
probably greater when ice cover in the Baltic Sea is limited and the
relative humidity of air masses that form over thewater is relatively
high. These are potentially favourable conditions for the Siberian
anticyclone to generate abundant precipitation along the western
margin of the Baltic Sea Proper.

6. Conclusions

The isotopic records from Lake Bjärsträsk provide new insights
into the Holocene climatic history of northern Europe. Within
chronological uncertainties, a general sub-millennial-scale correla-
tion existswith theGISP2Kþ time series fromGreenland, suggesting
that large-scale atmospheric circulation dynamics had a major in-
fluence on climate change and variability in the southern Baltic Sea

http://paos.colorado.edu/research/wavelets/
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region, especiallyduring the last 6000years.Repeatedfluctuations in
the intensity of the Siberian High and the strength of the North Polar
atmospheric vortex led to variations in snow accumulation during
thewinter seasonwith well-defined fluctuations at quasi-500-520-,
670-, 830- and 1430-yr periodicities. We conclude that intensified
anddelayed snowmelt recharge during the spring and early summer
replenished the local aquifer, resulting in periodic depletion in 18O of
inputwater to LakeBjärsträsk. This process is recorded in the isotope
stratigraphy in the form of substantial decreases in d18O of B. tenta-
culata opercula, representing the extended warm season, while this
effect is less pronounced in d18O of Chara encrustations due to low-
ered lakewater temperatures during the early summer associated
with meltwater input. Related, episodic depletions in 13C, consis-
tently recorded in both carbonate components, stemmed from
increased lakewater throughflow during the ice-free season and/or
methanogenesis during the extended ice-cover season. The role of
the Baltic Sea in this scenario is fundamental, as it actively amplifies
the climatic signal associated with wintertime spells of Polar air
masses by producing a direct hydrological response on land. These
dynamics should be addressed in future palaeoclimate re-
constructions and model simulations in the Baltic Sea region, espe-
cially in coastal areas downwind of easterly and northerly winds.
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