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To increase our understanding of long-term climate dynamics and its effects on different ecosystems,
palaeoclimatic and long-term botanical reconstructions need to be improved, in particular in underutilized geographical regions. In this study, vegetation, (hydro)climate, and land-use changes were

documented at two southeast Lithuanian peatland complexes e Cepkeliai
and Riezny
cia e for the LateHolocene period. The documentation was based on a combination of pollen, plant macrofossils, peat
stratigraphic records, and subfossil trees. Our results cover the last two millennia and reveal the existence of moist conditions in Southern Lithuania between 300 and 500 CE and from 950 to 1850 CE.
Conversely, changes towards warmer and/or dryer conditions have been recorded in 100, 600, and 750
CE, and since the 1850s. Signiﬁcant differences with other Baltic proxies prevent deriving a complete and
precise long-term reconstruction of past hydroclimatic variability at the regional scale. Yet, our results
provide an important cornerstone for an improved understanding of regional climate change, i.e. in a
region for which only (i) few detailed palaeobotanical studies exist and which has, in addition, been
considered as (ii) an ecologically sensitive region at the interface between the temperate and boreal
bioclimatic zones.
© 2018 Elsevier Ltd. All rights reserved.
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1. Introduction
Over the last decades the development of proxy records and
improvement of dating techniques permitted assessment of longterm climate reconstruction and a better documentation of responses of ecosystems to environmental forcing at the global scale
(Wanner et al., 2008; Marcott et al., 2013). Despite these advances,
additional efforts are still critically needed, at the regional scale, to
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document past climatic variability and ecosystem dynamics from
paleoenvironmental archives. In this regard, peatland regions from
the Southeast Baltics e located at the interface between the
temperate and boreal vegetation zones (BACC Author Team, 2014;
Edvardsson et al., 2016a) and inﬂuenced by both western oceanic
and eastern continental air masses (Gałka et al., 2017) e offer a
substantial, yet underexploited potential for the documentation of
Late-Holocene hydroclimatic variability.
To date, climatic variations during the Holocene have been
documented mostly with pollen-based studies in the Northern
€ and Poska, 2004; Heikkila
€ and Seppa
€, 2010).
Baltic region (Seppa
Late-glacial climatic reversals have been assessed from pollen and
chironomid records in the Eastern Baltics and Belarus (Veski et al.,
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2015) and from plant macrofossils and testate amoebae in NE
Poland (Gałka et al., 2017). In these regions, the climatic and
anthropogenic signals related to e.g. drainage, ﬁres, deforestation,
and deposition of nitrogen in peatlands or adjacent regions
(Hughes et al., 2008; Gałka et al., 2017) remain, however, difﬁcult to
disentangle. In Lithuania, previous studies covering the LateHolocene remain scarce and have been developed mostly locally
and in the framework of archaeological investigations (Stan
cikaite_
et al., 2006, 2009, 2013).
In this study, we combine newly-developed peat stratigraphic
records and tree-ring series from subfossil peatland trees to
document the vegetation history, climatic dynamics, and land-use
changes in Lithuania over the Common Era (CE). In the framework of this multiproxy approach, (i) pollen records with (multi)
decadal resolution are used to derive information on local to
regional vegetation changes (Huntley and Birks, 1983; Lindbladh
et al., 2013). They are complemented by (ii) plant macrofossil analyses that reﬂect primarily local vegetation dynamics and thereby
 et al., 2013). In addition,
offer higher taxonomic precision (Dudova
(iii) tree-ring width and tree replication series from subfossil
peatland trees were used to compute annually-resolved information on (hydro)climatic variability (Edvardsson et al., 2016b).

2. Material and methods
2.1. Site descriptions

Peat stratigraphic sequences were extracted from the Cepkeliai

0

0
wetland complex (54 00 N; 24 30 E; Figs. 1 and 2a, 5858 ha of
raised bogs), the largest wetland complex in Lithuania. By contrast
to many areas where the natural dynamics of wetland and peatland
ecosystems have been profoundly modiﬁed by anthropogenic ac
tivities, the Cepkeliai
wetland has remained a well-preserved,
natural complex which makes it of particular interest for
research. The wetland complex is located along the marginal zone
reached by the Late Weichselian ice sheet (Bitinas, 2012). The entire
area is thus underlain by glaciolimnic layers of silty and clayey
sands deposited during the onset of the last deglaciation when

meltwater was drained along the ice sheet and when outwash
plains were developed (Bla
zauskas et al., 2007). The landscape is
therefore composed of water-ﬁlled depressions in which deposition of limnic, biogenic, and minerogenic material has occurred
during the Holocene (Stancikaite_ et al., 2002; Bla
zauskas et al.,
2007). At present, the wetland complex consists of lowland sedge
bogs, black alder swamps, dry Cladinoso-callunosa forests, bog
islands and lakes. The surface of the wetland is slightly undulating
(128.5e134.4 m a.s.l.) and average depth of the organic layers is
about 2.3 m, but can locally reach 16.5 m in depth. The region north
of the wetland complex is dominated by Lateglacial sand dunes
which are mostly forested with pines (Molodkov and Bitinas, 2006).
Subfossil trees were sampled at the Rieznycia raised-bog com
plex located about 53 km northwards from Cepkeliai
(54 290 N;
24 320 E, 137 m a.s.l., 229 ha, Figs. 1 and 2b). Due to extensive peat
mining activities, numerous tree stumps and trunks can be found in
deposits adjacent to the Rieznycia bog and at the present day peat
surface.
The region surrounding the study sites belongs to the boreonemoral vegetation zone, which is dominated by Scots pine
(Pinus sylvestris L.), spruce (Picea abies (L.) Karst.), and birch (Betula
_
pubescens Ehrh. and Betula pendula Roth.) (Natkevi
caite_ 1983). According to data series from the Varena
_
Ivanauskiene,

weather station, located about 27 km north of the Cepkeliai
wetland complex and managed by the Lithuanian Hydrometeorological Survey, the average annual air temperature in southern
Lithuania is 6.2  C, with mean January temperatures of 5.4  C, and
mean July temperatures at approximately 17.7  C. The mean summer temperature is thereby about 0.5e1.0  C above the average of
Lithuania. Average precipitation is 673 mm yr1. Moreover, the
largest variations of daily temperature are usually recorded for this
region in Lithuania and the snow cover often lasts for about 75e80
days yr1.

2.2. Collection and preparation of peat sequences
For the palaeobotanical analysis, stratigraphic sequences were

extracted from the Cepkeliai
peatland complex. The coring site is


Fig. 1. (a) Overview of the sites described in this study: Red dots show locations of the study sites used: (a) Cepkeliai
and (b) Rieznycia. Black dots show peatlands discussed in the

_ 1997). Large peatland complexes are shown in brown. (b) The Cepkeliai
paper, namely (c) Aukstumala, (d) Rekyva, and (e) Uzpelkiu˛ Tyrelis bog (Pukiene,
wetland complex. Wetland
and peatland areas are highlighted in brown whereas forested mineral soil areas are shown in white. The red dot shows the coring point. (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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Fig. 2. (a) The analysed peat sequences were obtained from Cepkeliai,
the largest wetland complex in Lithuania. (b) Subfossil trees were recovered from deposits and the peat
mining area at the Rieznycia peatland.

located at 131 m a.s.l. in the south-eastern part of the wetland
complex (Fig. 1c), and characterized by typical raised bog vegetation. Both birch and pine trees are present in the vicinity of the
coring point, and the surface is mainly composed of Sphagnetum
magellanici, Ledo-Pinetum and Caricetum limosae communities
_ 1993). Overlapping parallel sediment cores containing
(Grigaite,
biogenic and limnic sediments covering the interval 0e1650 cm
were obtained using a Russian peat corer. As a result of noncohesive material, some mixtures have been observed in the top
meter of the peat. As a consequence, analyses focused on the LateHolocene sequence represented by material from depths between
100 and 204 cm. For information on the Early and Mid-Holocene
sequence (depth > 200 cm), we refer to Stan
cikaite_ et al. (2017).
At the laboratory, the cores were described in terms of colour,
lithological boundaries, and other visible features. Loss-on-ignition
(LOI) and magnetic susceptibility were measured for 17
(100e201 cm interval) and 101 (0e204 cm interval) samples,
respectively. For pollen analysis, the 100e204 cm interval of the
core was sub-sampled at 2-cm resolution. Moreover, samples were
taken at intervals of 4 cm for the plant macrofossil survey and for
radiocarbon dating (14C).
2.3. Pollen analysis
In total, 27 collected sub-samples (2 cm3) were prepared
following standard chemical procedure (Erdtman, 1936; Grichiuk,
1940) that includes a treatment with a heavy liquid (CdI2þKI). To
calculate pollen concentration, a known number of Lycopodium
spores were added (Stockmarr, 1971). Identiﬁcation of specimens
followed Moore et al. (1991) and at least 500 terrestrial pollen
grains were counted to the lowest possible taxonomic level at each
sample. Pollen assemblages were calculated as percentages of
arboreal (SAP) and non-arboreal (SNAP) pollen. Pollen diagrams
were produced using the programs TILIA and TILIA-GRAPH
(Grimm, 1990, 1992). For the calculation, both aquatic taxa and
spores were excluded from the sums. Local assemblage zones were
determined through stratigraphically constrained cluster analysis
(CONISS) (Grimm, 1987) applied to both pollen and macrofossil
diagrams.
2.4. Plant macrofossil survey
Macrofossil analyses were carried out on 27 subsamples
(30 cm3) covering 4 cm intervals from the stratigraphic record from

Cepkeliai.
Following the wet sieving procedure (using screens with
mesh sizes of 0.2 and 0.5 mm), remains of plant macrofossils such
as fruits, seeds, epidermis, leafs, and scales were extracted from the
sediments and analysed using a microscope at a magniﬁcation of
20e60. The reference collections available from Grigas (1986),

Berggren (1969, 1981), and Cappers et al. (2006) were used for
the identiﬁcation of specimens; the botanical nomenclature follows
Gud
zinskas (1999). Results are given in absolute values except for
the cumulative diagram (trees/wetland, plants/other/indeterminate), in which frequencies of each taxon were calculated as percentages of the total sum.
2.5. Loss-on-ignition and magnetic susceptibility
Loss-on-ignition (LOI) was determined for the 100e205 cm

sequence of the Cepkeliai
core following a standard procedure that
requires an incineration of the samples at 550  C for 4 h. The core
was sampled in 2-cm intervals, but as limited variations were expected in the poorly decomposed peat forming in the upper part of
the sequences, analyses of every third sample was considered to be
sufﬁcient to capture environmental changes. The information obtained from LOI analyses are presented as percentages of overall
weight. Magnetic susceptibility was measured using the MFK1-B
kappa bridge (AGICO) at the Palaeomagnetic Laboratory of the
Institute of Geology and Geography, Nature Research Centre in
Vilnius. The magnetic susceptibility was calculated according to the
weight of the sample and expressed as m3 kg1 unit using the
SAFYR software (Jelínek, 1977).
2.6. Tree-ring records
During ﬁeldwork campaigns in 2013 and 2014, cross-sections
from 104 subfossil pine trees were collected with a chainsaw. In
total, 76 cross-sections were sampled from wood deposits, whereas
the remaining 28 trees were found in situ. The wood samples were
dried and sanded with gradually ﬁner sandpaper to enhance the
appearance of ring borders and cell structures. Tree-ring width
(TRW) series of individual radii were created based on measurement of annual rings using a LINTAB measuring device connected to
a stereomicroscope and a computer using the TSAPWin software
(Rinn, 2003). To detect wedging rings and possible measuring errors, at least two radii were measured for each sample. Conventional cross-dating based on statistical and visual comparisons
between TRW series (Fritts, 1976; Cook and Kairiukstis, 1990) was
used, at ﬁrst for development of averaged TRW series, and thereafter for the development of site TRW chronologies. The quality of
the cross-dating, measurements, and the TRW chronologies were
evaluated using the COFECHA software (Holmes, 1983). To minimise the inﬂuence of non-climatic variations and trends, for
example related to tree age and geometry, the TRW series were
standardized and transformed into dimensionless TRW indices
(Fritts, 1976; Cook and Kairiukstis, 1990). As many trees showed
narrow rings during both establishing and terminating years, a
ﬂexible standardization method based on Friedman's variable span
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smoother (Friedman, 1984) was applied. In order to assess the
reliability of the TRW chronologies, the expressed population signal
(EPS) was calculated and the limit at which the chronologies were
considered as reliable and well replicated was set to the commonly
applied limit of EPS  0.85 (Wigley et al., 1984). Both standardization and calculation of the EPS value were made using the software
ARSTAN_41d (Cook and Krusic, 2006). Thereafter, tree-replication
records were developed for detection of germination and die-off
events (Leuschner et al., 2002). Tree replication records were
developed based on year-by-year counting of overlapping trees
used in the TRW chronologies.

from Riezny
cia (Table 3).
3.2. Lithostratigraphy and age control of the sediment sequence
The studied peat sequence is dominated by organic material
with maximum values reaching up to 96% (Fig. 3). Minor deviations
in the LOI curve and the magnetic susceptibility measurements
suggest a stable sedimentation environment during the development of the sequence. The radiocarbon dates appear in stratigraphic order, which suggests an absence of old-carbon
phenomenon, sedimentation hiatus, or any large deviations from
uniform accumulation rate in the sequence.

2.7. Radiocarbon dating
In total, ﬁve (three from 100 to 205 sequence, one above and one
below) peat and six wood samples were radiocarbon (14C) dated.
They enabled the development of stratigraphic age-depth models
based on accumulation rates for the peat and the dating of the
subfossil wood material. The samples were analysed at the Laboratory of Nuclear Geophysics and Radioecology at the Nature
Research Centre in Lithuania. Calibration of the 14C measurements
to calendar ages (BCE/CE) were performed by applying Bayesian
sequence modelling by using the OxCal v4.2 software (Bronk
Ramsey, 2001, 2008). For peat samples with known stratigraphic
context and for wood samples with known relative ages, P or
D_Sequence analysis (Bronk Ramsey et al., 2001) was used to
improve the accuracy and to tie the radiocarbon dates to narrower
intervals on the IntCal13 radiocarbon calibration dataset (Reimer
et al., 2013). These methods are based on the non-linear relationship between radiocarbon and calendar ages, and were applied by
ﬁtting sequences of at least two radiocarbon dates with known age
or depth intervals between the radiocarbon calibration curve. At
least two wood samples with known number of annual growth
rings in between were therefore extracted from each TRW chronology. Ages given are the calculated mean values (m) from R_Date,
P_Sequence or D_Sequence probability curves. The presented
radiocarbon data are reported with 2 sigma errors.
3. Results
3.1. Radiocarbon dating
Results from the radiocarbon dating of the peat and wood
samples are presented in Tables 1 and 2, respectively. The samples
Vs-2635, Vs-2713, and Vs-2712, sampled from the 100e205 cm
peat sequence, were dated to 115 BCE-620 CE, 580e900 CE and
765e1030 CE, respectively. In addition, Vs-2714 (250e254 cm,
1265-970 BCE) and Vs-2720 (82e84 cm, 1270e1320 CE) were used
to complement the stratigraphic age-depth model (Fig. 3) and to
estimate peat accumulation rates. Wood sequences RILS109 (55
rings), RILS033 (200 rings) and RILS020 (165 rings) were dated to
the 2nd/3rd, 8th/9th and 7th century, respectively (Table 2). They
were used to approximate the age of the ﬂoating TRW chronologies

3.3. Regional vegetation record (pollen data)
Based on the CONISS cluster analysis, four statistically signiﬁcant local pollen assemblage zones (LPAZ) were differentiated, two
of them being subdivided into sub-zones (Fig. 4). The abundance of
 P-1 (205-199 cm) is based on
arboreal pollen (AP) recorded in C
Betula (up to 26.9%) and Pinus pollens (46.0e56.1%), while other
trees (including Alnus) are represented sporadically. Poaceae (4.4%),
Cyperaceae (3.2%), and Artemisia (0.8%) are the most frequent non Parboreal taxa (NAP). Ongoing predominance of AP is recorded in C

(199-146
cm)
dominated
by
Pinus-Picea
pollens.
In
C
(199P-2a
2
180 cm), Pinus represents up to 81.8% whereas the assemblage
contains 9.3% of Picea. At the same time, Alnus and Betula percentages decreased, and the number of NAP pollen became negligible. Poaceae and Cyperaceae are presented continuously (1.8%e
4.0%), but the percentages of other taxa and the number of
Sphagnum spores decreased in this cluster.
Although representation of broad-leaved taxa i.e. Quercus (up to
 P-2b zone (180-146 cm),
1.1%) and Tilia (0.5%), is higher in the C
pollen grains from Pinus (up to 85.8%) and spruce still predominated the spectra. Scattered representation of Carpinus and Fagus
suggests the regional origin of the mentioned taxa. The total
amount of NAP remains negligible (less than 1.7%) but the sporadic
occurrence of Anthropogenic Pollen Indicators (API) - such as
Plantago, Scleranthus, Urtica, ruderals, including Artemisia with
Chenopodium, and heliophilous herbaceous taxa like Taraxacum
and Caryophyllaceae e evidence occupation phases of the peatland.
A signiﬁcant change in the vegetation composition is observed
 P-3 (146-111 cm). Betula and Alnus (up to 7.2%)
at the onset of C
recovered during this time, whereas Pinus (60e80%) and Picea
 P-3a (146-130 cm). At
(4.9%) decreased in the pollen spectra within C
the same time, an increasing presence of deciduous taxa is revealed
by the continuous representation of Quercus pollens accompanied
by a higher frequency of Tilia, Ulmus and Carpinus. Higher percentages of NAP, especially Poaceae and Cyperaceae (up to 1.9% and
 P-3a zone, increasing representation
3.4%), are also recorded. In the C
of API, including continuous representation of Artemisia and higher
frequency of Plantago, coincide with changes in extra-local vegetation revealed by Filipendula (up to 4.1%) and Ericaceae.
 P-3b (130-111 cm), Pinus pollen reincreased in
At the onset of C

Table 1

Radiocarbon (14C) data from the Cepkeliai
peat sequence.
Lab code

Depth (cm)

Material analyseda

Produced benzene (g)

14

Vs-2720
Vs-2712
Vs-2713
Vs-2635
Vs-2714

82e84
138e142
162e166
196e200
250e254

TOC
TOC
TOC
TOC
TOC

2.60159
0.68454
0.41263
0.22048
1.88567

680 ± 35
1125 ± 70
1300 ± 90
1765 ± 170
2915 ± 55

Vs-2720 and Vs-2714 e 14C dates applied for the calculation of age-depth model.
a
TOC e total organic carbon.

C-age (yr. BP)

Cal yr. BCE/CE 95.4%
1270-1320 CE (58.4%)
765-1030 CE (92.3%)
580-900 CE (92.8%)
115 BCE-620 CE (94.7%)
1265-970 BCE (93.0%)
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Table 2
Radiocarbon dating of wood samples from tree-ring chronologies.
Tree id. no. (used rings)
RILS020
RILS033
RILS033
RILS109
RILS109
RILS111
a

(50 ± 5)
(70 ± 5) 39a
(195 ± 5) 125a
(20 ± 5)
(160 ± 5) 140a

TRW chronology

14

RiBC01
RiBC01
RiBC01
RiBC02
RiBC02
RiBC03

1280 ± 40
1330 ± 35
1160 ± 35
1880 ± 30
1820 ± 25
1965 ± 30

C-age (yr. BP)

Cal yr. CE (Un-modelled)

Cal yr. CE (Modelled)

760 ± 104
707 ± 64
875 ± 104
144 ± 78
219 ± 92
37 ± 78

696 ± 36
735 ± 36
860 ± 36
104 ± 72
244 ± 72
e

No of annual growth rings between this wood sample and the sample above in the table.

and 5.9% of the pollen spectra. The representation of Quercus remains continuous whereas other broadleaved taxa are represented
only sporadically. Culmination of Artemisia is accompanied by the
rise of Chenopodium and Plantago suggesting possible human interferences. Both Cyperaceae (5.5%) and Poaceae (5.3) show high
values within this zone.

100

Depth (cm)

(a)

150

3.4. Local vegetation pattern (plant macrofossil data)

(b) Magnetic susceptibility
-5

(c) Loss-on-ignition, %

(10-9m3/kg)

200

-10
80
(%)
100

0.10
0.05

1500

1000

500
1
Modelled age (CE / BCE)

(cm / year)

(d) Sedimentation rate

500


Fig. 3. (a) Age-depth model for the analysed peat sediment sequence from Cepkeliai
wetland complex and lithostratigraphical data, namely (b) magnetic susceptibility, (c)
loss-on-ignition and (d) sedimentation rate.

the spectra (up to 76.1%) whereas amounts of Betula and Alnus were
lowered. Diversiﬁcation of anthropogenic pollen indicators (Plantago, Scleranthus, Urtica, Rumex, Chenopodium, Taraxacum) are
 P-3b.
clearly observed in C
 P-4 (111-101 cm), the total number of
In the uppermost cluster, C
AP pollen is lowered suggesting the opening of forests. The frequencies of Pinus and Picea dropped to 49.3% and 2.7%, respectively.
Betula and Alnus recovered at the same time, reaching up to 22.1%


The plant macrofossil assemblage from Cepkeliai
consists of 14
species and genera. Eight of them were identiﬁed down to the
species level and six indicated as a genus. Once identiﬁed, the taxa
were grouped according to habitats and divided into trees, wetland
plants, and others. The diagram has been sub-divided into four
 M-3 displaying changes of the
zones with sub-zones within zone C
macrofossil assemblage (Fig. 5).
 M-1 (210-173 cm), remains of Betula sect. Albae and
In zone C
B. pubescens indicate the establishment of these tree species in the
close vicinity of the sampling site. The presence of Menyanthes
trifoliate, Oxycoccus, Carex. cf. canescens and Scheuchzeria palustris
and the continuous record of Potentilla sp. suggest the abundance of

 M-2 (173-144 cm), an increasing
these taxa at Cepkeliai.
In zone C
taxonomic diversity is recorded. Betula sect. Albae macrofossils are
present throughout the zone. Menyanthes trifoliata, Carex elata and
Andromeda polifolia macrofossils are increasingly represented. Only
Potentilla sp. remains decreased temporarily in number.
 M-3a (144-124 cm) is characterized by a stronger
The sub-zone C
presence of Andromeda polifolia and Menyanthes trifoliate associated with a reincrease of Potentilla macrofossils. This latter species
as well as Menyanthes trifoliata and Carex vesicaria are replaced
 M-3b (124-112 cm).
with Carex sp., Carex elata, Carex paniculata in C
Betula sect. Albae macrofossil remain frequent in this sub-zone.
 M-4 cluster (112-101 cm) is characterized by the synFinally, the C
chronous reappearance of Menyanthes trifoliata, Carex vesicaria,
Scheuzeria, and Oxycoccus, whereas Carex elata progressively disappeared from the spectra.
3.5. Tree-ring data
Two TRW chronologies, 321 (RiBC01) and 216 (RiBC02) years
long, respectively, were developed from the pine material
collected at Riezny
cia peatland (Tables 2 and 3). The main TRW
chronology (RiBC01) was constructed from 62 pine samples and
radiocarbon dated to 635e955 ± 36 CE (1314e994 ± 36 cal. BP;
Table 3). The replication record shows establishment phases about

Table 3
Basic information about the tree-ring chronologies.
Site/Code

No. trees/Length (yrs.)

Covered period (Cal yr. CE)

Inter-series corr. (r)/Mean TRW (mm)

Riezny
cia/RiBC01
Riezny
cia/RiBC02
Riezny
cia/RiBC03

62/321
9/216
1/391

635e955 ± 36
76e291 ± 72
35 BCEe355 ± 78

0.544/0.58
0.562/0.51
0.000/0.73
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Fig. 4. Pollen percentage diagram from the Cepkeliai
wetland complex.
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Fig. 5. Plant macrofossil data from the Cepkeliai
wetland complex.

650 and 750 CE, followed by a massive dying-off event about 900
CE (Fig. 6). The TRW data show seven extended periods, three
years or longer, of depressed tree growth (TRW Indices < 1 SD).
The second TRW chronology (RiBC02) was constructed from 9
trees and radiocarbon dated to 76e291 ± 72 CE. In addition to the
trees used to develop the two TRW chronologies, a long-lived tree
(age >391 yrs) was dated by radiocarbon. This tree (Ri111) lived
approximately 35 BCE to 355 CE, and is of contemporary age with
nine trees used in the RiBC02-chronology. Despite this synchronicity, signiﬁcant cross-dating statistics could not be obtained
between the samples. The Ri111-sample was therefore interpreted
as a tree growing on mineral soil due to the relatively even annual
growth and the lack of correlation with the other material from
the same site.

4. Discussion
Our multiproxy approach e based on peat, pollen and macrofossil records e enables a differentiation of four periods in the Late
Holocene development of the Cepkeliai
wetland complex to evidence environmental and regional (hydro)climatic changes in
southeast Lithuania between 100 and 1800 CE. Colonization and
dying-off phases detected in the subfossil tree records from the
Riezny
cia peatland as well as depressed tree growth in tree-ring
series have been used as an independent indicator of (hydro)climatic dynamics in the region. In addition, in order to enable further
upscaling, comparisons have been made between our dataset and
other long-term palaeobotanical and hydrological reconstructions
available for the Baltic region.
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Fig. 6. Summary image showing warm/dry (yellow) and cold/wet (blue) phases with
abbreviations for the approximate intervals for historical periods, namely the Roman
Warm Period (RWP), the Medieval Period (MP), the Medieval Warm Period (MWP), the
Little Ice Age (LIA) and the Industrial Era (IE). (a) The abbreviations and vertical lines
show periods identiﬁed from the pollen record used in this study. (b) The Rieznycia
tree replication record. The grey lines (cee) show temporal distribution of subfossil
_ 1997, 2003), and (e)
peatland trees from (c) Rieznycia, (d) Uzpelkiu˛ Tyrelis (Pukiene,
Aukstumala (Edvardsson et al., 2016a). (f) Temperature reconstruction from Latvia
€, 2010). (g) Precipitation and (h) temperature reconstruction from
(Heikkil€
a and Seppa
W. Europe (Büntgen et al., 2011). (i) Water-table reconstructions from peatlands (Gałka
et al., 2017). (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the Web version of this article.)

Our palaeobotanical records suggest a predominance of forest

communities in the surroundings of the Cepkeliai
wetland complex
during the early part of the Common Era (CE), which is typical in
the eastern Baltic region for the onset of the ﬁrst millennium CE
(Stan
cikaite_ et al., 2002; Novik et al., 2010; Stivrins et al., 2015). This
afforestation could have been related to an increase in temperature
€ and Poska, 2004).
noted in the Baltic area at about 100 CE (Seppa
From a local perspective, it is likely that pine trees grew in the
surroundings of the peatland whereas Betula, including Betula sect.
Albae and Betula pubescens, highly represented in the pollen diagram, probably grew in the immediate vicinity of the coring point,
especially before 230e250 CE. We can also hypothesize that alder
colonized the wet habitats situated along the edges of the wetland
and can periodically be detected in inundated areas associated with
less competition from other tree species (Ellenberg, 1996; Madeja,
2013). Picea pollen grains have been noted regionally (Stan
cikaite_
et al., 2002, 2004) with a more limited abundance than observed
in our data. This discrepancy suggests an establishment of spruce
trees in ecologically suitable areas in the surroundings of the
wetland complex. NAP pollens reveals that open habitats were
dominated by Poaceae and Cyperaceae. The synchronous occurrence of Chenopodium and Artemisia about 150e200 CE, as well as
meadow plants such as Plantago in the spectra suggest high
nitrogen-soil levels and probable human activity in/or at the vicinity of the peatland.
The Riezny
cia tree-ring records (Fig. 6) indicate relatively dry
conditions and tree colonization at the onset of the period. An
establishment of pine trees has been recorded at Riezny
cia 76 ± 72
CE, pointing to relatively dry peatland surface conditions (Boggie,
1972; Edvardsson et al., 2016b). Synchronous pine establishment
has also been recorded at the Aukstumala (Edvardsson et al., 2016a)
_ 1997), which reinforces
and U
zpelkiu˛ Tyrelis peatlands (Pukiene,
the hypothesis of regionally warm and dry conditions in the
southern Baltic region during the early portion of the discussed
period. During the same time, low lake levels have been recorded
from southwest Europe (Desprat et al., 2003), south-central Sweden (Harrison and Digerfeldt, 1993) and Poland (Madeja, 2013). The
period, sometimes referred to as the Roman Warm Period (RWP),
can also be detected in summer temperature reconstruction from
€ and Sepp€
Latvia (Heikkila
a, 2010) as well as Central Europe
(Büntgen et al., 2011).
The (hydro)climatic conditions may, however, have shifted towards more humid during the mid-part of the period, which in turn
caused the dying-off phase recorded 200e300 CE. This hypothesis
is supported by the synchronous dying-off phase recorded at the
Aukstumala peatland in western Lithuania (Edvardsson et al.,
2016a). Moreover, tree Ri111, interpreted to have been a mineral
soil pine (Fig. 6), died at about 355 CE to be buried in peat, which
may have been a consequence of increased Sphagnum growth at the
site following moister conditions. Rising water tables have also
been noted in other S/SE Baltic peatlands about 300 CE (Gałka et al.,
2013; Lamentowicz et al., 2015).

At Cepkeliai,
the percentages of herbaceous taxa sharply
decreased after 230/250 CE suggesting changes in the forest
structure and the shrinkage of open plots. The increasing percentage of pine pollen contemporaneous with decreasing representation of birch, alder, oak, and spruce further support this
hypothesis of an afforestation. In addition, the presence of Pinus sp.
and Betula pubescens macro remains indicate that the peat surface
periodically dried strongly and sustainably enough for trees to
colonize (Edvardsson et al., 2016b). The plant macrofossil record
with Andromeda polifolia, Oxycoccus sp., Scheuchzeria palustris and
Carex sp. indicates ongoing development of a raised bog
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environment despite the apparent existence of low water table
conditions. The occurrence of Carex cf. paniculata even suggests an
increasing shallowness of the basin and the formation of a fen with
sedges (Gałka et al., 2014). This evolution differs from the regional
scheme suggesting a shift toward humid conditions. It may be
explained e as observed by Gałka et al. (2017) in the Mechacz
Wielki raised bog (Northern Poland, Fig. 6) for the period 250e500
CE e by local conditions such as terrestrialisation (ﬁlling up of the
lake) during the ﬁrst stage of bog development.
 P-2b, C
 M-2)
4.2. 650/600e850 CE (C
Our palaeobotanical records suggest that various types of Pinus
dominated forest stands coexisted in the surroundings of the

Cepkeliai
wetland complex between 650/600e850 CE. Oak-pine
mixed forests e the existence of which is assumed through the
increasing proportion of Quercus pollen grains e probably occupied
areas with more fertile soils whereas Picea potentially persisted in
more acidic lowland areas along the water rim of the peatland.
Most likely, the plant macrofossils of Betula pubescens and Betula
sect. Albae originate from the trees that grew on the peatland or in
its closest proximity. At the same time, the disappearance of birch
and alder pollens are in line with regional records presented by
Stan
cikaite_ et al. (2002).
With respect to NAP, the decay of Carex vesicaria, C. cf. canescens
and C. cf. paniculata, as well as increased representation of
Menyanthes trifoliata, indicate that the water table slightly raised at

Cepkeliai.
This hypothesis is supported by the appearance of Typha
pollen, thus indicating shallow water and the development of a
littoral zone (Hannon and Gaillard, 1997). Simultaneously, the
decreasing frequency of Potentilla sp. and the apparition of
Andromeda polifolia, probably in the driest areas, conﬁrm the
continuous formation of a raised-bog environment. This hydroclimatic signal could potentially interfere with anthropogenic activity evidenced by the presence of APIs e such as Plantago,
Scleranthus, Urtica, Chenopodium and Taraxacum e in the pollen
spectra. Yet, we assume that human activity remained very limited
in the moist terrains surrounding the investigated area.
At Riezny
cia, the initial tree colonization phase recorded about
650 CE, followed by a massive tree establishment stating at around
750 CE (Fig. 6), rather suggests a lowering of the water table. A
similar pattern has been observed at the U
zpelkiu˛ Tyrelis peatland
_ 1997), indicating a shift towards warmer and/or drier
(Pukiene,
conditions (Edvardsson et al., 2016b) that could be easily related to
the Medieval Warm Period recorded in western Europe (Bertland
et al., 2002; Tiljander et al., 2003; van der Linden and van Geel,
2006; Lamentowicz et al., 2008). Yet, such an assumption must
be considered with caution as (i) no extreme temperature shift was
€
recorded in the reconstruction from the northern Baltics (Heikkila
€, 2010) and as (ii) the synthesis of water-table ﬂuctuaand Seppa
tions in Baltic peat bogs, developed by Gałka et al. (2017), points to
site-dependant dynamics rather than regional, climatically
induced, variations during this period (Fig. 6).
 P-3a, C
 M-3a)
4.3. 850-1050 CE (C
Between 850 and 1050 CE, the palaeobotanical records from

Cepkeliai
reveal signiﬁcant changes in the structure of the vegetation. The period is thus characterized by (i) the recovering of birch
and alder, (ii) an increasing taxonomic variety of thermophilous
tree taxa which has been accompanied by (iii) a simultaneous
retreat of pine trees and a decline of spruce. The more noticeable
representation of broad-leaved taxa could be explained by
€m, 2000;
increased annual air temperature (Korhola and Weckstro
€ et al., 2009) related with the Medieval Climate Anomaly
Seppa

(MCA, ca. 750e1350 CE) observed at the regional scale (Stivrins
et al., 2015). The expansion of Alnus and Betula pollen grain suggests an increase of shoreline woodlands in the surroundings of

Cepkeliai
due to a water-table lowering and, in parallel, a higher
proportion of Betula sect. Albae macro-remains originate from the
expansion of birch stands on the bog. Contemporary changes
recorded in pollen diagrams from Lithuanian lakes show similar
drops in water level and extensive development of shoreline habitats (Antanaitis-Jacobs et al., 2002; Heitz-Weniger, 2014).
About 1000 CE, the maximum in Filipendula pollen percentage
reveals the development of wet meadows in the lakeside areas.
Moreover, the increasing representation of Cyperaceae indicates
the formation of sedge belts, as the mentioned taxa probably
beneﬁted from the assumed lowering of the water table. Subsequently, a complex landscape structure with open vegetation
patches characterized by speciﬁc vegetation emerged at the study
site. The formation of extensive dry habitats is clearly attested by
the increasing representation of Ericaceae and the culmination of
Potentilla sp. In addition, the low representation of aquatic taxa
points to a restriction of limnic depositional environments. These
evolutions are in line with several records indicating drier surface
conditions in peatlands and lowered lake levels across northern
and eastern Europe (Lamentowicz et al., 2008; V€
aliranta et al.,
2012; Gałka et al., 2014; Stivrins et al., 2015). Such changes could
also have resulted from a decrease in annual and summer precipitation (Graham et al., 2010; Kuijpers et al., 2012). At the same time,
the complex structure of the environment is attested by Andromedia polifolia macrofossils that developed in the remaining plots
of the raised bog whereas scattered pollen grains of Artemisia and
Plantago conﬁrm the continuous, albeit limited, human pressure at
the site.
The Riezny
cia tree-replication records reveals a dense tree
coverage at the onset of the period. The massive dying-off event
recorded about 900 CE (Fig. 6), however, indicates that a rapid
change towards moister conditions took place centuries before the
end of the MWP (~1200 CE). This shift is compatible with warm, but
wet summer conditions reconstructed in Western Europe at this
period (Büntgen et al., 2011). Yet, overlapping data series from
different sites and further (hydro)climatic proxy records from the
Baltic region are needed to make sure that the dying-off phase was
caused by climatic ﬂuctuations and not by site-related hydrological
changes. These observations underline the importance for further
and more detailed environmental records from this geographic
region.
 P-4a, - C
 M-3b)
4.4. 1050-1150 CE (C
Changes recorded in both the plant-macro fossil and pollen diagrams suggest some adjustments in the terrestrial and the limnic
vegetation after 1050 CE. The proportion of Betula and Alnus pollen
grains in the spectra decreased. Alder, a typical species at shoreline
woodlands (Madeja, 2013), showed the sharpest decrease and
almost disappeared from the macrofossil records. On the contrary,
the drop of birch is less pronounced and the species remains present in the plant macrofossil record thus conﬁrming its presence at
the immediate vicinity of the coring point. These changes in the
onshore vegetation may have favoured the aerial transportation of
Pinus and Picea pollen grains, and thereby caused an overrepresentation of these taxa in the pollen diagram. The surrounding
woodlands remain, in any case, dominated by Pinus mixed with
Tilia, Quercus and Picea.
At the sedimentary basin, palaeobotanical data suggests an
extension of the shorelines colonized by wetland plants or aquatics
and thereby reveals an increase of the water table. Occurrence of
Typha and Potamogeton pollen grains indicate the formation of
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shallow water habitats. In parallel, the culmination of Sphagnum
and the depletion of wetland taxa such as Filipendula, Potentilla sp.,
Ericaceae recorded in both the pollen and plant macrofossil data
indicate increasing wetness whereas Carex vesicaria and Carex sp.
formed a sedge belt and Salix established on the shores. In line with
these results, the absence of peatland trees at Riezny
cia is a further
indication of moist conditions (Fig. 6). Similarly, unstable water
tables were dated to the 11th century CE in Lake Araisi in Central
Latvia (Stivrins et al., 2015). During this period, anthropogenic indicators occurred sporadically. We consider that scattered pollen
grains of Chenopodium, Plantago, and Scleranthus recorded in the
pollen spectra did most likely result from episodic land use rather
than from permanent human settlements at the site, as the known
inhabited areas were several kilometres away from the studied area
(Stan
cikaite_ et al., 2002).
 P-4b, - C
 M-4)
4.5. Since 1150 CE (C
Since 1150 CE, the pollen data shows an increased proportion of
non-arboreal taxa, therefore suggesting a fragmentation of the
forest stand. Artemisia, Cyperaceae and Poaceae culminate whereas
Plantago and Chenopodium are continuously represented in the
pollen spectra. These dynamics are in line with several palaeobotanical studies suggesting a regional change towards a semiopen landscape during this period (Veski et al., 2005; Stan
cikaite_
et al., 2009; Stivrins et al., 2015). Simultaneously, arboreal pollen
records indicate an increased occurrence of Betula and Alnus in the

Cepkeliai
area, whereas reduced proportions of Pinus and Picea
suggest a reduction of these taxa in the local habitat. Such vegetation changes indicate that, despite the fragmentation, areas with

shallow water still persisted in the Cepkeliai
region. This hypothesis
is further corroborated by the presence of hygrophilous species
such as Carex vesicaria, Menyanthes trifoliate, Typha and Nuphar in
our palaeobotanical records.
Paradoxically, the existence of areas with shallow water may be
related to the onset of the Little Ice Age (LIA). Indeed, the LIA is
usually associated with changes towards colder and dryer conditions all over Europe (Wanner et al., 2011). These changes should, at
least theoretically, be favourable to peatland water-table lowering
and tree colonization. Yet, such cold conditions may also have led to
limited evaporation in peatlands which in turn favoured the
persistence of the water table at high levels. As we lack reliable
pollen and plant-macrofossil data for the most recent centuries, the
latter hypothesis would be consistent with (i) the absence of subfossil peatland trees during this period at Riezny
cia and numerous
other peatlands (Edvardsson et al., 2016b); (ii) the scarcity of treering chronologies extending further back than the early 1800s in
studies using living peatland trees (Linderholm et al., 2002; Cedro
and Lamentowicz, 2011; Edvardsson and Hansson, 2015;
Edvardsson et al., 2015a); (iii) the widespread reestablishment of

pine trees observed at the Cepkeliai
peatland and in entire
Lithuania (Edvardsson et al., 2015b) at the termination of the LIA
likely be linked to warmer climatic conditions causing gradually
drier peat surfaces.
The increase of secondary anthropogenic indicators, i.e. Plantago, Chenopodium, Artemisia, Taraxacum (Veski, 1998), now reveals
clear evidence for increasing human activity in the area. Palaeoenvironmental investigations conducted at the regional scale
show increasing anthropogenic pressure during the Historical
Times (Stancikaite_ et al., 2002). Yet, we believe that the remote
investigated area could hardly have been intensively exploited.
5. Conclusions and future outlook
In this study, a multiproxy approach coupling pollen records,
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plant macrofossils analyses, and tree-ring analysis of subfossil trees
has been used at two peatland sites in southeast Lithuania to unravel the environmental history of the wider study area over the
Common Era. Our results highlight changes towards moister conditions for the periods 300e500 CE and 950e1850 CE, whereas
changes towards warmer and/or dryer conditions have been
recorded about 100, 600, and 750 CE, and since the mid-19th
century. Despite the rather limited surface of the Baltic countries
(175,000 km2), comparison with previous studies conduction in the
region by e.g. Stan
cikaite_ et al. (2002), Lamentowicz et al. (2015) or
Gałka et al. (2013, 2017), still demonstrates the large complexity of
moisture ﬂuctuations and vegetation dynamics at the regional scale
during the Common Era. This complexity is related to (i) the position of the Baltic region at the transitional margin between the
temperate and boreal vegetation zones, as well as between the
continental climate of the Eurasian mainland and the more oceanic
climate of Western Europe (BACC Author Team, 2014); (ii) the high
spatio-temporal variability of precipitations (iii) potential interferences between local and more regional evolutions as well as
anthropogenic and climatic signals in paleoenvironmental proxies.
In this context, our results do not only contribute to a better
knowledge about hydroclimatic variability in the Baltics during the
Late-Holocene, but also underline the need for further highlyresolved long-term palaeohydrological and botanical records for
this region. In a broader context, the development of such records is
of prime importance as it will allow a better understanding of
vegetation and peatland responses to future climate changes.
Acknowledgements
This study has been funded by the Lithuanian-Swiss cooperation
program to reduce economic and social disparities within the
enlarged European Union under the name CLIMPEAT (Climate
change in peatlands: Holocene record, recent trends and related
impacts on biodiversity and sequestered carbon) project agreement

No CH-3-SMM-01/05.
References
_ D., Stan
_ M., 2002. Macrobotanical and
Antanaitis-Jacobs, I., Kisieliene,
cikaite,
palynological research at two archaeological sites in Lithuania. In: Viklund, K.
(Ed.), Nordic Archaeobotany e NAG 2000 in Umea, vol. 15. Archaeology and
environment VMC Kb.C. Umeå University, Umeå, pp. 5e21.
BACC Author Team, 2014. Second Assessment of Climate Change for the Baltic Sea
Basin. Springer-Verlag, Berlin.
Berggren, G., 1969. Atlas of Seeds and Small Fruits of Northwest-European Plant
Species with Morphological Descriptions. Part 2, Cyperaceae. Swedish Museum
of Natural History, Stockholm, p. 68.
Berggren, G., 1981. Atlas of Seeds and Small Fruits of Northwest-European Plant
Species with Morphological Descriptions. Part 3, Salicaceae-Cruciferae. Swedish
Museum of Natural History, Stockholm, p. 80.
Bertland, C., Loutre, M.-F., Cruciﬁc, M., Berger, A., 2002. Climate of the last millennium: a sensitivity study. Tellus A 5, 221e244.
Bitinas, A., 2012. New insights into the last deglaciation of the south-eastern ﬂank
of the Scandinavian Ice Sheet. Quat. Sci. Rev. 44, 69e80.

 nas, P., 2007. Patterns of Late Pleistocene proglacial
Bla
zauskas, N., Jurgaitis, A., Sink
u
ﬂuvial sedimentation in the SE Lithuanian Plain. Sediment. Geol. 193, 193e201.
Boggie, R., 1972. Effect of water-table height on root development of Pinus contorta
on deep peat in Scotland. Oikos 23, 304e312.
Bronk Ramsey, C., 2001. Development of the radiocarbon calibration program
OxCal. Radiocarbon 43, 355e363.
Bronk Ramsey, C., 2008. Deposition models for chronological records. Quat. Sci. Rev.
27, 42e60.
Bronk Ramsey, C., van der Plicht, J., Weninger, B., 2001. ‘Wiggle matching’ radiocarbon dates. Radiocarbon 43, 381e389.
Büntgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Kaplan, J.O.,
Herzig, F., Heussner, K.U., Wanner, H., Luterbacher, J., 2011. 2500 years of European climate variability and human susceptibility. Science 331, 578e582.
Cappers, R.T.J., Bekker, R.M., Jans, J.E.A., 2006. Digital Seed Atlas of the Netherlands.
Barkhuis Publishing & Groningen University Library, Groningen, p. 502.
Cedro, A., Lamentowicz, M., 2011. Contrasting responses to environmental changes
by pine (Pinus sylvestris L.) growing on peat and mineral soil: an example from a
Polish Baltic bog. Dendrochronologia 29, 211e217.

100

J. Edvardsson et al. / Quaternary Science Reviews 185 (2018) 91e101

Cook, E.R., Kairiukstis, L.A., 1990. Methods of Dendrochronology, Applications in the
Environmental Sciences. Kluwer Academic Publishers, International Institute
for Applied Systems Analysis, London.
Cook, E.R., Krusic, P.J., 2006. ARSTAN_41: a Tree-Ring Standardization Program
Based on Detrending and Autoregressive Time Series Modeling, with Interactive
Graphics. Tree-Ring Laboratory, Lamont Doherty Earth Observatory of Columbia
University, New York.
Desprat, S., Goni, M.F.S., Loutre, M.F., 2003. Revealing climatic variability of the last
three millennia in northwestern Iberia using pollen inﬂux data. Earth Planet Sci.
Lett. 213, 63e78.
, L., Ha
jkov
, H., Opravilov
Dudova
a, P., Buchtova
a, V., 2013. Formation, succession and
landscape history of Central-European summit raised bogs: a multiproxy study
from the Hrubý Jeseník Mountains. Holocene 23, 230e242.
Edvardsson, J., Hansson, A., 2015. Multiannual hydrological responses in Scots pine
radial growth within raised bogs in southern Sweden. Silva Fenn. 49, 1e14.

_ R., Ka
Edvardsson, J., Rimkus, E., Corona, C., Simanauskien
e,
zys, J., Stoffel, M., 2015a.
Exploring the impact of regional climate and local hydrology on Pinus sylvestris
L. growth variability e a comparison between pine populations growing at peat
soils and mineral soils in Lithuania. Plant Soil 392, 345e356.

_ R., Taminskas, J., Bau
_ I., Stoffel, M., 2015b.
Edvardsson, J., Simanauskien
e,
ziene,
Increased tree establishment in Lithuanian peat bogs - insights from ﬁeld and
remotely sensed approaches. Sci. Total Environ. 505, 113e120. https://doi.org/
10.1016/j.scitotenv.2014.09.078.
_ R., Stoffel, M., 2016a. Recent adEdvardsson, J., Corona, C., Ma
zeika, J., Pukiene,
vances in long-term climate and moisture reconstructions from the Baltic region: exploring the potential for a new multi-millennial tree-ring chronology.
Quat. Sci. Rev. 131, 118e126.
Edvardsson, J., Stoffel, M., Corona, C., Bragazza, L., Leuschner, H.H., Charman, D.J.,
Helama, S., 2016b. Subfossil peatland trees as proxies for palaeohydrology and
climate reconstruction during the Holocene. Earth Sci. Rev. 163, 118e140.
Ellenberg, H., 1996. Vegetation Mitteleuropas mit den Alpen. UTB für Wissenschaft,
Ulmer, Stuttgart.
Erdtman, G., 1936. New methods in pollen analysis. Sven. Bot. Tidskr. 30, 154e164.
Friedman, J.H., 1984. A Variable Span Smoother, Department of Statistics Technical
Report LCS 5. Stanford University, Stanford.
Fritts, H.C., 1976. Tree Rings and Climate. Academic Press, London.
Gałka, M., Miotk-Szpiganowicz, G., Goslar, T., Je˛ sko, M., Van der Knaap, W.O.,
Lamentowicz, M., 2013. Palaeohydrology, ﬁres and vegetation succession in the
southern Baltic during the last 7500 years reconstructed from a raised bog
based on multiproxy data. Palaeogeogr. Palaeocl. 370, 209e221.
Gałka, M., Tobolski, K., Zawisza, E., Goslar, T., 2014. Postglacial history of vegetation,
wek in northeast Poland,
human activity and lake-level changes at Jezioro Lino
based on multi-proxy data. Veg. Hist. Archaeobotany 23, 123e152.
Gałka, M., Tobolski, K., Lamentowicz, Ł., Ersek, V., Jassey, V.E., Van Der Knaap, W.O.,
Lamentowicz, M., 2017. Unveiling exceptional Baltic bog ecohydrology, autogenic succession and climate change during the last 2000 years in CE Europe
using replicate cores, multi-proxy data and functional traits of testate amoebae.
Quat. Sci. Rev. 156, 90e106.
Graham, N.E., Ammann, C.M., Fleitmann, D., Cobb, K.M., Luterbacher, J., 2010. Support for global climate reorganization during the “medieval climate anomaly”.
Clim. Dynam. 37, 1217e1245.
Grichiuk, V.P., 1940. Method of treatment of the sediments poor in organic remains
for the pollen analysis. Probl. Phys. Geogr. 8, 53e58 (in Russian).
_ O., 1993. Lietuvos aukstapelkiu˛ augmenijos charakteristika (Characteristics
Grigaite,
of the Highmoor vegetation in Lithuania), p. 38. Vilnius.
_
Grigas, A., 1986. Lietuvos augalu˛ vaisiai ir seklos
(Seeds and fruits of Lithuania's
plants). Mokslas, Vilnius, p. 606 (in Lithuanian).
Grimm, E.C., 1987. CONISS. A Fortran 77 program for stratigraphically constrained
cluster analysis by the method of incremental sum of squares. Comput. Geosci.
13, 13e35.
Grimm, E.C., 1990. TILIA and TILIA-GRAPH: PC spreadsheet and graphics software
for pollen data. INQUA commission for the study of the Holocene, working
group on data-handling methods. Newsletter 4, 5e7.
Grimm, E.C., 1992. TILIA and TILIA-GRAPH: PC speadsheet and graphics program. In:
8th International Palynological Congress. Program and Abstracts. Aix-en-Provence, p. 56.
Gud
zinskas, Z., 1999. Lietuvos induo
ciai augalai (Vascular plants of Lithuania).
Institute of Botany, Vilnius, p. 211 (in Lithuanian).
Hannon, G.E., Gaillard, M.J., 1997. The plant macrofossil record of past lake level
changes. J. Paleolimnol. 18, 15e28.
Harrison, S.P., Digerfeldt, G., 1993. European lakes as palaeohydrological and
palaeoclimatic indicators. Quat. Sci. Rev. 12, 233e248.
€, H., 2010. Holocene climate dynamics in Latvia, eastern Baltic
Heikkil€
a, M., Seppa
region: a pollen-based summer temperature reconstruction and regional
comparison.
Boreas
39,
705e719.
https://doi.org/10.1111/j.15023885.2010.00164.x. ISSN 0300e9483.
Heitz-Weniger, A., 2014. Palynological investigations at the Late Bronze-Early Iron
Age lakeshore settlement of Luokesa 1 (Moletai District, Lithuania): a contribution of the Middle-Late Holocene vegetation history of the south-eastern
Baltic regions. Veg. Hist. Archaeobotany 23, 383e402.
Holmes, R.L., 1983. Computer assisted quality control in tree ring dating and
measurement. Tree-Ring Bull. 43, 69e78.
Hughes, P.D.M., Lomas-Clarke, S.H., Schulz, J., Barber, K.E., 2008. Decline and
localized extinction of a major raised bog species across the British Isles: evidence for associated land-use intensiﬁcation. Holocene 18, 1033e1043.

Huntley, B., Birks, H.J.B., 1983. An Atlas of Past and Present Pollen Maps for Europe:
0e13000 Years Ago. Cambridge University Press, Cambridge.
Jelínek, V., 1977. The Statistical Theory of Measuring Anisotropy of Magnetic Susceptibility of Rocks and its Application. Geofyzika n. p, Brno.
€m, J., 2000. A quantitative Holocene climatic record from diKorhola, A., Weckstro
atoms in northern Fennoscandia. Quat. Res. 54, 284e294.
Kuijpers, A., Kunzendorf, H., Rasmussen, P., Sicre, M.A., Ezat, U., Fernane, A.,
€ m, K., 2012. The Baltic Sea inﬂow regime at the termination of the
Weckstro
medieval climate anomaly linked to North Atlantic circulation. Baltica 25,
57e64.
Lamentowicz, M., Cedro, A., Galka, M., Goslar, T., Miotk-Szpiganowicz, G.,
Mitchell, E.A.D., Pawlyta, J., 2008. Last millennium changes from a Baltic bog
(Poland) inferred from stable isotopes, pollen, plant macrofossils and testate
amoebae. Palaeogeogr. Palaeocl. 265, 93e106.
Lamentowicz, M., Gałka, M., Lamentowicz, Ł., Obremska, M., Kühl, N., Lücke, A.,
Jassey, V.E.J., 2015. Reconstructing climate change and ombrotrophic bog
development during the last 4000 years in northern Poland using biotic
proxies, stable isotopes and trait-based approach. Palaeogeogr. Palaeocl. 418,
261e277.
Leuschner, H.H., Sass-Klaassen, U., Jansma, E., Baillie, M.G.L., Spurk, M., 2002. Subfossil European bog oaks: population dynamics and long-term growth depressions as indicators of changes in the Holocene hydro-regime and climate.
Holocene 12, 695e706.
Lindbladh, M., Fraver, S., Edvardsson, J., Felton, A., 2013. Past forest composition,
structures and processeseHow paleoecology can contribute to forest conservation. Biol. Conserv. 168, 116e127.
Linderholm, H.W., Moberg, A., Grudd, H., 2002. Peatland pines as climate indicators? - A regional comparison of the climatic inﬂuence on Scots pine
growth in Sweden. Can. J. For. Res. 32, 1400e1410.
 skie
Madeja, J., 2013. Vegetation changes and human activity around Lake Łan
(Olsztyn Lake District, NE Poland) from the mid Holocene, based on palynological study. Acta Palaeobot. 53, 235e261.
Marcott, S.A., Shakun, J.D., Clark, P.U., Mix, A.C., 2013. A reconstruction of regional
and global temperature for the last 11,300 years. Science 339, 1198e1201.
Molodkov, A., Bitinas, A., 2006. Sedimentary record and luminescence chronology
of Lateglacial and Holocene aeolian sediments in Lithuania. Boreas 35,
244e254.
Moore, P.D., Webb, J.A., Collinson, M.E., 1991. Pollen Analysis, second ed. Blackwell,
London.
_
_ M., 1983. Botanical Geography and Phytocenology. VilNatkevi
caite-Ivanauskien
e,
nius, (in Lithuanian).
Novik, A., Punning, J.M., Zernitskaya, V., 2010. The development of Belarusian lakes
during the Late Glacial and Holocene. Est. J. Earth Sci. 59, 63e79.
_ R., 1997. Pinewood Growth Dynamics in Uzpelkiu Tyrelis Oligotrophic Bog
Pukiene,
during the Subatlantic Period. Ph.D. thesis. Vilnius Institute of Botany.
_ R., 2003. Sub-fossil oak timbers from the Mid Holocene as an evidence for
Pukiene,
Lithuanian forest history. Balt. For. 9, 71e75.
Reimer, P.J., Bard, E., Bayliss, A., Beck, J.W., Blackwell, P.G., Bronk Ramsey, C.,
Buck, C.E., Edwards, R.L., Friedrich, M., Grootes, P.M., Guilderson, T.P.,
, C., Heaton, T.J., Hoffman, D.L., Hogg, A.G.,
Haﬂidason, H., Hajdas, I., Hatte
Hughen, K.A., Kaiser, K.F., Kromer, B., Manning, S.W., Niu, M., Reimer, R.W.,
Richards, D.A., Scott, M., Southon, J.R., Staff, R.A., Turney, C.S.M., van der Plicht, J.,
2013. IntCal13 and Marine13 radiocarbon age calibration curves 0e50,000 years
cal BP. Radiocarbon 55, 1869e1887.
Rinn, F., 2003. TSAP-Win User Reference Manual. Rinntech, Heidelberg.
€, H., Poska, A., 2004. Holocene annual mean temperature changes in Estonia
Seppa
and their relationship to solar insolation and atmospheric circulation patterns.
Quat. Res. 61, 22e31.
€, H., Bjune, A.E., Telford, R.J., Birks, H.J.B., Veski, S., 2009. Last nine thousand
Seppa
years of temperature variability in Northern Europe. Clim. Past 5, 523e535.
_ M., Kabailiene,
_ M., Ostrauskas, T., Guobyte,
_ R., 2002. Environment and
Stan
cikaite,
 ba and Pelesa, SE Lithuania, during the Late Glacial and
man around Lakes Du
Holocene. Geol. Q. 46, 391e409.
_ M., Kisieliene,
_ D., Strimaitiene,
_ A., 2004. Vegetation response to the
Stan
cikaite,
climate and human impact changes during the Late Glacial and Holocene: case
study of the marginal area of Baltija Upland, NE Lithuania. Baltica 17, 17e33.

_ M., Baltru
 nas, V., Sink
 nas, P., Kisieliene,
_ D., Ostrauskas, T., 2006. HuStan
cikaite,
u
man response to the Holocene environmental changes in the Bir
zulis Lake region, NW Lithuania. Quat. Int. 150, 113e129.


_ M., Sinku
 nas, P., Risberg, J., Seiriene,
_ V., Bla
Stan
cikaite,
zauskas, N., Jarockis, R.,
Karlsson, S., Miller, U., 2009. Human activity and the environment during the
Late Iron Age and Middle Ages at the impiltis archaeological site, NW Lithuania.
Quat. Int. 207, 74e90.
_ M., Bliujiene,
_ A., Kisieliene,
_ D., Ma
Stan
cikaite,
zeika, J., Taraskevi
cius, R., Messal, S.,
_
_ R., 2013. Population history and
Szwarczewski, P., Kusiak, J., Stakenien
e,
palaeoenvironment in the Skomantai archaeological site, West Lithuania: two
thousand years. Quat. Int. 308, 190e204.
_ M., Gedminiene,
_ L., Edvardsson, J., Stoffel, M., Corona, C., Gryguc, G.,
Stan
cikaite,
 Taraskevi
_ R., Skuratovi
Uogintas, D., Zinkute,
c, Z.,
cius, R., 2017. Holocene vegetation and hydroclimatic dynamics in SE Lithuania e implications from a multi
proxy study of the Cepkeliai bog. Quat. Int. https://doi.org/10.1016/j.quaint.2017.
08.039.
Stivrins, N., Brown, A., Reitalu, T., Veski, S., Heinsalu, A., Banerjea, R.Y., Elmi, K., 2015.
Landscape change in central Latvia since the Iron Age: multiproxy analysis of
the vegetation impact of conﬂict, colonization and economic expansion during

J. Edvardsson et al. / Quaternary Science Reviews 185 (2018) 91e101
the last 2,000 years. Veg. Hist. Archaeobotany 24, 377e391.
Stockmarr, J., 1971. Tablets with spores used in absolute pollen analysis. Pollen
Spores 13, 615e621.
Tiljander, M., Saarnisto, M., Ojala, A.E.K., Saarinen, T., 2003. A 3000-year palaeoenvironmental record from annually laminated sediment of Lake Korttajarvi,
central Finland. Boreas 26, 566e577.
V€
aliranta, M., Blundell, A., Charman, D.J., Karofeld, E., Korhola, A., Sillasoo, Ü.,
Tuittila, E.S., 2012. Reconstructing peatland water tables using transfer functions for plant macrofossils and testate amoebae: a methodological comparison.
Quat. Int. 268, 34e43.
van der Linden, M., van Geel, B., 2006. Late Holocene climate change and human
impact recorded in a south Swedish ombotrophic peat bog. Palaeogeogr.
Palaeocl. 240, 649e667.
Veski, S., 1998. Vegetation history, human impact and palaeogeography of western
Estonia. Pollen analytical studies of lake and bog sediments. Striae 38, 119.
Veski, S., Koppel, K., Poska, A., 2005. Integrated palaeoecological and historical data

101

in the service of ﬁne-resolution land use and ecological change assessment
during the last 1000 years in Rouge, southern Estonia. J. Biogeogr. 32,
1473e1488.
€, H., Stan
_ M., Zernitskaya, V., Reitalu, T., Gryguc, G.,
Veski, S., Seppa
cikaite,
Heinsalu, A., Stivrins, N., Amon, L., Vassiljev, J., Heiri, O., 2015. Quantitative
summer and winter temperature reconstructions from pollen and chironomid
data between 15 and 8 ka BP in the Baltic-Belarus. Quat. Int. 388, 4e11.
Wanner, H., Beer, J., Bütikofer, J., Crowley, T.J., Cubasch, U., Flückiger, J., Goosse, H.,
Grosjean, M., Joos, F., Kaplan, J.O., Küttel, M., Müller, S.A., Prentice, O.C.,
Solomina, O., Stocker, T.F., Tarasov, P., Wagner, M., Widmann, M., 2008. Mid- to
Late Holocene climate change: an overview. Quat. Sci. Rev. 27, 1791e1828.
Wanner, H., Solomina, O., Grosjean, M., Ritz, S.P., Jetel, M., 2011. Structure and origin
of Holocene cold events. Quat. Sci. Rev. 30, 3109e3123.
Wigley, T.M.L., Briffa, K.R., Jones, P.D., 1984. On the average of correlated time series,
with applications in dendroclimatology and hydrometeorology. J. Clim. Appl.
Meteorol. 23, 201e213.

