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CpaBHeHME pe3yIbTaTOB KOMITJIEKCHOTO U3YUYeHUsI 0caaKoB o3epa Cenurep ¢ BBICOKUM paspellieHUueM I10
BPEMEHM C ONMYOJIMKOBAHHBIMU JAHHBIMHU IO MATU 03€paM, PaCoJI0XEHHBIM Ha COIpPene/bHbIX TEPPUTO-
pUSIX, BKITIOYAsl paToyIepoaHOe TaTUPOBAaHUE, CEAMMEHTOJIOTHIECKIE U TTaJIc000TaHUYECKHE UCCIIeI0-
BaHUsI, TTO3BOJISIET PEKOHCTPYUPOBATh U3MEHEHHUSI MPOAYKTUBHOCTH 03€P U COCTaBa PaCTUTEIbHOCTU B OT-
BET Ha KpaTKOBPEMEHHBIC KIIMMaTUUeCKHe KoJIeOaHUs B TTIO3MHEICTHUKOBLE M paHHEM TrojiolieHe. [TpoBe-
NIEeHHbII aHaJIU3 MoKa3all, YTO 03EPHOE OCATKOHAKOIUIEHVE Ha BCEX PACCMOTPEHHBIX y4acTKax Hayajloch
B MHTepcTanuaje ajuiepén, 13—14.5 kammOpoBaHHBIX THIC. J1. H., KOTHA eJ1b, 0epe3a M COCHA HavaId PacIIpo-
CTpaHSITbCSl Ha CeBepo-3amnaje eBporeiickoit yactu Poccuu, odopasyst yuactku penkoecuit. CyliecTBeH-
HOE MOXO0JIOJJaHUE B MO3HEM JIpUace BhI3BAJIO OBICTPOE COKpAIEHUE JIECHBIX COOOIIIECTB U pacluIupeHue
TYHJIPOBO-CTEITHON PACTUTEJIbHOCTU MPU COXPAHEHUN HEOOJIBIINX TPYII IePEBbEB B 3alIMIIIEHHBIX Me-
croobuTanusax. CocTaB 03epHBIX OTJIOXKEHUI BCIOLY U3MEHSJICSA CXOTHBIM 00pa3oM: OT TEpPUTEHHBIX OCa -
KOB B ITO3IHEJIGAHUKOBbE O MPEUMYIIECTBEHHO OpraHMYecKUX (TUTTUK) B paHHEM roJiolieHe. bricTpoe
MTOTETUICHWE TIPU TePEeX0Ie OT IMO3MHEISTHUKOBBS K TOJIOIIEHY TTPUBEIIO K pacIpOCTPaHEHMIO JIECOB, 00pa-
30BaHHBIX Oepe3oii, a 3aTeM U cocHoii. KpaTkoBpemeHHoe 1moxojioganue 11.4—11.2 ThIc. J1. H., coBnagaoo-
1ee 1o BpeMeHH ¢ TTpebopeaTbHOM OCHMIUISIIINEN — MOXOJOMaHUeM, YCTAHOBJIEHHBIM 110 JaHHBIM HU3yYe-
HUS JIeAsSTHBIX KePHOB 13 [peHnananu, — HauboJiee SIpKO MPOSIBUJIOCH B CHUKEHUM J0JIM OPTraHUYECKOTO
BeIIeCTBa B 03epHBIX ocankax. OHO TaKKe MPEePBaJIO WIM 3aMeJTUIIO IMPOIIECC paclpoCcTpaHeHUs 6epe3o-
BBIX M1 COCHOBBIX JIECOB M BBI3BAJIO HOBOE YBEJIMYEHUE POJIM OTKPBITHIX TPABIHUCTBIX COOOIIIECTB B paCTH-
TeJILHOM MTOKPOBe. BiMsiHME 5TOro MoxXoonaHus Ha pa3BUTHE PACTUTEIIBHOCTU U O3€PHbBIC 9KOCHCTEMBI Ha
ceBepo-3anaje eBporeiickoil yactu Poccru nposiBUIoch HECKOJIBKO ciiabee, yem B 3anaaHoi u LleHTpaib-
Hoit EBpornie. B Hauasne mo3mHero mpebopeasia BHOBb MPOU3OIIeS OBICTPBIN Mepexon K Gosee TeIraoMy
U BJIAXKHOMY KJIMMATYy, BBI3BABIIUI paccejleHue 6epe30BbIX U COCHOBBIX JiecoB. JlajbHelillee MOoTernIeHue
B TedeHUe Gopeasia IPUBEJIO K BHEAPEHMIO IITMPOKOJIUCTBEHHBIX TTOPOI B JIECHBIE COOOIIECTBA U K CHUKE-
HUIO JaHaadTHON! posu 6epe3HsiKoB. K aToMy BpeMeHM HEKOTOpbIe 03epa ObLIY 3aMOJTHEHbl OCaKaMU,
1 03epHOE 0CATKOHAKOIUIEHNE CMEHUJIOCHh TOP(hOOOpa3oBaHUEM.
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OCUMJLISILIUSI

DOI: 10.31857/50435428122030051

1. INTRODUCTION

Paleogeographic data revealed that the warming at
the transition of the global climate system from the fi-
nal cold stage of the last glaciation (the Younger
Dryas) to the modern interglacial (the Holocene) de-
veloped at the highest rate achieved under natural
conditions and was interrupted by several short-term
cooling episodes. These climatic shifts were dated by
counting annual ice layers in cores from the Green-
land Ice Sheet (Rasmussen et al., 2006). The ampli-
tude of warming at the lower boundary of the Holo-
cene, 11750 calibrated years BP (cal yr BP), is estimat-
ed at 10 = 4°C over a period of <50 years (Gracheyv,
Severinghaus, 2005). The first pronounced cooling of
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the Holocene — the so-called Preboreal Oscillation
(PBO) — interrupted the early Preboreal warming
approximately 300 years later and reached its peak
at about 11.4 cal kyr BP. The cooling ended about
11.2 cal kyr BP by a new rapid warming when over sev-
eral decades the air temperature in Greenland in-
creased by 4 + 1.5°C (Kobashi et al., 2008).

A cool event coeval with the PBO as observed in
the Greenland ice-core records, that followed the ra-
pid warming at the transition from the Late Glacial to
the Holocene, can also be clearly seen in the high-re-
solution data from the multi-proxy studies of lacus-
trine deposits in the northwestern and central Europe.
Thus, in The Netherlands, during the initial warm



20 BOPUCOBA u mp.

phase of the Preboreal (11 530—11500 cal yr BP), birch
woodlands replaced the tundra-steppe herbaceous-
shrub communities typical for the Younger Dryas (van
der Plicht et al., 2004; Bos et al., 2007). A prominent
cooling recorded around 11430—11350 cal yr BP in-
terrupted the afforestation process and brought about
a new expansion of open grassland vegetation. After
this dry continental phase, at the beginning of the late
Preboreal (11270—11210 cal yr BP), a new shift to a
more humid climate occurred, when the birch forests
expanded again (van der Plicht et al., 2004; Bos et al.,
2007). Well-preserved long sequences of annually
laminated central European lacustrine sediments also
testify to the presence of a short-term cooling in the
early Preboreal. An increase in the thickness of varves
in Lake Meerfelder Maar record in Germany and
more negative 6180 values in the sediments of Lake
Gosciaz in Poland coincide with the PBO in time and
indicate a cooling by approximately 3°C compare to
the beginning of the Preboreal (Brauer et al., 1999).

The end of the PBO corresponds to the boundary
between the early and late Preboreal. At the beginning
of the late Preboreal, there was a new shift towards
warming in the north of Europe, and a new stage in the
spread of forest vegetation began, including the reset-
tlement of pine. Thus, after 11.2 cal kyr BP, an increase
in the content of organic matter in lake sediments in
the central part of Latvia was registered. That may be
explained by a decrease in the input of mineral parti-
cles into sediments under more forested conditions
(Puusepp, Kangur, 2010). About 10.7 cal kyr BP dense
pine forests developed in the southern part of the Bal-
tic Sea basin (Bos et al., 2007). In general, in the Late
Preboreal relatively warm and humid climatic condi-
tions prevailed (Bos et al., 2007).

Despite numerous palynological studies of the Ho-
locene sediments conducted in the European territory
of Russia (Khotinski et al., 1991; Elina et al., 1995;
Subetto et al., 2002; Novik et al., 2010; Novenko et al.,
2014 and many others), the sections with Preboreal
deposits studied in sufficient detail with good chrono-
logical control are still absent there, although the lay-
ers of this time interval can be distinguished on nu-
merous pollen diagrams. This paper presents sedi-
mentological and palynological data obtained from a
sediment core taken from Lake Seliger (Konstantinov
et al., 2021), where a new series of radiocarbon AMS-
dates provides an opportunity to define position of the
Preboreal interval and to investigate short-term vege-
tation and climate changes within it. We compared
these data with earlier published evidence from five
sites with the Late Glacial — early Holocene lake se-
diments, where the Preboreal interval can be distin-
guished with confidence. These sites are situated in
the northwestern part of East Europe within the dis-
tance of 100—500 km from Lake Seliger: Lake Tere-
benskoye (Wohlfarth et al., 2007), Lake Dolgoye
(Kremenetski et al., 2000), Moshkarnoye mire (Fili-
monova, 1995), Lake Sudoble (Bogdel et al., 1983;

Novik et al., 2010), and Lake Nakri (Amon et al.,
2012). We present a synthesis of these investigations
and new studies of Lake Seliger deposits, to examine
vegetation response to the climate oscillations during
the Late Glacial and early Holocene period ca.
14000—9000 cal yr BP with special attention to the
Preboreal interval and PBO.

2. STUDY AREA

Lake Seliger (57°17'N, 33°04'E, 205 m a.s.l.) is lo-
cated on the Valdai Highlands, in the marginal zone of
the last (Late Valdaian/Late Weichselian) glaciation
(fig. 1). The landscape in the drainage basin of the lake
combines glacial and glaciofluvial landforms and de-
posits. Lake Seliger with a total area of about 260 km?
has a complex shape and consists of a chain of lakes
and bays, interconnected by short channels. Long and
narrow Selizharovskii bay forms the southernmost
part of Lake Seliger.

The climate of the region is temperate and mode-
rately continental, with the mean January and July
temperatures —8.6°C and +17.5°C, respectively. The
mean annual temperature is +4.5°C, annual precipi-
tation amounts to 687 mm (Ostashkov weather sta-
tion: http://meteo.ru/data). The lake area falls within
the southern taiga zone (coniferous forest with minor
inclusion of broadleaved trees) (Rastitel’nost’...,
1980). For hilly watersheds, spruce forests with partic-
ipation of such broadleaved species as Tilia cordata,
Quercus robur, and Ulmus glabra are typical; on sandy
deposits, pine forests grow. Widespread birch (Betula
pendula, B. pubescens), aspen (Populus tremula) and
grey alder (Alnus incana) communities alternate with
mires of various types in the paludified depressions.

3. MATERIALS AND METHODS

Lake coring was conducted from the lake ice in the
southern part of the Selizharovskii bay, using a modi-
fied Livingstone piston corer (Konstantinov et al.,
2021). The depth at the coring site SP-2 is 3.65 m. The
core was extruded, wrapped in the field, transported,
and subsampled in the Laboratory of Environmental
Paleoarchives of the Institute of Geography of RAS.

The chronology of the SP-2 section is based on
AMS radiocarbon dates of total organic carbon (TOC)
and plant remains. Radiocarbon dating was performed
in the Centre of Collective Usage “Laboratory of ra-
diocarbon dating and electronic microscopy” of the
Institute of Geography of RAS (Moscow, Russia).
Calibration of *C dates was carried out in the OxCal
4.4 software package (Bronk Ramsey, 2009) based on
the IntCal20 calibration curve (Reimer et al., 2020).
Five new “C dates obtained in addition to two dates
published in (Konstantinov et al., 2021) allowed im-
proving the time resolution for the lower part of the
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Fig. 1. Location of the study site (marked by an asterisk) and reference sites:

1 — Lake Terebenskoye (Wohlfarth et al., 2007); 2 — Lake Dolgoye (Kremenetski et al., 2000); 3 — Moshkarnoye mire (Filimon-
ova, 1995); 4 — Lake Sudoble (Novik et al., 2010; Bogdel et al., 1983); 5 — Lake Nakri (Amon et al., 2012).

Puc. 1. ITonoxeHue McciaeqoBaHHOTO pa3pe3a (OTMEYEHO 3BE3M0YKOI) M pa3pe3oB, MCIIOAb30BAHHBIX IJIsl CpaBHEHUS: [ —
03. Tepebenckoe (Wohlfarth et al., 2007); 2 — o3. Jonroe (Kremenetski et al., 2000); 3 — 6omoto MomkapHoe (Filimonova,
1995); 4 — 03. Cyno6ie (Novik et al., 2010; Bogdel et al., 1983); 5 — 03. Hakpu (Amon et al., 2012).

section including the Late Glacial and the early Holo-
cene sediments.

The loss on ignition (LOI) analysis at 550°C, used
to estimate the content of organic matter in lake sedi-

ments, followed the procedure described in (Heiri et al.,
2001).

Separation with heavy liquid (2.25 g cm™3) was
used for pollen extraction from sediments. 500—
600 pollen grains per sample were counted in order to
ensure a statistically significant sample size. Calcula-
tion of pollen percentages was based on the total ter-
restrial pollen and spores sum — arboreal pollen (AP)
plus non-arboreal pollen (NAP) plus spores. In addi-
tion, percentages of the main arboreal taxa were calcu-
lated based on the AP sum. Local pollen assemblage
zones were identified by the analysis of statistical si-
milarity of the AP composition by CONISS software
program from TILIA special software package. Pre-
treated Lycopodium spores were added to each sub-
sample of 1 cm? to calculate pollen concentrations and
subsequently pollen accumulation rate (PAR) values,
expressed as pollen grains cm™2 yr~' (Stockmarr,
1971).
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4. RESULTS

4.1. The data on the Late Glacial—early Holocene
interval in sediment sequence from Lake Seliger
(core SP-2)

4.1.1. Stratigraphy and radiocarbon dating. The fol-
lowing core stratigraphy was observed in the field and
laboratory (Konstantinov et al., 2021):

0—270 cm — green-brown gyttja;

270—350 cm — dark brown gyttja;

350—460 cm — grey carbonate gyttja;

460—500 cm — fine and medium-grained sand.

Seven AMS radiocarbon dates were obtained from
bulk organic sediment and plant remains from core
SP-2 (table 1).

Six of them were used to compile a depth-age mo-
del for the lower part of the section (fig. 2). The new
4C dates obtained made it possible to determine the
position of the boundaries of the Blytt-Sernander cli-
mate-stratigraphic intervals in the SP-2 sediment se-
quence more accurately. An average sedimentation
rate calculated for the Late Glacial — early Holocene
interval using the calibrated chronology is 0.56 mm yr~'.
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Table 1. Results of radiocarbon dating of sediments from core SP-2
Taomuua 1. PesynbTaThl paanoyniepoaHOro 1aTUpOBaHUSI OCaIKOB U3 pa3pesa SP-2

Laboratory code Sampling depth, cm Material Radiocarbon date, '*C | Calibrated age, cal yr
IGAN ms ’ yr BP (£10) BP (+10) IntCal 20
8148 63—65 TOC 6580 + 25 7480 + 40
8149 140—142 TOC 7670 £ 25 8455 + 40
8150 219-221 TOC 8650 £ 30 9605 £ 45
8151 269271 TOC 9205 + 30 10360 + 65
6181 320-325 TOC 9510 £ 30 10850 * 130*
8152 373-375 TOC 10475 £+ 30 12500 £ 120
6182 442 Plant remains 11960 * 35 13810 + 70*

* _ 14¢C dates published earlier in Konstantinov et al., 2021.

It varies through the core, from 0.4 mm yr in the Al-
lerod and Younger Dryas, to 0.9 mm per year in the
Preboreal, and about 0.5 mm yr~! in the Boreal interval.

LOI analysis showed that at the beginning of the
Allergd organic contents of the sediments increased
rapidly from 2—3% to 10—15%, remained at this level
for about one thousand years and continued to in-
crease during the Younger Dryas to about 25% (Kon-
stantinov et al., 2021). The main increase in the orga-

O] ©)

nic content of the sediment (from 25% to 50%) coin-
cides with the Late Glacial — Holocene boundary. Up
the section, LOI decreases by 5—7% and then increa-
ses once again reaching the maximum values for the
entire section (over 60%). In the layer corresponding
to the early Boreal, LOI remains at about 55% and
gradually decreases to 40% during the late Boreal.

4.1.2. Pollen analysis. The pollen stratigraphy of the
SP-2 core extends back to approximately 14 cal kyr BP
and provides evidence of vegetation and climate histo-
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Fig. 2. The main results obtained for SP-2 core from Lake Seliger:

1 — sedimentation rates as estimated from radiocarbon dates; 2 — sediment properties (adapted from Konstantinov et al., 2021);
3 — general composition of the pollen spectra and pollen contents of selected tree species. Biostratigraphy: OD — Older Dryas,
AL — Allered, YD — Younger Dryas, PB — Preboreal, BO — Boreal, PBO — Preboreal Oscillation.

Puc. 2. OCHOBHBIE pe3yJIbTaThl, OJIyYeHHbIE IO pa3pe3y oToxkeHuit 03. Cenurep SP-2:

1 — CKOpOCTU OCalIKOHAKOTUIEHUsI, PEKOHCTPYUPOBAHHBIE T10 14C-[[aTI/Ip0BKaM; 2 — u3MeHeHMs cocraBa ocaakoB (o Kon-
stantinov et al., 2021); 3 — 061111 COCTaB MbLIbLIEBBIX CIEKTPOB U COAEPXKaHUSI MbLIbLIBI OCHOBHBIX MOPOJ 1epeBbeB. buocTtpa-
turpacdus: OD — cpennuii npuac, AL — aiepén, YD — mo3gumii npuac, PB — npedopean, BO — 6opean, PBO — npebdopeanb-

Hasl OCHMJLIAIIUSA.
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ry of the Late Glacial, beginning from the Older Dryas
cooling, and the entire Holocene. In this article, we
will discuss the results of pollen analysis obtained on
the Preboreal interval of the section, in comparison
with the data on the Late Glacial and Boreal, which
were only in a small part published in our previous pa-
per (Konstantinov et al., 2021). In the pollen sequence
under consideration, four local pollen zones (LPZ)
are distinguished (fig. 2).

In LPZ 1 (464—400 cm; from about 14.5 cal kyr BP
extrapolated to 12.7 cal kyr BP), the NAP make up to
40—50% of pollen spectra, Artemisia and Cyperaceae
pollen being the most abundant of the group. In the
lowermost part of the zone corresponding to the Older
Dryas (LPZ 1a), tree pollen consists almost entirely of
Betula and Pinus. In PAZ 1b, correlated to the Allerod
interstadial, Picea, Pinus and Betula dominate the AP
group. Pollen percentages and accumulation rates of
Picea are at their maximum for the diagram: 30—45%
of AP and up to 9000 grains cm~2 yr~'. First Betula
sect. Albae and then Pinus pollen contents increase in
the upper part of the zone (up to 40—50% of AP and
up to 10 x 103 grains cm™2 yr~!), while Picea percen-
tages and PAR decrease rapidly.

In LPZ 2 (400—355 cm; 12.7—11.7 cal kyr BP), cor-
related to the Younger Dryas cold stage, pollen per-
centages and accumulation rates of Picea further de-
cline. Pinus pollen percentages decrease from 40% to
15% of AP, although PAR remain at the same level as
in LPZ 1. Betula percentage and accumulation rates in-
crease steeply to 70% of AP and 30 x 103 grains cm—2 yr~!,
respectively. AP content increases up to 85% of pollen
and spores sum. Herb pollen percentages decline to
10—20%, but NAP accumulation rates are close to
those in LPZ 1.

LPZ 3 (355—270 cm; 11.7—10.7 cal kyr BP) gene-
rally corresponds to the Preboreal epoch of the Holo-
cene. In subzone 3a, percentages of Befula pollen
reach their maximum for the diagram: 75% of AP.
PAR of tree birch continues to increase and reaches
the maximum at about 100 % 10 grains cm~2 yr~! in
subzone 3b, despite a decrease of Betula percentages
by 20%, with a corresponding increase in the share of
Pinus pollen in pollen spectra. Pinus also has its hig-
hest PAR in subzone 3b (up to 50 x 103 grains cm™2 yr').
Picea pollen in LPZ 3 is rare. NAP percentages con-
tinue to decline, although accumulation rates of Poa-
ceae, Cyperaceae, and Artemisia increase considerably
by the beginning of the late Preboreal (LPZ 3b).

In LPZ 4 (270—180 cm; 10.7—9.0 cal kyr BP), pol-
len percentages and PARs of birch and pine are similar
to those in LPZ 3b, and continuous deposition of
spruce pollen resumes. PAR of Picea reaches 6—7 X
x 103 grains cm~2 yr~! in the upper part of LPZ 4. Ac-
cumulation rates for Poaceae, Cyperaceae, Chenopo-
diaceae and Artemisia remain at the same level as in
LPZ 3b, although NAP percentages in PAZ 4 are at a
minimum for the diagram (5—7% of spectra).
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4.2. Previously published data on the Late Glacial-early
Holocene sediment sequences chosen for comparison

4.2.1. Lake Terebenskoye is located on the Valdai
Highland (58°08’N, 32°59’E, 153 m a.s.1.), about 100 km
north of Lake Seliger. AMS '“C dating and lithologi-
cal, geochemical and plant macrofossil analyses for
the 5 m sediment sequence from Lake Terebenskoye
suggest that sedimentation started there about 14 cal
kyr BP (Wohlfarth et al., 2007). Total carbon content
(TC) is very low in the layer of silty clay accumulated
during the Late Glacial and increases to 8% at the top
of this layer, which corresponds to the Younger
Dryas/Holocene transition according to the age-
depth curve. TC drops again and remains low (1—3%)
during the early Preboreal. It rises sharply around
11.3 cal kyr BP and remains at the level of 5—7%
during the late Preboreal, when silty clay gyttja accu-
mulates in the lake. In the Boreal, a gradual rise in TC
up to 10—12% is registered; fine detritus gyttja accu-
mulated in the lake (Wohlfarth et al., 2007).

Plant macrofossils found in the lowermost part of
the Lake Terebenskoye sediment sequence (13.8—
12.5 cal kyr BP) are of Betula nana and Dryas octope-
tala, which is consistent with low TC values indicating
a low productivity lake. 14C-dated macrofossils indi-
cate the time since which spruce, pine, and birch par-
ticipate in the local vegetation on the Valdai High-
lands. Picea abies needles and seeds from the Terebenskoye
sequence are dated to approximately 12 cal kyr BP.
The first Pinus sylvestris remains occur there at about
11.4 cal kyr BP and Betula pubescens remains first ap-
pear in the sediment sequence at 11.2 cal kyr BP
(Wohlfarth et al., 2007).

4.2.2. Lake Dolgoye (56°04’'N, 37°20°E, 201 m a.s.l.)
is located on the Klin-Dmitrov Ridge, about 270 km
to the east-south-east from Lake Seliger. The lower
layer of lake deposits 305 cm thick consists of clayey
silt with gradually increasing organic content in the
upper 50 cm (Kremenetski et al., 2000). It is overlain
by gyttja ~500 cm thick. AMS *C date obtained at the
base of the sediment sequence indicates that accumu-
lation in the lake started around 14.5 cal kyr BP. Un-
fortunately, the other 11 '“C dates were obtained from
organic deposits in the upper part of the section, above
the Boreal/Atlantic boundary (Kremenetski et al.,
2000). Therefore, we compiled the depth-age model
for the lower part of the section by interpolation be-
tween two available '“C dates, based on the assump-
tion of a constant accumulation rate of lacustrine silts
supported by pollen stratigraphy.

LOI analysis (Kremenetski et al., 2000) showed
low and relatively stable contents of organic matter
(7—10%) in the layer of clayey silt, with a slight rise at
the very beginning of the Holocene (up to 15%) and a
small decline in the interval comparable in time to the
PBO. The rapid increase of LOI from 10% to 50—60%
coincides in time with the Boreal. Similar phases of
changes are expressed more clearly in the AP/NAP ra-
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tio in the pollen spectra. During the transition from
the Late Glacial to the Holocene, percentages of AP
increase to 55% of the terrestrial pollen sum X. They
decrease to 30% with the onset of the PBO, increase
again to 40% in the late Preboreal and sharply increase
in the Boreal (up to 80—90% of X). These changes are
also reflected in the pollen ratios of the main tree spe-
cies (Picea, Pinus, and Betula). Birch pollen accounts
forup to 70—90% of AP in most samples from the Late
Glacial—early Holocene interval. The share of spruce
and pine pollen sharply increases at the very beginning
of the Preboreal and decreases just as sharply in the
PBO interval. A new maximum of Pinus pollen (up to
30—40% of AP) corresponds to the Boreal, while Picea
pollen in this layer is rare.

In the Allered, PAR of Picea in the Lake Dolgoye
sediment sequence does not exceed 1000 grains cm—2 yr—'.
However, findings of spruce stomata in the same layer
confirm its presence at the site. Preboreal and Boreal
sediments are characterized by extremely low PAR
of Picea. PAR of Pinus show a slight rise in the Al-
lergd layers and a more significant increase (up to
600 grains cm~2 yr~') at the lower boundary of the Ho-
locene. Only in the middle part of the Boreal, Pinus
PAR va-lues exceed the “local presence limit” of
500 grains cm~2 yr~! (Seppa, Hicks , 2006) and con-
tinue to rise rapidly in the late Boreal (up to 8—11 X
x 10° grainscm~2yr~'). Changes in Betula PAR are sim-
ilar to those described for Pinus pollen, although the
contents of birch pollen are generally higher. The main
difference is the rise of Betula PAR to the pre-PBO
level of over 1000 grains cm~? yr~! indicating local
presence of Betula and development of open birch for-
ests, according to (Seppé, Hicks, 2006), already in the
late Preboreal.

4.2.3. Moshkarnoye mire (62°15'N, 34°00'E, 50 m a.s.l.)
is situated in the Lake Onega basin, about 500 km
north of Lake Seliger. According to (Filimonova,
1995), the sediment sequence ~15 m thick includes
7 m of lake clay overlain by 4 m of clayey gyttja and
4.5 m of peat. Nine “C dates were obtained for bulk
peat and gyttja samples from the upper 8 m of the se-
diment core. Calibration of these dates and extrapola-
tion of resulting age-depth curve into the lower part of
the section, assuming a steady accumulation rate of
the lacustrine clay, indicates that the deposition in the
lake began at least as early as 13.2 cal kyr BP, at the end
of the Allerad. Pollen stratigraphy confirms positions
of the boundaries between the main stages of the Late
Glacial and early Holocene, drawn based on the sedi-
mentation model. According to the model, Preboreal
deposits in this section are unusually thick — about 3 m.

The AP content is up to 60% of the terrestrial pol-
len sum in the Allerpd; it decreases to 15—20% in the
Younger Dryas and increases to 35% in the early Pre-
boreal. In the depth interval corresponding to the
PBO, AP decrease to 20% and rise again in the late
Preboreal to ~50%. The increase of AP continues in

the Boreal, reaching 90% of spectra by its end (Fili-
monova, 1995). In the lower part of the sediment se-
quence, pollen of Betula sect. Albae is the most abun-
dant (60—70% of AP). Pinus pollen contents increase
from 10—15% in the Late Glacial to 50% in the early
Boreal and reach their maximum (>90% of AP) in the
late Boreal. Picea pollen is rare; it forms a continuous
curve only at the base of the section, in the layers cor-
responding to the late Allered and beginning of the
Younger Dryas. Betula sect. Nanae pollen curve cul-
minates in the Younger Dryas (~35%), and then gra-
dually decline to disappear at the middle of the Boreal.
In the interval corresponding to the PBO, the pollen
diagram shows a decrease of Pinus pollen by 8—10%
and a small increase of Juniperus pollen, which form a
continuous curve in the Late Glacial part of the sec-
tion and very seldom occur in its Holocene part (Fili-
monova, 1995).

4.2.4. Lake Sudoble (54°03'N, 28°24’E; 165 m a.s.l.)
is situated in the Dnieper River basin in the central
part of Belorussia, approximately 450 km to the south-
west from Lake Seliger. The thickness of the sediment
core is 9 m (Bogdel et al., 1983). At the base of the
core, a thin layer of peat of the Allered age overlies gla-
ciofluvial sands. It is covered by sandy gyttja accumu-
lated during the late Allergd, Younger Dryas and Pre-
boreal. Starting from the Boreal, >7 m of detritus
gyttja accumulated at the site. Eight calibrated “C
dates based on TOC (Novik et al., 2010) make it pos-
sible to build a depth-age model and to determine po-
sitions of the Preboreal interval and PBO in the sedi-
ment sequence and on the pollen diagram.

Arboreal pollen contents reach 80—90% of the ter-
restrial pollen sum in the Allerod and 65—80% in the
Younger Dryas. Pinus pollen dominate in the entire
Late Glacial part of the sequence, reaching 75—85%
of AP, while Betula pollen make up 20—30% of AP
(Bogdel et al., 1983). Pollen percentages of Picea slow-
ly increase from zero to 10% during the Late Glacial,
rise to 15% at the Holocene boundary and remain at
12—13% of AP during the Preboreal. In the Boreal,
spruce pollen occurs rarely. The warming at the lower
boundary of the Holocene is marked by a sharp in-
crease in the share of Betula pollen (up to 40% of the
AP). At the depth corresponding to the PBO, its con-
tent decrease due to an increase in the proportion of
Pinus pollen. It rises again in the late Preboreal and
reaches a maximum for the entire section (~70%) at the
beginning of the Boreal. In the late Boreal, birch/pine
pollen ratio is close to 50/50 (Bogdel et al., 1983).

4.2.5. Lake Nakri (57°54'N, 26°16’E, 48.5 m a.s.1.)
is situated in the Baltic area, in southern Estonia, in
approximately 420 km to the west-north-west of Lake
Seliger. The sediment thickness from Lake Nakri in-
cludes ~4 m of silt, sandy at the bottom and increa-
singly clayey at the top, near the Late Glacial—-Holo-
cene boundary, with an interlayer of silt with organic
matter corresponding to the Allerod (Amon et al.,
2012). These mineral deposits are overlain by gyttja
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3 m thick. The age-depth model of sedimentation is
based on nine AMS “C dates.

The LOI measurements indicate a very rapid rise in
organic matter content from 5% to 30% during the
early Preboreal. At the very beginning of the Prebore-
al, LOI rises more slowly, so that it first reaches the
level of the end of the Allergd before the PBO. Then a
rapid rise begins with a slowing down corresponding to
the PBO (Amon et al., 2012).

The data from Lake Nakri include high-resolution
pollen and plant macrofossil records (Amon et al.,
2012). In the layer corresponding to the Older Dryas
and early Allerod, AP/NAP ratio is 40/60. Tree Betula
and Pinus each make up about 20% of the total terres-
trial pollen sum, shrubs Betula nana, Salix, and Juni-
perus are present. Betula PAR is <500 grains cm~2 yr—'.
The reconstructed vegetation type for this time inter-
val is treeless tundra. In the later part of the Allerad,
AP dominate pollen spectra (up to 80%); Betula and
Pinus reach over 30%, Betula nana and Juniperus ex-
pand. Betula PAR increase to 4700 grains cm=2 yr!
and Pinus PAR rise to 2400 grains cm~2 yr~!, indica-
ting spread of forest-tundra with birch and scattered
pine. A single stoma of pine was found at a depth cor-
responding to 13250 cal yr BP, where the PAR of Pinus
is about 2000 grains cm~2 yr~'. This finding confirms
the local presence of pine. In layers corresponding to the
Younger Dryas, AP/NAP ratio is approximately
50/50. Tree Betula and Pinus pollen are less than
20% each; Betula nana and Juniperus pollen con-
tents reach their maxima. PAR of Betula is less than
1000 grains cm~2 yr~!. For the Younger Dryas cooling,
treeless tundra vegetation is reconstructed at the site
(Amon et al., 2012).

In the interval corresponding to the early Holocene
as a whole, AP dominates the pollen spectra (up to
90%). Tree Betula reaches 80% of the total terrestrial
pollen sum, pollen of shrubs and NAP decline drasti-
cally. Macrofossils of Befula nana and macrospores of
Selaginella selaginoides found below the boundary be-
tween the Late Glacial and Holocene are not regis-
tered in the Preboreal. In the early Preboreal, PARs of
Pinus and Betula remain approximately at the same
level as in the Younger Dryas — somewhat below the
“forest level” for birch (about 1000 grains cm—2 yr~!') and
the “local presence level” for pine, >500 grains cm—2 yr—!
(Seppd, Hicks, 2006). However, already in the late
Preboreal and at the beginning of the Boreal, Befula
PAR exceeds 20 x 103 grains cm~2 yr~!. Macrofossils of
Betula alba are found in the section immediately after
the PBO, indicating a rapid warming. Pinus PAR also
increases during the late Preboreal and at the begin-
ning of the Boreal reaches about 4 % 103 grains cm=2 yr!
suggesting forest expansion (Amon et al., 2012).

5. DISCUSSION

5. 1. Sedimentation history. During the Late Glacial
and early Holocene, in all the sections discussed above
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lacustrine sediments accumulated. From sedimenta-
tion models based on “C dating, the boundaries of the
main climatic phases were determined in the sections,
with special attention to the Preboreal and to the time
interval corresponding to PBO. The analysis of *C
and lithological data shows that sedimentation in all
these sections began at 13—14.5 cal kyr BP. The com-
position of lacustrine deposits changed everywhere in
a similar way — from predominantly mineral deposits
in the Late Glacial to those with high organic contents
(gyttja) in the early Holocene. Nevertheless, both the
time of the transition to the accumulation of gyttja and
the nature of changes in the sediments’ composition
vary considerably from place to place.

In the Lake Seliger sediments, the transition from
carbonate gyttja with LOI 10—15% to typical gyttja
with LOI >50% corresponds to the beginning of the
Holocene (Konstantinov et al., 2021). At the Lake
Nakri site, the transition from lacustrine silt to gyttja
also roughly corresponds to the Late Glacial-Holo-
cene boundary: during the early Preboreal, LOI in-
creases there from 5% to ~30% (Amon et al., 2012).
In Lake Terebenskoye, where organic contents are
generally low, the transition from silty clay to clayey
gyttja corresponds to the beginning of the late Prebo-
real, and accumulation of detritus gyttja begins in the
Boreal (Wohlfarth et al., 2007). In the sediments of
Lake Dolgoye, clayey silt gives way to gyttja accumu-
lation at the boundary between the Preboreal and Bo-
real, and at the beginning of the Boreal, the organic
content in the sediment rapidly rises from 10% to 50%
(Kremenetski et al., 2000). In the Sudoble section,
sandy gyttja accumulated until the Boreal when for-
mation of detrital gyttja began (Bogdel et al., 1983).
In the lake that existed in the Late Glacial in place of
the modern Moshkarnoye mire, mineral clays accu-
mulated till the middle of the Boreal (~9500 cal yr BP);
they are overlain by a gyttja with a thin (~20 cm) clayey
interlayer at the base (Filimonova, 1995).

Changes in LOI of the sediments of lakes Seliger,
Dolgoye, Nakri, and Terebenskoye show traces of
a short-term cooling corresponding to PBO. Thus, in
the Seliger section, after a sharp increase at the transi-
tion to the Holocene, a decrease in LOI by 5—7% co-
incides with the PBO time interval. At the beginning
of the late Preboreal, this brief drop is succeeded by
a new increase in LOI to 60—65%. In the Dolgoye sec-
tion, a 7% decrease in LOI also corresponds to PBO.
However, the organic contents in this section re-
mained at this low level throughout the entire Prebo-
real, and only at the beginning of the Boreal did the
rise of LOI resume. A similar temporal structure is
shown by the carbon content changes in the sediments
of Lake Terebenskoye (Wohlfarth et al., 2007).
In Lake Nakri, the PBO time interval is marked by
a slowdown in the increase of LOI at a level of about
20%. We assume that these changes reflect a tempo-
rary reduction in the productivity of lakes caused by
a short-term cooling corresponding to PBO. A rapid
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warming at the beginning of the late Preboreal brought
about a new increase in the productivity of lake eco-
systems.

5.2. Vegetation history. Changes in the AP/NAP
proportion in the lake sediments generally reflect the
role of trees in the composition of vegetation at the
studied sites during the period ca. 14—9 cal kyr BP.
It increased during the Allered interstadial warming
and decreased again in the Younger Dryas cold stage.
In all the considered sections, the main species in the
AP group are Betula and Pinus, as well as Picea in the
sections Seliger, Dolgoye, and to a lesser extent Su-
doble. The role of such wind-pollinated trees with
high pollen productivity, as pine and birch, in local
vegetation is difficult to assess only by the percentages
of their pollen in the spectra. To improve our recon-
struction, we used for the purpose additional informa-
tion from PAR calculations, dated tree macrofossils,
and stomata of the coniferous trees found in the stud-
ied lake sediments.

In the Allerad, PARs of Pinus and Betula in the Se-
liger, Dolgoye, and Nakri sections exceeded the values
indicating their local presence according to (Seppa,
Hicks, 2006). Tree Betula macrofossils and a single
Pinus stoma were found in the Nakri section in a layer
with an age of 13—13.5 cal kyr BP (Amon et al., 2012).
Thus, both birch and pine took part in the vegetation
at these sites already in the Allergd, forming the forest-
tundra or open forest communities. The ratio of pine
and birch in such communities probably depended
from local features, in particular, from the spread of
sandy soils. The participation of Picea in local vegeta-
tion was definitely established for the Seliger and Dol-
goye sites, where, in addition to a high proportion of
spruce pollen in the spectra (up to 30—40% of AP),
Picea PARs form a distinct peak in the Allerod, rea-
ching 9000 and 1000 grains cm~2 yr—!, respectively.
Moreover, Picea stomata were found in the same layer
in the Dolgoye section. It is difficult to prove the pre-
sence of spruce in the Allergd at the other sites, since
Picea pollen occur there in very small quantities.

In response to the cooling at the beginning of the
Younger Dryas, the PAR of spruce, pine, and birch in
the Seliger and Dolgoye sections, as well as the PARs
of pine and birch in the Nakri section, decreased quite
sharply, reflecting a decline of forest communities.
Warming at the Late Glacial/Holocene boundary led
to a new increase in the tree pollen accumulation.
It is also indicated by a significant shift in the AP/NAP
ratio towards tree pollen domination. In the Dolgoye
section, pollen of spruce and pine reached 30% of AP
each in the early Preboreal. At the same time, Pinus
PAR in the sections Seliger and Dolgoye exceeds the
value of the Allergd. A rapid increase in Befula PAR in
the Seliger section begins already ~13 cal kyr BP, pro-
ceeds steadily during the Younger Dryas, and reaches
a peak at the beginning of the late Preboreal, while
in the Dolgoye section a sharp rise in Betula PAR oc-
curs later, in the Boreal. In the Terebenskoye section,

the earliest dated finds of Picea macrofossils date back
to the end of the Younger Dryas, and those of tree
birch — to the beginning of the Preboreal (Wohlfarth
et al., 2007), which also confirms the increased parti-
cipation of these species in the local vegetation in res-
ponse to the warming at the Late Glacial/Holocene
transition. The onset of the Boreal was characterised
by the introduction of broadleaved species into forest
communities and a decrease in the landscape role of
birch forests indicating further warming and some
amelioration of climate continentality.

In the pollen diagrams of the sections discussed
above, the Preboreal cold oscillation dated to around
11.4—11.2 cal kyr BP (Rasmussen et al., 2006) is ref-
lected rather weakly. In most diagrams, this interval
corresponds to a decrease in the proportion of AP in
the spectra compared to the beginning of the Prebore-
al. In the Dolgoye section, there is a decrease in the
PARs of the main trees, and in the Seliger section,
an increase in the PARs of herbaceous plants, espe-
cially Poaceae and Artemisia, was also registered.
In the Nakri and Moshkarnoye pollen sequences, the
PBO corresponds to a small peak of Juniperus pollen,
which is more characteristic of the Younger Dryas pol-
len spectra (Filimonova, 1995; Amon et al., 2012).

5.3. Comparison with PBO manifestations in north-
western and central Europe. In general, similar changes
in the composition of sediments and pollen spectra are
much more pronounced in the sedimentological and
paleobotanical data from northwestern and central re-
gions of Europe (Brauer et al., 1999; van der Plicht
et al., 2004; Bos et al., 2007). For example, the LOI
curve of the Lochem-Ampsen record in The Nether-
lands shows considerable shifts (Bos et al., 2007): by
the end of the early Preboreal warming (the so-called
Friesland Phase) LOI reaches 40% and then drops to
about 10% at the beginning of the Rammelbeek Phase
corresponding to the PBO in The Netherlands.
During the late Preboreal, the LOI values increase
once again to around 85% and later only minor oscil-
lations are recorded (Bos et al., 2007). In the Lochem-
Ampsen section, the pollen contents of Betula sect.
Albae which make up 50—70% of the terrestrial pollen
sum in the Younger Dryas and early Preboreal, de-
crease to 20—30% in the PBO interval. The proportion
of upland herbs pollen (with the exception of Cypera-
ceae) in this cold interval is 2—3 times higher than in
the end of the Younger Dryas and during the initial
warm phase of the early Preboreal.

Similar changes in the composition of pollen spec-
tra are also found in the Borchert section in The Neth-
erlands, where the content of Betula sect. Albae pollen
increases from 30% at the end of the Younger Dryas to
90% at the end of the Friesland warming, while in
PBO it sharply decreases to 30—40% (van der Plicht
etal., 2004). The content of Pinus pollen, which
reaches 20—30% of the terrestrial pollen sum in the
Younger Dryas, does not exceed 5% of the pollen spec-
tra in the Early Preboreal (van der Plicht et al., 2004).
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The short cooling corresponding to PBO is also
clearly manifested in the varved lake sediment records,
such as that of Meerfelder Maar in Germany, as well as
in a negative excursion in the 8180 values in the lake
carbonate record of Lake Goscigz in Poland (Brauer
et al., 1999).

6. CONCLUSION

Detailed high-resolution multi-proxy studies of
lake sediments, including AMS “C dating, lithology,
LOI measurements, pollen analysis and identification
of plant macrofossils, of Lake Seliger and five other la-
custrine records used for comparison showed the main
features of changes in the productivity of lakes and
vegetation development in response to the short-term
climatic oscillations during the Late Glacial and early
Holocene.

The Allered interstadial was the first warming epi-
sode when spruce, birch and pine spread in the north-
west of European Russia and formed the forest-tundra
or open woodlands. A substantial cooling in the
Younger Dryas caused a rapid decline of forest com-
munities and a re-advance of the tundra-steppe vege-
tation with scattered groups of trees in the most pro-
tected habitats.

Following the rapid climate warming at the Late
Glacial/Holocene transition, woodlands formed by
cold-resistant and light-loving pioneer species — birch
and, somewhat later, pine — expanded again over
the area. A short-term cooling in the PBO, around
11.4 cal kyr BP, most clearly manifested itself by a de-
crease in the proportion of organic matter in lake sed-
iments. It also interrupted or slowed down the expan-
sion of birch and pine forests and caused a new spread
of open grassland vegetation. At the beginning of the
late Preboreal, there was a new rapid shift to a warmer
and more humid climate, and birch forests expanded
again, followed later by pine. Further warming during
the Boreal brought about the beginning of the intro-
duction of broadleaved species into forest communi-
ties and a decrease in the landscape role of birch
forests.

Our analysis showed that the first short-term coo-
ling of the Holocene, corresponding to the PBO in the
Greenland ice-core records, also manifested itself
in the northwest of European Russia. However, the
impact of this cooling on the vegetation development
and lake ecosystems was probably weaker than in
north-western and central Europe.

Landscape And Climate Changes in the Preboreal
in the Northwestern European Russia

0. K. Borisova®*, N. N. Naryshkina®, E. A. Konstantinov’, and A. V. Panin*
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High-resolution multi-proxy studies of lake sediments, including AMS *C dating, lithology, loss-on-ignition
measurements, pollen analysis and identification of plant macrofossils, of Lake Seliger (57°17'N, 33°04'E)
and five other lacustrine records from the adjacent areas used for comparison, make it possible to reconstruct
the main changes in the productivity of lakes and vegetation development in response to the short-term cli-
matic oscillations during the Late Glacial and early Holocene. The analysis showed that lacustrine sedimen-
tation at all these sites began 13—14.5 cal kyr BP, in the Allergd Interstadial, when spruce, birch and pine be-
gan to spread in the northwest of European Russia forming the open woodlands. A substantial cooling in the
Younger Dryas caused a rapid decline of forest communities and a re-advance of the tundra-steppe vegetation
with scattered groups of trees in the protected habitats. The composition of lake sediments changed every-
where in a similar way — from predominantly mineral deposits in the Late Glacial to those with high organic
contents (gyttja) in the early Holocene. Following the rapid warming at the Late Glacial/Holocene transi-
tion, woodlands formed by birch and, later, pine expanded again over the area. A short-term cooling
11.4—11.2 cal kyr BP, coeval with the Preboreal Oscillation observed in the Greenland ice-core records, most
clearly manifested itself by a decrease in the proportion of organic matter in lake sediments. It also interrupted
or slowed down the expansion of birch and pine forests and caused a new spread of open grassland vegetation.
However, the impact of this cooling on the vegetation development and lake ecosystems in the northwest
of European Russia was probably weaker than in western and central Europe. At the beginning of the late
Preboreal, there was a new rapid shift to a warmer and more humid climate, when birch forests expanded
again, followed later by pine. Further warming during the Boreal brought about the introduction of broad-
leaved tree species into forest communities and a decrease in the landscape role of birch forests. At this time,
some lakes were filled, and lacustrine sedimentation was replaced by the formation of peat.
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