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High-resolution biological proxies (pollen, plant macrofossils, Cladocera, Chironomidae, malacological analysis and diatoms),

geochemical analyses, and AMS radiocarbon dating were employed to reconstruct the responses of the Smélsk palaeolake
(Kuyavian Lakeland, central Poland) to rapid climatic and other environmental changes during the Late Glacial-Early Holocene
transition. The integration of palaeoecological and geochemical data enabled detailed insights into the dynamics of short-term
shifts in terrestrial and aquatic ecosystems triggered by abrupt climate
events. Precise age control and high-resolution sampling allowed the
identification of temporal leads and lags between proxy responses to
climatic shifts during this transitional period. Key findings include: (1)
* Corresponding author, e-mail: r.stachowicz@botany.pl the coolest lake development phase, corresponding to the Late Glacial

e . . - (9.050-5.400 m; 13,835-12,800 calC BP); (2) evidence of an open
Sﬁ&?s'\rﬁ%‘ g‘ncl’i\r/%?‘?l?;ezg" %8%‘; accepted: February 20, 2025; first landscape and decreased water levels in the Late Glacial, resulting in
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intensified catchment erosion; (3) a change in sediment deposition at a depth of 5.35 m (~11,000 cal'*C BP), marked by a tran-
sition from silt to calcareous gyttja and peat, indicating a lowering of groundwater levels and improved climatic conditions at the
beginning of the Holocene; (4) a hiatus between the Late Glacial and Early Holocene recorded across all proxies; and (5) pro-
gressive eutrophication during the Holocene, characterized by reed belt development, reduced sedimentation, and the cessa-
tion of terrigenous sediment input. These findings highlight the lake system’s sensitivity to rapid climatic and environmental

changes during this critical period.
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INTRODUCTION

The Kuyavian Lakeland is characterized by numerous
palaeolakes that serve as vital archives of past environmental
changes, offering insights into climate dynamics, vegetation
shifts, and geomorphological processes over various temporal
and spatial scales. Subfossil plant and animal remains, along
with the geochemical character of the lake and bog deposits,
reflect these past changes, as demonstrated in prior studies
(Ralska-Jasiewiczowa et al., 1998; Pawtowski et al., 2015;
Makohonienko et al., 2023). Similar palaeoenvironmental stud-
ies across central Europe have provided comprehensive docu-
mentation of climatic and anthropogenic impacts on peatland
ecosystems using a variety of palaeobotanical, palaeozoolo-
gical and geochemical proxies.

The Smdlsk palaeolake, situated in the eastern Kuyavian
Lakeland in the immediate vicinity of the Vistula ice-marginal
valley, offers a unique opportunity to investigate the interac-
tions between climate and other environmental change. Initial
research, conducted during archaeological rescue excava-
tions between 2006 and 2011, revealed extensive evidence of
human activity, particularly from the Neolithic period, in a set-
tlement complex spanning several hectares. The site is lo-
cated on a flat moraine plateau, surrounded by a diverse land-
scape of landforms, surface geological structures, vegetation,
and soils. Alongside archaeological studies, preliminary inter-
disciplinary investigations addressed palaeoecological and
environmental archaeology questions concerning pre-settle-
ment conditions (Kittel et al., 2015).

A notable feature of the Smdlsk site is a kettle hole at its
southeastern edge, filled with organic deposits up to 10 m
depth. This depression lies within a narrow tunnel valley
through which a small watercourse (a modern drainage canal)
currently flows. Sediment cores from the site reveal a se-
quence of silts, sands, peats and gyttja, documenting the ba-
sin’s evolution during archaeological and geomorphological
surveys (Muzolf et al., 2012; Kittel 2015; Kittel et al., 2015).
Previous palaeoecological studies on the uppermost 3.5 m of
the deposit confirmed the presence of a small mesotrophic
lake, active from the Late Glacial through to the Middle Ages,
though pollen preservation was insufficient for detailed vege-
tation reconstructions.

In this study, we present new high-resolution multiproxy
data from the Smolsk palaeolake, focusing on lake ecosystem,
local vegetation, and catchment area responses to abrupt cli-
mate changes between 13,835 and 9,200 cal'*C BP. This inter-
val encompasses the critical transition from the Late Glacial to
the Early Holocene, a period marked by rapid climate oscilla-
tions (Goslar et al., 1993; von Grafenstein et al., 1999, 2013;
Wang et al., 2001; Litt et al., 2001; Schaub et al., 2008;
Feurdean et al., 2014; Rasmussen et al., 2014; Muschitiello et

al., 2015; Muller et al., 2021; Ptéciennik et al., 2022; Zander et
al., 2024). Previous research has documented time lags be-
tween lake and ice-core proxies in western Germany, southern
Norway, and Greenland during the Younger Dryas cooling
(Lane etal., 2013; Rach et al., 2014), underscoring the need for
synchronized proxy records to understand regional climate
change mechanisms better. By investigating the proxy respon-
ses at Smolsk, this study contributes to a broader understand-
ing of the timing, dynamics, and drivers of climatic and environ-
mental changes during this critical transitional period.

STUDY AREA, SITE DESCRIPTION

Physico-geographically, the study area is located in the
eastern part of the Kuyavian Lakeland on the border with the
Plock Basin (Kondracki, 1994, 2002; Solon et al., 2018).

In the area surrounding the Smdlsk site, the moraine pla-
teau of the Kuyavian Lakeland rises to a maximum of 84-85 m
a.s.l. and represents a part of the extensive exaration depres-
sion of the Kuyavian Plateau (Molewski, 2007). The site is lo-
cated in the immediate vicinity of the edge of the Ptock Basin
within the Vistula ice-marginal valley (Fig. 1C).

The surrounding area of the site is a flat moraine plateau,
composed of glacial till of the Vistulian Glaciation (Brzezinski,
2001, 2003; Wysota, 2002; Mojski, 2005; Molewski, 2007;
Przegietka et al., 2008; Nowaczyk, 2008; Roman, 2010). South
of Brzes¢ Kujawski, two clay units of the Vistulian Glaciation
were recognized (Brzezinski, 2003). The younger, upper clay,
6 m thick, correlates with the Poznan Phase, which forms a uni-
form upland surface in this area. The older, lower clay, 3 m
thick, correlates with the Leszno Phase or with the Swiecie
Stage, and is separated from the upper clay by a layer of
glaciofluvial sands or glacial till and stagnant-facies silts. The
lower clay has been distinguished only in the Kazan area. The
succession of lake clays and silts analysed at the Guzlin site
were related to the main stage of the Vistulian Glaciation (Ro-
man, 2010).

The surface of the upland in the Smalsk area includes a few
depressions left by dead ice, and in the vicinity of the site a mod-
erately narrow subglacial tunnel valley, mostly filled with bio-
genic accumulation deposits (Fig. 1B). This relief form extends
on the northern side of the village of Smolsk and farther west to-
wards Brzesc¢. To the west of the Zgtowigczka River valley, this
form may continue to the NW, and is preserved in the form of a
sequence of oval drainless depressions, including in the Oston-
ki area (Nowaczyk, 2008). South and west of the Smalsk site,
there are four small (<1 ha in area) drainless depressions occu-
pied by biogenic accumulation plains. The largest and most
prominent in the morphology of the site is the Smdlsk (SMO2)
palaeochannel. It forms part of an east-west subglacial tunnel
valley, which is better defined in the relief a little farther west of
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Fig. 1A — location of the Smélsk site on a map of Central Europe; B — location of the Smolsk site on a geomorphological
map of Poland at 1:100 000 scale, Brze$¢ Kujawski Sheet (441) according to Brzezinski (2003); C — location
of the Smélsk palaeolake (purple circle); D — cross-section through the deposits of the Smoélsk palaeolake

the site. The upper part of the succession in this basin has al-
ready been studied (Kittel, 2007, 2008). These basins are most
likely a continuation of the subglacial channel noted towards the
SSE.

The distinct morphological edge of the proglacial valley reaches
~10 m in height. Subglacial depressions and channels with an
organic sedimentary infill make the relief of the area clearly dif-
ferentiated (Fig. 1B—D). Preliminary results of palaeoenviron-
mental studies based on analysis of the upper part of 3.5 m of
the organic deposits, covering ~6,000 years, confirm the exis-
tence of a small (~1 ha) relatively mesotrophic lake from the
Late Glacial and Holocene transition to the Middle Ages. Peri-
odic fluctuations in water level, changes in pH and low water lev-
els since the Neolithic have also been observed for this time in-
terval (Kittel, 2015).

MATERIALS AND METHODS

The main core for study, with the identification code SMO2,
spanning 5.500 m (9.050-3.550 m from present surface level),

was retrieved from a palaeobasin (52°36°02,5"N-18°59°17,5"E;
70 m a.s.l.) using a Wieckowski piston corer with diameters of
5 cm and lengths of 100 cm. Three parallel cores of the deposits
were collected for multi-proxy analyses. Samples were taken
from the cores at intervals of 2.5 cm and prepared for the follow-
ing analyses: pollen, plant macroremains, lithological, geoche-
mical, diatoms, Cladocera, Chironomidae and malacological.
Fourteen radiocarbon (14C) dates were obtained for the sedi-
ment profile (Table 1).

SEDIMENT DESCRIPTION

3.550-3.850 m light brown fine detritus gyttja with frag-
ments of mollusc shells

3.850—4.900 m gyttja light brown fine detritus gyttja with
fragments of mollusc shells

4.900-5.300 m fine detritus gyttja, grey-green to brown,
slightly laminated

5.300-5.750 m blue-grey mineral gyttja

5.750-6.050 m dark blue-grey clays
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6.050-6.350 m light grey gyttja

6.350—7.075 m dark blue-grey clay

7.075-7.500 m light blue-grey clay

7.500-7.600 m blue-grey clays and silts

7.600-7.700 m fine-grained grey sands

7.700-7.850 m dark grey muds with single mollusc shells
7.850-8.550 m fine-grained grey sands

8.550-8.750 m grey silts

8.750-8.875 m compact brown peat

8.875-8.950 m sands with organic admixtures
8.950-9.050 m medium-grained sands with interbeds of
sand and organic mud

RADIOCARBON DATING

A total of 14 radiocarbon dates were obtained from a depth
interval of 3.550-8.775 m of the core SMO2. Taxonomically
identified plant macro-remains were selected for AMS radiocar-
bon dating undertaken in the Radiocarbon Laboratory in
Poznan (see Goslar et al., 2004 for details). The "C age BP
was further calibrated using the OxCal v. 4.4 software (Bronk
Ramsey, 2009) and the IntCal20 calibration curve (Reimer et
al.,, 2020; Fig. 2 and Table 1).

OxCal v4.4.4 Bronk Ramsey (2021); r:5 Atmospheric data from Reimer et al (2020)
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Fig. 2. Model age-depth of the Smolsk SMO2 core

a) — samples that were used in the age-depth model
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Table 1

The results of radiocarbon dating of plant macroremains from the SMO2 core

Depth Laboratory 14 Age cal'*C prob. | Age cal™C prob. .
[cm b.s.l.] code Age “C [yr BP] 68.3% 95.4% Dated macrofossils
Smélsk Pinus sylvestris — 4 bud scales
3.30-3.35 Poz-157237 | 7,830 +50 BP? 8,752-8,545 BP 8,855-8,455 BP Carex rostrata — 3 fruits
’ ' Urtica dioica — 9 fruits
. Carex sp. 2 sided — 1 fruit
3 0000k | Poz-140378 | 8,240 +170 BP? | 9,325-9,108 BP | 9,441-9,006 BP Typha sp. - 6 fruits
' ' Pinus sylvestris — 1 bud scale, 1 seed scale
4.082?113.550 Poz-140246 | 8,910 +50 BP? 9,939-9,739 BP 9,999-9,695 BP Pinus sylvestris — 1 dwarf, 2 seed scale
Smolsk ) a) . B Betula sect. albae — 11 fruits, 1/2 fruit scale
4.575-4.600 | P0Z-140172| 8,820 £70 BP 10,172-10,071 BP | 10,204-9,948 BP Pinus sylvestris — 1 seed scale
Smolsk Betula sect. albae — 6 fruits, 4 fruit scales
4.925-4.950 | P0z-140171 9,350 +50 BP 10,645-10,347 BP | 10,824-10,232 BP Pinus sylvestris — 2 seed scales
Smolsk Betula sect. albae — 10 fruit scales
5 27%‘355300 Poz-140170 | 9,520 +50 BP? | 11,071-10745 BP | 11,104-10672 BP | Ppinus sylvestris — 6 seed scales, 2 needles,
' ' 2 dwarfs, 3 fr. of male cone
Smélsk Carex 3-sided — 1 fruit
5 775-5 800 Poz-157185 9,160 +50 BP 13,111-12858 BP | 13,217-12679 BP Betula sect. albae — 1 fruit scales
: ’ Betula sect. albae — 2 fruits
5 887?53'55500 Poz-140169 | 8,630 +310 BP | 13,128-12,903 BP | 13,231-12,744 BP | Pinus sylvestris — 1 seed scale, 2 bud scale
Smolsk a) Pinus sylvestris — 4 bud scales, 6 needles,
6.425-6 450 | Poz-140168 | 11,240 +60 BP 13,236-13,113 BP | 13,300-13,099 BP 2 dwarfs
Betula sect. albae — 1 frut;
Smdlsk a) Pinus sylvestris — 2 bud scales,
6.925-6 950 | Poz-140167 | 11,640 £70 BP 13,437-13,341 BP | 13,500-13,315 BP 6 fr. of needies
brown mosses — 1 stem
Eleocharis palustris — 1 fruits
Smolsk Ranunculus sceleratus — 1 fruits
7 025-7.050 | Poz-140165 | 11,250 +70 BP | 13,469-13,368 BP | 13,522-13,330 BP Betula sect. albae — 1 fruit scale
Pinus sylvestris — 2 bud scales, 1 fr. of leaf
Pinus sylvestris — 2 bud scales; 3 fr. of needles
Smalsk ~ a) - _ Cirsium palustre — 2 fruits
7 775-7.800 | P0z-140164 | 11,920 +60 BP 13,656-13,602 BP | 13,775-13,515 BP Betula sect. albae — 1 fruits
B. nana — 2 fr. of leaves
Smolsk Pinus sylvestris — 3 bud scales; 1 seed scale;
85508 575 | Poz-140245 | 11,820 +60 BP? | 13,785-13,724 BP | 13,987-13,657 BP 6 fr. of needles
' ' Betula sp. — 1 frut scale
8.785%1235.;75 Poz-140243 | 11,910 +60 BP? |13,819-13,750 BP | 14,020-14,028 BP Carex rostrata — 2 fruits, 16 epicarps

a) — samples that were used in the age-depth model

GEOCHEMICAL ANALYSIS

For geochemical analyses, sediment samples were frieze-
dried and homogenized in a laboratory agate mill. Organic mat-
ter (LOI) and carbonate contents (CaCO;) were determined by
combustion of the samples at 550°C for 4 h and subsequently
at 925°C for 2 h. Carbonate content was calculated as CaCO3 =
1.36 x LOlgys, as defined by Heiri et al. (2001). To determine the
contents of terrigenous (SiOzr) and biogenic (SiOaiog) Silica in
the samples, powdered samples were combusted at 550°C for
4 h and subsequently digested in aqua regia at 100°C for 2 h.
The residue after acid treatment was assumed to represent to-
tal SiO, (SiOxer). SiOgter and SiOzpiog Were separated by extrac-
tion of biogenic opal (SiOzpiog) With 0.5 n NaOH on a water bath
at 100°C for 2 h (Bechtel et al., 2007). The content of SiOzpieg
was calculated as SiOzyiog [%] = SiO2t-SiOzer (Woszezyk et al.,
2011). The procedure described is commonly used for palaeo-

environmental analyses of lakes in the Polish Lowland (e.g.,
Tylmann et al., 2009; Apolinarska et al., 2012; Makohonienko et
al., 2023).

PALYNOLOGICAL ANALYSIS

One hundred and ten samples were used for palynological
analysis, 1 cm? in volume, were subjected to standard Erdtman
acetolysis (Faegri et al., 1989), boiled in HF (Berglund, Ralska-
Jasiewiczowa, 1986) and tablets with Lycopodium spores were
added (Stockmarr, 1971). Palynological samples were ana-
lysed under a transmitted light microscope, at 400% or 1000%
magnification, using immersion (anisole). In several late-glacial
samples, <100 sporomorphs were counted (total sum) and
these samples were omitted from the analysis of the diagram. In
the Holocene samples, up to ~600 sporomorphs of trees and
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Fig. 3. Stratigraphical content of mainly lithogeochemical components from the Smoélsk SMO2 core

Characterization of organic matter, SiOar, SiO2biog and CaCOj3 content

shrubs (AP) and terrestrial herbaceous plants (NAP) were
counted. The identification was made using handbooks and
keys for pollen grain identification (Moore et al., 1991; Beug,
2004), and comparative preparations from the KRAM P collec-
tion of the Palaeobotany Department (currently known as the
Palaeobotany and Palaeoenvironment Research Group) of the
W. Szafer Institute of Botany, Polish Academy of Sciences. The
state of preservation of the sporomorphs was generally not
good, which made their identification and counting difficult.
The results of palynological analysis are shown in the form
of a classic percentage diagram. When calculating the percent-
age share of sporomorphs, the total amount was tree and shrub
pollen (AP) and terrestrial herbaceous plants (NAP), excluding
pollen grains of aquatic and red-swamps, and fern spores. At
the end of the diagram, summary concentration curves for
trees, shrubs and herbs are shown. The diagram was created
using Polpal software (Nalepka and Walanus, 2003;
www.polpal). The basic palynological diagram includes all spe-

ctra counted. Then, in the diagram, interruptions are marked (in
purple) where fewer than 100 sporomorphs were counted, or
where some taxon was overrepresented (Pinus, Selaginella
helvetica). In the part of the spectra where single taxa occurred,
they are shown not as percentage silhouettes, but were intro-
duced as plus signs. The following estimates were adopted:
one plus (+) indicates a single occurrence of the taxon, two
pluses (++) several occurrences, and three pluses (+++) a
more numerous occurrence (Fig. 4).

PLANT MACROREMAINS ANALYSIS

Plant macroremains were analysed in 220 samples
(3-22 cm® — the precise volume is given in the diagram; Fig. 5).
They were boiled with the addition of KOH and detergent to re-
duce the amount of sediment and remove humic matter. The
sediment was then subjected to wet sieving on a 0.2 mm mesh
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sieve. The material received was examined with a stereo micro-
scope. The conservation of plant remains was treated with a
standard mixture of alcohol, water and glycerin in 1:1:1 propor-
tion, with the addition of thymol. Then the plant fragments were
dried with 50% ethyl alcohol. Macrofossils were identified with
the use of plant keys, atlases (Kats et al., 1965, Berggren, 1969;
Cappers et al., 2006; Velichkevich and Zastawniak, 2006, 2008),
other scientific descriptions and publications, and compared with
a reference collection of modern diasporas, as well as fossil flora
specimens from the National Biodiversity Collection of Recent
and Fossil Organisms at the W. Szafer Institute of Botany, Polish
Academy of Sciences, in Krakéw (herbarium KRAM)
(https://www.rcin.org.pl/dlibra/collectiondescription/548). Quali-
tative and quantitative results are shown on a diagram drawn
with the use of the Polpal software (Nalepka and Walanus,
2003).

DIATOM ANALYSIS

For diatom analysis, 220 samples of 1 cm® volume size
were selected. Sample processing and analyses followed
Battarbee (1986). At least 300 diatom valves per sample were
analysed with a light microscope using oil immersion at 1000x%.
For identification keys (Lange-Bertalot and Krammer, 1987;
Lange-Bertalot and Metzeltin, 1996; Krammer and Lange-Ber-
talot, 2008a, b, 2010, 2011; Lange-Bertalot et al., 2011) and
AlgaeBase (Guiry and Guiry, 2023) were used. Diatom ecologi-
cal groups were determined using the Omnidia software (Ver-
sion 4.2; Lecointe et al., 1993). Next, the ecological groups
were distinguished according to Denys (1991) and Van Dam et
al. (1994). We considered the following indicator parameters:
habitat category (Denys, 1991), preference for pH, trophic state
and moisture (Van Dam et al., 1994) and dominant taxa (abun-
dance over 2%). A stratigraphic diagram was plotted using C2
software (Juggins, 2007; Fig. 6A, B).

CLADOCERA ANALYSIS

Analysis of subfossil Cladocera took place at 2.5 cm inter-
vals (depth 9.050-3.575 m). One hundred sixteen samples of 1
cm? each were processed according to the standard procedure
(Frey, 1986). Each sample of 1 cm® of deposit was processed
according to the standard procedure (Frey, 1986). All Clado-
cera remains (i.e. the head shield, shell, postabdomen, claw,
ephippium) were counted. For each taxon, the most abundant
body part was taken to represent the number of individuals, and
percentages were calculated from the sum of individuals. The
results of these calculations are shown in a diagram (Fig. 7),
drawn with the use of Polpal software (Nalepka and Walanus,
2003). The taxonomy of cladoceran remains in this paper fol-
lows those of Szeroczynska and Sarmaja-Korjonen (2007),
Van Damme and Dumont (2008), Van Damme et al. (2010) and
Faustova et al. (2011). Classification of Cladocera habitat pref-
erences followed Flossner (1972, 2000), Bjerring et al. (2009),
and Btedzki and Rybak (2016).

CHIRONOMIDAE

Chironomidae subfossils were collected from 162 samples
within core depths 8.275-3.575 m mostly with 2.5 cm resolu-
tion. Larval head capsule (hc) preparation methods follow
Brooks et al. (2007). The samples were passed through a
90 um sieve. Identification of Chironomidae hc follows mainly

keys by Brooks et al. (2007) and Andersen et al. (2013). Eco-
logical preferences of the taxa identified were based on Vallen-
duuk and Moller Pillot (2007), Brooks et al. (2007) and Moller
Pillot (2009, 2013). The reference collection is deposited and
available at the Department of Invertebrate Zoology and Hydro-
biology, University of Lodz. Chironomid assemblage zones
were determined in R software (R Core Team, 2020) using
detrended hierarchical clustering (with Coniss algorithm and
Euclidean distance) from the rioja package (Juggins, 2017).
The zones were tested for statistical significance with the bro-
ken-stick model using the R package ‘Vegan’. The Detrended
Correspondance Analysis (DCA) was also calculated with the R
package ‘Vegan' using percentage data and downweighting
rare species (Oksanen et al., 2019). A stratigraphic diagram
was plotted using C2 software (Juggins, 2007; Figs. 8 and 9).

The Chironomidae inferred (CH-I) mean July air tempera-
ture reconstruction is based on Swiss-Norwegian-Polish TS
(SNP TS) and East European TS (EE TS) (Luoto et al., 2019;
Kotrys et al., 2020). Samples that contained <50 head capsules
(hc) according to Quinlan and Smol (2001) were merged or de-
leted. The SNP TS includes 357 lakes, 134 taxa and the
3.5-20.1°C temperature range. The EE TS includes 212 lakes,
142 taxa and covers the 11.3—20.1°C temperature range. The
SNP TS Root Mean Squared Error of Prediction (RMSEP) and
Rojack for the WA-PLS (Weighted Averaging-Partial Least
Squares transfer function) component 3 are 1.39°C and 0.91,
respectively, and the EE TS RMSEP and R%ack for the
WA-PLS component 2 are 0.88°C and 0.88, respectively (Luoto
et al., 2019; Kotrys et al., 2020).

MALACOLOGICAL ANALYSIS

Sixty-two sediment samples were subjected to malacolo-
gical analysis. Due to the small volume of individual samples
and the not very abundant molluscan shells, it was necessary to
combine them within the lithological layers distinguished in the
profile. Ultimately, 12 samples were the basis for analysis. The
identification was made using keys (Welter-Schultes, 2012;
Piechocki and Wawrzyniak-Wydrowska, 2016). The species
were classified into ecological groups according to the scheme
described by Alexandrowicz and Alexandrowicz (2011). The
percentages of ecological groups and individual taxa in each
sample were calculated. On this basis, a malacological diagram
was constructed as a basis for palaeoenvironmental interpreta-
tions (Fig. 10). Based on the similarity dendrogram [UPGMA
clustering and Morisita’s algorithm (Morisita, 1959)], two faunal
assemblages were distinguished (Fig. 11). The PAST program
was used for statistical analyses (Hammer et al., 2001).

RESULTS

RADIOCARBON DATING

The absolute chronology of the Smélsk SMO2 sediment se-
quence was derived by constructing a Bayesian age-depth
model based on 10"C AMS dates and includes only the or-
ganic-rich section. The dates are given as cal BP age (with
95.4% probability; Table 1). The stratigraphic discontinuity,
which depending on the resolution of the samples is located at a
depth between 3.50 and 3.55 m, was initially recognized by
palaeoecological methods. To recognize the age of this interval
in detail, samples just above and below the hiatus were se-
lected (Fig. 2).
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Fig. 9. Chironomiadae-inferred mean July air temperature and Chironomidae DCA

RMSEP is denoted by green shading at the reconstruction curves; modern analogues of reconstructed tempera-
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EE CH-I T july — East—European Chironomidae-inferred mean July air temperature model; SNP CH-I T july —
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GEOCHEMICAL ANALYSIS

Geochemical changes in the succession investigated re-
flect two stages in the palaeolake evolution (Fig. 3). The first
stage represent Late Glacial deposits (9.00-5.30 m; older than
13,853 to 12,800 cal'*C BP). These deposits mainly comprise
terrigenous silica (SiOzir; 75—100%) with an admixture of or-
ganic matter (LOI, average 10-20%, with the peak at depth
8.80 m) and CaCOj; (1-23%). The biogenic silica content was
very low, just 0.03-0.18%. The second stage, of Holocene de-
posits (5.30-3.60 m; 12,800-9,350 cal'*C BP), shows an in-
crease in LOI, CaCO3; and SiOy0g concentration. The terrige-
nous silica concentration decreases to the top of the core.

PALYNOLOGICAL ANALYSIS

In the pollen diagram from the SMO2 profile (Fig. 4), three
Local Pollen Assemblage Zones (LPAZ) were distinguished
and the deepest sample was distinguished separately, without
assigning it the rank of a pollen zone. Only 62 sporomorphs
were identified and counted in this sample. Local pollen zones
were distinguished despite the interruptions in the course of the
curves in the pollen diagram, indicating the presence of clear
sedimentary disturbances. Hiatuses are located at those
depths where in the samples analysed there were no sporo-
morphs, their number was too low, or almost all sporomorphs
belonged to one taxon (e.g., Pinus sylvestris), which prevents
percentage calculations and the obtaining of reliable results in
the statistical analysis. Also due to the presence of hiatuses in

the succession, local pollen subzones were not distinguished in
the diagram. The interval between the depths of 6.700 to 8.800
m, despite containing hiatuses, was included in one pollen zone
SMO2 1 LPAZ (Table 2), because the pollen curves of diagnos-
tic taxa are similar. However, when characterizing this zone,
four sections were described, without formalization, separated
by hiatuses, in which individual pollen taxa are distinguished in
some way.

PLANT MACROREMAINS ANALYSIS

In the diagram of plant macroremains plotted for the Smolsk
profile, 15 Local Macrofossil Assemblage Zones (LMAZ) were
distinguished (Fig. 5 and Table 3). This division was based on
the presence of one or several of the most abundant or charac-
teristic and diagnostic taxa in the zone. Boundaries of the zones
were determined based on occurrence, increase, or decrease,
in the number of taxa, of a significant quantitative or indicative
value. The subdivision of LMAZ and a correlation to LPAZ are
compiled in Figure 12.

DIATOM ANALYSIS

Diatom analysis of the succession reveals moderate to de-
plorable conditions of the diatom frustule, as shown by many
traces of destruction or dissolution. The habitat structure of dia-
toms was also not diverse. No diatoms were detected at depths
of 9.050-7.950, 7.450-6.900, 6.675-6.575 and 5.750-5.575
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>5% of the relative abundance and represent 32

species. The predominant species were tycho- 6 5 3 4 2 1 0 9 & 7T 11
planktonic species, i.e. random plankton (D1, D2, 096 LJ I_|:|—|

D3 phase; Fig. 6). This abundance of tycho- e

plankton in lakes is influenced by waves and verti- ’

cal mixing of the water, causing benthic diatoms to 030
detach from the substrate and float in the water.
According to the classification of Denys (1991),
benthic diatoms that have been resuspended are
classified as tychoplankton (Fig. 6A). Phase D4
characterized a high relative abundance of epontic 0.58:
and benthic species with the occurrence of
euplanktonic taxa. Forty-seven species were rare
(occurring only once). In comparison, 32 species 040
were dominant (i.e., occurring in more than ten
samples with a proportion >5% of the community),
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while five species were most abundant (i.e., >50%
of the community). The most abundant species
were Staurosira construens, Pseudostaurosira
brevistriata, Stephanodiscus parvus, Aulacoseira

Fig. 11. Dendrogram of similarities and mollusc assemblages
from the Smolsk SMO2 core
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Fig. 12. Correlation of local palaeoenvironmental changes recorded
in the Smoélsk SMO2 core

granulata and Nitzschia amphibia. Staurosirtra construens was
identified in 98 samples with 88.1% of the maximum relative
abundance, Pseudostaurosira brevistriata occurred in 104
samples (max. 76.9%), S. parvus in 34 samples (max. 60.5%).

Changes in species composition and, thus, differences in the
proportions of certain ecological diatom groups, divided the core
into four local diatom assemblage zones (D1-D4). Indicators
such as habitat category, pH preference, saprobic and trophic
state and moisture were considered (Fig. 6 and Table 4).

CLADOCERA ANALYSIS

The sediments from Smolsk core contain 23 Cladocera
species, belonging to 4 families: Bosminidae, Daphniidae, Si-

didae and Chydoridae. The number of Cladocera specimens
fluctuated between 13,600 and 300, and the number of spe-
cies between 3 and 17 per cm®. Ten Local Cladocera Assem-
blage Zones (L CAZ'’s) have been distinguished (Fig. 7 and
Table 5). At depths: 9.050-9.000; 8.925-8.800; 8.475-8.425;
8.350-8.325; 8.275-8.125; 8.075-8.025; 7.875 m, no Clado-
cera remains occur.

CHIRONOMIDAE STRATIGRAPHY

Five thousand three hundred forty-three head capsule (hc) of
72 Chironomidae morphotypes, Tanytarsini indet., Ceratopogo-
nidae and Simulidae were collected (Fig. 8). Four statistically
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Table 2

Description of local pollen assemblages zones (LPAZ) at Smélsk SMO2

Depth [m] 'ES,TE" Description
SMO2 3
4.150-3.600 | Corylus-Quercus- high amount of Corylus avellana pollen grains, continuous curve of Quercus and Ulmus taxa
rylus-Q
-Poaceae
continuous percentage curve of Corylus avellana; high amount of Betula undiff.,
SMO2 2 decreasing upwards;
5.350-4.200 Corylus-Betula upper limit: the beginning of the continuous Quercus curve, increase of Poaceae;
concentration of sporomorphs slightly lower
5400-5700 mm;
higher amount of Populus, Alnus and Poaceae pollen grains,
as well as Sphagnum, indeterminable and rebedded;
course most of the curves is rela- ; ; ;
tively similar from the bottom to the concentration of sporomorphs slightly higher
top of the zone (despite the clear ) - 5750-6550 mm; B
hiatuses in the succession); high amount of Artemisia pollen grains, as well as Filipendula;
almost continuous curves of Betula | @ lower percentage of local, rebedded and corroded degraded
SMO2 1 t. nana, Juniperus and Artemisia; - ftaxa
8.800_5.400 Betula discontinuous Populus curve. Upper concentration of sporomorphs low
: : nana-Juniperus- | limit: a sharp decline or disappear- 6700-7100 mm;
-Artemisia ance of most curves; percentage, but discontinuous curve of Larix; high amount of
concentration of sporomorphs from | Betula t. nana; the curves of Pinus sylvestris and Betula undiff.
very low in the bottom, slightly amounts similar; single grain of Pinus cembralPinus haplox;
increased to the top; concentration of sporomorphs low
upper limit of L PAZ is not 7150-8800 mm;
described because of hiatuses percentage, discontinuous, Hippophaé rhamnoides and
Selaginella selaginoides curves; high amount of indetermin-
able: corroded and rebedded sporomorphs; concentration of
sporomorphs very low
8.900 one spectrum only; total sum including sporomorphs of trees, shrubs, dwarf-shrubs and terrestrial herbaceous plants = 62
) is insufficient for statistical calculations and interpretation of vegetation

significant zones were identified. The Local Chironomidae As-
semblage Zones (L ChAZ) are compiled in Table 6 and Figure 8.

MALACOLOGICAL ANALYSIS

The material analysed yielded a relatively poor malaco-
fauna. Thirteen species of molluscs were recognized, 1 terres-
trial species, 9 species of aquatic snails and 3 species of bi-
valves represented by a total of almost 1600 specimens. The
terrestrial malacofauna is represented only by single shells of a
hygrophilous species — Succinea putris (Fig. 10 and Table 7).

Aquatic molluscs typical of intermittent lakes (ecogroupwr)
appear in large numbers especially in the lower part of the se-
quence. Pisidium obtusale laponicum is notably present; this
form is characteristic of small, often intermittent water bodies in
cold climate conditions. It is a common component of malaco-
cenoses found in postglacial and Early Holocene deposits filling
palaeochannels (Alexandrowicz, 1989, 1999, 2013; Wojcie-
chowski, 1999; Apolinarska and Ciszewska, 2006; Georgo-
poulou et al., 2016) and indicative of this period (Alexandrowicz,
2009; Fig. 10 and Table 7).

Permanent water body taxa appear throughout the se-
quence analysed. Particularly noteworthy is the common occur-
rence (especially in the higher interval of the profile) of Gyraulus
laevis. This is a pioneer, cold-tolerant species inhabiting shal-
low water bodies with moderately rich vegetation (Welter-
Schultes, 2012; Piechocki and Wawrzyniak-Wydrowska,
2016). The form described here is one of the most characteris-
tic components found in lake sequences of the Late Glacial and
Early Holocene and can be regarded as indicative of this period
(Alexandrowicz, 2009). Another important species is Pisidium

lillieborgi. 1t is a cold-tolerant bivalve inhabiting shallow water
bodies with moderate vegetation and sandy bottoms (Wel-
ter-Schultes, 2012; Piechocki and Wawrzyniak-Wydrowska,
2016; Fig. 10 and Table 7).

PALAEOLAKE TRANSFORMATION DURING
THE LATE GLACIAL AND EARLY HOLOCENE

LATE GLACIAL
(BEFORE ~13,835 cal'*C BP)

With the beginning of the functioning of the palaeolake in
Smodlsk studied, the environmental conditions were not suffi-
cient for the deposition of organic matter on the lake bottom,
such as the sporomorphs of plants that could already be grow-
ing in the vicinity of the site or even in the lake itself. This is
shown by the analysis of the lowest pollen spectrum from a
sample of sand with organic matter from a depth of 9.000 m
(<13,835 cal"*C BP) in which only numerous (+++) Selaginella
selaginoides spores were recorded (Fig. 4). The plant macro-
remains also document a significant amount of Selaginella
selaginoides megaspores, as well as vegetation typical of wet
or periodically flooded areas such as Viola palustris or Typha
sp. The relatively large share of Cenococcum geophilum indi-
cates that the soils around the basin were not stabilized by veg-
etation. Despite the lack of pollen grains from trees, shrubs and
dwarf shrubs, it seems that they were present around the lake.
This is indicated by the few fruits of Betula nana and mycorrhiza
of Pinus sylvestris. In the cool and probably calcium carbon-
ate-rich waters, there were few representatives of Characeae.
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Table 3

Description of local macrofossil assemblages zones (LMAZ) of the Smélsk SMO2 core

LMAZ
Depth [m]

Description of LMAZ Smoélsk SMO2 core

Sm-1
9.050-8.975
3 samples

Betula nana fruits and mycorrhiza of Pinus sylvestris represented the terrestrial plants. Among the dry to humid habitats, nu-
merous Selaginella selaginoides megaspores and single Viola palustris seeds were identified. There were no plant
macroremains from the peatbog group. Reedswamp vegetation was represented only by Typha sp. seeds. A few Characeae
oospores appeared among the aquatic vegetation at the top. In addition, Cenococcum geophilum sclerotia, wood fragments,
were marked. The upper boundary of this zone was determined on the basis of a decrease in Cenococcum geophilum re-
mains.

Sm-2
8.975-8.800
7 samples

Betula nana fruits and B. sect. albae fruits and fruit scales were among the trees and shrubs at the top of the zone.
Mycorrhizas and bud scales of Pinus sylvestris were also present. Selaginella sela%'noides and S. helvetica megaspores
were still abundant in addition to Viola palustris and Urtica dioica seeds appearing. Peatbog plants were represented only
by a single Carex sp. biconvex fruit. There were no plant macroremains from the reedswamp and aquatic plants group. The
scars and fragments of wood and charcoal as well as Cenococcum geophilum sclerotia were marked. The boundary of the
zone was based on the increase in the share of trees, shrubs and plants from peatbog habitats.

Sm-3
8.800-8.650
6 samples

In this zone, the number of plant macroremains was higher in all ecological groups. Among the trees, the remains of Betula
nana, B. humilis, B. sect. albae and Pinus sylvestris were marked. Among the plant groups preferring dry habitats to humid
ones, taxa such as Selaginella selaginoides megaspores, Stellaria graminea fruit and undefined Poaceae seeds were
present. The peatbog plants group included stems of brown mosses and Carex sp., Carex sp. biconvex, C. rostrata, C.
pseudocyperus fruits. The remains of reedswamp plants such as Phragmites australis were very few. Aquatic plants were
represented by numerous Characeae oospores, and fruits of Najas flexilis, Batrachium sp., Lemna minor as well as
Potamogeton natans and P. cf. alpinus endocarps. Among the remains of animals, Cristatella mucedo statoblasts and
ephippia of Daphnia sp. were found. There were also numerous scars and fragments of wood. The boundary of the zone
was based on a decrease in the share of trees, shrubs and plants from peatbog habitats.

SM-4
8.650-8.550
4 samples

The number of Betula nana leaf fragments, Betula sect. albae fruit and fruit scales and Pinus sylvestris bud scales, mycor-
rhiza, needles, dwarfs and seed scales were clearly decreasing. In the group of plants preferring dry habitats to humid ones,
nitrophilous taxa such as Ranunculus sceletratus and Rorippa palustris appeared. Selaginella selaginoides megaspores
were still present. The remains of_[peatbog plants almost completely disappeared. Only single stems of brown mosses and
Carex rostrata fruits were noted. The reedswam vegetation was represented by a single Phragmites australis and Typha
sp. seeds. The aquatic plants were represented by Batrachuim sp. fruit and Characeae oospores whose share was very
high. There were statoblasts of the bryozoans Cristatella mucedo and Plumatela sp., and Daphnia sp. ephlﬁpia, as well as
Cenococcum geophilum, leaves and wood fragments.The boundary of the zone was based on a decline in the proportion of
aquatic plant macroremains.

Sm-5
8.550-7.875
27 samples

In the group of trees and shrubs, Betula nana fruit and fruit scales and Salix sp. capsules were marked. Dry habitats to hu-
mid ones were represented by a single Urtica dioica and Poaceae fruits. Moreover, Selaginella selaginoides and S.
helvetica megasospores were still moderately numerous and Igresent throughout the zone. The share of taxa representing
boggy habitats was still low and was represented only by both Carex rostrata and Equisetum sp. Reedswamcja vegetation
was represented by a single fruit of Phragmites australis. The remains of aquatic plants almost completely disappeared.
Only single Potamogeton natans endocarps and Characeae oospores were marked at the top of the zone. Ephippia of
Daphnia sp., sclerotia of Cenococcum geophilum, as well as scars, fragments of charcoal, wood and leaves were deter-
mined. The boundary was based on a slight increase in the proportion of aquatic plant remains in all ecological groups.

Sm-6
7.875-7.525
14 samples

The abundance of trees and shrubs plant remains was significantly increasing, especially Betula nana fruit and leaf frag-
ments, B. sect. albae fruit, fruit scales, remains of Pinus sylvestris and Picea abies. There were Alnus sp. cone fragments,
Hippophae rhamnoides seeds and Populus tremula scales. Selaginella selaginoides and S. helvetica megasospores were
still moderately numerous and present throughout the zone.The fruits of Diathus sp., Thalictrum lucidum, Cicuta virosa,
Rorippa palustris and Cirsium palustre were representatives of the dry to humid groucg). Only single stems of brown mosses
were noted. The share of Cyperaceae fruit increased significantly. Carex rostrata, C. elata and, C 319. div. trigonous, a?-
peared. Reedswamp vegetation was represented by large number of seeds: Phragmites australis, Typha sp. and single
Schoenoplectus lacustris fruit. Among aquatic plants, the endocarps of Potamogeton natans, P. obtusifolius, P. sp. domi-
nated, as well as Bartachium sp. fruit reappeared in a single example. The share of Characeae oospores was the highest in
the entire profile. Only single otamo?eton natans endocarps were marked in the top of the zone. The statoblasts of the
bryophytes Cristatella mucedo and Plumatela sp. as well as Spongiae gemmule, remains of a fish skeleton, Ostracoda,
Daphnia sp. and Cenococcum geophilum were determined. The boundary was based on a slight increase in the proportion
of Pinus sylvestris remains

Sm-7
7.525-7.450
3 samples

Trees and shrubs were represented by a Betula nana, B. humilis and B. sect. albae and B. sp. fruit, fruit scales and leaves.
Pinus sylvestris seeds, bud scales, and needles were present. Cone fragments of Alnus glutinosa appeared. In the dry to
humid habitats groucf), Poaceae fruit reappeared. Peatbog plants, represented by stem moss fragments, were relatively nu-
merous while individual fruits of Carex elata and Eleocharis palustris appeared. Among the remains of reedswamp plants,
seeds of Phragmites australis were found in an individual example. Endocarps of Potamogeton natans, P. sp. and
Characeae oospore were present in the aquatic plants group. Ephippia of Daphnia sp. as well as fragments of leaves and
sc?rs were determined. The boundary was based on a significant decrease in the proportion of plant remains in all ecologi-
cal groups.

Sm-8
7.450-7.075
15 samples

In the bottom of this zone only a few fruits and fruits scales of Betula sect. albae among trees and shrubs were observed. In
the group of plants preferring dry habitats to humid ones, nitrophilous taxa such as Urtica dioica and Rorippa palustris and
Thalictrum lucidum individuals reaép eared. The remains of peatbog(ﬁlants almost completely disappeared. Only single
stems of brown mosses were noted. There were no remains of the reedswamp and plants group. Aquatic plants was repre-
sented only by Characeae oospores. Statoblasts of Plumatela sp., ephigpia of Daphnia sp., gemmule of Spongiae as well
as fragments of leaves and scars were determined.The boundary was based on an increase in the proportion of plant re-
mains in all ecological groups.

Sm-9
7.075-6.775
12 samples

Leaves and fruit of Betula nana reappeared in the group of trees and shrubs. There were also fruit and fruit scales of Betula
sect. albae, B. humilis and seeds, bud scales and needles of Pinus sylvestris and Juniperus communis needles.
Selaginella selaginoides and S. helvetica megaspores were abundant, in addition Ranunculus sceleratus fruit appeared.
The abundance of peatbog plant remains was slightly increasing, especially the stems of brown mosses, Carex sp. fruit, C.
fusca, and Eleocharis palustris. Reedswamp vegetation was represented by a single Typha sp. and Phragmites australis
fruit. Compared to the previous zone, the number of aquatic plants remains increased, including Characeae oospores,
Batrachium sp. fruit and Potamogeton natans and P. sp. endocarps. Individual Cenococcum geophilum sclerotia, charcoal
and leaf fragments were also marked. Among animal remains, Cristatella mucedo and Plumatela sp. statoblasts, Daphnia
sp. ephippia, Spongiae gemmule, ostracoda and fish skeleton fragments were found in low numbers. The upper boundary
of this zone was based on the increase in the share of Daphnia sp. ephippia, and the Pinus sylvestris remains.
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Tab. 3 cont.

LMAZ
Depth [m]

Description of LMAZ Smélsk

Sm-10
6.775-6.575
8 samples

As in the previous zone, there were tree and shrub taxa such as Betula nana leaves and fruit, Betula sect. albae fruit and
fruit scales, and more abundant Pinus sylvestris bud scales and needles. There were no remains of the dry to humid plants
group. Among the peatbog plants, a few Lycopus europaeus fruit and single stems of brown mosses were identified. There
were no remains of reedswamp and aquatic vegetatation except for an individual Characeae oospore. Daphnia sp.
ephippia as well as Cristatella mucedo, Plumatella sp. statoblasts, fish skeleton fragments, wood and charcoal were also
marked. There were also numerous scars and fragments of leaves. The boundary of the zone was based on an increase in
the share of tree and shrub remains.

Sm-11
6.575-5.350
46 samples

At the bottom in this zone, the number of plant macroremains increased in all ecological groups, especially trees and
shrubs. The remains of Betula nana, B. humilis, Betula sect. albae, Pinus sylvestris and Populus tremula were marked. The
presence of Betula humilis fruit was highest in the whole profile. In the group of plants preferring moist habitats, nitrophilous
taxa such as remains of Ranunculus sceletratus, Urtica dioica, Poaceae and Asteraceae were observed. The share of taxa
representing boggy habitats was still low and was represented by Carex elata, C. rostrata, C. sp. div. biconvex, and Carex
sp. fruit and single stems of brown mosses. Reedswamp vegetation was represented only by Phragmites australis and
Nypha sp. seeds. Aquatic plants were represented by the less numerous fruit of Alisma plantago aquatica, Najas marina,

lymphaea alba, Nuphar lutea, endocarps of Potamogeton natans, P. marginatus, Potamo%eton sp., Myriophyllum sp.,
Sparganium minimum and oospores of Characeae. Numerous ephippia of Daphnia sp., statoblasts of Cristatella mucedo,
and less numerous wood, charcoal, scars and fragments of leaves were marked. Individual Cenococcum geophilum
sclerotia were also present. The boundary of the zone was marked on the basis of an increase in Pinus sylvestris and
Betula sect. albae remains.

Sm-12
5.350-5.125
11 samples

This zone was characterized by a significant increase in the existence of Betula sect. albae remains which is the highest in
the entire profile. Bud scales, needles, dwarfs of Pinus sylvestris and bud scales of Populus tremula were also numerous.
There were still Betula nana remains. The share of taxa from the dry habitat group to the humid one was still low and was
represented by a few Selaginella selaginoides megaspores and Poaceae seeds. The peatbog plants included Carex sp.
trigonous, Carex sp. biconvex, C. elata, C. pseudocyperus, and Lycopus europaeus. Reedswamp plants were represented
by Phragmites australis and Typha sp. Compared with the previous zone, the number of aquatic plants remains includin
Characeae, Najas marina, Ceratophyllum demersum, Potamogeton natans, Nymphaea alba and Nuphar lutea increased.
In this zone the presence of leaf fragments was also higher. Meanwhile the share of Daﬁhnia sp. ephippia decreased signif-
icantly. Statoblasts of Plumatella sp., Cristatella mucedo, and less numerous wood, charcoal and fish skeleton fragments
were marked. Individual Cenococcum geophilum sclerotia were also present. The boundary of the zone was placed on the
basis of a decrease in Daphnia sp. ephippia.

Sm-13
5.125-4.250
35 samples

This zone was constantly characterized by a high proportion of tree and shrub remains, especially Betula sect. albae, B.
nana and Pinus sylvestris. Poaceae seeds were still abundant. In addition, Urtica dioica, Cicuta virosa and Asteraceae
seeds reappeared. Only single stems of brown mosses were noted. The share of Cyperaceae such as Carex rostrata, C.
paniculata, C. sp. div. biconvex and, C. sp. div. trigonous were present. Reedswamp vegetation was represented by numer-
ous Phragmites australis and Typha sp. fruit. Thegroportion of aguatic plants also increased significantly, represented by
also a great number of Characeae, Najas marina, Ceratophyllum demersum, C. submersum, Nymphaea alba, Nymphoides
peltata, Lemna trisulca and Myriophyllum verticilllatum remains as well as Potamogeton pectinatus, P. natans and
Potamogeton sp. endocarps. Among the animal remains, Cristatella mucedo and Plumatella sp. statoblasts, fish skeleton
fragments, molluscs and ephigpia of Daphnia sp. were found. There were also numerous fragments of leaves, wood and
charcoal. The boundary was based on a significant decrease in the proportion of plant remains in the terrestrial plants
groups.

Sm-14
4.250-3.850
16 samples

The abundance of trees and shrubs plant remains was increasing, especially the fruit and fruit scales of Betula sect. albae,
Alnus sp. cone fragments and remains of Pinus sglvestris. Among the plant groups preferring dry habitats to humid ones,
only Pol,\(/jgonum lapathifolium fruit was present. Only the share of Cyperaceae fruit increased slightly. The fruit of Carex
elata and, C. sp. div. biconvex and Carex sp. were found. Among the remains of reedswamp plants, the seeds of
Phragmites australis, fruit of Schoenoplectus lacustris and numerous seeds of Typha sp. were present. A few Cerato-
phyllum demersum, C. submersum fruit, Nymphaea albe seeds and Characeae oospores were amon%_the aquatic vegeta-
tion. Spongiae gemmule, fish skeleton remains, as well as Daphnia sp. ephippia were determined. The boundary of the
zone was based on the increase in the share of aquatic plants, especially Characeae oospores.

Sm-15
3.850-3.550
12 samples

In this zone, the number of plant macroremains increased in all ecological groups. As in the previous one, the presence of
both Betula sect. albae and Pinus sylvestris remains were similar. In the group of plants preferring moist habitats,
nitrophilous taxa such as fruit of Urtica dioica, Ranunculus sceleratus reappeared. There were also Chanopodium t. album,
Ch. rubrum, Linaria vilgaris and Poaceae remains. The share of taxa representing boggy habitats, including a few Carex
sp., C. sp. biconvex, Carex sp. trigonous, C. rostrata, C. paniculata fruits and single stems of brown mosses were still low.
Reedswamp plants, of which the presence was the highest in the entire profile, were represented by the Typha sp. seeds.
Also the proportion of Phragmites australis seeds is relatively high. The aquatic plants group was dominated by the remains
of Characeae, Najas marina and Batrachium sp. Fruit of Ceratophyllum demersum and C. submersum were still present, al-
though only in a single example. Numerous wood, charcoal fragments were marked. A few Daphnia sp. ephippia and fish
skeleton fragments were also present.

In the spectrum of pollen deposited above 8.900 m, in muds
with organic matter, very few (total sum = 62) sporomorphs
were identified. Among these, the presence of juniper pollen
and Selaginella selaginoides spores indicates an open environ-
ment, not demanding in terms of soil richness, but requiring ac-
cess to sunlight. However, this is still an insufficient number of
sporomorphs to characterize the vegetation at that time, be-
cause the presence of Pinus sylvestris t. and Betula undiff. pol-
len grains, which may come from outside the site studied, as
well as pollen of Cyperaceae, Poaceae and individual ecologi-
cally unspecified herbaceous plants does not provide a basis
for this. At that time, Selaginella helvetica and birch trees
(Betula sect. albae) are also present in the set of plant macro-
remains. Terrestrial herbaceous vegetation is represented by

Viola palustris, Urtica dioica and Carex sp., which, together with
the decrease in the amount of Cenococcum geophilum sclero-
tia, shows that the vegetation became more dense on the grad-
ually developing soil.

The samples above, in which about 500 sporomorphs were
counted, provide a basis for a very general interpretation, indi-
cating that the substrate was stabilizing and creating the condi-
tions for the development of vegetation and the deposition of
their remains in the sediment in the form of very strongly de-
composed organic matter. In such conditions, sporomorphs
could have already been preserved. However, the concentra-
tion of sporomorphs in the spectra described is very low. In ad-
dition, most of them are unidentifiable, and have been classified
as corroded sporomorphs (indet. corroded) and degraded
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Table 4

Main phases of diatom development recorded in the Smélsk SMO2 profile

Zone

Depth [m]

Main results of diatom analysis

9.050-7.950

No diatoms in this part of core

D1

7.900-6.950

The composition of diatom sFemes reflected the improvement of environmental conditions. In samples 7.900, 7.850,
7.750, and 7.500, a diatom flora occurred, dominated by aquatic to aerophilic species (69.8-30.1%). Major groups
were epontlc (90. 7-35. 7%) and benthic species (43.3-5.8%).

A predominance of pH alkaliphilous (50.6-12.8%). B- mesosaprobous species also occurred (90.7-57.3%), with
a sl|ghtly higher proportion of meso-eutraphentic species (66.3-22.6%).
At the beginning of the zone, the diatom valve concentratlon increased from 3.2 x 108cm®to 16.1 x 10%cm?, and later,

at the top of the D1, it increased to 24.1 x 10%/cm®. From the depth of 7.500 to the top of the D1 phase, diatoms disap-
pear. The most abundant were Epithemia turglda Sellaphora laevissima, Navicula vulpina and Rhopalodia gibba.

D2

6.900-6.325

Diatoms reappear from at the depth of 6.900 to 6.325 m and present between 6.675-6.575 m. Aquatic habitats
62.8-18.1%) dominated and were favourable for tychoplanktonic taxa (72.4-30.1%): e.g., Staurosira construens,

seudostaurosira brevistriata, Epithemia turgida, Mastogloia smithii and Rhopalodia gibba. Occasionally aerophilic
and aquatic to aerophilic taxa also occurred. The most frequent were alkaliphilous taxa (93.0-47.7%). Dissolved or-

the upper part of the core.

anic matter concentration was favourable for f-mesosaprobous taxa (48.6—-80.5%). Meso-eutraphentic species
? 75.9-34.5%) were also most abundant in this zone.

The highest diatom concentration was at 6.675 m, with 116.7 x 10%cm®, then decreasing to 2.8 x 10%cm?®toward

D3 |6.300-5.425

and 5.825 m (633.6 x 10°/cm®).
No diatoms at the depth 5.75-5.575 m

In D3 the most abundant were aquatic species (89.8-15.5%), with a predominance of pH alkaliphilous (100.0-79.8%)
and B-mesosaprobous (89.8—-15.5%) taxa. Oligosaprobous species also occurred. A slightly higher progortlon of
meso-eutraphentic taxa than in the previous zone (92.6-34.0%). The most abundant species were:
construens, Staurosira lapponica, Staurosira binodis, Pseudostaurosira brevistriata.

High diatom valve concentration (average 164.0 x 10%/cm?®) with peaks at depth 6.125 m (834.1 x 10%/cm?®)

taurosira

sionally aerophilic (80.0-5
aquatic species.
D4 |5.400-3.575

43.6%).

The diatom species composition reflected the changes in environmental conditions. Diatoms occurred in a wide range
of life forms: euplanktonic, tgchoplanktomc epontic and benthic species. The diatoms were also dominated by occa-
%, average 32.3%) and aquatic to aerophilic species (average 48.4%). Decrease in

Predominance of pH alkaliphilous (93.2-20.5%) and alkalibiontic (78.3—2.1%). B-mesosaprobous species also oc-
curred (87.9-3.2%). Decrease in meso-eutraphentic, and increase in eutraphentic taxa from 20.0 to 56.8% (average

The diatom valve concentration increased from 7.3 x 10%/cm?®to 639.6 x 10°%/cm?®

sporomorphs (indet. degraded). All this indicates an unstable
sedimentary environment and the possibility of much redepo-
sition of sporomorphs. The amount of plant macroremains in all
ecological groups, and especially among trees, shrubs and
dwarf shrubs, increased significantly. Both pollen grains and
macroremains of Pinus sylvestris and Betula sect. Albae trees
dominated, although the share of Juniperus communis and
Betula humilis shrubs and B. nana dwarf shrubs is also very
high. The basin analysed became shallower and in its place
there was a brief development of peat bog with the domination
of stems of brown mosses: Carex sp., C. rostrata and C.
pseudocyperus. Other herbaceous plants such as Poaceae
and Stellaria graminea grew in drier areas around the basin.
Also noteworthy are the very numerous Characeae oospores,
as well as diaspores of Najas flexilis, Batrachium sp., Lemna
minor, Potamogeton natans and P. cf. alpinus. Both the pres-
ence of Characeae and Potamogeton alpinus show that the
palaeolake/basin waters were rich in calcium carbonate.

SMO2 1 BETULA NANA-JUNIPERUS-ARTEMISIA LPAZ
(13,835-12,800 cal'*C BP)

At that time, an open landscape still dominated, mainly the
light-demanding herbaceous plants Artemisia, Chenopodia-
ceae and Helianthemum. Similarly Juniperus and Hippophaé
rhamnoides shrubs grew in dry and open areas. Ephedra
dwarf-shrubs also grew in dry and open areas. Similarly, in un-
shaded habitats, single trees of Populus, Larix, Pinus cembra
grew. Pine (Pinus) and birch (Betula) formed small clusters, but
probably some of their pollen blew in from farther away. In

open, moist habitats, the herbaceous plants Filipendula, Thali-
ctrum and Selaginella selaginoides grew, as well as Betula
nana and Salix polaris shrubs, forming tundra thickets. In the
lower part of the level (depth 8.800-7.150 m; 13,800-13,450
calc BP) the diagram documents a part of the vegetation
where sea buckthorn shrubs (Hippophaé rhamnoides) grew in
unshaded, dry areas. This local zone is interrupted by hiatuses,
the presence of which indicates unstable soils (Krupinski et al.,
2004a).

In the Sm-4 LMAZ zone (8.550-8.650 m; 13,790-13,765
cal"C BP) the type of sediment transformed from peat to grey
mud, the share of plant macroremains decreases, and the na-
ture of the vegetation around the basin only slightly changed its
character. The amount of Cyperaceae and other peatland
plants decreased rapidly, while the amount of plants from wet
and open habitats such as Betula nana, Ranunculus sceleratus
and Rorippa palustris and Selaginella selaginoides increased.
Reedswamp vegetation was represented by Phragmites aus-
tralis and Typha sp. The high amounts of Batrachium sp. and
Characeae oospores indicate that the waters were still cool,
clear and rich in calcium carbonate. Such conditions are also in-
dicated by statoblasts of the bryozoans Cristatella mucedo and
Plumatela sp. However, in zones | LCAZ to Ill LCAZ (depth:
9.000-7.825 m; 13,865-13,650 cal"“C BP) conditions were un-
favourable for cladoceran colonization. The Cladocera pioneer
assemblages are dominated by a brief appearance of pelagic
forms (from the Bosminidae and Daphniidae families), together
with an increase in the number of benthic Cladocera species,
especially macrophyte/sediment-associated taxa such as
Chydorus sphaericus s.|., Biapertura affinis, Acroperus harpae
and the sediment-associated taxon Pleuroxus uncinatus. The-
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Table 5

Description of local Cladocera assemblage zones (LCAZ) in the Smélsk SMO2 profile

LCAZ
Depth [m]

Description of LCAZ

I
(9.050-8.775)

Only four species occur, two planktonic (Eubosmina sp. and Bosmina longirostris) and 2 littoral, macrophyte/sediment-as-
sociated forms (Chydorus sphagricus and Coronatella rectangulata) are observed. The frequency of cladocerans does not
exceed 500 specimens per cm®.

I
(8.775-8.500)

Littoral, mainly macrophyte/sediment-associated taxa dominated, especially Chydorus sphaericus and Biapertura affinis,
and macrophyte-associated taxa such as Acroperus harpae. Sediment-associated taxa such as Pleuroxus uncinatus were
also noted. Pelagic forms, Eubosmina sp., Bosmina longirostris and Simocephalus sp., also occur. For the first time appear
Sida crystalina, Coronatella rectangulata, Alonella nana, A. exigua, Camptocercus rectirostris, Pleuroxus triggnellus. The
numbers of Cladocera were higher than in previous zone, with over 2,700 specimens and 10 species per cm®.

mn
(8.500~7.850)

Cladocera occur sporadically, and frequency of cladocerans do not exceed 500 specimens per cm®and 6 species. Pelagic
taxa, Bosmina longirostris, macrophyte-associated taxa such as Acroperus harpae, Alonella nana, and macrophyte/sedi-
ment-associated species such as Chydorus sphaericus, Coronatella rectangula, as well as sediment-associated taxa,
Pleuroxus uncinatus, were observed in this zone.

1\
(7.850-7.500)

The most dominant species were Acroperus harpae, Chydorus sphaericus, Biapertura affinis and Pleuroxus uncinatus.
For the first time appear Eurycercus lamellatus, Alona guttata, Monospilus dispar. Macrophyte/sediment-associated taxa
such Coronatella rectangulata, Alonella exigua, macrophyte-associated taxa, Alonella nana and Camptocercus rectirostris
and sediment-associated taxa, Pleuroxgs trigonellus occur occasionally. The numbers of Cladocera increased, with over
4,300 specimens and 9 species per cm”.

v
(7.500-7.075)

Littoral, mainly macrophyte/sediment-associated taxa dominated, with Chydorus sphaericus and Coronatella rectangula,
as well as sediment-associated taxa such as Pleuroxus uncinatus. Pelagic forms are represented by Bosmina longirostris
and Eubosmina sp. For the first time appear sediment-associated taxa such as Disparalona rostrata and Leydigia
acanthocercoides. Macrophyte-associated taxa such as Alonella nana, Camptocercus rectirostris, Eurycercus lamellatus
and macrophyte/sediment-associated taxa, such as Biapertura a{ﬁnis were observed occasionally. Cladocera numbers
decreased, not exceeding 2000 specimens and 7 species per cm”.

Vi
(7.075-6.300)

Pelagic forms, Eubosmina sp. and especially, Bosmina longirostris, dominated. Other pelagic taxa (Daphnia pulex,
Simocephalus sp.) occur occasionally. Macrophyte/sediment-associated taxa such as Chydorus sphaericus and Coro-
natella rectangula were also very abundant. Macrophyte-associated taxa such as Sida crystalina, Alonella nana,
Camptocercus rectirostris, Eurycercus lamellatus and macrophyte/sediment-associated taxa such as Biapertura affinis,
Alona guttata, Alonella exigua as well as Disparalona rostrata, Leg/digia acanthocercoides, Pleuroxus uncinatus and
Pleuroxus trigonellus were also noted, though occasionally. Graptoleberis testudinaria appearssfor the first time. The num-
bers of Cladocera increased significantly, with over 12,000 specimens and 14 species per cm®.

Vil
(6.300-5.775)

Bosmina longirostris, Chydorus sphaericus and Coronatella rectangula dominated. The frequency of Acroperus harpae,
Alona affinis and Pleuroxus uncinatus also increased. Pelagic taxa such as Eubosmina sp., Daphnia pulex, Simocephalus
sg;., macrophyte-associated taxa such as Sida crystalina, Alonella nana, Alonella excisa, Camptocercus rectirostris,

urycercus lamellatus, Graptoleberis testudinaria and macrophyte/sediment-associated taxa, such as Biapertura affinis,
Alona guttata and sediment-associated taxa such as Disparalona rostrata and Pleuroxus trigonellus were observed occa-
sionally. The numbers of Cladocera were the highest in whole section but fluctuated, from over 13,600 to 4600 specimens
and from 17 to 10 species per cm”.

VIl
(5.775-5.300)

At the beginning only three species, such as Acroperus harpae, Chydorus sphaericus and Coronatella rectangula appear.
Pelagic taxa such as Eubosmina sp., Bosmina longirostris and Simocephalus sp. occur later. Similarly, the macrophyte-as-
sociated taxa, such as Sida crystalina, Alonella excisa, Camptocercus rectirostris, Graptoleberis testudinaria, macro-
phyte/sediment-associated taxa such as Biapertura affinis, Alona guttata and sediment-associated taxa such as
Disparalona rostrata and Pleuroxus trigonellus and Pleuroxus uncinatus were observed in the second part of this zone.
The numberss of Cladocera fluctuated but systematically increased, from over 300 to 4000 specimens and from 3 to 12 spe-
cies per cm” at the end of this zone.

IX
(5.300-3.800)

The frequency of Cladocera taxa fluctuated from 4600 to 2400 specimens and 12 to 5 taxa per cm®, and therefore four
subzones were distinguished.

IXa
(5.300-4.950)

The numbers of Cladocera was relatively high, exceeding 4600 specimens and 12 species per cm?®. The littoral,
macrophyte-associated taxon (Graptoleberis testudinaria) and macrophyte/sediment-associated forms (Coronatella
rectangula and Chydorus sphaericus) were abundant. At the end, the frequency of Cladocera taxa decreases.

IXb
(4.950-4.650)

The frequency of Cladocera increased to 4040 specimens and 9 taxa. The pelagic form, Bosmina longirostris occurs occa-
sionally, similarly the sediment-associated taxon, Disparalona rostrata. Littoral, macrophyte-, and macrophyte/sedi-
ment-associated taxa, especially Acroperus harpae, Graptoleberis testudinaria, Biapertura affinis, Chydorus sphaericus
and Coronatella rectangula dominated.

IXc
(4.650-4.100)

The frequencK of Cladocera taxa was relatively high, exceeding 3800 specimens and 9 species per cm®. Sediment-associ-
ated taxa such Disparalona rostrata, Pleuroxus uncinatus, and Pleuroxus trigonellus are relatively frequent. Pelagic forms
occur occasionally once more.

IXd
(4.100-3.800)

The frequency of Cladocera taxa decreased to 2440 specimens and 5 taxa per cm®. Littoral, mainly macroph');te and
macrophyte/sediment-associated taxa dominated, especially Graptoleberis testudinaria, Biapertura affinis, Chydorus
sphaericus and Coronatella rectangula.

X
(3.800-3.575)

The numbers of Cladocera were similar to those of the previous zone (2400 specimens and 5 taxa per cm3). However, pe-
lagic and macrophyte-associated taxa were negligible. In turn, the macrophyte/sediment associated taxa such as
Biapertura affinis, Chydorus sphaericus and Coronatella rectangula were significant.

se taxa are cosmopolitan species, which have very high adap-
tive abilities and thus can live in water bodies of various depths,
and trophic and thermal conditions. Most of them are cold-toler-
ant and are early immigrants following the retreat of the ice and
may indicate cold, turbulent water conditions, or influx of silici-
clastic matter to the lake (Hrynowiecka et al., 2018).

Another sedimentary change at a depth of 8.500-7.900 m
(13,750-13,650 cal'*C BP) to fine-grained grey sands is a

break that is almost completely barren of pollen grains, but also
severely restricted in plant macrofossils. The only plant taxa
present in this interval (Sm-5 LMAZ) are megaspores of Sela-
ginella selaginoides and S. helvetica, as well as Potamogeton
natans and Characeae. Another characteristic feature of this
period, whose range can be extended to a depth interval of
9.000-7.900 m, is the absence of whole diatom frustules, which
may be related to the nature of the sediments accumulating in
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Table 6

Description of local Chironomidae assemblage zones (LChAZ) in the Smélsk SMO2 profile

Name .
Depth [m] LChAZ Description
The zone reveals a substantial share of cold oli%)trophic taxa (i.e. Micropsectra contracta-type) and taxa typical to
8.275-6.100 | ch1 |SPrings and flowing waters 8.9. Simuliidae, Rheotanytarsus, Paraphaenocladius-type). The total number of
: : hc/sample ranges from 0 to 104 hc/sample (mean 17 hc/sample) but the accumulation of subfossils is generally
low and has high values only in samples 7.750, 7.550-7.475, and 6.550 m.
. There is a thin layer with very low subfossil accumulation (mean 3hc/sample) reaching 10 hc only in one (6.000 m)
6.100-5.475 | Ch2 sample. Chironomus spp. dominate.
This zone reveals a domination of warm-stenothermic eutrophic (Chironomus spp., Dicrotendipes spp., Crico-
5475-4.100 | Ch3 topus spp.) and phytophile taxa (Glyptotendipes spp., Endochironomus spp., Paratanytarsus penicillatus-type).
) ) There are also abundant mesotrophic Psectrocladius spp. The accumulation of hc is high, ranging from 3 hc/sam-
ple to 123 hc/sample (mean 48 hc/sample). Cold oligotrophic taxa appear briefly between 5.350 and 4.900 m.
This zone has a similar taxonomic composition to Ch3, but manyl_chironomid phytophile taxa decline, being re-
4.100-3.575 | Ch4 Placed by Ceratopogonidae. The share of Tanytarsini increases. The accumulation of subfossils is high, ranging
rom 14 hc/sample to 405 hc/sample (mean 70 hc/sample).

the lake. Traces of diatom appearance comprise sparse, cru-
shed parts of diatom frustules that could not be identified. Indi-
cations of the nature of the sediments is also seen in the ab-
sence of biogenic silica and a high terrigenous silica concentra-
tion (Fig. 3). Amon et al. (2010) attributed the lack of diatoms to
factors including a considerable dispersion of these microalgae
caused by high rates of sedimentary accumulation. Besides,
processes such as removal in the outflow of lakes, resus-
pension and reworking of older sediments, and dissolution, may
negatively influence diatom presence in sediments (Battarbee,
1986; Jones, 2007). During this time, we also observe a low fre-
quency of Cladocera and the appearance of molluscs charac-
teristic of temporary water bodies (Figs. 7 and 10). All this indi-
cates an unstable sedimentary environment and the possibility
of rapid changes in water level, sedimentary redeposition, and
inflow of water from the catchment with substantial amounts of
terrigenous silica.

The composition of the local vegetation did not change sig-
nificantly in the Sm-6 LMAZ (7.875-7.525 m; 13,650-13,550
cal"C BP) zone, compared to that recorded in the Sm-3—4
LMAZ zone (8.800-8.550 m), except for the sandy Sm-5 LMAZ
zone (7.875-8.550 m). The terrestrial vegetation was domi-
nated by the Betula sect. albae trees, though also also by Pinus
sylvestris, Alnus sp., and Populus tremula, which grew in loose
clusters. However, dry open areas were still present, where ter-
restrial herbaceous plants grew, and in the humid and marshy
areas and in the waters, plants characteristic of a cool climate
grew, such as Betula nana, Selaginella selaginoides, Hippuris
vulgaris and Batrachium sp. Initially, in the Sm-6 level, the cool,
clear, calcium carbonate-rich waters of the lake were again oc-
cupied by charophyte meadows with Characeae, Batrachium
sp., and Potamogeton natans. Intense autochthonous precipi-
tation of CaCOj3; by Characeae indicates that the waters of the
Smodlsk basin at that time were alkaline (Petechaty et al., 2013).
Calcium carbonate is also an important component of snail
shells, and their occurrence in the sedimentary record of this in-
terval correlates with the high amounts of Characeae oospores
(Figs. 5, 10 and Tables 3, 6). Although conditions were still not
very favourable for zooplankton during the IV LCAZ phase
(depth: 7.825-7.500 m; 13,650-13,550 cal'*C BP), the con-
stant presence of benthic, mainly macrophyte and macro-
phyte-sediment cladoceran taxa is evident.

The composition of diatom species reflected the ameliora-
tion of environmental conditions. Samples 7.900, 7.850, 7.750
and 7.500 m yielded diatoms. Most were aquatic and some had
periodically wet associations. However, the frequency was still
low. In the upper part of this zone, from the depth of 7.500 m to

the top of the D1 phase (6.950 m), diatoms disappear again. A
sudden fluctuation in lake water level caused by cool water
inflowing from the catchment may explain the temporary disap-
pearance of diatoms (Kotaczek et al., 2015). Diatoms reappear
from at a depth of 6.900 to 6.325 m with low abundance be-
tween 6.675-6.575 m. Aquatic diatoms dominated. That may
indicate an increase in the water level in the lake. The abun-
dance of tychoplanktonic taxa, e.g., Stauroneis construens,
Pseudostaurosira brevistriata, Epithemia adnata, Epithemia
turgida and Navicula vulpina that is a random plankton, may in-
dicate wave action and vertical mixing of the water, which
causes benthic diatoms to break away from the substrate and
float in the water (Denys, 1991). The occurrence of this taxa in-
dicated meso- to eutrophic conditions. Occasional aerophilic
and aquatic to aerophilic taxa also occurred.

In the Sm-7 LMAZ zone (7.525-7.450 m; ~13,550 calC
BP), the share of Betula nana and tree birch remains de-
creases. Pinus sylvestris began to dominate on the shores of
the basin. Patches of herbaceous vegetation and the occur-
rence of Betula nana and Hippophaé rhamnoides shrubs sug-
gest the boreal climate continued. There was probably a shallo-
wing of the lake and spread of peat bog together with deciduous
mosses, Carex elata, C. rostrata and Eleocharis palustris,
which were also included in the area of the reed bed with
Phragmites australis. The next, Sm-8 and Sm-9, LMAZs
(7.455-6.775 m; 13,550-13,350 cal"*C BP) document further
development of vegetation. Both in the plant macroremains as
in palynological samples at depths of 7.730 and 7.100 m, pollen
grain particles are rare with a large share of redeposited sporo-
morphs (rebedded) and Dinophyceae cysts. The presence of
plant remains such as Urtica dioica, Rorippa palustris and
Thalictrum lucidum may also indicate a supply of material from
the shores of the basin. Then, in the part of the level at a depth
of 7.100-6.700 m (13,450-13,300 cal"*C BP), the diagram
shows a still-open landscape, where single pines, birch, larch
(Larix) and poplars (Populus) grew. In the prevailing open, very
sunny areas, grasslands with Helianthemum developed. Tun-
dra thickets with Betula nana, Selaginella selaginoides, S.
helvetica and Ranunculus sceleratus also developed in moist
habitats.

A similar ecological expression is seen in the malacological
analysis results. In the lower part of the profile at depths
<7.500 m, the malacofaunal remains examined within the six
samples were classified into a Valvata assemblage (Figs. 10
and 11), characterized by significant species diversity. Cold-lov-
ing aquatic taxa (Pisidium obtusale laponicum and Pisidium
lillieborgi) have a dominant role here. They are accompanied by
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Table 7
Composition of malacofauna at the Smoélsk SMO2 site

Ecologi- Group of samples

cal
grous of Taxon 1 [ 2 [ 3 ] 4 5 [ e [ 7 [ 8 [ o [ 10 ] 11 ] 12
molluscs Depth [m]

8.800- | 8.750— | 7.900— | 7.800— | 7.700— | 7.600— | 5.100— | 4.900— | 4.900— | 4.250— | 3.800— | 3.500—
8.750 | 8.550 | 7.800 | 7.700 | 7.600 | 7.500 | 4.900 | 4.500 | 4.250 | 3.800 | 3.500 | 3.400
H Succinea putris 1 2 1 2
W+t Valvata cristata 19 11 15 9 10 9
Valvata

W+ macrostoma 15 26 9 9 11 11

W+ Galba truncatula 1 10 9 8 13 5

W+ Planorbis planorbis 1 7

W+ Segmentina nitida 8 3 1 1

Pisidium obtusale

W+ laponicum 18 22 25 19 22 27 19 10 2

Ws Valvata piscinalis 13 10 5 6 7 7

Ws Radix balthica 10 11 14 10 13 3 6 3 7 5 2

Ws Gyraulus crista 6 4 1 11 8 2 11 11 17 13 5 5

Ws Gyraulus laevis 10 12 9 18 10 24 52 67 67 62 88 91

Sphaerium
Ws corneum 1 1 14 13 8 12
Ws Pisidium lillieborgi 6 4 11 7 2
Total species 10 10 12 11 10 12 8 6 5 5 4 4
Total specimens 122 119 191 155 156 130 113 109 103 109 115 160

For explanations see Figure 10

species with high ecological tolerance, both habitat-related and
thermal (Valvata cristata, V. macrostoma, Radix balthica). This
assemblage reflects a shallow water body, probably with a
sandy bottom and not very lush vegetation. The relatively abun-
dant occurrence of temporary water body species may indicate
brief episodes of drainage. The species composition and age
determinations of the deposits containing the fauna in question
indicate its association with the Late Glacial period. Similar
malacocoenoses, of similar age, have been described from
many palaeolake sites in the European Lowlands (Alexandro-
wicz, 1989, 1999, 2013; Griffiths et al., 1994; Wojciechowski,
1999; Apolinarska and Ciszewska, 2006; Sanko et al., 2010;
Georgopoulou et al., 2016).

The plant macroremain analysis also shows that pine was
an important element in the landscape, and played a large role
in shaping the composition of vegetation in the studied area in
terrestrial habitats. This is seen from the large share of pine
needles and bud scales, especially in the Sm-10 LMAZ zone
(6.775-6.575 m; 13,350-13,250 calC BP). Around the basin
there persisted peat bogs with brown mosses, Carex fusca,
Eleocharis palustris, Lycopus europaeus and reed beds, which
included Typha sp. and Phragmites australis. Among the
macrophytes there were still Batrachium sp. and Potamogeton
natans. In the Sm-11 LMAZ (6.575-5.350 m; 13,250-12,850
cal™C BP) horizon the share of ephippia of Daphnia sp. also in-
creases. The Characeae almost completely withdrew from the
basin waters, which may have been associated with both in-
creased shading and decreased water pH caused by the pres-
ence of Pinus sylvestris. In the younger part, at a depth of
6.500-5.750 m (13,200-12,950 cal'*C BP), vegetation devel-
oped similarly as in the earlier period; among the herbaceous
plants, ferns (Dryopteris) were locally developed. Tundra habi-
tats were still present. In open and dry areas, light-demanding

Artemisia and Chenopodiaceae grew, and in wet locations
Filipendula. Reed and aquatic plants found less space to de-
velop. Perhaps the environmental conditions were calmer, as
indicated by fewer destroyed (indeterminable: corroded and in-
determinable: degraded) and redeposited (rebedded) sporo-
morphs and dinocysts (Dinoflagellatae). Initially, at this depth
range, there were no distinct changes in the record of plant
macroremains. Betula nana and B. humilis were still present in
wet habitats, and the herbaceous vegetation included Urtica
dioica. However, a change occurred in the composition of
aquatic vegetation, where herbaceous plants with higher ther-
mal requirements appeared, such as Najas marina, Nymphaea
alba and Nuphar lutea. This is also indicated by an increase in
the share of Characeae oospores and macrophytes such as
Potamogeton natans, P. marginatus, Potamogeton sp., Myrio-
phyllum sp. and Sparganium minimum. At the top of the zone,
the share of plant remains clearly decreased in all ecological
groups, and the dominant species were ephippia of clado-
cerans, Daphnia sp. High Daphnia values may indicate cool,
stressful environmental conditions, but also waters rich in cal-
cium carbonate.

In zones V LCAZ-VIIl LCAZ (depth 7.500-5.300 m;
13,550—12,800 cal™C BP; Fig. 7), the frequency and diversity of
Cladocera includes large numbers of benthic taxa, of which a
few are important indicators of eutrophic water (Coronatella
rectangula, Chydorus sphaericus s.|. and Bosmina longirostris)
and rich vegetation in this part of lake (Biapertura affinis, Alona
guttata, Graptoleberis testudinaria, Pleuroxus sp.). The occur-
rence of these taxa indicates relatively warm and meso-/eutro-
phic conditions. However, most of these taxa disappear at the
end of this phase, which suggests a decrease in water level, an
increase in macrovegetation and relatively shallow conditions
and/or inwash of sediment to the lake. The presence of taxa of
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the Bosminidae (Eubosmina sp.) and Daphniidae (Simoce-
phalus sp. and Daphnia pulex-group) suggests development of
open-water conditions. However, D. pulex occurs in a wide
range of aquatic habitats, especially in small, shaded pools rich
in macrovegetation and nutrients.

From the depth interval of 5.700-5.400 m (12,950-12,850
cal™c BP), the vegetation record changes gradually. Among
the vegetation there were more hazel bushes (Corylus avel-
lana). There was continually an open landscape where light-de-
manding poplars (Populus) found favourable, suitable condi-
tions for development. In damp habitats there grew foregrip
(Selaginella selaginoides), porcupines and cattails (Sparga-
nium t. and Typha latifolia), while alder (Alnus) increased its
area. In the waters, Pediastrum algae once again found good
conditions for development. The environmental conditions
were less stable, as the studied part of the core again contained
significantly more destroyed (indeterminable: corroded, de-
graded) sporomorphs, redeposited species included in one cat-
egory rebedded, as well as Taxus baccata from redeposition
(Krupinski et al., 2004b; Noryskiewicz, 2006), as well as llex,
Vitis and Lonicera periclymenum. At the top of the Sm-11 LMAZ
zone (6.575-5.350 m; 1325-12850 cal'*C BP), plant macro-
remains were scarce, especially in the group of trees and
shrubs. Birch and pine almost completely disappeared from the
reservoir catchment, while the remains of Betula nana and
Juniperus communis show that vegetation typical of a boreal
climate still grew on the banks. The rapid increase in the share
of plant remains at the boundary with the Sm-12 LMAZ zone
shows the discontinuity of sedimentation.

Most diatoms were typically aquatic species, e.g., Stauro-
sira construens, Geisslera schoenfeldii, Navicula vulpina. The
occurrence of these taxa also indicates meso-eutraphentic
conditions and vertical mixing in the water column. The fre-
quency of diatoms also increases, which may indicate an im-
provement in environmental conditions. There were also epo-
ntic and benthic taxa, e.g., Staurosira brevistriata, Staurosirella
pinnata, Mastogloia smithii. These occur in low-water-level
lakes. Another lack of diatoms was observed at a depth of
5.7550-5.570 m (~12,950 cal**C BP). With the disappearance
of diatoms at that level, CaCO3; and terrigenous silica concen-
tration increased (Fig. 3).

In summary, both the pollen level SMO2 1 Betula nana-
Juniperus-Artemisia LPAZ and the regional vegetation charac-
ter recorded in it, as well as the local vegetation record with the
continuous presence of cool climate indicators such as Betula
nana, Selaginella selaginoides and Potamogeton alpinus de-
scribe the vegetation associated with the Younger Dryas sta-
dial. The nature of the vegetation during this period in Smolsk
corresponds to the Betula nana-Juiperus-Artemisia LPAZ hori-
zons isolated south-west of the site studied in Kujawy, in the
area of Ostonki (Nalepka, 2005, 2008). At the Smdlsk site, sedi-
mentation was discontinuous and, due to the hiatus, there is no
record of a transition from the Late Glacial to the Holocene. At
this level in the lithological profile there is a sharp change from
blue-grey gyttja to fine detritus gyttja, grey-green to brown,
slightly laminated.

HOLOCENE

SMO2 2 CORYLUS-BETULA LPAZ
(11,100-9,900 cal'*C BP)

There were clear changes in the vegetation pattern. Sunlit
pine forests (Pinus sylvestris) developed, with the participation

of birch trees (Betula undiff.) as a component. Hazel bushes de-
veloped in unshadowed places, on the edges of overexposed
forests and in clearings. In the area studied, a few elms (UImus)
appeared, or their pollen blew in with the pollen rain from the
nearby area, where elms could already find suitable conditions
for development. Small areas were still occupied by damp tun-
dra thickets with Betula nana. Probably there were worse condi-
tions than before for sedges and reed swamps. Alders (Alnus)
grew more and more distinctly in damp habitats. In the younger
part of the level, spruce (Picea abies) and deciduous trees with
higher thermal requirements, including oak (Quercus) and lime
(Tilia), appeared as forest components. In summary, open pine
and birch forests with hazel were expanding. The area where
herbaceous plants grew was decreasing. In the Sm-12 LMAZ
zone (5.350-5.125 m; between 11,100 and 10,700 cal'*C BP),
the record of local vegetation development changed substan-
tially in relation to the previous zone. Birch-pine forests domi-
nated directly around the basin, as indicated by high values of
Pinus sylvestris and Betula sect. albae remains with the pres-
ence of Populus tremula and sparse Betula nana remains. The
latter indicate that at the beginning of the Holocene, in the
pre-Boreal phase, patches of tundra vegetation still remained.
Significant changes began to occur in the composition of aqua-
tic and reed vegetation, where communities of Najas marina,
Ceratophyllum demersum, Potamogeton natans and Nym-
phaea alba gained increasing importance. At the bottom of the
Sm-13 LMAZ zone (5.125-4.250 m; 10,750-9950 cal™C BP),
a clear improvement in climatic conditions is indicated by the
appearance of Ceratophyllum submersum, and Nymphoides
peltata, which occurs most frequently in eutrophic waters at a
depth of 1.0-1.5m (Van der Velder et al., 1979). The area occu-
pied by rush vegetation, mainly Phragmites australis and Typha
sp., probably increased. This was likely associated with a de-
crease in the water level in the basin and progressing eutro-
phication in it. At the end of this phase, the basin probably deep-
ened at the top of the Sm-13 zone and the forest communities
moved away from the basin shores. Such conditions are also in-
dicated by a brief increase in the share of Daphnia in this zone.

SMO2 3 CORYLUS-QUERCUS-POACEAE LPAZ
(9,900-9,000 cal'*C BP)

The developing pine forests with the participation of oak
(Quercus), elm (Ulmus), lime (Tilia) and spruce (Picea abies)
and the appearance of lime (Tilia) and hazel (Corylus avellana)
occupied increasingly larger areas. The share of tree birches
gradually decreased. Dry, open grassland habitats remained in
decreasing areas, where grasses (Poaceae) and mugworts
(Artemisia) grew, among others. The record of plant macro-
remains in the Sm-14 LMAZ zone (4.250-3.850 m; 9950-9500
cal"*C BP) signals another change in local environmental con-
ditions, which indicates a gradual decrease in water level and
an increase in the share of rush and boggy habitats. The domi-
nance of Characeae oospores and a higher share of nitro-
philous taxa such as Urtica dioica and Ranunculus sceleratus
from wet habitats on the shores of the basin, recorded in the
Sm-15 LMAZ zone (3.850-3.550 m; 9500-9100 cal'“C BP), in-
dicate that the environment became more eutrophic.

There are visible changes in benthic cladoceran taxa fre-
quency (and the frequency of their fluctuations) in the IX LCAZ
(depth 5.300-3.800 m; 11,000-9,500 cal"“C BP) and X LCAZ
(depth: 3.800-3.600 m; 9,500-9,000 cal'*C BP) phases. Four
taxa, Graptoleberis testudinaria, Biapertura affinis, Chydorus
sphaericus s.l. and Coronatella rectangula, were dominant. Al-
though most of these taxa have very high adaptive abilities, they
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mostly inhabit shallow lakes with warm waters containing humic
substances (e.g., after terrestralisation) as well as increasing
macrovegetation. Additionally, repeated colonisation of pelagic
Cladocera assemblages in the time represented by this part of
the core studied may indicate periodic rises in water level in the
lake. Also, the diatom species composition reflects changes in
environmental conditions. Planktonic diatoms increased during
the Preboreal/Boreal transition and the Boreal. This indicates
changes in environmental variables (e.g., rise of temperature)
and a slight increase in water level (Gatka et al., 2015). How-
ever, the diatoms occurred in a wide range of life forms: eu-
planktonic, tychoplanktonic, epontic and benthic species. The
diatoms were also dominated by occasionally aerophilic and
aquatic to aerophilic species with decreases in aquatic species.
The occurrence of species such as Aulacoseira granulata,
Halamphora veneta, Cymbella affinis, Epithemia sorex,
Nitzschia amphibia, Rhopalodia gibba and Stephanodiscus
hantzschii may indicate progressing eutrophication of the lake.
The second mollusc assemblage recognized, with Gyraulus
laevis, occurs in the interval 5.100-3.400 m (Figs. 10 and 11)
and comprises 6 specimens, with low species diversity and
abundant Gyraulus laevis (this form accounts for all specimens
recognized in the upper interval of the profile). It is supple-
mented by taxa with high ecological tolerance, and the sparse
occurrence of molluscs typical of periodic water bodies. The
fauna describe characterizes a small, shallow body of perma-
nent water. The results of radiocarbon dating indicate that the
assemblage in question is related to the Early Holocene. Mol-
lusc assemblages of similar composition and age have been de-
scribed from numerous palaeochannel fills in the European
Lowlands (Alexandrowicz, 1989, 1999, 2013; Griffiths et al.,
1994; Wojciechowski, 1999; Apolinarska and Ciszewska, 2006;
Sanko et al., 2010; Georgopoulou et al., 2016; Gatka et al.,
2019).

In the section of the SMO2 profile analysed in Smolsk,
which includes an interval of 5.350-3.550 m (11,100-9,100
cal*c BP), palaeoenvironmental changes representing the
transition from the Preboreal to the Boreal phase of the Early
Holocene were recorded. The improvement of both thermal
conditions and the progressive eutrophication of the palaeolake
are documented by the changes recorded in the Corylus-
-Quercus-Poaceae phase (SMO2 3 LPAZ) and the correspon-
ding zones of plant macrofossils (Sm-12—Sm-15 LMAZ), dia-
tom (D4 zone), Cladocera (IX LCAZ and X LCAZ zones),
Chironomidae (Ch 3 and Ch 4 zones) and the mollusc assem-
blage with Gyraulus laevis (Fig. 12).

CHIRONOMIDAE MEAN JULY AIR TEMPERATURE
RECONSTRUCTION

The Chironomidae mean July air temperature East Euro-
pean TS reconstruction values range from 15.5 (3.900 m) to
18.9°C (4.985 m, 4.350 m) (Fig. 9). The Swiss-Norwegian-Pol-
ish TS reconstruction values vary from 16.1 (7.850 m) to 20.9°C
(4.800 m). Generally, the SNP TS reconstruction gives higher
values for the early Greenlandian then the Late Glacial and the
EE TS gives similar values for both periods. In the Late Glacial
(7.850-5.315 m) section the EE TS temperature varies be-
tween 15.8 and 18.7°C and SNP TS temperature varies be-
tween 16.1 and 19.4°C. Both reconstructions give, in the Late
Glacial, lower summer temperatures at 7.850-7.665 m
(13,650-13,600 cal™C BP), 7.335-6.825 m (13,500—13,350
cal™C BP), and 5435 m (13,100 cal®C BP). In the
Greenlandian (5.275-3.575 m) EE TS temperature varies be-
tween 15.5 and 18.9°C and SNP TS temperature varies be-
tween 16.7 and 20.9°C. Both TSs reconstructions show a cool

oscillation at 4.275-3.865 m (10,100-9,600 cal'“C BP) when
temperature dropped to 15.5 (EE TS)/16.9°C (SNP TS).

The EE TS reconstruction reveals a common trend with that
of the the DCA Ax2 values. The SNP TS also has similar trend
to the DCA Ax2 variation but the similarity is less clear then be-
tween the Ax 2 and EE TS reconstructions (Fig. 9). On the other
hand, the SNP TS reconstruction has closer modern ana-
logues, especially in the Greenlandian section, than the EE TS
reconstruction. Both reconstructions have weaker modern ana-
logues in the Late Glacial section then in the Greenlandian sec-
tion. The EE TS reconstruction reveals very good modern ana-
logues (MinDC <2 percentile; minDC <7.24578) for one sample
and good modern analogues (2 percentile<minDC<5 percen-
tile; 7.24578<minDC<8.50537) for 13 samples mostly distrib-
uted in the Greenlandian section. The EE TS modern ana-
logues are moderate (5 percentile<minDC<10 percentile;
8.50537<minDC<9.75318) for 23 samples and poor modern
analogues (10 percentile< minDC; 9.75318< minDC) are re-
corded for 29 samples, mostly distributed in the Late Glacial
section. The SNP TS reconstruction reveals very good modern
analogues (minDC <2 percentile; minDC <6.98983) for 26 sam-
ples and good modern analogues (2 percentile<minDC<5 per-
centile; 6.98983<minDC<8.57757) for 30 samples, all from the
Greenlandian section and several from the Late Glacial section.
The SNP TS modern analogues are moderate (5 percentile
<minDC<10 percentile; 8.57757<minDC<10.0564) for 4 sam-
ples and poor (10 percentile< minDC; 10.0564< minDC) for 6
samples, only in the Late Glacial section.

CLIMATE CHANGES

The Chironomidae inferred mean July air temperatures
have a similar range in both reconstructions (using EE TS and
SNP TS). The SNP TS gives higher values for the Greenlan-
dian, but generally, both reconstructions reveal high summer
temperatures, comparable with the present values from the
20th and 21st century. The DCA Ax2 also does not show any
distinct change in the community composition from the Holo-
cene onset. The only difference is a higher share of reophile
taxa in the Late Glacial. This suggests a spring- or stream-water
supply to the lake, though these taxa also prefer lower tempera-
tures and the colder climate might favour their presence in the
lake basin and catchment (Antczak-Orlewska et al., 2021,
2023). Even though the reconstructed temperatures and com-
munity compositions in the Greenlandian are not much different
from those of the Late Glacial, the chironomid abundance stron-
gly increases from the Holocene onset as also reflected by DCA
Ax1. This indicates that during the Late Glacial local conditions
were unfavourable for chironomids. This might come from
colder climate manifested as lower winter temperatures, win-
ter-summer thermal contrast and lower precipitation, but not
only the mean July air temperature (Engels et al., 2014; Schenk
etal., 2020; Ptéciennik et al., 2022). Also, local conditions in the
lake (rapid sedimentation) negatively influenced Chironomidae
populations in the Late Glacial.

The Chironomidae-inferred reconstructions do not indicate
a strong summer temperature difference between the Late Gla-
cial and Early Holocene intervals but clearly show two cool os-
cillations at 13,500-13,350 cal'*C BP and 10,100-9,60 cal™*C
BP. The first coincides with the 2GI-1c cool oscillation accord-
ing to Lowe et al. (2008) and Ammann et al. (2013). The Smadlsk
temperature decreased by 2°C (EE TS)/3°C (SNP TS) which is
consistent with other records in Europe (Van Asch et al., 2012;
Brooks et al., 2012; Pauly, 2022). The early Gl-1c in Smdlsk is
also manifested by low Chironomidae abundances. This can
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come from climate cooling but also water level decrease in the
lake as inferred for this time in west European lakes (Magny,
2001; Kaiser et al., 2012).

The DCA Ax1 illustrates an increase in Chironomidae and
Ceratopogonidae abundance since the beginning of the Holo-
cene. This is a reaction of these communities to improving
conditions in the lake and in regional climate. The period of
10,500-9,000 cal™C BP was a time of pronounced tempera-
ture increase in northern latitudes (Van der Bilt et al., 2019)
though there was a succession of cold Boreal oscillations dur-
ing that time in Europe (~10,200-9,300 cal'*C BP) (Joannin et
al., 2013). The Smolsk palaeorecord reveals 10,100-9,600
cal®C BP summer temperature cooling in a series of 10
Chironomidae samples, which are rich in hc and represented
by diverse communities. This is also reflected in the DCA Ax2
shift. SNP TS temperature records have, for this event, only
very good and good modern analogues. This event correlates
with Lake Agassiz outburst phase (Lewis and Anderson, 1989;
Fisher and Smith, 1994; Teller, 2001; Young et al., 2021).
Whereas the earlier Preboreal Oscillation was reported from
the nearby Pomeranian Lakeland (Kramkowski et al., 2023),
the Boreal Oscillation was not previously reported from Poland
with quantitative temperature reconstructions, mostly due to
the low resolution of the earlier palaeorecords (Kaufman et al.,
2020). The stronger Preboreal Oscillation is not seen in the
Smolsk Chironomidae palaeotemperature reconstructions in
contrast to the weaker Boreal Oscillation, due to the hiatus in
sedimentation at 11,700—-11,000 cal'“C BP in the Smdlsk re-
cord.

CONCLUSIONS

Palynological analysis has revealed the vegetation succes-
sion of the Late Glacial (oldest spectra from the depths of 9.00
and 8.900 m) and the Younger Dryas stage (Betula nana-
Juniperus-Artemisia LPAZ) and the Early Holocene parts of the
Preboreal and Boreal phases (Corylus-Ulmus LPAZ). Due to
the presence of gaps in the geoarchive analysed, the pollen
zones distinguished are only broadly representative. The de-
scription of the vegetation is generalized, but it is consistent
with those from neighbouring regions (Nalepka, 2005 and ear-
lier literature therein; and the syntheses of Ralska-Jasiewi-
czowa and Latatowa, 1996; Ralska-Jasiewiczowa et al., 2004).

The vegetation described transformed from the Late Glacial
open landscape, where light-demanding herbaceous plants
grew in moist and dry habitats. In moist areas, tundra thickets
developed. Single pioneer trees, also undemanding in terms of
soil richness (pine, birch, larch, poplar), gradually entered dry
areas. Then, at the beginning of the Holocene, sparse forests
with pine and birch developed. In this last interval, representing
the transition from the Preboreal to the Boreal phase, terrestrial
vegetation in the vicinity of the basin was dominated by trees; in
the areas around the basin, pine-birch forests developed, with
increasing amounts of deciduous trees (Ulmus, Quercus, Tilia)
and shrubs (Corylus) with higher thermal requirements.

The local vegetation of the palaeolake underwent numerous
cyclical changes. During the Younger Dryas, the sparse vege-
tation on the shores of the lake failed to inhibit the supply of
terrigenous material from the slopes, so the development of fen
meadows, Potamion-type communities and sedges developing
on the banks of the threshers was interrupted several times
(Matuszkiewicz, 2008). During the Younger Dryas, Selaginella
selaginoides and Betaula nana were commonly found in
wetlands throughout the Younger Dryas. In the Holocene, there
was a gradual eutrophication of the lake waters, and the devel-
opment of a reed belt. Sedimentation became quiescent, and
episodes of terrigenous material delivery ceased.

The cladoceran and diatom assemblages show three ap-
parent phases in the development of the Smolsk Lake. The first
phase, dated to 13,850-13,500 cal"’C BP, is characterized by
the presence of pioneering, cold-tolerant crustacean taxa and
may indicate the development of cold, turbulent water condi-
tions or an influx of siliciclastic sediment into the lake. The sec-
ond phase of the Smolsk lake’s development, in the period
13,500-12,800 cal'*C BP, was characterized by the develop-
ment of meso-/eutrophic conditions in the lake with a well-de-
veloped littoral zone and rich macrophyte vegetation. The third
phase, associated with the Early Holocene, records the pres-
ence of shallow lakes with warm water, containing humic sub-
stances (e.g., after terrestralisation), as well as increasing
macrovegetation, with periodic fluctuations in water level.

The DCA Ax1 illustrates the increase of Chironomidae and
Ceratopogonidae abundance since the beginning of the Holo-
cene. The Smolsk palaeorecord reveals 10,100-9,600 cal'*C
BP summer temperature cooling in a series of 10 Chironomidae
samples, which are reach in hc and represented by diverse
communities. This is also reflected in the DCA Ax2 shift. The
SNP TS temperature records have for this event only very good
and good modern analogues. This event correlates with the
Agassiz Lake outburst phase.

The mollusc fauna analysed represents the Late Glacial
and Early Holocene. However, the sequence is not continuous.
Associated with the Late Glacial is the presence of an assem-
blage of Valvata, which indicates a shallow water body. lts func-
tioning may have been interrupted by short periods of drying
out. The abundance of species with low thermal requirements
indicates a cold climate. In the higher interval, an assemblage
characterized by the dominance of Gyraulus laevis appears. At
the same time, cold-loving species typical of the Late Glacial
disappear. This fauna inhabited a shallow, permanent body of
water and represents the Early Holocene.
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