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Abstract

This paper summarises the results of multidisciplinary research, including pollen, plant macroremains, diatoms, Cladocera,
molluscs and geochemistry from a '“C dated core and geomorphological records, which reconstruct the palacoenvironmental
conditions faced by Late Palaeolithic hunter-gathers in western Poland. Particular attention was paid to evidence for both
human activity and the degree to which Late Palaeolithic groups may have affected the local environment, as recorded by
the biogenic sediments in lakes located close to their campsites. Vegetation first appears locally in the Oldest Dryas, and
consisted of subarctic tundra vegetation. During the Bglling period the landscape was generally open, with dwarf shrubs
and scattered patches of Juniperus and Hippophaé shrubs. Betula (tree birch) expanded locally in the area only in the later
Allergd; during the second part of the Allergd period, Pinus and Populus joined birch as a sparse woodland developed.
During the Younger Dryas, the landscape changed significantly in comparison to the preceding warm period, as result of
cooling and drying of the climate. The presence of microscopic charcoal and charred herbaceous plant particles made it
possible to detect human activity. These analyses allowed us to reconstruct fire events near the site during its occupation by
Hamburg and Federmesser cultural groups. An increase in the proportion of biogenic elements such as Na, K and Mg in the
sediments indicate soil erosion, reflecting the activity of Hamburg groups. A relative increase in the frequency of Cladocera
which favour eutrophic and turbid water was recorded in the period linked to Federmesser group activities. The intense use
of this area was also indicated during the Younger Dryas.

Keywords Early human impact - Multi-proxy records - Hunter-gatherers - Human fire dynamics - Late Glacial

Introduction

Late Glacial hunter-gatherers of the North European Plain
are widely seen as migrating groups whose mobility pat-
terns were determined by annual animal migrations (Gordon
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1988; Binford 1991; Baales 1996, 1999). Even if alterna-
tive models are presented (Cziesla 2018), environmental
conditions would still have played a significant role in the
selection of camp sites and weapon types. Previous studies
to identify the relationships between past human activities
and their natural environment in western Poland indicate
that hunter-gatherer groups preferred diversified areas, with
varied elevations and sandy river or lake terraces which pro-
vided easy access to water (Kobusiewicz 1999; Jasiewicz
and Sobkowiak-Tabaka 2015).

The Lubrza region in western Poland is unique for its
sites which were repeatedly occupied by hunter-gatherers
through different periods of the Late Glacial and the Holo-
cene. As such, it had a concentration of human occupation,
with four Late Palaeolithic sites discovered within ca. 1 km?
(Sobkowiak-Tabaka et al. 2018). Such regions, referred to
as persistent places, are well known both in time and space
(Schlanger 1992; Vanmontfort et al. 2010; Turner et al.
2013). Frequently visited by hunter-gatherers, these regions
are ideal spots for studying human presence and activities
in the past through natural archives, such as peat bog and
lake deposits.

Previous results of archaeological and palaecoecological
studies in the area (Sobkowiak-Tabaka et al. 2018) inspired
a new multidisciplinary research project. In addition to
pollen, macroremains and mollusc analyses, this project
also included diatom and Cladocera analyses on the mas-
ter organic sediment record retrieved from the Lubrza Late
Glacial palaeolake. This combined study reconstructed the
Late Glacial landscape and changing lake conditions in the
area through time, including water nutrient status, water

Fig. 1 Map of the investigated
area showing the Palaeolithic
sites and the locations of the
cores
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level and the accompanying physico-chemical parameters.
Carbon and oxygen stable isotope analysis was also done
on mollusc shells to further compliment the environmental
and climatic reconstruction. All analyses used the samples
from the master sediment sequence and were subsequently
combined with radiocarbon dating.

This study also focused on identifying the evidence for
the possible presence of Late Palaeolithic groups in the area
and on indicating the intensity of this presence. Quantita-
tive analysis was performed on microscopic charcoal and
other charred plant particles in the analysed pollen samples
to obtain information on the frequencies of fires during the
period, which coincided with the accumulation of organic
sediments in the Lubrza palaeolake. This is a potential indi-
cator of human activity in the area and the results of the
charred microscopic particle analysis may therefore help
reconstruct the Palaeolithic landscape and its pattern of use.

Although the changes in Late Glacial vegetation patterns
are usually associated with climate changes, our research
investigated how quickly an ecological niche could be trans-
formed or influenced by hunter-gatherers, and whether we
can identify clear and significant traces of this process in
lake archives using multi-proxy lines of evidence.

Regional settings

The archaeological sites in the Lubrza area are located
1.4 km north-east of Lubrza jezioro (Lubrza lake), in the
Jordanéw-Niesulice glacial channel (Fig. 1). The width of
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the glacial channel near the lake is over 1 km, narrowing
to about 0.1 km near the archaeological site.

The area was shaped as a result of erosion and accu-
mulated meltwater associated with patches of dead ice
blocks. As a result, a deep glacial channel with an uneven
longitudinal section formed under the ice sheet (Zynda
1967; Chmal 2003). The shape of the bottom of the glacial
channel is due to either the presence of ice blocks, either
from the collapse of the top of the glacial tunnel or ice
blocks tearing off and limiting the gap in the ice sheet. The
spaces between the ice blocks filled with sediment depos-
ited by constantly flowing meltwater in the channel; after
filling the spaces between the ice blocks, the water then
deposited sediments on the surfaces of the blocks. These
layers could be several metres thick, and provided a certain
level of insulation to further protect the dead ice blocks
from rapid melting. Because of improving climatic condi-
tions, the ice blocks eventually melted and formed lakes
in addition to numerous accumulation landforms, islands
and sandy peninsulas, which were oriented parallel and
perpendicular to the main direction of the glacial channel.
Today, evidence for these formation processes persists in
sandy banks raised several metres above the level of the
peat plain (Ratajczak-Szczerba 2014).

Campsites were located around the lakes, now filled with
biogenic sediments. Analysis indicates that the sediments in
this part of the glacial channel are very varied. The maxi-
mum recognized sediment depth was 9.50—10 m, occasion-
ally reaching as deep as 14.80 m in the hollows of fossil
basins. Four such fossil basins were identified from geologi-
cal borings (Sobkowiak-Tabaka et al. 2018).

In total, three biogenic sediment cores were taken (Fig. 1).
The first two cores are associated with palaeolake 1, along the
north (LB 13 and LB 2013) and south banks (L.-33/2) (between
sites 42 and 1, and 10). The final core (LU 18B) was taken near
the centre of basin 3 (between sites 10 and 37). It is rather
curious that we obtained different chronological records for
the formation of palaeolakes 1 and 3 based on the analyses of
these cores. In the southern part of palaecolake 1, the biogenic
accumulation began in the pre-Allergd period (Bglling?); in
the northern part of palaeolake 1, deposition took place dur-
ing the Allergd (Sobkowiak-Tabaka et al. 2018). Palacolake 3
started to develop in the Oldest Dryas and included the start of
gyttja organic mud accumulation, which starts 9 m below the
modern surface (Fig. 2a). The slopes along the southern lake
shore are steep, while those along the eastern and northern
slopes are gentle. The fossil basin is filled by detritus gyttja
with molluscs, clayey and calcareous gyttja, grey or olive in
colour (Fig. 2b). The basal peat, which is 5-25 cm thick and
slightly to strongly decomposed, occurs in the southern part of
the basin slope (Fig. 2c). Sedge moss peat deposits, which are
midway decomposed and reach a maximum thickness of 2 m

with a brown sandy layer at the top, cover the lake sediments
(Ratajczak-Szczerba 2014).

Archaeological overview

There is a long history of archaeological research on the Late
Palaeolithic and Mesolithic sites at Lubrza, with a great deal
of interest in the reconstruction of local environmental condi-
tions. The first excavation campaign started in 2008 with the
discovery of the Late Glacial and early Holocene settlements
at sites 42 and 11 (Fig. 1) and resulted in the recovery of over
10,000 flint artefacts attributable to various hunter-gatherer
groups which settled in the area during the Allergd. These
include Federmesser culture materials (two flint concentra-
tions: a domestic unit and a workshop), Swiderian materials,
which date to the Younger Dryas (five flint concentrations,
mainly domestic units) and Mesolithic materials from the
Atlantic period of the Holocene (one small cluster of flints)
(Kabacinski and Sobkowiak-Tabaka 2010, 2011). The archaeo-
logical remains of the Federmesser complex from the vast area
of the North European Plain are dated to between the second
half of the Bglling (Greenland Interstadial-GI-1e) and the
beginning of the Younger Dryas (GS-1), ca. 1230010600 cal
BC (Sobkowiak-Tabaka 2017). The Swiderian groups appeared
in the territory of present-day Poland during the Younger
Dryas and the early Preboreal, ca. 10350-9600 cal Bc (Sob-
kowiak-Tabaka 2016).

During the second series of excavations (2011-2014),
work moved to the north and site 10 (Fig. 1). Excavations
there yielded over 5,000 flints, grouped into 13 concentra-
tions. Five concentrations are related to Federmesser deposits
and include a domestic unit, workshops and a hut (ESM 1
Fig. 1.6); the remaining eight concentrations were a result of
Swiderian activities (ESM 1 Fig. 1.2-1.5). In the latter case,
domestic spaces and workshops were also identified with flint
processing, retooling, tool repair and the processing of hard
and medium-hard materials occurring in the area (Sobkowiak-
Tabaka and Kufel-Diakowska 2019; Diachenko and Sobkow-
iak-Tabaka 2020; Sobkowiak-Tabaka and Diachenko 2020).
The current excavations were carried out between 2017 and
2019, on the northernmost site, 37 (Fig. 1), where archaeo-
logical remains from the Hamburg episode at the site were
recorded (ESM 1 Fig. 1.1), in addition to Swiderian and Meso-
lithic settlements. Short surveys in 2012 and subsequent exca-
vations in 2018 and 2019 produced ca. 2,300 flint artefacts.

Materials and methods
Geomorphology

The geomorphology of the archaeological site and its sur-
roundings was studied from two 2 X2 m trenches. Trench A
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Fig.2 a, depth of palaeolake 3;
b. thickness of gyttja in palaeo-
lake 5; ¢, occurrence of basal
peat (after Ratajczak-Szczerba
2014)

was located on a slope, slightly south of the archaeological
excavation, while trench B was located west of the archaeo-
logical excavation, on the border between sandy land and a
peat plain.

In trench A, the detailed lithofacies analysis of sedi-
ments was carried out to a maximum depth of 180 cm, and
in trench B, up to a maximum depth of 150 cm. Basic sedi-
ment features such as structure and texture were investigated
in both trenches using the lithofacies code according to Miall
(1985), with further modifications by Zieliriski (1995). Ten
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sediment samples were taken for sedimentological analysis
(ESM 2; Fig. 1).

Palaeobiological analyses

Pollen samples were taken every 2 cm from sediment core
LU 18B, referred to in this study as the master core (Fig. 1).
They were prepared according to the standard procedure
(Berglund and Ralska-Jasiewiczowa 1986). Mineral con-
tent was removed with HF, organic particles with KOH.
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Acetolysis was done for 3 min. Prepared samples were
mounted in glycerine and coloured with safranin. Pollen
grains were infrequent in the samples, and so at least 300
grains of trees and shrubs (AP) were counted together with
all other sporomorphs and NPPs (non pollen palynomorphs);
nomenclature of pollen types and algae follows Beug (2004)
and Komarek and Jankovska (2001). The zonation was con-
firmed by CONISS cluster analysis (Grimm 1992) (Fig. 3).

The microscopic charcoal particles were counted together
with the pollen and spores under a light microscope at
400 x magnification (by KM). They were further examined
under an Olympus transmitted light microscope with a maxi-
mum magnification of 600 X at the BIAX Consult laboratory
(by LK-M). The sizes of the charred particles were measured
for interpretation. On the pollen diagram (Fig. 3), a charcoal
accumulation rate is accompanied by a histogram showing
the number of charred particles.

After collecting samples for pollen analysis, the remain-
ing material of core LU 18B between 695 and 776 cm was
cut into 1 cm thick slices for macroremains analysis. The
samples were wet sieved using a 250 pm mesh at the BIAX
Consult laboratory. The macroremains were identified under
a Leica binocular microscope at magnifications of X6 to
x60. All identifications were made using relevant literature
(Beijerinck 1947; Berggren 1969, 1981; Cappers et al. 2006)
and modern reference material. The results of the plant mac-
rofossil analyses are given as the number of remains per
constant sample volume (Fig. 4). The plant taxa are arranged
in ecological groups: trees and shrubs, herbaceous plants
and aquatics. During the analysis, some plant macroremains
were selected for AMS '“C dating.

The diatom samples from the master core were prepared
according to standard methods (Battarbee 1986). The count-
ing method of Schrader and Gersonde (1978) was used;
between 300 and 500 valves were counted in each sample in
order to estimate the percentage abundance of particular taxa
(Fig. 5). The diatoms were divided into groups according
to their biotype requirements; planktonic, periphytonic and
benthic groups were distinguished (Round 1981). Diatoms
were grouped by their pH requirements according to Hustedt
(1939), water nutrient status according to Naumann (1932)
and amount of organic material according to Kolkwitz and
Marsson (1908). Local diatom assemblage zones (LDAZs)
were distinguished by differences in the taxon composition,
the relative frequencies of the taxa and the prevalent ecologi-
cal and habitat groups (Bak et al 2012).

For Cladocera analysis, 1 cm® samples of fresh sediment
were taken at 2 cm intervals from the master core and were
processed according to standard procedures (Frey 1986).
The extracted remains were identified after Szeroczyriska
and Sarmaja-Korjonen (2007), van Damme and Dumont
(2008), van Damme et al. (2010) and Faustova et al.
(2011). All skeletal elements such as the head shield, shell,

post-abdomen, claw and ephippium in each sample were
counted and used to calculate the number of individuals per
cm? of fresh sediment (Fig. 6). Classification of Cladocera
habitat preferences followed Flossner (1972, 2000), Bjerring
et al. (2009) and Bledzki and Rybak (2016). Additionally,
achydorid carapaces (representing asexual reproduction) and
ephippia (representing sexual reproduction) were counted,
and the total sum of chydorid ephippia (TCE) was calculated
from the sum of chydorid shells and ephippia (Sarmaja-Kor-
jonen 2003).

Mollusc shells from the master core were identified under
a Nikon SMZ 1500 stereoscopic microscope at magnifica-
tions of 7.5-112.5 X . The analysis used standard methods
described by Alexandrowicz and Alexandrowicz (2011).
The shell remains were identified according to Piechocki
and Wawrzyniak-Wydrowska (2016) and Gittenberger et al.
(2004) and by using the reference collection, and in addition
to their ecological and palaeoenvironmental contexts were
described in accordance with LozZek (1964), Alexandrow-
icz (1987) and Alexandrowicz and Alexandrowicz (2011);
Fig. 7.

Carbon and oxygen stable isotope analyses

Due to the insufficient number of mollusc shells preserved in
core LU 18B, shells from core LB 13 were selected for anal-
ysis. There is a chronological correlation between the two
cores (Allergd). Carbon and oxygen stable isotope composi-
tions of Valvata cristata and V. piscinalis shell carbonates
were measured using a Gas Bench II attached to a Finnigan
MAT 253 gas source mass spectrometer (both Thermo Fis-
cher) (ESM 3). Details of the analytical setup are given in
Spotl and Vennemann (2003). Carrara marble was analysed
with the samples, and its isotopic composition was calibrated
against NBS 19 (Fiebig et al. 2005). All values are reported
in 8 notation, where 8 = (Rympie/Rytandara — 1) % 1,000, in per
mil relative to V-PDB (Vienna Pee Dee Belemnite) carbon-
ate standard and have an analytical precision of +0.06%o for
carbon and + 0.08%o for oxygen.

Geochemical analyses

Geochemical analyses of the master core included the meas-
urement of organic matter, calcium carbonate, the contents
of terrigenous (soil) and biogenic silica, in addition to the
metals, sodium (Na), potassium (K), magnesium (Mg), iron
(Fe) and manganese (Mn). Loss on ignition (LOI) was meas-
ured, as dried organic matter samples combusted at 550 °C
while the calcium carbonate combusted at 950 °C (Heiri
et al. 2001). The total silica content was measured using
digestion in aqua regia (1:3 nitric and hydrochloric acid)
in a water bath, while terrigenous silica content was meas-
ured after dissolving biogenic silica in a sodium hydroxide

@ Springer
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Fig.4 Lubrza LU 18B macroremains diagram and chronostratigraphic division

solution. The metal contents were determined in digested
liquid samples using flame atomic absorption spectrometry.
The constrained hierarchical clustering algorithm imple-
mented in the R package rioja (Juggins 2017) was used to
determine local geochemical units (Fig. 8).

Results and interpretation
Lithology

The stratigraphy of archaeological site 37 shows that the top
layers were built of medium sands, redeposited from erosion.
Below the top layers are finer sediments, fine sand and silt,
whose grain size and structural features indicate deposition
by water associated with deglaciation of the area.

A similar sediment stratigraphy was observed at the
Lubrza 10 site, which is located on a sandy bank. Due to the
thinner redeposited material, a deeper series of sediments
built up in the channels between the blocks of dead ice.
These series were identified as part of this project, including
fissures and faults indicating that they are eskers, mounds of
sand gravel and till deposited from streams running under
ice (Ratajczak-Szczerba et al. 2015; Sobkowiak-Tabaka et al.
2018). The geomorphological study of archaeological site
37 shows a similar landform type.

The location of Lubrza site 37 indicates that it was not on
the highest point, but lower down, further along the sandy
headland stretching out into the peat plain. The difference
in relative height between the lowest point in the adjacent
glacial channel and the site itself is over 5 m.

The basal sediments of master sequence LU 18B
were formed of calcareous sandy clay (776-775 cm),
which was followed by accumulation of calcareous gyttja
(775-696 cm).

Radiocarbon dates

Six AMS radiocarbon dates were obtained from waterlogged
terrestrial plant macroremains from core LU 18B (Table 1).
They were calibrated with IntCal20 (Reimer et al. 2020)
and OxCal v 4.4.2 (Bronk Ramsey 2009). Dates are given in
calibrated years Bc (Table 1). The age-depth model was con-
structed using the free shape modelling algorithm (Fig. 9;
Goslar et al. 2009).

The results of the six radiocarbon dates provide an abso-
lute chronology for the record, which includes the Oldest
Dryas up to the late Allergd. Unfortunately, the two lowest
dates from the lower part of the LU 18B sequence (5 and 6)
show a clear age reversal (Table 1), and the position of date
4 in the sequence is problematic. Even though contamination
in the field cannot be completely excluded, there might be
other reasons for this date ‘migration’ through the lower part
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Table 1 Radiocarbon dated samples from Lubrza LU 18B

No Depth (cm)  Plant remains (all un-charred) Weight 14C age (years BP) Calibr. age Bc*
1 700-709 Pinus sylvestris needle 1frg, Betula (tree birch) fruit 1x, cf. Salix c.2mg 11,820+ 60 11,845-11,564
twig 1frg, Carex rostrata 3x
721-724 Betula (tree birch) fruit 4x, catkin scales 2x, C. rostrata 2x c.2mg 11,930+ 80 12,074-11,656
735-740 C. rostrata 3x, cf. Salix twig 3frg, c.2mg 12,210+ 60 12,837-11,928
750-758 cf. Salix twig 2frg, Betula (tree birch) fruit 4x, Menyanthes trifoliata c.3 mg 13,060 +70 13,922-13,424
1x, deciduous leaf (cf. Salix) 5 frg
768 Salix twig 6 frg, C. rostrata 2x, C. acuta/nigra 1x, C. aquatilis 1x 16 mg 12,390+ 70 12,964-12,212
7767717 Salix-twig 8frg, Betula (tree birch)-fruit 1x 8 mg 12,110+ 60 12,159-11,853

Ages have been calibrated (IntCall3; 95.4% probability) using OxCal v 4.3 (Bronk Ramsey 2008)

of the sequence, such as redeposition of the dated plant mac-  core. Keeping this uncertainty in mind, the diagrams of ana-
roremains in a highly dynamic sedimentary environment.  lytical results obtained along the profile are presented on a
Age reversal in Late Glacial sequences has been observed  timescale which is averaged between the two scenarios men-
quite often (Bos et al. 2017). In the case of the Lubrza pal-  tioned above. Numerical data of the most probable (best-fit)
aeolakes (but possibly also other regions), the disturbance in ~ partial models are presented in ESM 4.

biostratigraphy may be related to the melting process of the

dead ice blocks during the pre-Allergd period. The course

of events, which resulted in the formation of palacolakes  Palaeobiological and geochemistry data

during the Late Glacial is often described as dynamic in

nature, and accompanied by erosion processes (Blaszkiewicz =~ The results of the analyses of pollen, plant macrofossils,
2007). Therefore, correlation of the 14C radiocarbon dates diatoms, Cladocera, molluscs and geochemistry from core
with the pollen zones was essential for the reconstruction of LU 18B are presented in Figs. 3, 4 and 6-9. More detailed

the climatic and environmental events in the Lubrza area. descriptions of the results are presented in ESM 5.

The age reversal in the LU 18B sequence resulted in the Reconstruction of regional and local vegetation and the
construction of two age-depth models, rejecting the date of ~ history of the palaeolake at Lubrza.
either sample 5 or 6. Figure 9 presents a combined model, Due to apparent age reversal of the radiocarbon dates
assuming that both scenarios are equally likely. As aresult,  in the lower part of the sequence, this environmental

it has a high level of uncertainty at the bottom of the dated  reconstruction is based on the palynological results of
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Fig.9 Age-depth model of
profile Lubrza LU 18B in years
cal Bc shown by solid black line.
Grey filled curves represent cal-
ibrated “C dates of individual
samples used for the modelling.
Two best-fit age-depth curves
(calculated after rejection of
either sample 5 or 6) are shown
with dotted lines. Uncertainty
of the combined model is dis-
played with grey shading

stratigraphic division of the core LU 18B, accompanied by
the macroremain results.

Pleniglacial/Oldest Dryas (corresponding to LPAZ I)

The bottom section of core LU 18B (LPAZI) reflects vegeta-
tion development during the cold period of the Late Glacial,
the Oldest Dryas. Plant taxa typical of subarctic tundra such
as Betula nana (dwarf birch), Salix polaris (polar willow),
Dryas octopetala and Helianthemum species (H. nummular-
ium-type and H. oelandicum-type) were significant compo-
nents of the local and regional vegetation. Calcareous soils
favoured the spread of Hippophaé rhamnoides (sea buck-
thorn) in the area; high pollen values suggest patches of this
spiny deciduous shrub must have been locally abundant, and
as a very light-demanding species which formed the tallest
vegetation, it confirms the absence of woodland in the land-
scape (Ellenberg et al. 1991). Rubus chamaemorus appeared
as a part of this open vegetation, and light-demanding herbs
such as Gypsophila fastigiata, Saxifraga hirculus and Silene-
type were also found.

Sedges identified include Carex rostrata, C. vesicaria, C.
nigra and C. aquatilis (all indicated by macrofossils), and
formed a major constituent of the local marsh vegetation.
The pondweed Potamogeton filiformis, a species characteris-
tic of calcareous, oligotrophic lakes in subarctic and low arc-
tic environments, grew in the shallow waters of the Lubrza
depression or basin together with Myriophyllum spicatum
and M. verticillatum.

Cladocera are represented mainly by species known to
occur across a wide range of conditions and tolerant of envi-
ronmental stress, including cold climate, such as Acroperus

700

720
€
£
=t
g 740
=]

760

780

14000 13000 12000
Year BC

harpae, Alona affinis and Chydorus sphaericus (Whiteside
1970). These conditions are confirmed by the highest pro-
portion of total chydorid ephippia (TCE) in the profile. How-
ever the middle part of this period sees a gradual increase in
the frequencies of Cladoceran taxa associated with aquatic
plants (macrophytes), which suggests a corresponding
increase in plant life in this part of the palaeolake.

The appearance of molluscs coincides with the accumula-
tion of gyttja during this period. However, single shell frag-
ments identified in the samples suggest that environmental
conditions were not conducive to molluscs. The habitat pref-
erences of the diatom assemblage suggest that water levels
were relatively high, and the taxon composition reflects an
alkaline and eutrophic water environment.

The geochemical analysis reveal distinct fluctuations in
soluble metals, Na (sodium), K (potassium), and Mg (mag-
nesium); these are probably the result of intensive mineral
soil erosion in the catchment area. Jones and Keen (1993)
interpret substantial quantities of sodium and potassium in
sediments as the result of intensive erosion of mineral soil
and a low level of leaching.

Bolling (corresponding to LPAZ II)

Betula pollen dominates the Bglling samples, and the pres-
ence of Betula cf. pubescens macrofossils suggest that birch
trees also grew in the landscape. The pollen and macrofos-
sil assemblages also prove the presence of B. nana (dwarf
birch). This suggests that tundra vegetation still existed in
the area, and B. nana grew together with dwarf shrubs of
Salix (willow) and H. nummularium, and sporadically with
Dryas octopetala, all present in the pollen record. Scattered
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patches of Juniperus shrubs grew among the birches and
patches of Hippophaé were also present in the landscape.

The range of Betula could also have been determined by
soil conditions. Birches avoid soil rich in lime, although such
soils are suitable for Hippophaé (Usinger 1985). Eventu-
ally, Hippophaé was shaded out by more competitive taxa
such as Populus and Betula trees. Selaginella selaginoides
(clubmoss) appeared in wet habitats such as bogs, wet slopes
and lake shores with neutral to alkaline soil (Hitchcock et al.
1969). Ephedra fragilis grew in warm steppe-like habitats
rich in calcium, accompanied by Poaceae and Artemisia.
Diverse aquatic plants were identified, including Potamoge-
ton filiformis, P. cf. obtusifolius, Hippuris vulgaris (macro-
fossil record), Myriophyllum spicatum, Ceratophyllum and
Potamogeton (pollen record), along with increasing values
of Pediastrum. Overall, this indicates increased levels of
aquatic productivity (cf. Kriiger and Damrath 2020). An
abundance of green algae (Chara sp.) indicates an increase
in calcium carbonate precipitates (Hoek et al. 1999), which
is confirmed by higher calcium carbonate content and
organic matter in unit LGU II. The further soil erosion and
weathering of the catchment was confirmed by the high con-
tent of some elements and a low Na/K ratio.

An increase in more Cladocera species associated with
plants, such as Camptocercus rectirostris, Eurycercus lamel-
latus and Alonella nana suggest well developed vegetation
along the lake shore. Leydigia acanthocercoides, Monospi-
lus dispar, Coronatella rectangula, Chydorus sphaericus
and taxa of the genus Pleuroxus suggests an increase in the
nutrient level of the lake water. This situation was connected
with a decreasing TCE (total chydorid ephippia). All of this
might suggest a milder climate and warmer waters.

The most common diatoms were periphytonic forms
(55-69%), followed by planktonic ones (30-40%). Their
trophic tolerance is broad, from eutrophic to mesotrophic,
while their pH tolerance is alkaline to neutral. They indicate
very high water oxygenation.

Among the molluscs, single shell fragments of taxa asso-
ciated with lake shore and aquatic vegetation (macrophytes)
suggest slightly improved environmental conditions.

Older Dryas (corresponding with LPAZ Ill)

During the Older Dryas, the climate generally cooled.
Patches of birch trees diminished, as evidenced by the pres-
ence of birch tree macroremains only at the beginning of this
period. Tundra vegetation was again a dominant vegetation
cover, and dwarf shrub patches with Betula nana and Dryas
octopetala again developed in the area. Cold tolerant taxa
increased in their percentages, including among herbs, with
Gentianella germanica-type, Gypsophila fastigiata, Saxi-
fraga aizoon and S. hirculus. These suggests the develop-
ment of mires, where Betula nana, Rubus chamaemorus,

@ Springer

Cyperaceae and Sphagnum would also have been found.
Ephedra fragilis-type is present during the entire Older
Dryas phase.

In lake shore zones and wet habitats, Menyanthes tri-
foliata persisted and Caltha palustris developed. Sedges,
including Carex rostrata, C. vesicaria and C. aquatilis grew
on the wet soils by the lake. Myriophyllum spicatum and
Ceratophyllum dominated the aquatic plants, as indicated by
the pollen record. They were accompanied by M. verticilla-
tum, Potamogeton filiformis, P. cf. obtusifolius and Hippuris
vulgaris, based on macrofossil evidence.

The visible decrease in the number of Cladoceran species,
together with an increasing number of TCE (total chydorid
ephippia), suggests a decrease in water trophic level, overall
cooler waters, and perhaps a shorter open water season in
the lake.

The identified diatom assemblages confirm relatively
wide trophic tolerance, from eutrophic to mesotrophic. The
pH was alkaline to neutral.

The molluscs are associated mainly with aquatic vegeta-
tion (Radix peregra, Valvata cristata), but the presence of
the cold tolerant species Gyraulus laevis confirms cooler
climatic conditions. The presence of Pisidium ponderosum
indicates a shallow place in the littoral zone, with a sandy
substrate and water rich in calcium.

The geochemical composition with decreasing contents
of elements derived from stone suggests a limited influx of
erosion and relatively good oxygen conditions in the lake.

Allergd (corresponding with LPAZ IV)

The start of the Allergd is marked by a significant decrease
in cold-tolerant taxa. The older part of the Allergd reveals
the dominant role of Betula and the absence of Pinus. The
macrofossil record also proves the local presence of Bet-
ula trees (B. cf. pubescens) in the Lubrza area, which were
accompanied by Pinus sylvestris (Scots pine) through the
second half of the Allergd. Woodlands, however, remained
relatively open, but the low NAP sum suggests decreased
proportions of herbaceous taxa.

During the Allergd, Ceratophyllum and M. spicatum
dominated the macrophyte pollen record. The macrofossil
record also indicates the presence of Nymphaea alba and
Nuphar lutea, Hippuris vulgaris and C. demersum. The
diversity of aquatic plants indicates well-developed plant
communities with submerged plants in the deeper parts
of the palaeolake and communities of plants with floating
leaves in the shallow areas. Marsh vegetation with herba-
ceous plants such as Carex rostrata, C. vesicaria, Ranuncu-
lus aquatilis and Rorippa palustris spread along the shores
of the lake.

The presence of Typha latifolia (in the pollen record)
since the start of the Allergd indicates an increase in
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temperature compared with the Older Dryas, and the warm-
est climate during the entire Late Glacial. Iversen (1954) and
Wasylikowa (1964) considered this species an indicator of a
mean July temperature of 4+ 14 °C.

Aquatic invertebrates are dominated by benthic phyt-
ophilic Cladoceran taxa which are associated with the litto-
ral zones of eutrophic lakes, and they are considered trophic
indicators (Fig. 6). Generally, the Cladoceran taxa suggest
warm summers, with a long open-water season and a high
lake trophic level or an exceptionally warm and long grow-
ing season, which ultimately could also be a response to
climatic amelioration.

Some noticeable changes at a depth of 722 c¢m indicate
a cold period, possibly the Gerzensee oscillation. The NAP
increases, mainly due to the higher Poaceae curve. Birch
trees ceased to dominate the landscape as cold tundra veg-
etation developed, with the dwarf shrub Salix (S. polaris-
type). The pollen data indicate a short interruption in Typha
latifolia just before the Gerzensee oscillation (Fig. 6). A
decrease in the number of Cladoceran taxa was noted, espe-
cially those which are associated with warm water (Camp-
tocercus rectirostris, taxa of Pleuroxus) and more eutrophic
waters (Monospilus dispar, Corotella rectangula). This
coincides with a decrease of TCE (total chydorid ephippia)
and an increased abundance of species (Acroperus harpae
and Chydones sphaericus) that are tolerant of environmental
stress, including cold climate (Pawlowski 2012).

The mixture of molluscan taxa with various environmen-
tal requirements from palaeolakes 1 (LB 13) and 3 (LU 18)
relates to an increase in habitat diversity during the second
part of the Allergd. All the molluscs identified in the sam-
ples are characteristic of rather shallow lakes, but their lim-
ited and changing numbers suggest poor dispersal, probably
due to climatic conditions.

Changes in the climate are clearly reflected in the §'*0
shell record from core LB13 (ESM 3). Diatoms reveal the
relatively high contribution of periphytonic taxa. The most
abundant ones were typical of eutrophic to mesotrophic
waters and a moderate level of organic material. Geochemi-
cal studies revealed smaller amounts of sodium and potas-
sium in this core section, linked to reduced erosion and
enhanced leaching, and slight deterioration of the oxygen

supply.
Younger Dryas

The cooler climate during the Younger Dryas introduced
changes in the landscape, which are reflected in cores L-33/2
and LB 13, taken from palaeolake 1, ca. 400 m from the
location of core LU 18B (Fig. 1). The woodland cover was
clearly reduced and the spread of juniper and the growth of
both Artemisia patches and areas dominated by grasses are
indicated by the pollen spectra. Betula nana was part of the

local vegetation. Various sedges (Carex aquatilis, C. vesi-
caria, C. rostrata, C. paniculata/diandra) accompanied by
Selaginella selaginoides grew not only on the wet soil along
the lake shore but also in bogs or mires, which formed part
of the local vegetation.

During the Younger Dryas, a rich mollusc fauna is indi-
cated by both the high diversity of taxa and large quantities
of mollusc remains (LB 13). At the beginning of the phase,
larger permanent bodies of water were formed due to the
cooler climate (Sobkowiak-Tabaka et al. 2018), probably
connected with a rise in lake water levels correlated with
increased precipitation at the end of the Late Glacial. As a
result, small ponds transformed into larger and deeper bodies
of water (lakes), which began to accumulate carbonate sedi-
ments (Alexandrowicz 2007). The molluscs of this period
are associated with rich aquatic vegetation. Cooler condi-
tions are confirmed by the presence of Pisidium obtusale
lapponicum and Gyraulus laevis. The cold Younger Dryas is
also recorded by a ca. 0.5 to 1.5%o decrease in 5'%0 values.
Low and relatively stable 5'%0 values recorded in the older
part of this chronozone (mean 5'30 value -10.65%o) are con-
sistent with other European records (Schwander et al. 2000;
Apolinarska and Hammarlund 2009; Stowiriski et al. 2017).

Evidence of human activity during the Late Glacial
in the Lubrza area

Palynological evidence for human activity is not obvious
in the early prehistoric period, before the Neolithic. Some
assumptions are possible, based on the presence of nitro-
philous or eutrophic plants. Increases in such taxa are seen
especially during the warmer periods of the Late Glacial.
High curves of Pediastrum boryanum with its subspecies
and Scenedesmus are found during Bglling and Allergd and
they could be the result of the eutrophication of the lake
due to repeated human presence. However, one must con-
sider the possibility of increased Pediastrum content also
being due to the inflow of nutrients from the catchment as a
result of warming or erosional processes (Hosek et al. 2014;
Karasiewicz 2019; Mirostaw-Grabowska et al. 2020). Pollen
records of some plants could also suggest traces of changes
from human activities. Urtica (nettle) responds to nitrogen-
enriched soils, which would have been found around the
camps as a natural consequence of remnants of food and
faeces. Plantago major and Polygonum aviculare are charac-
teristic of places trodden by people such as paths, so perhaps
their appearance was partly due to human pressure. We must
remember, however, that the pressure of migrating people
on habitats and vegetation was very limited and such an
interpretation for the presence of eutrophic taxa is only a
suggestion.

The pollen analysis revealed that the pollen slides also
contained microscopic charcoal particles which were not
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found at the macroscopic level. No charcoal or other charred
plant remains were found in the macroremain samples. In
the pollen slides, the charred particles were recognised by
their sharply broken edges and black or dark brown colour
(Figs. 10, 11). With a few exceptions of charred herbaceous
tissues, they are all derived from wood charcoal. Some of
the charcoal particles revealed the presence of bordered
pits (Fig. 10, left). These are cavities or thinner portions
in the lignified cell walls of the xylem elements in conifer-
ous wood (Schweingruber 1990). The Late Glacial saw the
spread of two coniferous taxa in north central Europe, Pinus
and Juniperus (Huntley and Birks 1983; Lang 1994). Both
taxa are well represented in the Late Glacial pollen records
from western Poland (Sobkowiak-Tabaka et al. 2018). The

0,1 mm ¢ 1 ©) BIAL

plant macroremains assemblages from nearby Lubrza LB
13 and from the Wojnowo region some 30 km south-east
of Lubrza further indicate that Pinus sylvestris and Junipe-
rus communis (juniper) were the only conifers in the woody
vegetation of western Poland throughout much of the Late
Glacial (Kubiak-Martens 2016; Sobkowiak-Tabaka et al.
2018). However, considering the occurrence of the conifer-
ous charcoal in the LU 18B core section, palynologically
defined as Bglling, when pine was not yet present in the area,
we assume that the charcoal particles featuring the bordered
pits must have derived from juniper.

Different sizes of microscopic charcoal particles were
observed on the pollen slides. The diameters of 100 ran-
domly selected particles were measured, resulting in three

41 s
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22 hs Ve

Fig. 10 Lubrza LU 18B charcoal particles; left, 138 um particle in the sample from 7.62 cm featuring bordered pits characteristic of coniferous
wood; right, 100 um particle in the sample from 7.56 cm, both correlated with the Bglling

BIA/L Consult

Fig. 11 Lubrza LU 18B charcoal particles; left, the largest fragment (295 um); right, charred herbaceous tissue (235 pm) in the sample from
7.16 cm, all showing the characteristic sharply broken edges, both correlated with the Allergd
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size classes (50-100 um, 100—178 pum and 200-390 pm).
Particles between 100 um and 178 pm dominated the assem-
blages, while particles measuring < 100 pm and > 200 pm
were found in smaller quantities.

The numbers of particles on each pollen slide were
counted. The quantities of charred particles per analysed
pollen slide varied from several (ca. 10, marked as+) to
numerous (up to ca. 100, marked as ++). The accumulation
of charcoal particles is low but generally steady through-
out much of the studied sequence. The highest numbers
of charred particles (++) were noted in the samples from
between 750 and 758 cm within the palynologically defined
Bglling oscillation (LPAZ II) and in the samples between
716 and 725 cm, within the palynologically defined Allergd
phase (LPAZ IV). In the sample from 716 cm, in addition to
wood charcoal particles, charred herbaceous tissues (includ-
ing charred moss leaves) were also observed. Charcoal par-
ticles are more sporadically present in the lower section of
the pollen zone LPAZ II which corresponds with the start
of the Bglling, but no charred particles were noted in LPAZ
I which corresponds with the Oldest Dryas.

There is relatively little research on microscopic charcoal
particles and their association with human fire events from
the Late Glacial sediment sequences in north-western and
north-central Europe (Bos et al. 2013, 2017; Crombé et al.
2013; Sobkowiak-Tabaka et al. 2018; Kriiger et al. 2020).
Differentiating local from regional fires and establishing
types of burnt vegetation in each fire are the essential steps
to distinguish climate-related natural fire events from human
fires (Olsson and Jonsson 2010). Most studies on the accu-
mulation of charcoal particles indicate that the larger and
heavier microscopic charcoal would have been deposited
near the source of the fire. Their presence, therefore, is a
clear indication of a local fire. Smaller and lighter particles,
on the other hand, are transported over greater distances,
and they therefore suggest regional fires (Clark et al. 1998;
Blackford 2000; Carcaillet 2007; Olsson and Jonsson 2010).
Blackford (2000) stated that charcoal particles smaller than
20 pm are the most reliable indicators for regional ‘back-
ground noise’, while particles larger than 125 pm would
indicate a local fire. Tinner et al. (1998) and Duffin et al.
(2008) recommended using charcoal particles greater than
50 pm to reconstruct local fire history.

In Lubrza LU 18B, the dominant accumulation of
charcoal particles in size classes between 100 um and
178 um, accompanied occasionally by particles > 200 um
and > 300 um, may reflect local fires. The low total accumu-
lation of charcoal particles further suggests that they were
fires of low intensity as well as of a small scale. They were
either natural fires or ones created by humans. It seems that
the charred particles, reflected in the palynological record of
LU 18B, most probably originated from human fires such as
domestic (cooking) fires. Considering the proximity of the

archaeological sites to the core location of Lubrza LU 18B,
this assumption appears particularly justified. Lubrza site
37, which contains archaeological remains associated with
Hamburg groups, is some 200 m from the coring location.
The find of a shouldered point, used as a projectile or a knife
(Kufel-Diakowska 2019), offers direct evidence for human
presence in the area during the Bglling period. Moreover,
nearby, a large campsite of the Hamburg culture was dis-
covered ca. 13 km to the east (Kabacinski and Sobkowiak-
Tabaka 2013). Therefore, the most likely explanation for
the charcoal particle accumulations within the palynologi-
cally defined Bglling section of LU 18B (between 750 and
758 cm) would be the presence of Hamburg groups in the
area, possibly in various episodes.

Direct evidence for human occupation during the Allergd
period was found at site 10, located some 250 m from where
core LU 18B was obtained. At this site, rich flint assem-
blages characteristic of the Federmesser tradition were
found. The Federmesser groups, who frequented the area
through much of the Allergd, would have been responsible
for the accumulation of microcharcoal and charred particles
of herbaceous plants at 695 to 734 cm in the core. The vari-
ous activities of the Federmesser groups, such as the use of
(domestic) fires and the burning of local (marsh) vegetation,
were already indicated in the earlier study in the Lubrza area
of LB 13, located some 500 m south of LU 18B (Fig. 1;
Sobkowiak-Tabaka et al. 2018).

Additionally, in the period which can be linked to the
presence of the Federmesser groups in the area, there was
a relative increase in the frequency of Cladocera such as
Coronatella rectangula, Chydonus sphaericus and Bosmida
longirostris, as well as Disparalana rostrata, Monospilus
dispar and Pleuroxus spp. which live in more eutrophic, tur-
bid water (Pawtowski et al. 2013; Pt4ciennik et al. 2015).
Such changes are correlated with high values of the Na/K
ratio (Figs. 6, 8). Although the concentration of elements
from erosion (Na, K and Mg) was relatively low (Fig. 8),
a temporary high ratio of Na/K could be an indicator of
the relative changes in the weathering of aluminosilicates
in sediments forming the substrate of the Lubrza catchment.
Therefore, we assume that this situation displays a response
of aquatic biota to the eutrophication caused by the gen-
tle influx of nutrients and mineral matter to the lake (Kittel
et al. 2014, 2021; Sobkowiak-Tabaka et al. 2020) and also
by the presence of Federmesser groups and their deliber-
ate burning of the marsh vegetation on the lake shore. The
intense use of the Lubrza area continued during the Younger
Dryas, when hunter-gatherers related to the Swiderian cul-
ture inhabited sites 10, 11, 37 and 42. During this period,
Swiderian groups interfered with the local environment by
burning local marsh vegetation or sedge fen and using wood
and herbaceous plants as raw materials (Sobkowiak-Tabaka
et al. 2018; Sobkowiak-Tabaka and Kufel-Diakowska 2019).
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Based on the presence of microscopic charcoal in the Late
Glacial palynological records from northwestern Belgium
(Bos et al. 2013, 2017) and northern Germany (Kriiger et al.
2020), these authors also suggested local fire episodes which
may have been associated with various activities of the Late
Palaeolithic groups in their studied areas. Bos et al. (2013)
also proposed that charred remains of grass epidermis
(probably Phragmites) would represent the burning of reed
swamps, either as a result of natural fires or as active burning
by Federmesser groups who frequented the area during the
Allergd. Kriiger et al. (2020) argued that charcoal particles
recorded in pollen samples from the Nahe palaeolake cor-
related with the Younger Dryas may reflect human domestic
fires, particularly when considering the closeness of the Late
Palaeolithic Ahrensburg site to the coring location. At the
same time, however, a combination of human and natural
local fires cannot be ruled out completely.

Conclusions

The multi-proxy analyses in the last several years around
Lubrza have yielded many data for the reconstruction of Late
Glacial climatic and environmental changes. This study also
showed that the Late Glacial palaeolakes at Lubrza are valu-
able archives of human activities in the area. This history of
local vegetation began in the Oldest Dryas with subarctic
tundra vegetation of dwarf shrubs, followed by the spread
of Hippophaé rhamnoides in the area. Not long after, the
first hunter-gatherers associated with the Hamburg culture
appeared, and made their fires. During their occupation of
the landscape, it was still rather open, with dwarf shrubs and
scattered patches of Juniperus and H. rhamnoides shrubs.
The first Betula trees then appeared in the landscape. Dur-
ing the early Allergd, tree birches expanded across the area,
although the birch woods remained relatively open and
allowed light-demanding vegetation to grow as well. Dur-
ing the later phase of the Allergd, a sparse pine woodland
with birches and poplars developed, and belts of Salix (wil-
low) grew along the lake shore. The diversity of marsh and
water plants also increased through this period. The climate
was now at its warmest point of the entire Late Glacial. Evi-
dence for local human occupation by Federmesser culture
groups and their various activities is well recorded in both
the finds of stone tools and the archaeobotanical records;
the use of campfires and the burning of local marsh veg-
etation are supported by microscopic charcoal and charred
herbaceous plant particles deposited in palacolakes 1 and
3, located near the Federmesser sites. Human activities can
also be recognised through Cladocera and geochemical
records. During the colder Younger Dryas, the landscape
changed significantly, in contrast to the previous warm
Allergd period. The woodland was notably reduced and
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Juniperus, Betula nana, Artemisia and Poaceae constituted
a significant part of the local vegetation. The intense use
of this area was also detected during the Younger Dryas,
when hunter-gatherers associated with the Swiderian culture
occupied various places in the area, now referred to as sites
10, 11, 37 and 42. Swiderian groups altered the local envi-
ronment by burning local marsh vegetation and using wood
and herbaceous plants as raw materials for construction and
tools (Sobkowiak-Tabaka et al. 2018; Sobkowiak-Tabaka and
Kufel-Diakowska 2019).

Overall, probably due to its favourable environmen-
tal conditions and rich geodiversity, which were good for
camps, as well as hunting, fishing, plant gathering, crafting
and obtaining firewood, the Lubrza area was repeatedly vis-
ited by various hunter-gatherer groups throughout much of
the Late Glacial period.
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