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The Warta River valley was greatly influenced by the ice sheet of the Last Glacial Maximum (LGM). A small peatland located
in the Warta drainage system is here used as a palaeoarchive of climatic and habitat changes during the Late Glacial
(Weichselian). The tugi sediment profile was investigated using multi-proxy (pollen, Chironomidae, Cladocera and geo-
chemistry) analyses that recorded changes in a fluviogenic sedimentary depression. After the Poznan Phase (LGM), tugi
functioned as an oxbow lake that was cut off from the active river channel as a result of fluvial erosion. Since that time, the
Warta River has flowed only along the section now occupied by the Jeziorsko Reservoir. Sedimentation of lacustrine depos-
its started at the beginning of the Late Glacial. Summer temperature reconstructions indicate cool Oldest and Younger
Dryas, but no clear cooling in the Older Dryas. During the Younger Dryas the palaeolake was completely occupied by a
peatland (fen), which periodically dried out during the Holocene. Investigation of this site has tracked the reaction of the habi-
tat to climatic, hydrological and geomorphological changes throughout the Late Weichselian.

Key words: multi-proxy analysis, Late Weichselian, denudation processes, palaeoclimate, central European river.

INTRODUCTION ity (uplift or subsidence), which may modify the valley slope,
and the position of the stream base-level (Gregory and Walling,

1973; Teisseyre, 1991; Brzezinska-Wojcik and Kociuba, 2001;

Fluvial systems as means of transport of water and clastic
material depend on numerous environmental factors (Schumm,
1977). Development of fluvial processes may be influenced by
climatic changes, and also by regional and local tectonic stabil-
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Andrzejewski et al., 2018). Another important factor influencing
the erosion—accumulation equilibrium state of rivers in the Mid-
dle-Polish Lowlands, especially during the Late Weichselian,
was the ice sheet location, affecting the possibility of river dis-
charge to the Baltic Sea or to the North Sea (Starkel, 1997;
Toucanne et al., 2010; Kordowski et al., 2014b; Weckwerth et
al., 2019). Changes of the river valley systems in central Poland
during the Last Glacial Maximum (LGM) are well documented
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Fig. 1A - location of the study area (marked as black rectangle) and regional glacial limits (after Marks, 2012): O — Saalian Glaciation
and Weichselian Glaciation: L(B) — Leszno (Brandenburg) Phase, P(F) — Poznan (Frankfurt) Phase, Pm — Pomeranian Phase, G —
Gardno Phase; B — Digital Elevation Model of the middle course of the Warta River system; C — overview geomorphological map (af-

ter Forysiak, 2005)

(e.g., Rotnicki, 1987; Wisniewski, 1987; Turkowska, 1988). The
Warta River (especially its middle course) was influenced by
the range of the ice sheet margin during the LGM and possibly
underwent flow impediment by the ice sheet during the Leszno
and Pomeranian phases (Kozarski, 1995). The study area is lo-
cated ~35 km south of the axis of the Warsaw-Berlin ice-mar-
ginal valley, which was the local base-level for the then mid-
dle-course Warta River. The valley floors of the Warta River
and its tributaries repeatedly changed their positions, likely due
to the functioning of proglacial outflow during the glaciation
phases noted above, resulting in alluvial aggradation. However,

phases of increased erosion and cutting of alluvial plains during
deglacial intervals may also have contributed to shifts in valley
floor position (Schumm, 1977; Teisseyre, 1991; Makaske and
Nap, 1995).

The Jadwichna-Pichna Valley, where the studied wetland is
located (Fig. 1), was active in the Warta drainage system during
the Weichselian. It was cut off from the active river channels
due to erosion, induced by lowering of the base-level following
the Poznan phase ice sheet recession (Rotnicki, 1987;
Turkowska, 1988; Klatkowa and Zatoba, 1991; Forysiak, 2005).
The study site at £ugi, a highly disturbed modern peatland, oc-
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cupies a fossil fluvial depression, probably a fragment of a
braided river channel. The alluvial, and therefore permeable,
bottom of this buried river channel, as well as its immediate sur-
roundings, required the functioning of the lake and the fen to
maintain a relatively high groundwater level.

Despite the general homogeneity of the rocks making up
the drainage areas of biogenic accumulation basins within river
valleys, high lithogeochemical diversity is observed in a group
of Late Weichselian lacustrine deposits. Calcareous deposits,
considered as indicating a hydrological regime determined by
the catchment lithology, permafrost withdrawal and plant colo-
nisation (Gozdzik and Konecka-Betley, 1992a; Forysiak et al.,
2010; Kordowski et al., 2014a) are exceptional in this respect. In
the Polish Lowland, sedimentation of calcareous gyttia was
caused by the lithology and availability of calcareous material
(Ca®* and HCO,; ions) in the catchment, deepening of depres-
sions occupied by permanent water bodies, and habitat condi-
tions such as physicochemical properties of the lake water
(Mazurek, 1990; Boréwka, 1992; Apolinarska et al., 2012;
Okupny et al., 2016¢; Makohonienko et al., 2023). Apart from
calcareous sedimentation, an important group of lacustrine de-
posits found in the basal parts of numerous mire sections are
detrital gyttjia and detrital-clayey gyttja (Zurek and Okupny,
2015). Regardless of age, the chemical composition of biogenic
sediments making up the mire deposits of central Poland re-
sults from the intensity of supply of allochthonous material,
authigenic remains originating within the basins, and mineral
components of biogenic origin (Rydelek, 2011; Okupny et al.,
2013).

River valleys are among the most important landscape ele-
ments in the Central European Lowlands. Modern peatlands
develop predominantly in river valleys (Succow and Joosteen,
2001), but the onset of paludification of these landforms took
place in the Late Weichselian (Zurek, 1991). River valley floors
are favourable for the development of peat-forming habitats,
are susceptible to climate change, and offer a good record of
climatic fluctuations such as those known from the Late
Weichselian and the Early Holocene. Thus, research on
wetlands located in river valleys of the Polish Lowland, includ-
ing their fossil palaesochannels and deposits, has a long tradi-
tion (Oswit et al., 1980; Szumanski, 1983; Andrzejewski, 1995;
Turkowska, 1997). In central Poland, fen peatlands began to
appear mostly in the Bglling or in Allerad, testifying to the sta-
bilisation of valley bottoms and the maintenance of a relatively
constant base-level position, as manifested in the activity of
the meandering channel system. Several peatlands and
palaeolakes that functioned in active river valleys have been
already studied in the region: the Ner (Forysiak et al., 2010;
Forysiak, 2012), Swietojanka (Balwierz and Gozdzik, 1997),
Widawka (Pawtowski, 2012), Wkra (Niska et al., 2017), Grabia
(Pawtowski et al., 2014), Lucigza (Ptociennik et al., 2021;
Antczak-Orlewska et al., 2023) and Warta (Forysiak, 2012).
However, biogenic sediments deposited in an area of active
fluvial processes are often exposed to the influence of river or
flood waters, which may significantly disturb the original sedi-
mentary pattern, and contribute to the accumulation of
allochthonous material (Zurek, 1993; Rydelek, 2005;
Pawtowski et al., 2015; Forysiak et al., 2021). The tugi mire
was not exposed to fluvial processes during the Late
Weichselian and Holocene. It was likely fed by groundwater
and precipitation, thus it better reflects regional climate humid-
ity and temperature. Climatic processes were dominant driv-
ers of water pools and landscape formation then, hence this
multi-proxy study aims at reconstruction of the varying
hydroclimatic conditions.

Vegetation changes within the lake and its surroundings
were tracked using pollen records. The types of vegetation
cover in the catchment, along with climatic, hydrogeological
and geomorphological conditions, greatly influenced the accu-
mulation of sediment in the basin. Moreover, the
biostratigraphy is based on pollen zones.

Chironomids are among the best proxies for reconstruction
of past air temperature changes. Since these insects usually
have short life cycles and are highly dispersive, they react much
faster to environmental and climatic changes than do plant
communities (Birks et al., 2000; Brooks and Birks, 2001;
Walker, 2001). That feature was used in the construction of
multiple training sets, including two with data from Poland: the
East European Training Set (EE TS — Luoto et al., 2019) and
the Swiss-Norwegian-Polish Training Set (SNP TS — Kotrys et
al., 2020). Both were applied in this study.

Cladocerans, small crustaceans, are known indicators of
palaeoenvironmental conditions in lakes, including trophic sta-
tus, water-level fluctuations and pH (e.g., Korhola and Rautio,
2001; Zawiska et al., 2014; Pawtowski et al., 2016a). The re-
sponse of cladocerans to changes in temperature is more indi-
rect than that of other proxies (Birks and Ammann, 2000;
Pawtowski, 2017).

The tugi palaeolake is probably a rare case of a biogenic
accumulation basin of fluvial origin in a region where fluvial
geomorphological processes, and the impact of river waters on
the functioning of the lake (which was later transformed into a
wetland), have both been negligible. The lake formed in the
Oldest Dryas —i.e., earlier than lakes in other valleys of the re-
gion. This enabled the recording of a history, albeit likely incom-
plete, of environmental changes in that phase, and again in the
younger part of the Late Weichselian. The basin became en-
tirely occupied by a mire in the Younger Dryas, by the beginning
of the Holocene, due to another phase of erosion and valley
floor lowering (Rotnicki, 1987; Turkowska, 1988). Then the
Warta River floor, in the immediate vicinity of Lugi, lowered by
several metres (Forysiak, 2005). This caused groundwater low-
ering in the Warta River valley and the associated
Jadwichna-Pichna valley, and a marked deterioration of condi-
tions for mire functioning. The Holocene peat section at Lugi is
therefore most likely discontinuous. Its topmost part is strongly
decomposed and partly mineralised, which reduces its suitabil-
ity for palaeoecological analyses. For this reason, no
palaeoenvironmental reconstruction is undertaken here for the
Holocene. The study of the lacustrine deposits at tugi enables
a reconstruction of Late Weichselian environmental conditions
in the surroundings of a basin formed within a valley excluded
from the direct impact of fluvial processes. This study is an at-
tempt to test the suggestion that the onset of biogenic accumu-
lation at tugi occurred as early as the end of Late
Pleni-Weichselian (Klatkowa and Zatoba, 1991; Forysiak,
2005, 2012). It also aims to reconstruct the wetland formation
and its hydroclimatic drivers. Finally, it presents the stratigraphy
of the main invertebrate and plant assemblages as a response
to local habitat character.

STUDY AREA

The study area is located in central Poland, in the Sieradz
Basin mesoregion (Kondracki, 2002), which has fewer mires
than the remaining area of central Poland (Dembek et al., 2000;
Lipka et al., 2008; Okupny et al., 2014b). At present, the study
area is influenced by a temperate, continental maritime climate,
with an annual precipitation sum of ~550-580 mm, and clear
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periodic rainfall shortages (Wibig and Radziun, 2019). Average
annual air temperature (~8.5°C) and average air temperature
for July (~18°C) both display a slowly increasing trend (Ktysik,
2001).

The tugifen (51°43'42°-51°44'20” N; 18°41°40"-18°43'42”
E, ~124-127 m as.l.) is located within the vast Jadwi-
chna-Pichna valley floor belonging to the Warta River system,
but this section is not affected by fluvial processes today. From
the beginning of the Late Weichselian, the Warta River has
been flowing along a different, parallel section (Fig. 1), running
a few km to the west and now occupied by the Jeziorsko Reser-
voir. This part of central Poland was last occupied by an ice
sheet during the Warta Stage (Saalian; MIS-6), and the studied
valley was part of the proglacial river system (Klatkowa and
Zatoba, 1991). Several wetlands formed within the Jadwichna-
Pichna valley floor area, but in the 20th century these were
drained and peat layers were exploited. The valley floor is
drained by small, usually artificial, streams which drain to the
Pichna river, now also flowing via an artificial channel to the
Jeziorsko Reservoir. The Lugi fen is located in the western part
of the valley floor, adjacent to a high alluvial terrace. The
peatland is ~300 metres wide, but the buried depression, which
in the Late Weichselian was a shallow lake, is ~100 m wide. The
t-1 core studied here shows the lithology in the axial part of this
fossil depression, where the greatest thickness of biogenic de-
posits occurs (Fig. 2).

METHODS

GEOLOGICAL FIELDWORK

The geology and geomorphology of the study area were ex-
plored using manual geological equipment (Instorf sampler and
gouge auger). We also documented the lithology of biogenic
deposits of the wetland. About 130 boreholes were made in the
fen area, which enabled us to determine the thickness of the
biogenic infill (up to 3.0 m; Forysiak, 2012) and to reconstruct
the subfossil bottom of the wetland basin. Subsequent work
with an Instorf sampler and a gouge auger enabled us to docu-
ment a series of lake sediments in the deepest part of the wet-
land depression. The t-1 sediment core (51°43'52.8” N;
18°42'46.5” E) reached 3.0 m depth and was collected using an
Instorf sampler in the form of a double core in 50 cm-long sec-
tions. In addition, a new core, £-2 (~10 m west of the main core
of £-1), was taken using a Wigckowski probe to complete the
radiocarbon sampling.

POLLEN ANALYSIS

Pollen analysis was performed on 25 samples from the bot-
tom part of the core. Palynological samples (1 cm® of sediment)
were taken in 5 cm intervals. Chemical preparation followed a
standard protocol with 3 min-long acetolysis (Berglund and
Ralska-Jasiewiczowa, 1986). The sporomorph concentration in
each sample was determined with the aid of one Lycopodium
tablet (Stockmarr, 1971; Berglund and Ralska-Jasiewiczowa,
1986). Palynomorph identifications were based on photo-
graphic reference collections and keys (Faegri et al., 1989;
Moore et al., 1991; Beug, 2004). In each sample, at least
300-500 pollen grains of terrestrial plants (according to fre-
quency) were counted. The calculation sum contains AP+NAP
(arboreal and non-arboreal pollen), except for local aquatic and
telmatic plants. Green algae coenobiae were also counted, but
not included in the calculation sum. The Late Glacial indicators

sum curve contains: Juniperus communis, Hippophaé
rhamnoides, Helianthemum, Ephedra distachya t., Saxifraga
aizoides t., Saxifraga undiff., Gypsophila repens t., Astrantia t.,
Rumex sum, Plantago media, Plantago major, Anthemis t., Ar-
temisia and Chenopodiaceae. The division of the Late
Weichselian into chronostratigraphic units after Walanus and
Nalepka (2010) was used in the paper.

CHIRONOMIDAE

In total 40 samples for the Chironomidae analysis were col-
lected from the £-1 core. Sample volume ranged from 3 to
29 cm® (mean 15.1 cm®). Mean sample resolution is 6.75 cm.
The samples were passed through a 63 ym sieve and pro-
cessed following Brooks et al. (2007). Subfossils were identified
mainly with the Wiederholm (1983) and Brooks at al. (2007)
keys. Ecological interpretation and taxon habitat preferences
were taken from the publications by Brooks et al. (2007),
Vallenduuk and Moller Pillot (2007), Moller Pillot (2009, 2013),
and Rossaro et al. (2022). The reference collection is deposited
at the Department of Invertebrate Zoology and Hydrobiology
(University of £6dz).

CLADOCERA

Analysis of subfossil cladocerans was performed for 56
samples which were taken at 5 cm intervals. Each sample, rep-
resenting 1 cm® of sediment, was processed following the stan-
dard procedure (Frey, 1986). 0.1 ml of solution was used to pre-
pare each microscope slide (examined at 100 x magnification).
All cladoceran remains were counted. For each taxon, the most
abundant body parts were taken to represent the number of in-
dividuals, and percentages were calculated from the sum of in-
dividuals. The taxonomy of cladoceran remains in this paper fol-
lows that given by Szeroczynska and Sarmaja-Korjonen
(2007), Van Damme and Dumont (2008), Van Damme et al.
(2010) and Faustova et al. (2011). The ecological preferences
of cladoceran taxa were determined following Flossner (1972,
2000) and Bjerring et al. (2009).

GEOCHEMICAL AND GRAIN-SIZE ANALYSIS

Geochemical analyses were performed for 44 samples
taken from the £-1 core (depth range: 300-130 cm) at 2 cm in-
tervals. Samples were processed according to the standard
procedure (Borowka, 1990). Sediment samples were dried at
105°C and homogenised using an agate mortar. Calcium car-
bonate (CaCOj3) content was determined using the Scheibler
volumetric method. Organic matter (OM) content was deter-
mined by loss on ignition (LOI) at 550°C in a Gallenkamp muffle
furnace. The ash produced by combustion was analysed for
grain size-related and detailed geochemical properties.

Grain-size analysis of the mineral part (for 25 samples) was
performed using a laser particle size analyzer: a Mastersizer
3000 with a Hydro MU dispersion unit (Malvern). In order to per-
form geochemical assays, the ash samples were dissolved in
Teflon bombs using a microwave mineraliser. Mineralisation
was carried out in two microwave cycles: the first in concen-
trated nitric acid (HNO3) with 2 ml of 10% hydrochloric acid
(HCI) and the second in hydrogen peroxide (H20.). The solution
obtained was analysed for concentrations of Na, K, Ca, Mg, Fe,
Mn, Cu, Zn, Cr and Ni by atomic absorption spectrometry (AAS)
using a manual 969 Unicam Solaar apparatus. All the analyses
were conducted at the Geochemical Laboratory at the Univer-
sity of Szczecin. Analytical precision (<3% for all geochemical
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elements) was estimated in accordance with laboratory recom-
mendations and certified reference materials, and is suitable for
the analysis of biogenic deposits. This procedure is commonly
used for reconstructing environmental conditions at Polish Low-
land sites (Okupny et al., 2020; Okupny and Pawtowski, 2021).

NUMERICAL ANALYSES

Numerical analyses were performed in order to identify
lithogeochemical facies (LGF), local palynological zones
(L PAZ), local cladoceran zones (L CAZ), and Chironomidae
zones.

Cluster analysis was applied to the 40-sample geochemical
dataset. As grouping variables, eleven lithogeochemical prop-
erties were adopted that reflect, for example, denudation pro-
cess types and dynamics, and sediment supply type. The com-
putations employed Ward’s hierarchical grouping method,
which estimates distances between clusters following a vari-
ance analysis approach (Zhou et al., 2017). The resultant
lithogeochemical facies form three main groups of sediments
(mineral, carbonate and organic), and were named as A, B and
C. We also used Principal Component Analysis (PCA) in order
to determine the variability of factors controlling the chemical
composition of the deposits. PCA computations were per-
formed using PAST version 2.17c (Hammer et al., 2001).
Standardised values of organic matter and nine macro- and
microelement contents were used as input variables. In order to
determine the intensity of migration of major and trace ele-
ments, and to reconstruct denudation processes based on the
chemical composition of the infill deposits, we followed the pro-
cedure of Borowka (1992). This features the formula
Ky = ACy/n, (where: K, — dimensionless concentration coeffi-
cient of element x; AC, — content of element x in the ash from
deposits infilling a biogenic accumulation basin — expressed as
mg/g or ug/g; ny—average content of element x in bedrock — ex-
pressed as mg/g or ug/g). As geochemical background values
for individual elements, we adopted averaged concentrations
from river valley mire substrates from central Poland (Boréwka
et al., 2014). Finally, correlation between the results of geo-
chemical analyses [r] was calculated. This indicator has been
used for palaeogeographic reconstructions at many sites in
central Poland, including Lake Goscigz (\Walanus, 2000), Biate
tugi peatbog (Okupny et al., 2019), kettle-holes near
Wawelnica (Okupny et al., 2020) and Zabieniec (Okupny et al.,
2021), and river valley mires at the Grabia River catchment
(Okupny and Pawtowski, 2021).

The robustness of palynological zones was corroborated by
CONISS (Grimm, 1992); the CONISS dendrogram and dia-
gram illustrating pollen distributions were plotted using Tilia2
and Tilia-Graph (Grimm, 1992). Similarly, stratigraphically con-
strained cluster analysis (CONISS) was applied to distinguish

cladoceran zones. Cluster analysis was based on the con-
strained incremental sum of squares clustering. Only species
with at least 5% abundance at each level were included in the
statistical treatment. The results were plotted in a percentage
diagram using POLPAL software (Walanus and Nalepka,
1999).

Chironomid assemblage zones were determined in R soft-
ware (R Core Team, 2020) using detrended hierarchical clus-
tering (with CONISS algorithm and euclidean distance) from the
“rioja” package (Juggins, 2017). The zones were tested for sta-
tistical significance with the broken-stick model using the
‘vegan’ package (Oksanen et al., 2019).

The chironomid-inferred mean July air temperature recon-
structions were based on the Swiss-Norwegian-Polish Training
Set (SNP TS; Kotrys et al., 2020) and East-European TS (EE
TS; Luoto et al., 2019; Table 1). WA-PLS transfer function was
used both for EE TS and for SNP TS reconstructions.

In turn, the Cladocera-based mean July air temperature
(TJuly) reconstruction was based on the Finnish Cladocera
training set (Nevalainen et al., 2012). The Weighted Averag-
ing-Partial Least Squares regression (WA-PLS) technique was
used. The cladoceran-based July air temperature inference
model parameters were the szack = 0.67, Root Mean Squared
Error of Prediction (RMSEP) of 0.86°C, and mean and maxi-
mum biases of —0.017°C and 1.732°C, respectively (Luoto et
al., 2011).

Detrended Correspondence Analysis (DCA) for the biologi-
cal proxies (pollen, chironomids and cladocerans) were per-
formed with downweighting of rare taxa, implemented in the
“vegan” R package (Oksanen et al., 2019). Graphs were cre-
ated using C2 software (Juggins, 2007).

RESULTS

GEOLOGY AND GEOMORPHOLOGY

Wetland patches occupy parts of the Jadwichna-Pichna val-
ley floor. The tugi fen is the largest of them and consists of two
parts. Biogenic sediments were originally identified during geo-
logical mapping. They are ~1-3 m thick, with the largest thick-
ness found within the western patch of the wetland (Fig. 2).
Subsequent radiocarbon dating of the base of the sedimentary
infill indicated an accumulation in the Late Weichselian
(Klatkowa and Zatoba, 1992).

The immediate surroundings of the fen are flat fragments of
a fluvial terrace. The western side of the terrace surface is com-
posed of Upper Pleni-Weichselian sands of various grain sizes
devoid of biogenic material (Klatkowa and Zatoba, 1991,
Forysiak, 2012). The terrace surface also features patches of
aeolian sands and small dunes (Fig. 2). The eastern surround-

Table 1

Parameters of the chironomid-based mean July air temperature training sets used

Swiss-Norwegian-Polish TS | East-European TS

Number of chironomid taxa 134 142
Number of lakes 357 212
Mean July air temperature range 3.5-20.1°C 11.3-20.1°C

- WA-PLS: ANN: WA-PLS:
Root mean squared error of prediction (RMSEP) 1.39°C 1.34°C 0.88°C

WA-PLS: ANN: WA-PLS:
: - 2

Correlation coefficient (R%jack) 0.91 0.95 0.88
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ings of the wetland are periodically wet. The sandy plain is com-
posed of fine-grained sands with silt and dispersed organic mat-
ter. The base of the depression is also made up of similar sedi-
ments, but with medium-grained sands.

Detailed drilling conducted within the fen allowed a recogni-
tion of a series of lake deposits under the peat cover in the
deepest part of the depression. Exact lithological descriptions
were made for the £-1 core. The lower lacustrine bed (290 to
245 cm core depth) is composed of detrital-calcareous gyttja. A
detrital gyttja layer was observed between 245 and 190 cm
(Fig. 2), subjacent to the peat. Lacustrine deposits are
superjacent to medium-grained sands with organic matter.

BIOTIC PROXIES

Palynological analysis identified five local pollen assem-
blages with two subzones (L PAZ 1 to 5; Figs. 3 and 4). The
stratigraphic succession of chironomid assemblages can be di-
vided into 6 significant zones (Figs. 4 and 5). In total 897 chi-
ronomid head capsules representing 33 taxa were recorded. A
clearly dominant taxon throughout the sequence was
Corynocera ambigua (38.6% of all specimens). In turn, seven
local cladoceran zones (LCAZs) have been distinguished. The
tugi core (L-1) deposits contain 20 cladoceran species, belong-
ing to 4 families: Bosminidae, Daphniidae, Sididae and
Chydoridae (Figs. 4 and 6). The abundance and diversity of
cladocerans fluctuate between 200 and 6540 specimens, and 1
and 12 species, per 1 cm®, respectively.

RADIOCARBON DATING

Several radiocarbon dates were obtained from the tugi site
(Table 2), but they are not sufficient to establish an age model
for the £-1 core. A gyttja sample from the £.-2 core, located 10 m
west of £-1, yielded a radiocarbon age different than that from
the £-1 core, even though the mineral substrate in the £-2 core
rests ~30 cm deeper. A gyttja sample from the basal part of the
borehole Lr6, located between cores t-1 and t-2, was also
dated (Table 3). The resulting age is correlative with the Oldest
Dryas (Forysiak, 2005). Calibrated BP age was used through-
out the entire paper.

GEOCHEMICAL RESULTS

Based on variations in the chemical composition of the de-
posits, and macro- and microelement concentrations, three
lithogeochemical facies (LGF) are distinguished (Table 3 and
Fig. 7).

Lithogeochemical facies A — represents mineral and min-
eral-organic deposits with an increased content of K (between
0.25 and 1.5 mg/g), Fe (between 0.12 and 302 mg/g) and Mn
(between 0.17 and 3.98 mg/g). It occurs as three thin layers in
the basal and central parts of the core. In addition to the highly
variable organic matter content (varying from 1 to 40%), these
sediments are generally characterised by a decreasing Fe/Mn
ratio (below 100) and increasing Fe/Ca ratio (from 1.79 to 30).
Sand (M, between 1.42 and 1.56 phi) and sandy silt (M, be-
tween 4.6 and 4.8 phi), with a moderate degree of sorting (5 av-
erage is 1.35 phi) are the dominant mineral lithologies.

Lithogeochemical facies B — carbonate deposits with in-
creased Ca (on average 212 mg/g) and CaCO; concentrations.
CaCOj; concentration varies between 5.6 and 67%, and peaks
in an interval distinctly enriched in Cr (up to 38 pg/g), Cu (up to
28 pg/g) and Ni (up to 32 ug/g). These deposits, with a total
thickness of 0.9 m, are characterised by a low average content
of Na (0.08 mg/g), decreased content of sand (from 32 to 18%)
and increased Ca/Mg ratio (from 1.5 to 3) and change trends of
PC3 axis.

Lithogeochemical facies C — represents organic deposits
with increased concentrations of lithophilic elements: K (be-
tween 0.48 and 2.18 mg/g), Na (between 0.04 and 0.31 mg/g),
Zn (between 8 and 72 ug/g) and Ni (between 10.2 and
39.8 ug/g). LGF C displays a significant increase in the erosion
ratio (Na+K+Mg/Ca from 0.6 to 2.8), accompanied by high or-
ganic matter content (>65%). The proportion of sand decreases
from 58 to 20%, very fine sand being the dominant lithology (on
average 61%). Silt dominates over clay, and very coarse and
coarse silt is 7-13 times greater than the proportion of clay.

INTERPRETATION AND DISCUSSION

POLLEN AND AGE SCHEME

The radiocarbon ages obtained are not sufficient for deter-
mining the age of biogenic sediments deposited in the
palaeolake basin at Lugi. Age control for the £-1 core is thus
based on palynology. The onset of biogenic sedimentation
likely took place between 15,606 and 17,072 years cal BP, cor-
relative with the Oldest Dryas, as indicated by the radiocarbon
ages obtained for the basal parts of the £-1 core and L.r6 profile
(Table 2) and palynological data from the bottommost samples
of the £-1 core (LPAZ 1a).

Table 2
Radiocarbon dates of the Lugi site

Nr lab. Symbol of core, depth (cm) | Radiocarbon data | Age (cal year BP, 95.4%) Meth.ods;
deposit type

MKL-419 t-1, 89-90 7430 90 8035-8385 LSC; peat
MKL-1548 £-1, 105 7500 90 8164-8456 LSC; peat
MKL-416 t-1, 139-140 10,110 £130 11,246-12,108 LSC; peat
MKL-421 t-1, 279-281 13,820 £120 16,379-17,072 LSC; gyttja
MKL-4567 £-2, 286 11,623 £35 13,367-13,589 AMS; gyttja
Lod-1082 £r6, 325 13,370 £170 15,606-16,621 LSC; gyttja

LSC — Liquid Scintillation Counting, AMS — Accelerator Mass Spectrometry
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Most graphs show percentage values, except for algal (Pediastrum and Botryococcus) counts presented as an absolute sum
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Table 3

Lithogeochemical facies for biogenic deposits from the £-1 core

Lithogeoche : I i Depositional Total thick f analysed
mis?fmf&;:li*es Lithology Faciesl/lithofacies eﬁ\eiorcs)hﬁgit ° acoréc[n?]e(s"/so %f 33?]1 se
A fine detrital gyttja with sandy admixture limnic/C, FS lake, river 0.50 (29.6)
B detrital-calcareous gyttja limnic/C, FS lake 0.40 (23.7)
C fine detrital gyttja, sedge-moss peat limnic, telmatic/C, S, FS lake, mire 0.79 (46.7)

* symbols as in Figure 7; ** lithofacial-textural symbols of clastic sediments after Zielinski and Pisarska-Jamrozy (2012)

L PAZ 1a (NAP -HIPPOPHAE) — OLDEST DRYAS

This L PAZ spans the core depth from 295 to 290 cm
(Figs. 3 and 4) and includes a range of species representing
this cold period. It displays the highest NAP value in the entire
core, with a maximum proportion of Poaceae. There is the high-
est percentage of Pinus pollen grains, but these come from
long-distance transport, and their share declines rapidly
upsection. The largest share of Hippophaé rhamnoides and
Helianthemum in the entire core is also very important, as this
results in a high LG indicators sum. A very similar percentage of
these species was reported from the nearby Witéw site
(Wasylikowa, 1964), unambiguously placing it within the Oldest
Dryas.

A high abundance of pollen from plants typical of a warmer
climate was noted from 295 cm upsection, and was also re-
ported from Zabieniec (Balwierz, 2010). These pollen grains
are certainly redeposited, consistent with the observations of
Wasylikowa (1964), who regarded reworking as characteristic
of the earliest Late Weichselian. The peak proportion of
Cyperaceae pollen, and the presence of telmatic plants
(Sphagnum, Filicales) both point to the existence of large areas
of swampy habitats in the vicinity of the palaeolake during the
Oldest Dryas. The upper boundary of LPAZ 1 is marked by a
decline in Betula, Salix and other LG indicators.d

L PAZ 1b AND L PAZ 2 (PINUS-BETULA) — BOLLING-ALLER@D

L PAZ 1b still shows open landscape vegetation (a very high
proportion of light-demanding species as Hippophaé
rhamnoides, Helianthemum, Artemisia) but also reflects a
change in plant cover. The share of birch increases signifi-
cantly. This record is very similar to that of the Witow site
(Wasylikowa, 1964) and other palaeolakes in Central Poland
(Forysiak et al., 2010; Pawtowski et al., 2016b).

L PAZ 2 is divided into two subzones. At the beginning of the
older one (L PAZ 2a) there is a clear decline in the proportion of
LG indicators, and a rapid rise in the proportion of Pinus pollen,
which indicates climate warming. The proportion of Cyperaceae
pollen rapidly decreases, likely signifying a reduction in their
habitat area in the vicinity. Importantly, single pollen grains of
Typha latifolia appear, also indicative of warming (Ralska-
Jasiewiczowa, 2004).

At the beginning of the 2b subzone within the Pinus-Betula
L PAZ, there is a slight increase in NAP, with a higher proportion
of Cyperaceae and Artemisia, with increased LG indicators, and
a significant share of Juniperus pollen. In this core interval
(245-230 cm; Fig. 3), such species composition may be indica-
tive of the Older Dryas event. This, however, is ambiguous in
the absence of radiocarbon ages. The constant presence of
Sphagnum spores since the beginning of this subzone sug-

gests the spread of peatland habitats featuring peat moss. In
the younger part of the 2b subzone, the Betula percentage de-
creases, but the proportion of Juniperus pollen remains con-
stant, as does NAP. This indicates that the climatic conditions
and humidity had stabilized by that time. At the end of this
phase, the proportion of birch begins to decrease, and the
share of pine increases, and again there was a development of
wet communities with Cyperaceae. All this most likely points to
a deterioration of climatic conditions. Similar trends are docu-
mented at Witéw (Wasylikowa, 1964) in an interval assigned to
Allergd.

L PAZ 3 (PINUS-NAP-JUNIPERUS) — YOUNGER DRYAS

From the base of the L PAZ 3 at 195 cm, most palynological
indicators point to distinct changes. The increase in the propor-
tion of pollen grains, including LG indicators, reflects the domi-
nance of open plant communities associated with a consider-
able cooling correlated with the Younger Dryas. The increase in
Juniperus, Artemisia and Cyperaceae within this zone is similar
to that reported from Witow (Wasylikowa, 1964). A distinct
share of Cyperaceae and Sphagnum suggests favourable con-
ditions for fen development. The dating of the material from the
top of L PAZ 3, at 140-139 cm core depth, is generally consis-
tent with the palynology, suggesting a change towards Holo-
cene warming.

L PAZ 4 (BETULA-PINUS), L PAZ 5 (CORYLUS) — HOLOCENE

A clear drop in NAP and the sum of LG indicators, including
Juniperus and Salix (L PAZ 4) indicates an amelioration of ther-
mal conditions in the early Holocene (\Wasylikowa, 1964). The
subsequent rapid appearance of Corylus and Ulmus (L PAZ 5)
documents a progressive warming. L PAZ 4 may be linked with
the Preboreal period, while L PAZ 5 suggests the Boreal. This
record, however, is most likely discontinuous, as indicated by
the dating results. A radiometric date obtained from the core
depth of 105 cm suggests this interval falls within the Atlantic
period.

TEMPERATURE RECONSTRUCTIONS

The Chironomidae-inferred (CH-I) mean July air tempera-
tures are based on two models —EE TS and SNP TS. EE TS re-
construction values vary from 15.9 °C (172 cm) to 19.6 °C
(157 cm; Fig. 8). SNP TS reconstruction values range from
13.0°C (188 cm) to 19.8°C (157 cm). Both reconstructions re-
veal similar trends, but the SNP TS reconstruction generally
gives lower temperature estimates than EE TS, and the SNP
TS-derived temperature amplitude is higher than that derived
from EE TS. The reconstructions indicate high temperatures for
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the bottommost sample, i.e.,, 17.8°C (EE TS) and 16.8°C
(SNP TS). A subsequent remarkable drop to 16.6°C—13.5°C
(EE TS vs SNP TS, respectively) corresponds to the Oldest
Dryas. During the Bglling-Allerad Interstadial, mean summer air
temperature ranged between 17.0 and 17.9 °C (EE TS) and
14.0 and 16.7°C (SNP TS). The cool oscillation in the Older
Dryas is not resolved due to coarse sample spacing. There is a
remarkable transition from higher temperatures at the
Bglling-Allergd transition to lower temperatures in the second
phase of Allergd. During the first phase of the Younger Dryas
CH-I mean summer air temperatures were lower: 15.9-17.6 °C
(EE TS) or 13.0-14.8°C (SNP TS). The last but one sample
(157 cm) yields the highest temperature value in the entire core
—19.6°C (EE TS) up to 19.8°C (SNP TS), suggesting warmer
climatic conditions at the end of Younger Dryas, but it should be
regarded as an outlier. Both EE TS and SNP TS reconstruc-
tions have moderate to good modern analogues. Only one
sample in the EE TS reconstruction represents a poor modern
analogue [minDC >10 percentiles (9.75318)]. According to SNP
TS, all samples represent good to moderate modern analogues
[minDC <10 percentiles (10.05639)]. Both reconstruction trends
correspond generally with Chironomidae DCA Ax1 (from higher
values during Boglling-Allerad to lower during Younger Dryas)
but DCA SD values reveal oscillations in the Interstadial that do
not follow temperature reconstructions (Fig. 8).

The Cladocera-inferred (CL-I) mean summer air tempera-
ture is based on Fn TS. The CL-I temperature reconstruction re-
veals a consistent trend with CH-I reconstructions, except for
the Younger Dryas. The values are slightly lower and range
from 13.1°C (230 cm) to 16.9°C (292 cm). The amplitude is also
generally lower than in CH-I reconstructions. Subsequently, in
concert with CH-I, temperature drops to 13.9°C at the Oldest
Dryas-Bglling transition. During the Bglling-Allergd Interstadial
mean summer air temperature ranges from 13.1 to 15.1°C.
During the Younger Dryas CL-l summer temperature remains
similar to the range reconstructed for the Bglling-Allergd
Interstadial (13.6—15.3°C). All the Cladocera communities rep-
resent poor modern analogues to Fn TS [minDC >3.48 (10 per-
centile)].

PALAEOLAKE FORMATION (INITIAL STAGE)

The tugi fen is one of many peatlands formed within the
middle course of the Warta River system. Its fluvial origin is indi-
cated by lithological features of the deposits in the basal part of
the fen section, and in the surroundings (Figs. 1 and 2). The
palaeolake, whose deposits are buried under the peat series,
was formed within a fluvial depression, probably as part of a
braided river channel of the Warta River, which used this valley
in the Late Pleni-Weichselian (Klatkowa and Zatoba, 1991;
Forysiak, 2005, 2012). Following an episode of efficient fluvial
aggradation, which accumulated high terrace alluvia (synchro-
nously with glacier advance phases), a rapid base-level lower-
ing occurred in the Warta River system, which led to channel
downcutting by ~10-15 m (Turkowska, 1988, 2006; Klatkowa
and Zatoba, 1991; Petera, 2002; Forysiak, 2005). Part of the
valley including the tugi site was cut off from the Warta River at
that time, and water flowed via a different course, between
Brodnia and Jeziorsko (Fig. 1). The depressions of the braided
river bed became shallow basins. Some of them became filled
with water, likely derived from rainfall and surface runoff from
the immediate surrounding. Groundwater supply was likely
hampered by permafrost, as this stage of the fen development
is correlated with the Oldest Dryas, a period for which continu-
ous or discontinuous permafrost presence is inferred for central
Poland (Gozdzik, 1995). Ground-ice lenses may have occurred

in fluvial deposits and in sediments infilling floodplain-lacustrine
depressions in the Late Pleni-Weichselian (Gozdzik and
Konecka-Betley, 1992a; Turkowska, 1997). Biogenous sedi-
mentation within such depressions took place in shallow-water
conditions, as recorded in the layer of fine detritus gyttja with an
admixture of mineral matter, mostly sand.

The events recorded at the tugi site took place in the Late
Weichselian, i.e., a period characterized by alternating phases
of cooling and warming (Brooks and Langdon, 2014). These
changes were of global extent and are recorded in a variety of
depositional environments (Dzieduszynska and Forysiak,
2013; Mller et al., 2021). In the case of the Jadwichna-Pichna
Valley, individual climatic changes of the Late Weichselian de-
termined water circulation, and both the type and efficiency of
hydrochemical processes. The chemical composition of
biogenic sediments laid down during this time is an archive of
meteoric water circulation in oxidising conditions, and of leach-
ing of elements from the acidic to weakly acidic soil cover within
the catchment. As a result, the concentrations of K, Mg, Fe, Ni
and Ca are closely linked to sedimentary lithology in the studied
basin, and the highest concentrations of these metals were
documented in mineral-organic and carbonate deposits.

The fine detritus gyttja documented in the basal part of the
section shows the highest proportion of mineral matter, with a
negligible percentage of organic matter and a total absence of
calcium carbonate. The sum of lithophile elements is nearly
twice as high as Ca concentration (Fig. 7). Intense denudation
of the basin catchment (a stage correlated with the Oldest
Dryas) took place while the plant cover was poorly developed,
and the soil cover was not yet stabilized. This is corroborated
also by elevated concentrations of Fe, Cr and Ni. The lack of
correlation between the Fe/Mn and Cu/Zn ratios in the deposits,
however, precludes an interpretation of their changes in the
context of redox conditions, as previously performed for other
sections representing small river valleys, and offering an ar-
chive of the Late Weichselian in central Poland (Niska et al.,
2017; Okupny and Pawtowski, 2021; Ptociennik et al., 2021).

The chironomid stratigraphy is consistent with geochemical
patterns. In the Lugi lacustrine sediments chironomids (and al-
gae) that are indicative of permanent water conditions domi-
nate, which is why at least a shallow water body existed
throughout the Late Weichselian. In the initial stage of the
palaeolake development, the dominant chironomid species
were those preferring slightly alkaline conditions (Polypedilum
sordens-type, Chironomus anthracinus-type, Dicrotendipes
nervosus-type, Glyptotendipes barbipes-type, Micropsectra
radialis-type, Orthocladius holsatus-type, Lipiniella, Einfeldia
dissidens-type). During the mire formation stage, the pH de-
clined, as indicated by acidophilic taxa such as Pseudosmittia
and Neozavrelia.

The Oldest Dryas is characterised by a low frequency of
cladocerans. Chydorus sphaericus, which is the dominant spe-
cies, is known to occur over a wide range of conditions, and is
tolerant of environmental stress, including cold climate (White-
side, 1970).

The basin-forming stage ends with a distinct change in the
pollen record upsection from 280 cm core depth. At this level, a
distinct increase is observed in the sum of tree pollen grains,
and a reduction in the proportion of pollen grains from
cold-adapted plants.

INTERPHASE LAKE STAGE (BOLLING-ALLER@D)

Due to climate warming and local permafrost thawing, sur-
face denudation was initiated, as documented for many regions
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of Central Europe (Gozdzik and Konecka-Betley, 1992a;
Forysiak et al., 2010; Kulesza and Bataga, 2015). Depending
on the local geological and geomorphological conditions, dis-
tinct changes were taking place in the quantity and origin of
mineral sediments supplied to lakes existing at that time
(Dobrowolski et al., 2001; Bataga, 2007; Btaszkiewicz, 2007).

The progressive warming caused the development of plant
cover in the basin catchment, but also changes in the lake eco-
system. A change in water supply to the lake may have also
contributed to these transformations, as early in this stage there
was a clear increase of groundwater supply, caused most likely
by the unlocking of deeper circulation and thermal gradient, for
the dissolved calcareous ions to able to be precipitated
(Gozdzik and Konecka-Betley, 1992b; Dobrowolski, 2011).
Such conditions were favourable for the accumulation of detrital
calcareous gyttja (280—190 cm). CaCOj precipitation was ac-
complished via biological processes, owing to plant uptake of
CO,, and via physico-chemical processes, e.g., water tempera-
ture changes. Previous research on sites hosting calcareous
deposits of Late Weichselian age (Gtowacki, 2006; Strzelecka
and Wraobel, 2021) suggests that their accumulation was mostly
attributable to CaCOj; incrustations by plants, and less fre-
quently to molluscan skeletons. The main source of carbonates
were the tills and fluvioglacial sands surrounding the basin, and
composing extensive terraces in the vicinity of the villages of
Glinno and Brodnia. Notably, local hydrogeological conditions
and the character of depositional basins were commonly the
most important factor in interpreting the conditions of lacustrine
carbonate sediment deposition (Stasiak, 1971; Zurek and
Dzieczkowski, 1971; Gerlach, 1990; Harasimiuk et al., 2010;
Okupny et al., 2016b). This is corroborated by a comparison of
calcareous gyttja sedimentation rates compiled for selected
limnogenous fens of central Poland (Fig. 9). Groundwater lev-
els and lake levels fluctuated during the Late Weichselian, but
the most optimal conditions for calcareous gyttja deposition oc-
curred in the Bglling-Allergd.

This comparison corroborates previous studies in that the
assessment of biogenic accumulation basins as natural geo-
logical barriers requires a detailed recognition of the catchment
geology, but also depends on the type of water supply, which in
turn determines the physical and chemical parameters of water
supplying a given lake basin or mire (Oswit et al., 1980; Okupny
et al., 2014a; Scibior et al., 201 5). As a consequence, river val-
ley deposits are among the most non-homogeneous as regards
biogenic composition (Pawtowski et al., 2014; Okupny et al.,
2016a; Rydelek, 2021).

Moreover, this geochemical stratification of the profile
(280-190 cm) reflects the three-stage evolution of the tugi
lake. In general, the changes in sediment chemical composition
are gradual, which — in conjunction with the increasing organic
matter content — testified to a slow infilling of a small lake basin
with deposits.

In the first stage (280-250 cm), decarbonization and endog-
enous CaCOj; precipitation are reflected by a rapid increase in
Ca concentrations (reaching >250 mg/g) with a concomitant
decrease in the concentrations of all the remaining elements.
The proportion of Ca in the total sum of concentration coeffi-
cients reaches 54%, while in a Younger Dryas-aged
sedge-moss peat, the analogous value is <40%.

Another significant event is documented between 250 and
240 cm, where detrital-calcareous gyttja is gradually replaced
by deposits with an admixture of non-carbonate mineral matter
(from 40 to 52%), with a concomitant decrease in the sum of the
concentration coefficient (XK) and PC1 axis (Fig. 7), which are
interpreted as measures of intensity of carbonate leaching in
the studied basin catchment. Clear oscillations are also dis-
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Fig. 9. Rate of calcareous gyttja sedimentation in the Late
Weichselian at Lugi (this study); other sites in central Poland
according to Wasylikowa (1964, 2011), Kaczmarska (1973),
Gozdzik and Konecka-Betley (1992), Forysiak et al. (2010),
Pawtowski et al. (2016b), and all biogenic accumulation sites

played by the PC2 and PC3 axes (Fig. 7), whose increases are
correlated with the changes in other geochemical proxies
(mostly Ca/Mg and Fe/Mn), and are restricted to individual sedi-
ment types (e.g., detrital calcareous gyttja and fine-detrital
gyttja; Fig. 10). In this case, the key factors controlling transfor-
mation of organic matter were the depth of the groundwater ta-
ble and the associated redox conditions. These factors acted in
conjunction with an increase in passive allochthonous matter
supply, consistent with the models documented at other Polish
Lowland sites, both lacustrine and telmatic (Damicz, 1995;
Cedro, 2007; Forysiak et al., 2012).

Between 240 and 190 cm core depth, the chemical compo-
sition of the deposits is an archive of a gradual restriction of car-
bonate sediment accumulation (CaCO; content decreases
from 40 to 1%, and Ca concentration drops from 180 mg/g to
7.6 mg/g). A reduction in Ca/Mg ratio to as little as 5.53 points to
a distinctly weaker intensity of carbonate leaching from the
catchment. The average proportion of mineral matter does not
exceed 56%, with a concomitant increase in organic matter
from 21 to 74%. Furthermore, a clear increase in the
eutrophication proxy (i.e., Fe/Ca ratio even >25), coupled with
an increase in Fe/Mn value and Zn concentration (>30 ug/g),
points to a deterioration of redox conditions during the Allerrd.
This may have been caused by the decomposition of large vol-
umes of birch leaves supplied to the basin, as birch is noted for
its unusually intense absorption of Zn (Fortescue, 1980). An in-
crease in Fe concentration from 100 to 294 mg/g indicates a
positive correlation with mineral matter proportion, and Fe/Mn
ratio values in excess of 100 may indicate a change in soil reac-
tion in the immediate vicinity of the basin. As a consequence,
the selective mobility of certain metals in the terrestrial environ-
ment became diminished, as reported previously for the Late
Weichselian period (Borowka et al., 1999; Konecka-Betley and
Manikowska, 2005).

The distinct increase in the number of Cladocera species
and specimens suggests warmer waters, and perhaps, a longer
open-water season in the lake, as indicated by the presence of
planktonic taxa from the Daphniidae family. Additionally, a grad-
ual increase in the frequency of more phytophilous Cladocera
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Fig. 10. PCA biplot of geochemical data for the £-1 core

species such as Alona affinis, Camptocercus rectirostris, Alona
guttata, and Acroperus harpae implies an increasing
macrovegetation cover in this part of the lake. These changes in
the cladoceran record may be a response to conditions of the
Bgalling. At a depth of 245-225 cm further noticeable changes in
the cladoceran assemblages are noted. The warm-water pre-
ferring taxa (Camptocercus rectirostris, Graptoleberis
testudinaria) disappear. Additionally, a decrease in cladoceran
abundance, and domination of macrophyte/sediment taxa such
as Alona affinis and Chydorus sphaericus, which are tolerant of
environmental stress, including cold climate, are observed.
These are accompanied by a sediment-associated taxon,
Pleuroxus uncinatus, whose presence can be linked to en-
hanced soil erosion from the catchment. All this could indicate a
cold period, possibly the Older Dryas, and a transition to the
Allertd. From 220 cm upsection, an increase in cladoceran
abundance is observed, and warm-water preferring taxa ap-
pear. This suggests milder conditions in the lake.

PEATLAND/MIRE STAGES (YOUNGER DRYAS AND HOLOCENE)

The onset of peat accumulation, with organic matter content
exceeding 70% (Fig. 7), is observed at 190 cm depth in the £-1
core. The studied core was taken from the part of the basin
where the thickness of gyttja was the largest, but also at a point
within a depression where the contact between the lacustrine
series and the peat is located at the deepest level. What follows
is that deposits from this core interval record a total
terrestrialisation of the palaeolake surface. The studied core

displays a many-fold increase in lithophile element concentra-
tions (Na, K and Mg), up to levels typical of sediments laid down
in lacustrine and telmatic environments, consistent with numer-
ous sites located in central Poland (Forysiak, 2012; Pawtowski
et al,, 2015; Petera-Zganiacz et al., 2022; Antczak-Orlewska et
al., 2023). This is associated with a deterioration of climatic con-
ditions during the Younger Dryas, and a resultant withdrawal of
forest assemblages, which led to intensified erosion within the
catchment. More intense slope processes and aeolian pro-
cesses are consistent with the highest values (reaching >0.6) of
the environmental condition dynamics index [r], in the absence
of CaCQO3, and a rapid decrease in Ca concentrations in the
lake deposits from >200 mg/g to ~12—14 mg/g. A clear change
in the conditions of sediment accumulation, and a distinct re-
duction in the significance of groundwaters in the water balance
of the Lugi basin, caused a tenfold drop in the metal concentra-
tion sum coefficient =K (Fig. 11).

The beginning of the Younger Dryas in the cladoceran re-
cord displays a relatively high number of species and speci-
mens, especially of the species associated with the littoral zone
of eutrophic lakes such as Chydorus sphaericus, Coronatella
rectangula and pelagic taxa such as Bosmina longirostris,
which are also considered trophic indicators. In the second part
of the Younger Dryas, from 180 cm core depth upsection,
cladoceran abundance decreases, and conditions become less
favourable, suggesting gradual terrestrialisation of the lake.

In the Younger Dryas and the early Preboreal Period,
Tanytarsus lugens-type and Micropsectra radialis-type —
oligotrophs associated with higher pH and low air temperature —
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appeared. Although their occurrence may reflect climate cool-
ing, Corynocera ambigua remains a dominant species.

Corynocera ambigua was the dominant species in the lake
through the whole Late Weichselian sequence. Its ecological
preferences are still a matter of debate. In many publications, it
is treated as a typically oligotrophic and cold-adapted species
(Brooks et al., 2007), or even as an indicator of water tempera-
ture decrease. Luoto et al. (2008) recorded Corynocera
ambigua in even colder conditions than the typically
cold-adapted Tanytarsus lugens-type. Similar results were ob-
tained by van Asch et al. (2012), who classified this species
among other cold condition indicators such as Micropsectra
radialis, Paracladius or Corynocera olivieri.

On the other hand, the temperature preferences of
Corynocera ambigua are unclear (Brodersen and Lindegaard,
1999). Despite abundant occurrences in cold Arctic and sub-
arctic lakes, it has also been found in warmer lakes character-
ised by high productivity (e.g., Halkiewicz, 2008, Kotrys et al.,
2020). There are also suggestions that while Corynocera
olivieri is indicative of cold conditions, Corynocera ambigua is
more typical of warmer climate conditions (Porinchu et al,,
2002). Luoto and Sarmaja-Korjonen (2011) argued that this
species adapts to the existing climate conditions. In Finland,
Corynocera ambigua prefers cold lakes, but its large adaptabil-
ity to local conditions allows for equally frequent occurrences in
warmer Danish lakes (Brodersen and Lindegaard, 1999). In the
tugi deposits studied, C. ambigua was abundant in the Late
Weichselian (Ch1-5) and after the Holocene onset it disap-
peared, as elsewhere in the region (Pawtowski et al., 2015;
Ptociennik et al., 2015). The marked domination of C. ambigua
might interfere with the results of temperature reconstructions,
but EE TS and SNP TS, which include the warmer part of its
range (Polish sites), do not cause underestimation of tempera-
tures when this species is abundant. In SNP TS C. ambigua is
an intermediate temperate species. When only SN TS is in-
cluded in the reconstruction, temperatures are considerably
lower because the species is represented only in its cold range
of Norwegian lakes (Heiri etal., 2011). CH-IEE TS and SNP TS
reconstructions from the tugi Interstadial section are at similar
level to Beczkowice records (16—18°C; Ptociennik et al., 2021).
The CL-I summer temperature reconstruction from the tugi
Interstadial section is lower than those inferred from chirono-
mids and oscillates at ~14 °C, which is similar to the Pawlowa

palaeolake CL-I record (Pawtowski et al., 2016b). The CL-l tem-
peratures are lower than CH-I ones because of ecological char-
acteristics of the cladocerans and chironomids. Cladocerans
are more sensitive to water temperature than Chironomidae
(Ptociennik et al., 2020).

The CH-I SNP TS reconstruction suggests that the onset of
the Younger Dryas could be marked by substantial cooling as it
was 100 km north, at Lake Goscigz (Ptociennik et al., 2022)
and, excluding outlier sample at 157 cm, seems to fit the gen-
eral trend in Greenland ice cores (Rasmussen et al., 2006).
However, other reconstructions from the £.6dz region contradict
this trend, suggesting locally warmer climatic conditions. The
CH-I reconstruction from Rozprza (Antczak-Orlewska et al.,
2023) and CL-I reconstructions from Swierczyna and Pawlowa
(Pawtowski et al., 2015, 2016b) show a bit warmer first stage of
the Younger Dryas, which is more consistent with the CL-I than
CH-I reconstruction from tugi.

Species that may exist in waters with low pH (e.g., A. excisa,
A. guttata) and with a high density of macrophytes are frequent
(Pawtowski et al., 2015). This likely resulted from the Younger
Dryas cooling, as species tolerant of environmental stress, in-
cluding of cold climate (Alona affinis and Chydorus sphaericus),
are dominant.

The peat layer extending from 140 cm core depth to the ter-
rain surface displays progressive signs of strong decomposition
toward the top. There are also layers with an increased mineral
matter content, likely accumulated due to a break in peat
sedentation, perhaps also due to desiccation and partial miner-
alization of the deposits. The entire surface of the mire bears
signs of peat exploitation, these being partly obscured by a sec-
ondary succession of peat-forming vegetation during the past
several decades. For this reason, the part of the succession
correlated with the Holocene offers a discontinuous record of
mire evolution, likely even disturbed due to human activity in the
uppermost part. Therefore, only palaeoecological interpretation
of the older part of this record was justified.

The Holocene deposits from the tugi site are characterised
by increasing organic matter content (~90%), paralleled by low
values of all of the calculated geochemical ratios established for
the peat series (Okupny, 2013). Such biogenic deposits accu-
mulated in the Holocene in numerous river valley mires, but the
sedimentation rate varied greatly, and is not easily constrained
due to periods of low water level and the introduction of
hydrotechnical treatments favouring organic matter decomposi-
tion (Forysiak, 2012).

At the beginning of the Holocene, cladoceran abundance
was still relatively high, especially that of macrophyte-associ-
ated taxa, which implies increasing macrovegetation, continued
terrestrialisation, and mire formation. Starting from 100 cm core
depth, conditions become unfavourable for cladocerans — only
taxa that may exist in waters with low pH and with a high density
of macrophytes are present (Pawtowski et al., 2015). At the end
of the Holocene, the occurrence of few, sporadic fossils of
macrophyte/sediment-associated taxa such as A. affinis, A.
guttata and Ch. sphaericus indicates a temporary increase in
the water table level in the mire. However, acidophiles are rep-
resented by individual head capsules and the number of
midges preferring alkaline and circum-neutral conditions was
definitely higher at the beginning of the Holocene. This raises a
question whether the decline in midge abundance since the Ho-
locene onset was associated with a gradual acidification, or with
terrestrialisation and disappearance of a permanent water table
(Pawtowski et al., 2015; Ptociennik et al., 2016)?
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CONCLUSIONS

A palaeogeographic study of a lacustrine sedimentary sec-
tion retrieved close to the western slope of the Jadwichna-
Pichna valley indicates that the development of the lake basin
was associated with waters that filled an abandoned depression
in a braided river channel. No traces of fluvial processes were
detected after that part of the valley was cut off from the Warta
River system before the Oldest Dryas.

Fine-detrital gyttja, detrital-calcareous gyttja and peat de-
posits accumulated in the palaeobasin. Depending on their
chemical composition, these were classified into three
lithogeochemical facies. In comparison to other sites from cen-
tral Poland bearing Late Weichselian carbonate deposits, the
studied section shows a remarkably slow accumulation rate,
likely resulting from a small portion of the catchment being com-
posed of tills and fluvioglacial sands. As a consequence, the
chemical composition of waters supplying the palaeolake at
tugi was shaped by the groundwaters reaching the alluvial de-
posits from the post-glacial plateau in the vicinity of Brodno and
Glinne, initially also river waters, periodically infiltrating the allu-
via, and rainwaters that did not undergo evapotranspiration.

The reconstructed changes in sediment chemical composi-
tion and lithology indicate a variable intensity of denudational
processes that developed during the Late Weichselian. The ba-
sic factor modifying the conditions of sedimentation within the
lake and the mire were the air-water conditions, associated with
the terrain relief and hydrogeology and partly changes in vege-
tation cover. In the studied section of the river valley, geology
and morphology determined the considerable spatial and tem-
poral variability in surface run-off, and the rate of catchment
leaching depended on the amount of the circulating water, and
the variable depth of the first aquifer. The high concentrations of
elements such as Ca, Mg and Cu testify to the increasing contri-
bution of groundwater supply to the river discharge of the
Jadwichna-Pichna system, mainly in the Bglling-Allergd. The
intense weathering of morainic and fluvioglacial sediments
making up the catchment of the basin was most clearly linked to
increased deforestation during the Younger Dryas and, in turn,
is indicated by the increasing passive supply of allochthonous
elements such as K, Na and Ni. Hence, the local geochemical
patterns of the Younger Dryas were generally parallel to the re-
gional changes of vegetation cover in the middle part of the
Warta River system.

Palynology served as a basis to distinguish pollen zones in-
dicating three cool episodes, including the more pronounced

Oldest Dryas and Younger Dryas, and a less well-defined cool-
ing within the Belling-Allerad complex, which is correlated with
the Older Dryas. While the radiocarbon ages are dubious and
inconsistent with palynological dating, age control for the stud-
ied profile is based on palynology. The pollen record is likely
continuous through the Late Weichselian. In the mire develop-
ment phase, however, the record is likely discontinuous.

Changes in cladoceran and chironomid assemblages at the
tugi site demonstrate a correlation with climate change. In cold
periods such as the Oldest Dryas and Older Dryas, low
cladoceran abundance and diversity reflect unfavourable con-
ditions for zooplankton development. Conversely, in the Bolling
and Allergd, a clear increase in the number of cladoceran spe-
cies and specimens, especially of planktonic and more
phytophilous taxa living in the warm water littoral zone, sug-
gests warmer waters, and a longer open-water season in the
lake. These trends are generally consistent with CH-I tempera-
ture reconstructions, except for the Younger Dryas, when the
lake transformed into a mire, which influenced the benthic and
zooplankton populations. A high domination of C. ambigua at
the Lugi site does not obscure CH-I temperature reconstruc-
tions which reveal a common trend to DCA and have good to
moderate modern analogues. The temperature values are con-
sistent with other CH-I EE TS and SNP TS reconstructions from
central Poland for the Bglling and Allerad (Kotrys et al., 2020).
The latest reconstruction from Lake Goscigz (Ptociennik et al.,
2022) indicates clear summer air temperature cooling at the be-
ginning of the Younger Dryas. This would support the SNP TS
reconstruction from t-1 which indicates some drop of tempera-
ture at the beginning of the Younger Dryas and then a gradual
increase. The Fn TS CL-l temperature reconstruction is more
common to regional trends for the Younger Dryas (CH-I from
Rozprza, CL-I from Swierczyna and Pawtowa) with higher tem-
peratures at the onset and cooling in its mid-stage. The chirono-
mid sample resolution of t-1 is too low for precise
palaeoclimatic interpretation.
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