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The Warta River val ley was greatly in flu enced by the ice sheet of the Last Gla cial Max i mum (LGM). A small peatland lo cated
in the Warta drain age sys tem is here used as a palaeoarchive of cli ma tic and hab i tat changes dur ing the Late Gla cial
(Weichselian). The £ugi sed i ment pro file was in ves ti gated us ing multi-proxy (pol len, Chironomidae, Cladocera and geo -
chem is try) anal y ses that re corded changes in a fluviogenic sed i men tary de pres sion. Af ter the Poznañ Phase (LGM), £ugi
func tioned as an ox bow lake that was cut off from the ac tive river chan nel as a re sult of flu vial ero sion. Since that time, the
Warta River has flowed only along the sec tion now oc cu pied by the Jeziorsko Res er voir. Sed i men ta tion of lac us trine de pos -
its started at the be gin ning of the Late Gla cial. Sum mer tem per a ture re con struc tions in di cate cool Old est and Youn ger
Dryas, but no clear cool ing in the Older Dryas. Dur ing the Youn ger Dryas the palaeolake was com pletely oc cu pied by a
peatland (fen), which pe ri od i cally dried out dur ing the Ho lo cene. In ves ti ga tion of this site has tracked the re ac tion of the hab i -
tat to cli ma tic, hy dro log i cal and geomorphological changes through out the Late Weichselian.

Key words: multi-proxy anal y sis, Late Weichselian, de nu da tion pro cesses, palaeoclimate, cen tral Eu ro pean river.

INTRODUCTION

Flu vial sys tems as means of trans port of wa ter and clastic
ma te rial de pend on nu mer ous en vi ron men tal fac tors (Schumm, 
1977). De vel op ment of flu vial pro cesses may be in flu enced by
cli ma tic changes, and also by re gional and lo cal tec tonic sta bil -

ity (up lift or sub si dence), which may mod ify the val ley slope,
and the po si tion of the stream base-level (Greg ory and Wall ing,
1973; Teisseyre, 1991; Brzeziñska-Wójcik and Kociuba, 2001;
Andrzejewski et al., 2018). An other im por tant fac tor in flu enc ing
the ero sion–ac cu mu la tion equi lib rium state of rivers in the Mid -
dle-Pol ish Low lands, es pe cially dur ing the Late Weichselian,
was the ice sheet lo ca tion, af fect ing the pos si bil ity of river dis -
charge to the Bal tic Sea or to the North Sea (Starkel, 1997;
Toucanne et al., 2010; Kordowski et al., 2014b; Weckwerth et
al., 2019). Changes of the river val ley sys tems in cen tral Po land 
dur ing the Last Gla cial Max i mum (LGM) are well doc u mented
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(e.g., Rotnicki, 1987; Wiœniewski, 1987; Turkowska, 1988). The 
Warta River (es pe cially its mid dle course) was in flu enced by
the range of the ice sheet mar gin dur ing the LGM and pos si bly
un der went flow im ped i ment by the ice sheet dur ing the Leszno
and Pom er a nian phases (Kozarski, 1995). The study area is lo -
cated ~35 km south of the axis of the War saw-Berlin ice-mar -
ginal val ley, which was the lo cal base-level for the then mid -
dle-course Warta River. The val ley floors of the Warta River
and its trib u tar ies re peat edly changed their po si tions, likely due
to the func tion ing of proglacial out flow dur ing the gla ci ation
phases noted above, re sult ing in al lu vial aggradation. How ever, 

phases of in creased ero sion and cut ting of al lu vial plains dur ing
deglacial in ter vals may also have con trib uted to shifts in val ley
floor po si tion (Schumm, 1977; Teisseyre, 1991; Makaske and
Nap, 1995).

The Jadwichna-Pichna Val ley, where the stud ied wet land is
lo cated (Fig. 1), was ac tive in the Warta drain age sys tem dur ing 
the Weichselian. It was cut off from the ac tive river chan nels
due to ero sion, in duced by low er ing of the base-level fol low ing
the Poznañ phase ice sheet re ces sion (Rotnicki, 1987;
Turkowska, 1988; Klatkowa and Za³oba, 1991; Forysiak, 2005). 
The study site at £ugi, a highly dis turbed mod ern peatland, oc -
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Fig. 1A – lo ca tion of the study area (marked as black rect an gle) and re gional gla cial lim its (af ter Marks, 2012): O – Saalian Gla ci ation 
and Weichselian Gla ci ation: L(B) – Leszno (Brandenburg) Phase, P(F) – Poznañ (Frank furt) Phase, Pm – Pom er a nian Phase, G –
Gardno Phase; B – Dig i tal El e va tion Model of the mid dle course of the Warta River sys tem; C – over view geomorphological map (af -
ter Forysiak, 2005)



cu pies a fos sil flu vial de pres sion, prob a bly a frag ment of a
braided river chan nel. The al lu vial, and there fore per me able,
bot tom of this bur ied river chan nel, as well as its im me di ate sur -
round ings, re quired the func tion ing of the lake and the fen to
main tain a rel a tively high ground wa ter level.

De spite the gen eral ho mo ge ne ity of the rocks mak ing up
the drain age ar eas of biogenic ac cu mu la tion bas ins within river
val leys, high lithogeochemical di ver sity is ob served in a group
of Late Weichselian lac us trine de pos its. Cal car e ous de pos its,
con sid ered as in di cat ing a hy dro log i cal re gime de ter mined by
the catch ment li thol ogy, per ma frost with drawal and plant colo -
nis ation (GoŸdzik and Konecka-Bet ley, 1992a; Forysiak et al.,
2010; Kordowski et al., 2014a) are ex cep tional in this re spect. In 
the Pol ish Low land, sed i men ta tion of cal car e ous gyttja was
caused by the li thol ogy and avail abil ity of cal car e ous ma te rial
(Ca2+ and HCO3

-  ions) in the catch ment, deep en ing of de pres -
sions oc cu pied by per ma nent wa ter bod ies, and hab i tat con di -
tions such as physicochemical prop er ties of the lake wa ter
(Mazurek, 1990; Borówka, 1992; Apolinarska et al., 2012;
Okupny et al., 2016c; Makohonienko et al., 2023). Apart from
cal car e ous sed i men ta tion, an im por tant group of lac us trine de -
pos its found in the basal parts of nu mer ous mire sec tions are
de tri tal gyttja and de tri tal-clayey gyttja (¯urek and Okupny,
2015). Re gard less of age, the chem i cal com po si tion of biogenic 
sed i ments mak ing up the mire de pos its of cen tral Po land re -
sults from the in ten sity of sup ply of allochthonous ma te rial,
authigenic re mains orig i nat ing within the bas ins, and min eral
com po nents of biogenic or i gin (Rydelek, 2011; Okupny et al.,
2013).

River val leys are among the most im por tant land scape el e -
ments in the Cen tral Eu ro pean Low lands. Mod ern peatlands
de velop pre dom i nantly in river val leys (Succow and Joosteen,
2001), but the on set of paludification of these land forms took
place in the Late Weichselian (¯urek, 1991). River val ley floors 
are fa vour able for the de vel op ment of peat-form ing hab i tats,
are sus cep ti ble to cli mate change, and of fer a good re cord of
cli ma tic fluc tu a tions such as those known from the Late
Weichselian and the Early Ho lo cene. Thus, re search on
wetlands lo cated in river val leys of the Pol ish Low land, in clud -
ing their fos sil palaeochannels and de pos its, has a long tra di -
tion (Oœwit et al., 1980; Szumañski, 1983; Andrzejewski, 1995; 
Turkowska, 1997). In cen tral Po land, fen peatlands be gan to
ap pear mostly in the BÝlling or in AllerÝd, tes ti fy ing to the sta -
bili sa tion of val ley bot toms and the main te nance of a rel a tively
con stant base-level po si tion, as man i fested in the ac tiv ity of
the me an der ing chan nel sys tem. Sev eral peatlands and
palaeolakes that func tioned in ac tive river val leys have been
al ready stud ied in the re gion: the Ner (Forysiak et al., 2010;
Forysiak, 2012), Œwiêtojanka (Balwierz and GoŸdzik, 1997),
Widawka (Paw³owski, 2012), Wkra (Niska et al., 2017), Grabia 
(Paw³owski et al., 2014), Luci¹¿a (P³óciennik et al., 2021;
Antczak-Orlewska et al., 2023) and Warta (Forysiak, 2012).
How ever, biogenic sed i ments de pos ited in an area of ac tive
flu vial pro cesses are of ten ex posed to the in flu ence of river or
flood wa ters, which may sig nif i cantly dis turb the orig i nal sed i -
men tary pat tern, and con trib ute to the ac cu mu la tion of
allochthonous ma te rial (¯urek, 1993; Rydelek, 2005;
Paw³owski et al., 2015; Forysiak et al., 2021). The £ugi mire
was not ex posed to flu vial pro cesses dur ing the Late
Weichselian and Ho lo cene. It was likely fed by ground wa ter
and pre cip i ta tion, thus it better re flects re gional cli mate hu mid -
ity and tem per a ture. Cli ma tic pro cesses were dom i nant driv -
ers of wa ter pools and land scape for ma tion then, hence this
multi-proxy study aims at re con struc tion of the vary ing
hydroclimatic con di tions.

Veg e ta tion changes within the lake and its sur round ings
were tracked us ing pol len re cords. The types of veg e ta tion
cover in the catch ment, along with cli ma tic, hydrogeological
and geomorphological con di tions, greatly in flu enced the ac cu -
mu la tion of sed i ment in the ba sin. More over, the
biostratigraphy is based on pol len zones.

Chi rono mids are among the best prox ies for re con struc tion
of past air tem per a ture changes. Since these in sects usu ally
have short life cy cles and are highly dispersive, they re act much 
faster to en vi ron men tal and cli ma tic changes than do plant
com mu ni ties (Birks et al., 2000; Brooks and Birks, 2001;
Walker, 2001). That fea ture was used in the con struc tion of
mul ti ple train ing sets, in clud ing two with data from Po land: the
East Eu ro pean Train ing Set (EE TS – Luoto et al., 2019) and
the Swiss-Nor we gian-Pol ish Train ing Set (SNP TS – Kotrys et
al., 2020). Both were ap plied in this study.

Cladocerans, small crus ta ceans, are known in di ca tors of
palaeoenvironmental con di tions in lakes, in clud ing trophic sta -
tus, wa ter-level fluc tu a tions and pH (e.g., Korhola and Rautio,
2001; Zawiska et al., 2014; Paw³owski et al., 2016a). The re -
sponse of cladocerans to changes in tem per a ture is more in di -
rect than that of other prox ies (Birks and Ammann, 2000;
Paw³owski, 2017).

The £ugi palaeolake is prob a bly a rare case of a biogenic
ac cu mu la tion ba sin of flu vial or i gin in a re gion where flu vial
geomorphological pro cesses, and the im pact of river wa ters on
the func tion ing of the lake (which was later trans formed into a
wet land), have both been neg li gi ble. The lake formed in the
Old est Dryas – i.e., ear lier than lakes in other val leys of the re -
gion. This en abled the re cord ing of a his tory, al beit likely in com -
plete, of en vi ron men tal changes in that phase, and again in the
youn ger part of the Late Weichselian. The ba sin be came en -
tirely oc cu pied by a mire in the Youn ger Dryas, by the be gin ning 
of the Ho lo cene, due to an other phase of ero sion and val ley
floor low er ing (Rotnicki, 1987; Turkowska, 1988). Then the
Warta River floor, in the im me di ate vi cin ity of £ugi, low ered by
sev eral metres (Forysiak, 2005). This caused ground wa ter low -
er ing in the Warta River val ley and the as so ci ated
Jadwichna-Pichna val ley, and a marked de te ri o ra tion of con di -
tions for mire func tion ing. The Ho lo cene peat sec tion at £ugi is
there fore most likely dis con tin u ous. Its top most part is strongly
de com posed and partly min er al ised, which re duces its suit abil -
ity for palaeo eco logi cal anal y ses. For this rea son, no
palaeoenvironmental re con struc tion is un der taken here for the
Ho lo cene. The study of the lac us trine de pos its at £ugi en ables
a re con struc tion of Late Weichselian en vi ron men tal con di tions
in the sur round ings of a ba sin formed within a val ley ex cluded
from the di rect im pact of flu vial pro cesses. This study is an at -
tempt to test the sug ges tion that the on set of biogenic ac cu mu -
la tion at £ugi oc curred as early as the end of Late
Pleni-Weichselian (Klatkowa and Za³oba, 1991; Forysiak,
2005, 2012). It also aims to re con struct the wet land for ma tion
and its hydroclimatic driv ers. Fi nally, it pres ents the stra tig ra phy 
of the main in ver te brate and plant as sem blages as a re sponse
to lo cal hab i tat char ac ter.

STUDY AREA

The study area is lo cated in cen tral Po land, in the Sieradz
Ba sin mesoregion (Kondracki, 2002), which has fewer mires
than the re main ing area of cen tral Po land (Dembek et al., 2000; 
Lipka et al., 2008; Okupny et al., 2014b). At pres ent, the study
area is in flu enced by a tem per ate, con ti nen tal mar i time cli mate, 
with an an nual pre cip i ta tion sum of ~550–580 mm, and clear
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pe ri odic rain fall short ages (Wibig and Radziun, 2019). Av er age
an nual air tem per a ture (~8.5°C) and av er age air tem per a ture
for July (~18°C) both dis play a slowly in creas ing trend (K³ysik,
2001).

The £ugi fen (51°43’42”–51°44’20” N; 18°41’40”–18°43’42”
E, ~124–127 m a.s.l.) is lo cated within the vast Jadwi -
chna-Pichna val ley floor be long ing to the Warta River sys tem,
but this sec tion is not af fected by flu vial pro cesses to day. From
the be gin ning of the Late Weichselian, the Warta River has
been flow ing along a dif fer ent, par al lel sec tion (Fig. 1), run ning
a few km to the west and now oc cu pied by the Jeziorsko Res er -
voir. This part of cen tral Po land was last oc cu pied by an ice
sheet dur ing the Warta Stage (Saalian; MIS-6), and the stud ied
val ley was part of the proglacial river sys tem (Klatkowa and
Za³oba, 1991). Sev eral wetlands formed within the Jadwichna-
Pichna val ley floor area, but in the 20th cen tury these were
drained and peat lay ers were ex ploited. The val ley floor is
drained by small, usu ally ar ti fi cial, streams which drain to the
Pichna river, now also flow ing via an ar ti fi cial chan nel to the
Jeziorsko Res er voir. The £ugi fen is lo cated in the west ern part
of the val ley floor, ad ja cent to a high al lu vial ter race. The
peatland is ~300 metres wide, but the bur ied de pres sion, which
in the Late Weichselian was a shal low lake, is ~100 m wide. The 
£-1 core stud ied here shows the li thol ogy in the ax ial part of this
fos sil de pres sion, where the great est thick ness of biogenic de -
pos its oc curs (Fig. 2).

METHODS

GEOLOGICAL FIELDWORK

The ge ol ogy and geo mor phol ogy of the study area were ex -
plored us ing man ual geo log i cal equip ment (Instorf sam pler and 
gouge au ger). We also doc u mented the li thol ogy of biogenic
de pos its of the wet land. About 130 bore holes were made in the
fen area, which en abled us to de ter mine the thick ness of the
biogenic infill (up to 3.0 m; Forysiak, 2012) and to re con struct
the subfossil bot tom of the wet land ba sin. Sub se quent work
with an Instorf sam pler and a gouge au ger en abled us to doc u -
ment a se ries of lake sed i ments in the deep est part of the wet -
land de pres sion. The £-1 sed i ment core (51°43’52.8” N;
18°42’46.5” E) reached 3.0 m depth and was col lected us ing an 
Instorf sam pler in the form of a dou ble core in 50 cm-long sec -
tions. In ad di tion, a new core, £-2 (~10 m west of the main core
of £-1), was taken us ing a Wiêckowski probe to com plete the
ra dio car bon sam pling.

POLLEN ANALYSIS

Pol len anal y sis was per formed on 25 sam ples from the bot -
tom part of the core. Palynological sam ples (1 cm3 of sed i ment)
were taken in 5 cm in ter vals. Chem i cal prep a ra tion fol lowed a
stan dard pro to col with 3 min-long acetolysis (Berglund and
Ralska-Jasiewiczowa, 1986). The sporomorph con cen tra tion in 
each sam ple was de ter mined with the aid of one Lycopodium
tab let (Stockmarr, 1971; Berglund and Ralska-Jasiewiczowa,
1986). Palynomorph iden ti fi ca tions were based on pho to -
graphic ref er ence col lec tions and keys (Faegri et al., 1989;
Moore et al., 1991; Beug, 2004). In each sam ple, at least
300–500 pol len grains of ter res trial plants (ac cord ing to fre -
quency) were counted. The cal cu la tion sum con tains AP+NAP
(ar bo real and non-ar bo real pol len), ex cept for lo cal aquatic and
telmatic plants. Green al gae coenobiae were also counted, but
not in cluded in the cal cu la tion sum. The Late Gla cial in di ca tors

sum curve con tains: Juniperus communis, Hippophaë
rhamnoides, Helianthemum, Ephedra distachya t., Saxifraga
aizoides t., Saxifraga undiff., Gypsophila repens t., Astrantia t.,
Rumex sum, Plantago me dia, Plantago ma jor, Anthemis t., Ar -
te mi sia and Chenopodiaceae. The di vi sion of the Late
Weichselian into chronostratigraphic units af ter Walanus and
Nalepka (2010) was used in the pa per.

CHIRONOMIDAE

In to tal 40 sam ples for the Chironomidae anal y sis were col -
lected from the £-1 core. Sam ple vol ume ranged from 3 to
29 cm3 (mean 15.1 cm3). Mean sam ple res o lu tion is 6.75 cm.
The sam ples were passed through a 63 µm sieve and pro -
cessed fol low ing Brooks et al. (2007). Subfossils were iden ti fied 
mainly with the Wiederholm (1983) and Brooks at al. (2007)
keys. Eco log i cal in ter pre ta tion and taxon hab i tat pref er ences
were taken from the pub li ca tions by Brooks et al. (2007),
Vallenduuk and Moller Pillot (2007), Moller Pillot (2009, 2013),
and Rossaro et al. (2022). The ref er ence col lec tion is de pos ited 
at the De part ment of In ver te brate Zo ol ogy and Hydrobiology
(Uni ver sity of £ódŸ).

CLADOCERA

Anal y sis of subfossil cladocerans was per formed for 56
sam ples which were taken at 5 cm in ter vals. Each sam ple, rep -
re sent ing 1 cm3 of sed i ment, was pro cessed fol low ing the stan -
dard pro ce dure (Frey, 1986). 0.1 ml of so lu tion was used to pre -
pare each mi cro scope slide (ex am ined at 100 ´ mag ni fi ca tion).
All cladoceran re mains were counted. For each taxon, the most
abun dant body parts were taken to rep re sent the num ber of in -
di vid u als, and per cent ages were cal cu lated from the sum of in -
di vid u als. The tax on omy of cladoceran re mains in this pa per fol -
lows that given by Szeroczyñska and Sarmaja-Korjonen
(2007), Van Damme and Dumont (2008), Van Damme et al.
(2010) and Faustova et al. (2011). The eco log i cal pref er ences
of cladoceran taxa were de ter mined fol low ing Flössner (1972,
2000) and Bjerring et al. (2009).

GEOCHEMICAL AND GRAIN-SIZE ANALYSIS

Geo chem i cal anal y ses were per formed for 44 sam ples
taken from the £-1 core (depth range: 300–130 cm) at 2 cm in -
ter vals. Sam ples were pro cessed ac cord ing to the stan dard
pro ce dure (Borówka, 1990). Sed i ment sam ples were dried at
105°C and ho mogen ised us ing an ag ate mor tar. Cal cium car -
bon ate (CaCO3) con tent was de ter mined us ing the Scheibler
vol u met ric method. Or ganic mat ter (OM) con tent was de ter -
mined by loss on ig ni tion (LOI) at 550°C in a Gallenkamp muf fle
fur nace. The ash pro duced by com bus tion was ana lysed for
grain size-re lated and de tailed geo chem i cal prop er ties.

Grain-size anal y sis of the min eral part (for 25 sam ples) was
per formed us ing a la ser par ti cle size an a lyzer: a Mastersizer
3000 with a Hy dro MU dis per sion unit (Malvern). In or der to per -
form geo chem i cal as says, the ash sam ples were dis solved in
Tef lon bombs us ing a mi cro wave mineraliser. Min er ali sa tion
was car ried out in two mi cro wave cy cles: the first in con cen -
trated ni tric acid (HNO3) with 2 ml of 10% hy dro chlo ric acid
(HCl) and the sec ond in hy dro gen per ox ide (H2O2). The so lu tion 
ob tained was ana lysed for con cen tra tions of Na, K, Ca, Mg, Fe,
Mn, Cu, Zn, Cr and Ni by atomic ab sorp tion spec trom e try (AAS) 
us ing a man ual 969 Unicam Solaar ap pa ra tus. All the anal y ses
were con ducted at the Geo chem i cal Lab o ra tory at the Uni ver -
sity of Szczecin. An a lyt i cal pre ci sion (<3% for all geo chem i cal
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Fig. 2. The £ugi peatland (af ter Forysiak, 2005)

A – geomorphological map of the study area; B – geological cross-sec tion; C – thickness of biogenic de pos its in the west ern part of the
£ugi peatland



el e ments) was es ti mated in ac cor dance with lab o ra tory rec om -
men da tions and cer ti fied ref er ence ma te ri als, and is suit able for 
the anal y sis of biogenic de pos its. This pro ce dure is com monly
used for re con struct ing en vi ron men tal con di tions at Pol ish Low -
land sites (Okupny et al., 2020; Okupny and Paw³owski, 2021).

NUMERICAL ANALYSES

Nu mer i cal anal y ses were per formed in or der to iden tify
lithogeochemical fa cies (LGF), lo cal palynological zones
(L PAZ), lo cal cladoceran zones (L CAZ), and Chironomidae
zones.

Clus ter anal y sis was ap plied to the 40-sam ple geo chem i cal
dataset. As group ing vari ables, eleven lithogeochemical prop -
er ties were adopted that re flect, for ex am ple, de nu da tion pro -
cess types and dy nam ics, and sed i ment sup ply type. The com -
pu ta tions em ployed Ward’s hi er ar chi cal group ing method,
which es ti mates dis tances be tween clus ters fol low ing a vari -
ance anal y sis ap proach (Zhou et al., 2017). The re sul tant
lithogeochemical fa cies form three main groups of sed i ments
(min eral, car bon ate and or ganic), and were named as A, B and
C. We also used Prin ci pal Com po nent Anal y sis (PCA) in or der
to de ter mine the vari abil ity of fac tors con trol ling the chem i cal
com po si tion of the de pos its. PCA com pu ta tions were per -
formed us ing PAST ver sion 2.17c (Ham mer et al., 2001).
Stand ard ised val ues of or ganic mat ter and nine macro- and
microelement con tents were used as in put vari ables. In or der to 
de ter mine the in ten sity of mi gra tion of ma jor and trace el e -
ments, and to re con struct de nu da tion pro cesses based on the
chem i cal com po si tion of the infill de pos its, we fol lowed the pro -
ce dure of Borówka (1992). This fea tures the for mula
Kx = ACx/nx (where: Kx – dimensionless con cen tra tion co ef fi -
cient of el e ment x; ACx – con tent of el e ment x in the ash from
de pos its in fill ing a biogenic ac cu mu la tion ba sin – ex pressed as
mg/g or µg/g; nx –av er age con tent of el e ment x in bed rock – ex -
pressed as mg/g or µg/g). As geo chem i cal back ground val ues
for in di vid ual el e ments, we adopted av er aged con cen tra tions
from river val ley mire sub strates from cen tral Po land (Borówka
et al., 2014). Fi nally, cor re la tion be tween the re sults of geo -
chem i cal anal y ses [r] was cal cu lated. This in di ca tor has been
used for palaeogeographic re con struc tions at many sites in
cen tral Po land, in clud ing Lake Goœci¹¿ (Walanus, 2000), Bia³e
£ugi peat bog (Okupny et al., 2019), ket tle-holes near
W¹welnica (Okupny et al., 2020) and ¯abieniec (Okupny et al.,
2021), and river val ley mires at the Grabia River catch ment
(Okupny and Paw³owski, 2021).

The ro bust ness of palynological zones was cor rob o rated by 
CONISS (Grimm, 1992); the CONISS dendrogram and di a -
gram il lus trat ing pol len dis tri bu tions were plot ted us ing Tilia2
and Tilia-Graph (Grimm, 1992). Sim i larly, stratigraphically con -
strained clus ter anal y sis (CONISS) was ap plied to dis tin guish

cladoceran zones. Clus ter anal y sis was based on the con -
strained in cre men tal sum of squares clus ter ing. Only spe cies
with at least 5% abun dance at each level were in cluded in the
sta tis ti cal treat ment. The re sults were plot ted in a per cent age
di a gram us ing POLPAL soft ware (Walanus and Nalepka,
1999).

Chi rono mid as sem blage zones were de ter mined in R soft -
ware (R Core Team, 2020) us ing detrended hi er ar chi cal clus -
ter ing (with CONISS al go rithm and eu clid ean dis tance) from the 
“rioja” pack age (Jug gins, 2017). The zones were tested for sta -
tis ti cal sig nif i cance with the bro ken-stick model us ing the
‘vegan’ pack age (Oksanen et al., 2019).

The chi rono mid-in ferred mean July air tem per a ture re con -
struc tions were based on the Swiss-Nor we gian-Pol ish Train ing
Set (SNP TS; Kotrys et al., 2020) and East-Eu ro pean TS (EE
TS; Luoto et al., 2019; Ta ble 1). WA-PLS trans fer func tion was
used both for EE TS and for SNP TS re con struc tions.

In turn, the Cladocera-based mean July air tem per a ture
(TJuly) re con struc tion was based on the Finn ish Cladocera
train ing set (Nevalainen et al., 2012). The Weighted Av er ag -
ing-Par tial Least Squares re gres sion (WA-PLS) tech nique was
used. The cladoceran-based July air tem per a ture in fer ence
model pa ram e ters were the R2

jack = 0.67, Root Mean Squared
Er ror of Pre dic tion (RMSEP) of 0.86°C, and mean and max i -
mum bi ases of –0.017°C and 1.732°C, re spec tively (Luoto et
al., 2011).

Detrended Cor re spon dence Anal y sis (DCA) for the bi o log i -
cal prox ies (pol len, chi rono mids and cladocerans) were per -
formed with downweighting of rare taxa, im ple mented in the
“vegan” R pack age (Oksanen et al., 2019). Graphs were cre -
ated us ing C2 soft ware (Jug gins, 2007). 

RESULTS

GEOLOGY AND GEOMORPHOLOGY

Wet land patches oc cupy parts of the Jadwichna-Pichna val -
ley floor. The £ugi fen is the larg est of them and con sists of two
parts. Biogenic sed i ments were orig i nally iden ti fied dur ing geo -
log i cal map ping. They are ~1–3 m thick, with the larg est thick -
ness found within the west ern patch of the wet land (Fig. 2).
Sub se quent ra dio car bon dat ing of the base of the sed i men tary
infill in di cated an ac cu mu la tion in the Late Weichselian
(Klatkowa and Za³oba, 1992).

The im me di ate sur round ings of the fen are flat frag ments of
a flu vial ter race. The west ern side of the ter race sur face is com -
posed of Up per Pleni-Weichselian sands of var i ous grain sizes
de void of biogenic ma te rial (Klatkowa and Za³oba, 1991;
Forysiak, 2012). The ter race sur face also fea tures patches of
ae olian sands and small dunes (Fig. 2). The east ern sur round -
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Swiss-Nor we gian-Pol ish TS East-Eu ro pean TS

Num ber of chi rono mid taxa 134 142

Num ber of lakes 357 212

Mean July air tem per a ture range 3.5–20.1°C 11.3–20.1°C

Root mean squared er ror of pre dic tion (RMSEP)
WA-PLS:

1.39°C

ANN:

1.34°C

WA-PLS:

0.88°C

Cor re la tion co ef fi cient (R2
jack)

WA-PLS:

0.91

ANN:

0.95

WA-PLS:

0.88

T a  b l e  1

Pa ram e ters of the chi rono mid-based mean July air tem per a ture train ing sets used

https://gq.pgi.gov.pl/article/view/28484
https://gq.pgi.gov.pl/article/view/28484


ings of the wet land are pe ri od i cally wet. The sandy plain is com -
posed of fine-grained sands with silt and dis persed or ganic mat -
ter. The base of the de pres sion is also made up of sim i lar sed i -
ments, but with me dium-grained sands.

De tailed drill ing con ducted within the fen al lowed a rec og ni -
tion of a se ries of lake de pos its un der the peat cover in the
deep est part of the de pres sion. Ex act lithological de scrip tions
were made for the £-1 core. The lower lac us trine bed (290 to
245 cm core depth) is com posed of de tri tal-cal car e ous gyttja. A
de tri tal gyttja layer was ob served be tween 245 and 190 cm
(Fig. 2), subjacent to the peat. Lac us trine de pos its are
superjacent to me dium-grained sands with or ganic mat ter.

BIOTIC PROXIES

Palynological anal y sis iden ti fied five lo cal pol len as sem -
blages with two subzones (L PAZ 1 to 5; Figs. 3 and 4). The
strati graphic suc ces sion of chi rono mid as sem blages can be di -
vided into 6 sig nif i cant zones (Figs. 4 and 5). In to tal 897 chi -
rono mid head cap sules rep re sent ing 33 taxa were re corded. A
clearly dom i nant taxon through out the se quence was
Corynocera ambigua (38.6% of all spec i mens). In turn, seven
lo cal cladoceran zones (LCAZs) have been dis tin guished. The
£ugi core (£-1) de pos its con tain 20 cladoceran spe cies, be long -
ing to 4 fam i lies: Bosminidae, Daphniidae, Sididae and
Chydoridae (Figs. 4 and 6). The abun dance and di ver sity of
cladocerans fluc tu ate be tween 200 and 6540 spec i mens, and 1 
and 12 spe cies, per 1 cm3, re spec tively.

RADIOCARBON DATING

Sev eral ra dio car bon dates were ob tained from the £ugi site
(Ta ble 2), but they are not suf fi cient to es tab lish an age model
for the £-1 core. A gyttja sam ple from the £-2 core, lo cated 10 m
west of £-1, yielded a ra dio car bon age dif fer ent than that from
the £-1 core, even though the min eral sub strate in the £-2 core
rests ~30 cm deeper. A gyttja sam ple from the basal part of the
bore hole £r6, lo cated be tween cores £-1 and £-2, was also
dated (Ta ble 3). The re sult ing age is cor re la tive with the Old est
Dryas (Forysiak, 2005). Cal i brated BP age was used through -
out the en tire pa per.

GEOCHEMICAL RESULTS

Based on vari a tions in the chem i cal com po si tion of the de -
pos its, and macro- and microelement con cen tra tions, three
lithogeochemical fa cies (LGF) are dis tin guished (Ta ble 3 and
Fig. 7).

Lithogeochemical fa cies A – rep re sents min eral and min -
eral-or ganic de pos its with an in creased con tent of K (be tween
0.25 and 1.5 mg/g), Fe (be tween 0.12 and 302 mg/g) and Mn
(be tween 0.17 and 3.98 mg/g). It oc curs as three thin lay ers in
the basal and cen tral parts of the core. In ad di tion to the highly
vari able or ganic mat ter con tent (vary ing from 1 to 40%), these
sed i ments are gen er ally char ac ter ised by a de creas ing Fe/Mn
ra tio (be low 100) and in creas ing Fe/Ca ra tio (from 1.79 to 30).
Sand (Mz be tween 1.42 and 1.56 phi) and sandy silt (Mz be -
tween 4.6 and 4.8 phi), with a mod er ate de gree of sort ing (d av -
er age is 1.35 phi) are the dom i nant min eral lithologies.

Lithogeochemical fa cies B – car bon ate de pos its with in -
creased Ca (on av er age 212 mg/g) and CaCO3 con cen tra tions.
CaCO3 con cen tra tion var ies be tween 5.6 and 67%, and peaks
in an in ter val dis tinctly en riched in Cr (up to 38 µg/g), Cu (up to
28 µg/g) and Ni (up to 32 µg/g). These de pos its, with a to tal
thick ness of 0.9 m, are char ac ter ised by a low av er age con tent
of Na (0.08 mg/g), de creased con tent of sand (from 32 to 18%)
and in creased Ca/Mg ra tio (from 1.5 to 3) and change trends of
PC3 axis.

Lithogeochemical fa cies C – rep re sents or ganic de pos its
with in creased con cen tra tions of lithophilic el e ments: K (be -
tween 0.48 and 2.18 mg/g), Na (be tween 0.04 and 0.31 mg/g),
Zn (be tween 8 and 72 µg/g) and Ni (be tween 10.2 and
39.8 µg/g). LGF C dis plays a sig nif i cant in crease in the ero sion
ra tio (Na+K+Mg/Ca from 0.6 to 2.8), ac com pa nied by high or -
ganic mat ter con tent (>65%). The pro por tion of sand de creases 
from 58 to 20%, very fine sand be ing the dom i nant li thol ogy (on
av er age 61%). Silt dom i nates over clay, and very coarse and
coarse silt is 7–13 times greater than the pro por tion of clay.

INTERPRETATION AND DISCUSSION

POLLEN AND AGE SCHEME

The ra dio car bon ages ob tained are not suf fi cient for de ter -
min ing the age of biogenic sed i ments de pos ited in the
palaeolake ba sin at £ugi. Age con trol for the £-1 core is thus
based on palynology. The on set of biogenic sed i men ta tion
likely took place be tween 15,606 and 17,072 years cal BP, cor -
re la tive with the Old est Dryas, as in di cated by the ra dio car bon
ages ob tained for the basal parts of the £-1 core and £r6 pro file
(Ta ble 2) and palynological data from the bot tom most sam ples
of the £-1 core (LPAZ 1a).
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Nr lab. Sym bol of core, depth (cm) Ra dio car bon data Age (cal year BP, 95.4%)
Meth ods;

de posit type

MKL-419 £-1, 89–90 7430 ±90 8035–8385 LSC; peat

MKL-1548 £-1, 105 7500 ±90 8164–8456 LSC; peat

MKL-416 £-1, 139–140 10,110 ±130 11,246–12,108 LSC; peat

MKL-421 £-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 – Liq uid Scin til la tion Count ing, AMS – Ac cel er a tor Mass Spec trom e try

T a  b l e  2

Ra dio car bon dates of the £ugi site



8 Jacek Forysiak et al. / Geo log i cal Quar terly, 2023, 67: 1

eli f
or

p 
1-

£ ,
d

n
alt

a
e

p i
g

u
£ 

e
ht 

m
orf 

m
ar

 g
 ai

d 
n

e ll
o

p 
e

g
 at

n
e

 cr
e

P .
3 .

gi
F

( l
a

 gl
a r

of t
p

e
 c

x
e ,

s
e

 ul
a

v 
e

g
 at

n
e

 cr
e

p 
w

o
h

s 
s

h
p

ar
g t

s
o

M
 

m
urt

s
ai

d
e

P
 

d
n

a
s

u
c

c
o

c
o

yrt
o

B
m

u
s 

et
u l

o
 s

b
a 

n
a 

s
a 

d
et

n
e

 s
er

p 
st

n
u

o
c )



Jacek Forysiak et al. / Geo log i cal Quar terly, 2023, 67: 1 9

s
e

 s
 yl

a
n

a 
y

x
or

p 
cit

 oi
b f

o 
stl

u
 s

e
R .

4 .
gi

F

 
e

e
s y

g
 ol

o
h til 

d
eli

a t
e

d r
o

F
7 

er
 u

gi
F



10 Jacek Forysiak et al. / Geo log i cal Quar terly, 2023, 67: 1

)
s

el
u

 s
p

a
c 

d
a

e
h 

– 
c

h( 
er

o
c 

1-
£ i

g
u

£ 
m

orf 
m

ar
 g

 ai
d 

e
g

 at
n

e
 cr

e
p 

e
a

di
m

o
n

ori
h

C .
5 .

gi
F



Jacek Forysiak et al. / Geo log i cal Quar terly, 2023, 67: 1 11

er
o

c 
1-

£ 
m

orf 
s

n
e

 m i
c

e
p

s 
d

n
a 

s
ei

 c
e

p
s f

o 
m

u
s l

a t
ot ,

s
p

u
or

g l
a

 c i
g

o l
o

c
e 

ar
e

c
o

d
al

C 
ni

a
m ,

m
ar

 g
 ai

d 
e

g
 at

n
e

 cr
e

p 
ar

e
c

o
d

al
C .

6 .
gi

F

s
e

n
o

Z 
e

g
al

 b
m

e
 s

s
A 

ar
e

c
o

d
al

C l
a

 c
o

L 
– 

Z
A

C
L



12 Jacek Forysiak et al. / Geo log i cal Quar terly, 2023, 67: 1

O
C

a
C 

d
n

a r
e tt

a
m l

ar
 e

ni
m ,r

e tt
a

m 
ci

n
a

 gr
o f

o t
n

e t
n

o
c( l

a
 c i

m
e

h
 c

o
e

G .
7 .

gi
F

3
tli

s ,
d

n
a

s f
o t

n
e t

n
o

c( l
a

ci
g

ol
ot

n
e

mi
d

e
s 

d
n

a )
s

oi t
ar l

a
 c i

m
e

h
 c

o
e

g 
d

et
c

e l
e

s 
d

n
a 

sl
 at

e
m f

o 
s

n
oi t

ar t
n

e
 c

n
o

c ;
s

ei
 c

af l
a

ci
m

e
h

c
o

e
g

o
htil 

d
n

a 
y

g
 ol

o
h til 

hti
w r

e
ht

e
 g

ot ,
er

o
c 

1-
£ 

e
ht r

of 
stl

u
 s

er )
2I

S
G 

d
n

a 
1I

S
G :

sr
o t

a
 ci

 d
ni 

e
zi

s-
ni

ar
g ;

s
n

oi t
c

arf 
y

al
c 

d
n

a



L PAZ 1a (NAP -HIPPOPHAË) – OLDEST DRYAS

This L PAZ spans the core depth from 295 to 290 cm
(Figs. 3 and 4) and in cludes a range of spe cies rep re sent ing
this cold pe riod. It dis plays the high est NAP value in the en tire
core, with a max i mum pro por tion of Poaceae. There is the high -
est per cent age of Pinus pol len grains, but these come from
long-dis tance trans port, and their share de clines rap idly
upsection. The larg est share of Hippophaë rhamnoides and
Helianthemum in the en tire core is also very im por tant, as this
re sults in a high LG in di ca tors sum. A very sim i lar per cent age of 
these spe cies was re ported from the nearby Witów site
(Wasylikowa, 1964), un am big u ously plac ing it within the Old est
Dryas.

A high abun dance of pol len from plants typ i cal of a warmer
cli mate was noted from 295 cm upsection, and was also re -
ported from ¯abieniec (Balwierz, 2010). These pol len grains
are cer tainly re de pos ited, con sis tent with the ob ser va tions of
Wasylikowa (1964), who re garded re work ing as char ac ter is tic
of the ear li est Late Weichselian. The peak pro por tion of
Cyperaceae pol len, and the pres ence of telmatic plants
(Sphag num, Filicales) both point to the ex is tence of large ar eas
of swampy hab i tats in the vi cin ity of the palaeolake dur ing the
Old est Dryas. The up per bound ary of LPAZ 1 is marked by a
de cline in Betula, Salix and other LG in di ca tors.�

L PAZ 1b AND L PAZ 2 (PINUS-BETULA) – B�LLING-ALLER�D

L PAZ 1b still shows open land scape veg e ta tion (a very high 
pro por tion of light-de mand ing spe cies as Hippophaë
rhamnoides, Helianthemum, Ar te mi sia) but also re flects a
change in plant cover. The share of birch in creases sig nif i -
cantly. This re cord is very sim i lar to that of the Witów site
(Wasylikowa, 1964) and other palaeolakes in Cen tral Po land
(Forysiak et al., 2010; Paw³owski et al., 2016b).

L PAZ 2 is di vided into two subzones. At the be gin ning of the 
older one (L PAZ 2a) there is a clear de cline in the pro por tion of
LG in di ca tors, and a rapid rise in the pro por tion of Pinus pol len,
which in di cates cli mate warm ing. The pro por tion of Cyperaceae 
pol len rap idly de creases, likely sig ni fy ing a re duc tion in their
hab i tat area in the vi cin ity. Im por tantly, sin gle pol len grains of
Typha latifolia ap pear, also in dic a tive of warm ing (Ralska-
Jasiewiczowa, 2004).

At the be gin ning of the 2b subzone within the Pinus-Betula
L PAZ, there is a slight in crease in NAP, with a higher pro por tion 
of Cyperaceae and Ar te mi sia, with in creased LG in di ca tors, and 
a sig nif i cant share of Juniperus pol len. In this core in ter val
(245–230 cm; Fig. 3), such spe cies com po si tion may be in dic a -
tive of the Older Dryas event. This, how ever, is am big u ous in
the ab sence of ra dio car bon ages. The con stant pres ence of
Sphag num spores since the be gin ning of this subzone sug -

gests the spread of peatland hab i tats fea tur ing peat moss. In
the youn ger part of the 2b subzone, the Betula per cent age de -
creases, but the pro por tion of Juniperus pol len re mains con -
stant, as does NAP. This in di cates that the cli ma tic con di tions
and hu mid ity had sta bi lized by that time. At the end of this
phase, the pro por tion of birch be gins to de crease, and the
share of pine in creases, and again there was a de vel op ment of
wet com mu ni ties with Cyperaceae. All this most likely points to
a de te ri o ra tion of cli ma tic con di tions. Sim i lar trends are doc u -
mented at Witów (Wasylikowa, 1964) in an in ter val as signed to
AllerÝd.

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

From the base of the L PAZ 3 at 195 cm, most palynological
in di ca tors point to dis tinct changes. The in crease in the pro por -
tion of pol len grains, in clud ing LG in di ca tors, re flects the dom i -
nance of open plant com mu ni ties as so ci ated with a con sid er -
able cool ing cor re lated with the Youn ger Dryas. The in crease in 
Juniperus, Ar te mi sia and Cyperaceae within this zone is sim i lar
to that re ported from Witów (Wasylikowa, 1964). A dis tinct
share of Cyperaceae and Sphag num sug gests fa vour able con -
di tions for fen de vel op ment. The dat ing of the ma te rial from the
top of L PAZ 3, at 140–139 cm core depth, is gen er ally con sis -
tent with the palynology, sug gest ing a change to wards Ho lo -
cene warm ing.

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

A clear drop in NAP and the sum of LG in di ca tors, in clud ing
Juniperus and Salix (L PAZ 4) in di cates an ame lio ra tion of ther -
mal con di tions in the early Ho lo cene (Wasylikowa, 1964). The
sub se quent rapid ap pear ance of Corylus and Ulmus (L PAZ 5)
doc u ments a pro gres sive warm ing. L PAZ 4 may be linked with
the Preboreal pe riod, while L PAZ 5 sug gests the Bo real. This
re cord, how ever, is most likely dis con tin u ous, as in di cated by
the dat ing re sults. A ra dio met ric date ob tained from the core
depth of 105 cm sug gests this in ter val falls within the At lan tic
pe riod.

TEMPERATURE RECONSTRUCTIONS 

The Chironomidae-in ferred (CH-I) mean July air tem per a -
tures are based on two mod els – EE TS and SNP TS. EE TS re -
con struc tion val ues vary from 15.9 °C (172 cm) to 19.6 °C
(157 cm; Fig. 8). SNP TS re con struc tion val ues range from
13.0°C (188 cm) to 19.8°C (157 cm). Both re con struc tions re -
veal sim i lar trends, but the SNP TS re con struc tion gen er ally
gives lower tem per a ture es ti mates than EE TS, and the SNP
TS-de rived tem per a ture am pli tude is higher than that de rived
from EE TS. The re con struc tions in di cate high tem per a tures for 
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Lithogeoche
mical fa cies

sym bol*
Li thol ogy Fa cies/lithofacies** Depositional 

en vi ron ment
To tal thick ness of ana lysed

core [m] (% of sum)

A fine de tri tal gyttja with sandy ad mix ture limnic/C, FS lake, river 0.50 (29.6)

B de tri tal-cal car e ous gyttja limnic/C, FS lake 0.40 (23.7)

C fine de tri tal gyttja, sedge-moss peat limnic, telmatic/C, S, FS lake, mire 0.79 (46.7)

* sym bols as in Fig ure 7; ** lithofacial-tex tural sym bols of clastic sed i ments af ter Zieliñski and Pisarska-Jamro¿y (2012)

T a  b l e  3

Lithogeochemical fa cies for biogenic de pos its from the £-1 core
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the bot tom most sam ple, i.e., 17.8°C (EE TS) and 16.8°C
(SNP TS). A sub se quent re mark able drop to 16.6°C–13.5°C
(EE TS vs SNP TS, re spec tively) cor re sponds to the Old est
Dryas. Dur ing the BÝlling-AllerÝd Interstadial, mean sum mer air 
tem per a ture ranged be tween 17.0 and 17.9 °C (EE TS) and
14.0 and 16.7°C (SNP TS). The cool os cil la tion in the Older
Dryas is not re solved due to coarse sam ple spac ing. There is a
re mark able tran si tion from higher tem per a tures at the
BÝlling-AllerÝd tran si tion to lower tem per a tures in the sec ond
phase of AllerÝd. Dur ing the first phase of the Youn ger Dryas
CH-I mean sum mer air tem per a tures were lower: 15.9–17.6 °C
(EE TS) or 13.0–14.8°C (SNP TS). The last but one sam ple
(157 cm) yields the high est tem per a ture value in the en tire core
– 19.6°C (EE TS) up to 19.8°C (SNP TS), sug gest ing warmer
cli ma tic con di tions at the end of Youn ger Dryas, but it should be
re garded as an out lier. Both EE TS and SNP TS re con struc -
tions have mod er ate to good mod ern an a logues. Only one
sam ple in the EE TS re con struc tion rep re sents a poor mod ern
an a logue [minDC >10 per cen tiles (9.75318)]. Ac cord ing to SNP 
TS, all sam ples rep re sent good to mod er ate mod ern an a logues 
[minDC <10 per cen tiles (10.05639)]. Both re con struc tion trends 
cor re spond gen er ally with Chironomidae DCA Ax1 (from higher 
val ues dur ing BÝlling-AllerÝd to lower dur ing Youn ger Dryas)
but DCA SD val ues re veal os cil la tions in the Interstadial that do
not fol low tem per a ture re con struc tions (Fig. 8).

The Cladocera-in ferred (CL-I) mean sum mer air tem per a -
ture is based on Fn TS. The CL-I tem per a ture re con struc tion re -
veals a con sis tent trend with CH-I re con struc tions, ex cept for
the Youn ger Dryas. The val ues are slightly lower and range
from 13.1°C (230 cm) to 16.9°C (292 cm). The am pli tude is also 
gen er ally lower than in CH-I re con struc tions. Sub se quently, in
con cert with CH-I, tem per a ture drops to 13.9°C at the Old est
Dryas-BÝlling tran si tion. Dur ing the BÝlling-AllerÝd Interstadial
mean sum mer air tem per a ture ranges from 13.1 to 15.1°C.
Dur ing the Youn ger Dryas CL-I sum mer tem per a ture re mains
sim i lar to the range re con structed for the BÝlling-AllerÝd
Interstadial (13.6–15.3°C). All the Cladocera com mu ni ties rep -
re sent poor mod ern an a logues to Fn TS [minDC >3.48 (10 per -
cen tile)].

PALAEOLAKE FORMATION (INITIAL STAGE)

The £ugi fen is one of many peatlands formed within the
mid dle course of the Warta River sys tem. Its flu vial or i gin is in di -
cated by lithological fea tures of the de pos its in the basal part of
the fen sec tion, and in the sur round ings (Figs. 1 and 2). The
palaeolake, whose de pos its are bur ied un der the peat se ries,
was formed within a flu vial de pres sion, prob a bly as part of a
braided river chan nel of the Warta River, which used this val ley
in the Late Pleni-Weichselian (Klatkowa and Za³oba, 1991;
Forysiak, 2005, 2012). Fol low ing an ep i sode of ef fi cient flu vial
aggradation, which ac cu mu lated high ter race al lu via (syn chro -
nously with gla cier ad vance phases), a rapid base-level low er -
ing oc curred in the Warta River sys tem, which led to chan nel
downcutting by ~10–15 m (Turkowska, 1988, 2006; Klatkowa
and Za³oba, 1991; Petera, 2002; Forysiak, 2005). Part of the
val ley in clud ing the £ugi site was cut off from the Warta River at
that time, and wa ter flowed via a dif fer ent course, be tween
Brodnia and Jeziorsko (Fig. 1). The de pres sions of the braided
river bed be came shal low bas ins. Some of them be came filled
with wa ter, likely de rived from rain fall and sur face run off from
the im me di ate sur round ing. Ground wa ter sup ply was likely
ham pered by per ma frost, as this stage of the fen de vel op ment
is cor re lated with the Old est Dryas, a pe riod for which con tin u -
ous or dis con tin u ous per ma frost pres ence is in ferred for cen tral
Po land (GoŸdzik, 1995). Ground-ice lenses may have oc curred

in flu vial de pos its and in sed i ments in fill ing floodplain-lac us trine
de pres sions in the Late Pleni-Weichselian (GoŸdzik and
Konecka-Bet ley, 1992a; Turkowska, 1997). Biogenous sed i -
men ta tion within such de pres sions took place in shal low-wa ter
con di tions, as re corded in the layer of fine de tri tus gyttja with an
ad mix ture of min eral mat ter, mostly sand.

The events re corded at the £ugi site took place in the Late
Weichselian, i.e., a pe riod char ac ter ized by al ter nat ing phases
of cool ing and warm ing (Brooks and Langdon, 2014). These
changes were of global ex tent and are re corded in a va ri ety of
depositional en vi ron ments (Dzieduszyñska and Forysiak,
2013; Müller et al., 2021). In the case of the Jadwichna-Pichna
Val ley, in di vid ual cli ma tic changes of the Late Weichselian de -
ter mined wa ter cir cu la tion, and both the type and ef fi ciency of
hydrochemical pro cesses. The chem i cal com po si tion of
biogenic sed i ments laid down dur ing this time is an ar chive of
me te oric wa ter cir cu la tion in oxi dis ing con di tions, and of leach -
ing of el e ments from the acidic to weakly acidic soil cover within
the catch ment. As a re sult, the con cen tra tions of K, Mg, Fe, Ni
and Ca are closely linked to sed i men tary li thol ogy in the stud ied 
ba sin, and the high est con cen tra tions of these met als were
doc u mented in min eral-or ganic and car bon ate de pos its.

The fine de tri tus gyttja doc u mented in the basal part of the
sec tion shows the high est pro por tion of min eral mat ter, with a
neg li gi ble per cent age of or ganic mat ter and a to tal ab sence of
cal cium car bon ate. The sum of lithophile el e ments is nearly
twice as high as Ca con cen tra tion (Fig. 7). In tense de nu da tion
of the ba sin catch ment (a stage cor re lated with the Old est
Dryas) took place while the plant cover was poorly de vel oped,
and the soil cover was not yet sta bi lized. This is cor rob o rated
also by el e vated con cen tra tions of Fe, Cr and Ni. The lack of
cor re la tion be tween the Fe/Mn and Cu/Zn ra tios in the de pos its, 
how ever, pre cludes an in ter pre ta tion of their changes in the
con text of re dox con di tions, as pre vi ously per formed for other
sec tions rep re sent ing small river val leys, and of fer ing an ar -
chive of the Late Weichselian in cen tral Po land (Niska et al.,
2017; Okupny and Paw³owski, 2021; P³óciennik et al., 2021).

The chi rono mid stra tig ra phy is con sis tent with geo chem i cal
pat terns. In the £ugi lac us trine sed i ments chi rono mids (and al -
gae) that are in dic a tive of per ma nent wa ter con di tions dom i -
nate, which is why at least a shal low wa ter body ex isted
through out the Late Weichselian. In the ini tial stage of the
palaeolake de vel op ment, the dom i nant chi rono mid spe cies
were those pre fer ring slightly al ka line con di tions (Polypedilum
sordens-type, Chironomus anthracinus-type, Dicrotendipes
nervosus-type, Glyptotendipes barbipes-type, Micropsectra
radialis-type, Orthocladius holsatus-type, Lipiniella, Einfeldia
dissidens-type). Dur ing the mire for ma tion stage, the pH de -
clined, as in di cated by acidophilic taxa such as Pseudosmittia
and Neozavrelia.

The Old est Dryas is char ac ter ised by a low fre quency of
cladocerans. Chydorus sphaericus, which is the dom i nant spe -
cies, is known to oc cur over a wide range of con di tions, and is
tol er ant of en vi ron men tal stress, in clud ing cold cli mate (White -
side, 1970).

The ba sin-form ing stage ends with a dis tinct change in the
pol len re cord upsection from 280 cm core depth. At this level, a
dis tinct in crease is ob served in the sum of tree pol len grains,
and a re duc tion in the pro por tion of pol len grains from
cold-adapted plants.

INTERPHASE LAKE STAGE (B�LLING-ALLER�D)

Due to cli mate warm ing and lo cal per ma frost thaw ing, sur -
face de nu da tion was ini ti ated, as doc u mented for many re gions 
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of Cen tral Eu rope (GoŸdzik and Konecka-Bet ley, 1992a;
Forysiak et al., 2010; Kulesza and Ba³aga, 2015). De pend ing
on the lo cal geo log i cal and geomorphological con di tions, dis -
tinct changes were tak ing place in the quan tity and or i gin of
min eral sed i ments sup plied to lakes ex ist ing at that time
(Dobrowolski et al., 2001; Ba³aga, 2007; B³aszkiewicz, 2007).

The pro gres sive warm ing caused the de vel op ment of plant
cover in the ba sin catch ment, but also changes in the lake eco -
sys tem. A change in wa ter sup ply to the lake may have also
con trib uted to these trans for ma tions, as early in this stage there 
was a clear in crease of ground wa ter sup ply, caused most likely
by the un lock ing of deeper cir cu la tion and ther mal gra di ent, for
the dis solved cal car e ous ions to able to be pre cip i tated
(GoŸdzik and Konecka-Bet ley, 1992b; Dobrowolski, 2011).
Such con di tions were fa vour able for the ac cu mu la tion of de tri tal 
cal car e ous gyttja (280–190 cm). CaCO3 pre cip i ta tion was ac -
com plished via bi o log i cal pro cesses, ow ing to plant up take of
CO2, and via physico-chem i cal pro cesses, e.g., wa ter tem per a -
ture changes. Pre vi ous re search on sites host ing cal car e ous
de pos its of Late Weichselian age (G³owacki, 2006; Strzelecka
and Wróbel, 2021) sug gests that their ac cu mu la tion was mostly 
at trib ut able to CaCO3 incrustations by plants, and less fre -
quently to mol lus can skel e tons. The main source of car bon ates 
were the tills and flu vio gla cial sands sur round ing the ba sin, and
com pos ing ex ten sive ter races in the vi cin ity of the vil lages of
Glinno and Brodnia. No ta bly, lo cal hydrogeological con di tions
and the char ac ter of depositional bas ins were com monly the
most im por tant fac tor in in ter pret ing the con di tions of lac us trine
car bon ate sed i ment de po si tion (Stasiak, 1971; ¯urek and
Dziêczkowski, 1971; Gerlach, 1990; Harasimiuk et al., 2010;
Okupny et al., 2016b). This is cor rob o rated by a com par i son of
cal car e ous gyttja sed i men ta tion rates com piled for se lected
limnogenous fens of cen tral Po land (Fig. 9). Ground wa ter lev -
els and lake lev els fluc tu ated dur ing the Late Weichselian, but
the most op ti mal con di tions for cal car e ous gyttja de po si tion oc -
curred in the BÝlling-AllerÝd.

This com par i son cor rob o rates pre vi ous stud ies in that the
as sess ment of biogenic ac cu mu la tion bas ins as nat u ral geo -
log i cal bar ri ers re quires a de tailed rec og ni tion of the catch ment
ge ol ogy, but also de pends on the type of wa ter sup ply, which in
turn de ter mines the phys i cal and chem i cal pa ram e ters of wa ter
sup ply ing a given lake ba sin or mire (Oœwit et al., 1980; Okupny 
et al., 2014a; Œcibior et al., 2015). As a con se quence, river val -
ley de pos its are among the most non-ho mog e neous as re gards 
biogenic com po si tion (Paw³owski et al., 2014; Okupny et al.,
2016a; Rydelek, 2021).

More over, this geo chem i cal strat i fi ca tion of the pro file
(280–190 cm) re flects the three-stage evo lu tion of the £ugi
lake. In gen eral, the changes in sed i ment chem i cal com po si tion 
are grad ual, which – in con junc tion with the in creas ing or ganic
mat ter con tent – tes ti fied to a slow in fill ing of a small lake ba sin
with de pos its.

In the first stage (280–250 cm), de car bon iza tion and en dog -
e nous CaCO3 pre cip i ta tion are re flected by a rapid in crease in
Ca con cen tra tions (reach ing >250 mg/g) with a con com i tant
de crease in the con cen tra tions of all the re main ing el e ments.
The pro por tion of Ca in the to tal sum of con cen tra tion co ef fi -
cients reaches 54%, while in a Youn ger Dryas-aged
sedge-moss peat, the anal o gous value is <40%.

An other sig nif i cant event is doc u mented be tween 250 and
240 cm, where de tri tal-cal car e ous gyttja is grad u ally re placed
by de pos its with an ad mix ture of non-car bon ate min eral mat ter
(from 40 to 52%), with a con com i tant de crease in the sum of the 
con cen tra tion co ef fi cient (SK) and PC1 axis (Fig. 7), which are
in ter preted as mea sures of in ten sity of car bon ate leach ing in
the stud ied ba sin catch ment. Clear os cil la tions are also dis -

played by the PC2 and PC3 axes (Fig. 7), whose in creases are
cor re lated with the changes in other geo chem i cal prox ies
(mostly Ca/Mg and Fe/Mn), and are re stricted to in di vid ual sed i -
ment types (e.g., de tri tal cal car e ous gyttja and fine-de tri tal
gyttja; Fig. 10). In this case, the key fac tors con trol ling trans for -
ma tion of or ganic mat ter were the depth of the ground wa ter ta -
ble and the as so ci ated re dox con di tions. These fac tors acted in
con junc tion with an in crease in pas sive allochthonous mat ter
sup ply, con sis tent with the mod els doc u mented at other Pol ish
Low land sites, both lac us trine and telmatic (Damicz, 1995;
Cedro, 2007; Forysiak et al., 2012).

Be tween 240 and 190 cm core depth, the chem i cal com po -
si tion of the de pos its is an ar chive of a grad ual re stric tion of car -
bon ate sed i ment ac cu mu la tion (CaCO3 con tent de creases
from 40 to 1%, and Ca con cen tra tion drops from 180 mg/g to
7.6 mg/g). A re duc tion in Ca/Mg ra tio to as lit tle as 5.53 points to 
a dis tinctly weaker in ten sity of car bon ate leach ing from the
catch ment. The av er age pro por tion of min eral mat ter does not
ex ceed 56%, with a con com i tant in crease in or ganic mat ter
from 21 to 74%. Fur ther more, a clear in crease in the
eutrophication proxy (i.e., Fe/Ca ra tio even >25), cou pled with
an in crease in Fe/Mn value and Zn con cen tra tion (>30 µg/g),
points to a de te ri o ra tion of re dox con di tions dur ing the Allerød.
This may have been caused by the de com po si tion of large vol -
umes of birch leaves sup plied to the ba sin, as birch is noted for
its un usu ally in tense ab sorp tion of Zn (For tes cue, 1980). An in -
crease in Fe con cen tra tion from 100 to 294 mg/g in di cates a
pos i tive cor re la tion with min eral mat ter pro por tion, and Fe/Mn
ra tio val ues in ex cess of 100 may in di cate a change in soil re ac -
tion in the im me di ate vi cin ity of the ba sin. As a con se quence,
the se lec tive mo bil ity of cer tain met als in the ter res trial en vi ron -
ment be came di min ished, as re ported pre vi ously for the Late
Weichselian pe riod (Borówka et al., 1999; Konecka-Bet ley and
Manikowska, 2005).

The dis tinct in crease in the num ber of Cladocera spe cies
and spec i mens sug gests warmer wa ters, and per haps, a lon ger 
open-wa ter sea son in the lake, as in di cated by the pres ence of
plank tonic taxa from the Daphniidae fam ily. Ad di tion ally, a grad -
ual in crease in the fre quency of more phytophilous Cladocera
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Fig. 9. Rate of cal car e ous gyttja sed i men ta tion in the Late
Weichselian at £ugi (this study); other sites in cen tral Po land
ac cord ing to Wasylikowa (1964, 2011), Kaczmarska (1973),
GoŸdzik and Konecka-Bet ley (1992), Forysiak et al. (2010),
Paw³owski et al. (2016b), and all biogenic ac cu mu la tion sites



spe cies such as Alona affinis, Camptocercus rectirostris, Alona
guttata, and Acroperus harpae im plies an in creas ing
macrovegetation cover in this part of the lake. These changes in 
the cladoceran re cord may be a re sponse to con di tions of the
BÝlling. At a depth of 245–225 cm fur ther no tice able changes in 
the cladoceran as sem blages are noted. The warm-wa ter pre -
fer ring taxa (Camptocercus rectirostris, Graptoleberis
testudinaria) dis ap pear. Ad di tion ally, a de crease in cladoceran
abun dance, and dom i na tion of macrophyte/sed i ment taxa such 
as Alona affinis and Chydorus sphaericus, which are tol er ant of
en vi ron men tal stress, in clud ing cold cli mate, are ob served.
These are ac com pa nied by a sed i ment-as so ci ated taxon,
Pleuroxus uncinatus, whose pres ence can be linked to en -
hanced soil ero sion from the catch ment. All this could in di cate a
cold pe riod, pos si bly the Older Dryas, and a tran si tion to the
Allerød. From 220 cm upsection, an in crease in cladoceran
abun dance is ob served, and warm-wa ter pre fer ring taxa ap -
pear. This sug gests milder con di tions in the lake.

PEATLAND/MIRE STAGES (YOUNGER DRYAS AND HOLOCENE)

The on set of peat ac cu mu la tion, with or ganic mat ter con tent 
ex ceed ing 70% (Fig. 7), is ob served at 190 cm depth in the £-1
core. The stud ied core was taken from the part of the ba sin
where the thick ness of gyttja was the larg est, but also at a point
within a de pres sion where the con tact be tween the lac us trine
se ries and the peat is lo cated at the deep est level. What fol lows
is that de pos its from this core in ter val re cord a to tal
terrestrialisation of the palaeolake sur face. The stud ied core

dis plays a many-fold in crease in lithophile el e ment con cen tra -
tions (Na, K and Mg), up to lev els typ i cal of sed i ments laid down 
in lac us trine and telmatic en vi ron ments, con sis tent with nu mer -
ous sites lo cated in cen tral Po land (Forysiak, 2012; Paw³owski
et al., 2015; Petera-Zganiacz et al., 2022; Antczak-Orlewska et
al., 2023). This is as so ci ated with a de te ri o ra tion of cli ma tic con -
di tions dur ing the Youn ger Dryas, and a re sul tant with drawal of
for est as sem blages, which led to in ten si fied ero sion within the
catch ment. More in tense slope pro cesses and ae olian pro -
cesses are con sis tent with the high est val ues (reach ing >0.6) of 
the en vi ron men tal con di tion dy nam ics in dex [r], in the ab sence
of CaCO3, and a rapid de crease in Ca con cen tra tions in the
lake de pos its from >200 mg/g to ~12–14 mg/g. A clear change
in the con di tions of sed i ment ac cu mu la tion, and a dis tinct re -
duc tion in the sig nif i cance of groundwaters in the wa ter bal ance 
of the £ugi ba sin, caused a ten fold drop in the metal con cen tra -
tion sum co ef fi cient SK (Fig. 11).

The be gin ning of the Youn ger Dryas in the cladoceran re -
cord dis plays a rel a tively high num ber of spe cies and spec i -
mens, es pe cially of the spe cies as so ci ated with the lit to ral zone
of eutrophic lakes such as Chydorus sphaericus, Coronatella
rectangula and pe lagic taxa such as Bosmina longirostris,
which are also con sid ered trophic in di ca tors. In the sec ond part
of the Youn ger Dryas, from 180 cm core depth upsection,
cladoceran abun dance de creases, and con di tions be come less 
fa vour able, sug gest ing grad ual terrestrialisation of the lake.

In the Youn ger Dryas and the early Preboreal Pe riod,
Tanytarsus lugens-type and Micropsectra radialis-type –
oligotrophs as so ci ated with higher pH and low air tem per a ture – 
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Fig. 10. PCA biplot of geo chem i cal data for the £-1 core



ap peared. Al though their oc cur rence may re flect cli mate cool -
ing, Corynocera ambigua re mains a dom i nant spe cies.

Corynocera ambigua was the dom i nant spe cies in the lake
through the whole Late Weichselian se quence. Its eco log i cal
pref er ences are still a mat ter of de bate. In many pub li ca tions, it
is treated as a typ i cally oligotrophic and cold-adapted spe cies
(Brooks et al., 2007), or even as an in di ca tor of wa ter tem per a -
ture de crease. Luoto et al. (2008) re corded Corynocera
ambigua in even colder con di tions than the typ i cally
cold-adapted Tanytarsus lugens-type. Sim i lar re sults were ob -
tained by van Asch et al. (2012), who clas si fied this spe cies
among other cold con di tion in di ca tors such as Micropsectra
radialis, Paracladius or Corynocera olivieri.

On the other hand, the tem per a ture pref er ences of
Corynocera ambigua are un clear (Brodersen and Lindegaard,
1999). De spite abun dant oc cur rences in cold Arc tic and sub -
arc tic lakes, it has also been found in warmer lakes char ac ter -
ised by high pro duc tiv ity (e.g., Halkiewicz, 2008, Kotrys et al.,
2020). There are also sug ges tions that while Corynocera
olivieri is in dic a tive of cold con di tions, Corynocera ambigua is
more typ i cal of warmer cli mate con di tions (Porinchu et al.,
2002). Luoto and Sarmaja-Korjonen (2011) ar gued that this
spe cies adapts to the ex ist ing cli mate con di tions. In Fin land,
Corynocera ambigua pre fers cold lakes, but its large adapt abil -
ity to lo cal con di tions al lows for equally fre quent oc cur rences in
warmer Dan ish lakes (Brodersen and Lindegaard, 1999). In the 
£ugi de pos its stud ied, C. ambigua was abun dant in the Late
Weichselian (Ch1-5) and af ter the Ho lo cene on set it dis ap -
peared, as else where in the re gion (Paw³owski et al., 2015;
P³óciennik et al., 2015). The marked dom i na tion of C. ambigua
might in ter fere with the re sults of tem per a ture re con struc tions,
but EE TS and SNP TS, which in clude the warmer part of its
range (Pol ish sites), do not cause un der es ti ma tion of tem per a -
tures when this spe cies is abun dant. In SNP TS C. ambigua is
an in ter me di ate tem per ate spe cies. When only SN TS is in -
cluded in the re con struc tion, tem per a tures are con sid er ably
lower be cause the spe cies is rep re sented only in its cold range
of Nor we gian lakes (Heiri et al., 2011). CH-I EE TS and SNP TS 
re con struc tions from the £ugi Interstadial sec tion are at sim i lar
level to Bêczkowice re cords (16–18°C; P³óciennik et al., 2021).
The CL-I sum mer tem per a ture re con struc tion from the £ugi
Interstadial sec tion is lower than those in ferred from chi rono -
mids and os cil lates at ~14 °C, which is sim i lar to the Paw³owa

palaeolake CL-I re cord (Paw³owski et al., 2016b). The CL-I tem -
per a tures are lower than CH-I ones be cause of eco log i cal char -
ac ter is tics of the cladocerans and chi rono mids. Cladocerans
are more sen si tive to wa ter tem per a ture than Chironomidae
(P³óciennik et al., 2020).

The CH-I SNP TS re con struc tion sug gests that the on set of
the Youn ger Dryas could be marked by sub stan tial cool ing as it
was 100 km north, at Lake Goœci¹¿ (P³óciennik et al., 2022)
and, ex clud ing out lier sam ple at 157 cm, seems to fit the gen -
eral trend in Green land ice cores (Ras mus sen et al., 2006).
How ever, other re con struc tions from the £ódŸ re gion con tra dict
this trend, sug gest ing lo cally warmer cli ma tic con di tions. The
CH-I re con struc tion from Rozprza (Antczak-Orlewska et al.,
2023) and CL-I re con struc tions from Œwierczyna and Paw³owa
(Paw³owski et al., 2015, 2016b) show a bit warmer first stage of
the Youn ger Dryas, which is more con sis tent with the CL-I than
CH-I re con struc tion from £ugi.

Spe cies that may ex ist in wa ters with low pH (e.g., A. excisa, 
A. guttata) and with a high den sity of macrophytes are fre quent
(Paw³owski et al., 2015). This likely re sulted from the Youn ger
Dryas cool ing, as spe cies tol er ant of en vi ron men tal stress, in -
clud ing of cold cli mate (Alona affinis and Chydorus sphaericus), 
are dom i nant.

The peat layer ex tend ing from 140 cm core depth to the ter -
rain sur face dis plays pro gres sive signs of strong de com po si tion 
to ward the top. There are also lay ers with an in creased min eral
mat ter con tent, likely ac cu mu lated due to a break in peat
sedentation, per haps also due to des ic ca tion and par tial min er -
al iza tion of the de pos its. The en tire sur face of the mire bears
signs of peat ex ploi ta tion, these be ing partly ob scured by a sec -
ond ary suc ces sion of peat-form ing veg e ta tion dur ing the past
sev eral de cades. For this rea son, the part of the suc ces sion
cor re lated with the Ho lo cene of fers a dis con tin u ous re cord of
mire evo lu tion, likely even dis turbed due to hu man ac tiv ity in the 
up per most part. There fore, only palaeo eco logi cal in ter pre ta tion 
of the older part of this re cord was jus ti fied.

The Ho lo cene de pos its from the £ugi site are char ac ter ised
by in creas ing or ganic mat ter con tent (~90%), par al leled by low
val ues of all of the cal cu lated geo chem i cal ra tios es tab lished for 
the peat se ries (Okupny, 2013). Such biogenic de pos its ac cu -
mu lated in the Ho lo cene in nu mer ous river val ley mires, but the
sed i men ta tion rate var ied greatly, and is not eas ily con strained
due to pe ri ods of low wa ter level and the in tro duc tion of
hydrotechnical treat ments fa vour ing or ganic mat ter de com po si -
tion (Forysiak, 2012).

At the be gin ning of the Ho lo cene, cladoceran abun dance
was still rel a tively high, es pe cially that of macrophyte-as so ci -
ated taxa, which im plies in creas ing macrovegetation, con tin ued 
terrestrialisation, and mire for ma tion. Start ing from 100 cm core
depth, con di tions be come un fa vour able for cladocerans – only
taxa that may ex ist in wa ters with low pH and with a high den sity
of macrophytes are pres ent (Paw³owski et al., 2015). At the end
of the Ho lo cene, the oc cur rence of few, spo radic fos sils of
macrophyte/sed i ment-as so ci ated taxa such as A. affinis, A.
guttata and Ch. sphaericus in di cates a tem po rary in crease in
the wa ter ta ble level in the mire. How ever, acidophiles are rep -
re sented by in di vid ual head cap sules and the num ber of
midges pre fer ring al ka line and circum-neu tral con di tions was
def i nitely higher at the be gin ning of the Ho lo cene. This raises a
ques tion whether the de cline in midge abun dance since the Ho -
lo cene on set was as so ci ated with a grad ual acid i fi ca tion, or with 
terrestrialisation and dis ap pear ance of a per ma nent wa ter ta ble 
(Paw³owski et al., 2015; P³óciennik et al., 2016)?
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Fig. 11. Dif fer ences in con cen tra tion co ef fi cients 
for par tic u lar met als, pre sented as per cent of the sum 

of these co ef fi cients in two de posit groups of the £-1 core



CONCLUSIONS

A palaeogeographic study of a lac us trine sed i men tary sec -
tion re trieved close to the west ern slope of the Jadwichna-
Pichna val ley in di cates that the de vel op ment of the lake ba sin
was as so ci ated with wa ters that filled an aban doned de pres sion 
in a braided river chan nel. No traces of flu vial pro cesses were
de tected af ter that part of the val ley was cut off from the Warta
River sys tem be fore the Old est Dryas.

Fine-de tri tal gyttja, de tri tal-cal car e ous gyttja and peat de -
pos its ac cu mu lated in the palaeobasin. De pend ing on their
chem i cal com po si tion, these were clas si fied into three
lithogeochemical fa cies. In com par i son to other sites from cen -
tral Po land bear ing Late Weichselian car bon ate de pos its, the
stud ied sec tion shows a re mark ably slow ac cu mu la tion rate,
likely re sult ing from a small por tion of the catch ment be ing com -
posed of tills and flu vio gla cial sands. As a con se quence, the
chem i cal com po si tion of wa ters sup ply ing the palaeolake at
£ugi was shaped by the groundwaters reach ing the al lu vial de -
pos its from the post-gla cial pla teau in the vi cin ity of Brodno and
Glinne, ini tially also river wa ters, pe ri od i cally in fil trat ing the al lu -
via, and rain waters that did not un dergo evapotranspiration.

The re con structed changes in sed i ment chem i cal com po si -
tion and li thol ogy in di cate a vari able in ten sity of denudational
pro cesses that de vel oped dur ing the Late Weichselian. The ba -
sic fac tor mod i fy ing the con di tions of sed i men ta tion within the
lake and the mire were the air-wa ter con di tions, as so ci ated with
the ter rain re lief and hydrogeology and partly changes in veg e -
ta tion cover. In the stud ied sec tion of the river val ley, ge ol ogy
and mor phol ogy de ter mined the con sid er able spa tial and tem -
po ral vari abil ity in sur face run-off, and the rate of catch ment
leach ing de pended on the amount of the cir cu lat ing wa ter, and
the vari able depth of the first aqui fer. The high con cen tra tions of 
el e ments such as Ca, Mg and Cu tes tify to the in creas ing con tri -
bu tion of ground wa ter sup ply to the river dis charge of the
Jadwichna-Pichna sys tem, mainly in the BÝlling-AllerÝd. The
in tense weath er ing of morainic and flu vio gla cial sed i ments
mak ing up the catch ment of the ba sin was most clearly linked to 
in creased de for es ta tion dur ing the Youn ger Dryas and, in turn,
is in di cated by the in creas ing pas sive sup ply of allochthonous
el e ments such as K, Na and Ni. Hence, the lo cal geo chem i cal
pat terns of the Youn ger Dryas were gen er ally par al lel to the re -
gional changes of veg e ta tion cover in the mid dle part of the
Warta River sys tem.

Palynology served as a ba sis to dis tin guish pol len zones in -
di cat ing three cool ep i sodes, in clud ing the more pro nounced

Old est Dryas and Youn ger Dryas, and a less well-de fined cool -
ing within the BÝlling-AllerÝd com plex, which is cor re lated with
the Older Dryas. While the ra dio car bon ages are du bi ous and
in con sis tent with palynological dat ing, age con trol for the stud -
ied pro file is based on palynology. The pol len re cord is likely
con tin u ous through the Late Weichselian. In the mire de vel op -
ment phase, how ever, the re cord is likely dis con tin u ous.

Changes in cladoceran and chi rono mid as sem blages at the 
£ugi site dem on strate a cor re la tion with cli mate change. In cold
pe ri ods such as the Old est Dryas and Older Dryas, low
cladoceran abun dance and di ver sity re flect un fa vour able con -
di tions for zoo plank ton de vel op ment. Con versely, in the BÝlling
and AllerÝd, a clear in crease in the num ber of cladoceran spe -
cies and spec i mens, es pe cially of plank tonic and more
phytophilous taxa liv ing in the warm wa ter lit to ral zone, sug -
gests warmer wa ters, and a lon ger open-wa ter sea son in the
lake. These trends are gen er ally con sis tent with CH-I tem per a -
ture re con struc tions, ex cept for the Youn ger Dryas, when the
lake trans formed into a mire, which in flu enced the ben thic and
zoo plank ton pop u la tions. A high dom i na tion of C. ambigua at
the £ugi site does not ob scure CH-I tem per a ture re con struc -
tions which re veal a com mon trend to DCA and have good to
mod er ate mod ern an a logues. The tem per a ture val ues are con -
sis tent with other CH-I EE TS and SNP TS re con struc tions from 
cen tral Po land for the BÝlling and AllerÝd (Kotrys et al., 2020).
The lat est re con struc tion from Lake Goœci¹¿ (P³óciennik et al.,
2022) in di cates clear sum mer air tem per a ture cool ing at the be -
gin ning of the Youn ger Dryas. This would sup port the SNP TS
re con struc tion from £-1 which in di cates some drop of tem per a -
ture at the be gin ning of the Youn ger Dryas and then a grad ual
in crease. The Fn TS CL-I tem per a ture re con struc tion is more
com mon to re gional trends for the Youn ger Dryas (CH-I from
Rozprza, CL-I from Œwierczyna and Paw³owa) with higher tem -
per a tures at the on set and cool ing in its mid-stage. The chi rono -
mid sam ple res o lu tion of £-1 is too low for pre cise
palaeoclimatic in ter pre ta tion.
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