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As so ci ate Ed i tor: Wojciech Granoszewski

High-res o lu tion bi o log i cal prox ies (pol len, plant macrofossils, Cladocera, Chironomidae, malacological anal y sis and di a toms),
geo chem i cal anal y ses, and AMS ra dio car bon dat ing were em ployed to re con struct the re sponses of the Smólsk palaeolake
(Kuyavian Lakeland, cen tral Po land) to rapid cli ma tic and other en vi ron men tal changes dur ing the Late Gla cial-Early Ho lo cene
tran si tion. The in te gra tion of palaeo eco logi cal and geo chem i cal data en abled de tailed in sights into the dy nam ics of short-term

shifts in ter res trial and aquatic eco sys tems trig gered by abrupt cli mate
events. Pre cise age con trol and high-res o lu tion sam pling al lowed the
iden ti fi ca tion of tem po ral leads and lags be tween proxy re sponses to
cli ma tic shifts dur ing this tran si tional pe riod. Key find ings in clude: (1)
the cool est lake de vel op ment phase, cor re spond ing to the Late Gla cial
(9.050–5.400 m; 13,835–12,800 cal14C BP); (2) ev i dence of an open
land scape and de creased wa ter lev els in the Late Gla cial, re sult ing in
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in ten si fied catch ment ero sion; (3) a change in sed i ment de po si tion at a depth of 5.35 m (~11,000 cal14C BP), marked by a tran -
si tion from silt to cal car e ous gyttja and peat, in di cat ing a low er ing of ground wa ter lev els and im proved cli ma tic con di tions at the
be gin ning of the Ho lo cene; (4) a hi a tus be tween the Late Gla cial and Early Ho lo cene re corded across all prox ies; and (5) pro -
gres sive eutrophication dur ing the Ho lo cene, char ac ter ized by reed belt de vel op ment, re duced sed i men ta tion, and the ces sa -
tion of terrigenous sed i ment in put. These find ings high light the lake sys tem’s sen si tiv ity to rapid cli ma tic and en vi ron men tal
changes dur ing this crit i cal pe riod.

Key words: Late Gla cial, Ho lo cene, palaeoenvironment, palaeo cli mate, multiproxy, cen tral Po land

INTRODUCTION

The Kuyavian Lakeland is char ac ter ized by nu mer ous
palaeo lakes that serve as vi tal ar chives of past en vi ron men tal
changes, of fer ing in sights into cli mate dy nam ics, veg e ta tion
shifts, and geomorphological pro cesses over var i ous tem po ral
and spa tial scales. Subfossil plant and an i mal re mains, along
with the geo chem i cal character of the lake and bog de pos its,
re flect these past changes, as dem on strated in prior stud ies
(Ralska- Jasiewiczowa et al., 1998; Paw³owski et al., 2015;
Makoho nienko et al., 2023). Sim i lar palaeoenvironmental stud -
ies across cen tral Eu rope have pro vided com pre hen sive doc u -
men ta tion of cli ma tic and anthropogenic im pacts on peatland
eco sys tems us ing a va ri ety of palaeobotanical, palaeozoolo -
gical and geo chem i cal prox ies.

The Smólsk palaeolake, sit u ated in the east ern Kuyavian
Lakeland in the im me di ate vi cin ity of the Vistula ice-mar ginal
val ley, of fers a unique op por tu nity to in ves ti gate the in ter ac -
tions be tween cli mate and other en vi ron men tal change. Ini tial
re search, con ducted dur ing ar chae o log i cal res cue ex ca va -
tions be tween 2006 and 2011, re vealed ex ten sive ev i dence of
hu man ac tiv ity, par tic u larly from the Neo lithic pe riod, in a set -
tle ment com plex span ning sev eral hect ares. The site is lo -
cated on a flat mo raine pla teau, sur rounded by a di verse land -
scape of land forms, sur face geo log i cal struc tures, veg e ta tion,
and soils. Along side ar chae o log i cal stud ies, pre lim i nary in ter -
dis ci plin ary in ves ti ga tions ad dressed palaeo eco logi cal and
en vi ron men tal ar chae ol ogy ques tions con cern ing pre-set tle -
ment con di tions (Kittel et al., 2015).

A no ta ble fea ture of the Smólsk site is a ket tle hole at its
south east ern edge, filled with or ganic de pos its up to 10 m
depth. This de pres sion lies within a nar row tun nel val ley
through which a small wa ter course (a mod ern drain age ca nal)
cur rently flows. Sed i ment cores from the site re veal a se -
quence of silts, sands, peats and gyttja, doc u ment ing the ba -
sin’s evo lu tion dur ing ar chae o log i cal and geomorphological
sur veys (Mu zolf et al., 2012; Kittel 2015; Kittel et al., 2015).
Pre vi ous palaeo eco logi cal stud ies on the up per most 3.5 m of
the de posit con firmed the pres ence of a small mesotrophic
lake, ac tive from the Late Gla cial through to the Mid dle Ages,
though pol len pres er va tion was in suf fi cient for de tailed veg e -
ta tion re con struc tions.

In this study, we pres ent new high-res o lu tion multiproxy
data from the Smólsk palaeolake, fo cus ing on lake eco sys tem,
lo cal veg e ta tion, and catch ment area re sponses to abrupt cli -
mate changes be tween 13,835 and 9,200 cal14C BP. This in ter -
val en com passes the crit i cal tran si tion from the Late Gla cial to
the Early Ho lo cene, a pe riod marked by rapid cli mate os cil la -
tions (Goslar et al., 1993; von Grafenstein et al., 1999, 2013;
Wang et al., 2001; Litt et al., 2001; Schaub et al., 2008;
Feurdean et al., 2014; Ras mus sen et al., 2014; Muschitiello et

al., 2015; Müller et al., 2021; P³óciennik et al., 2022; Zander et
al., 2024). Pre vi ous re search has doc u mented time lags be -
tween lake and ice-core prox ies in west ern Ger many, south ern
Nor way, and Green land dur ing the Youn ger Dryas cool ing
(Lane et al., 2013; Rach et al., 2014), un der scor ing the need for
syn chro nized proxy re cords to un der stand re gional cli mate
change mech a nisms better. By in ves ti gat ing the proxy re spon -
ses at Smólsk, this study con trib utes to a broader un der stand -
ing of the tim ing, dy nam ics, and driv ers of cli ma tic and en vi ron -
men tal changes dur ing this crit i cal tran si tional pe riod. 

STUDY AREA, SITE DESCRIPTION

Physico-geo graph i cally, the study area is lo cated in the
east ern part of the Kuyavian Lakeland on the bor der with the
P³ock Ba sin (Kondracki, 1994, 2002; Solon et al., 2018). 

In the area sur round ing the Smólsk site, the mo raine pla -
teau of the Kuyavian Lakeland rises to a max i mum of 84–85 m
a.s.l. and rep re sents a part of the ex ten sive exaration de pres -
sion of the Kuyavian Pla teau (Molewski, 2007). The site is lo -
cated in the im me di ate vi cin ity of the edge of the P³ock Ba sin
within the Vistula ice-mar ginal val ley (Fig. 1C). 

The sur round ing area of the site is a flat mo raine pla teau,
com posed of gla cial till of the Vistulian Gla ci ation (Brzeziñski,
2001, 2003; Wysota, 2002; Mojski, 2005; Molewski, 2007;
Przegiêtka et al., 2008; Nowaczyk, 2008; Ro man, 2010). South
of Brzeœæ Kujawski, two clay units of the Vistulian Gla ci ation
were re cog nized (Brzeziñski, 2003). The youn ger, up per clay,
6 m thick, cor re lates with the Poznañ Phase, which forms a uni -
form up land sur face in this area. The older, lower clay, 3 m
thick, cor re lates with the Leszno Phase or with the Œwiecie
Stage, and is sep a rated from the up per clay by a layer of
glaciofluvial sands or gla cial till and stag nant-fa cies silts. The
lower clay has been dis tin guished only in the Kazañ area. The
suc ces sion of lake clays and silts ana lysed at the GuŸlin site
were re lated to the main stage of the Vistulian Gla ci ation (Ro -
man, 2010).

The sur face of the up land in the Smólsk area in cludes a few
de pres sions left by dead ice, and in the vi cin ity of the site a mod -
er ately nar row subglacial tun nel val ley, mostly filled with bio -
genic ac cu mu la tion de pos its (Fig. 1B). This re lief form ex tends
on the north ern side of the vil lage of Smólsk and far ther west to -
wards Brzeœæ. To the west of the Zg³owi¹czka River val ley, this
form may con tinue to the NW, and is pre served in the form of a
se quence of oval drainless de pres sions, in clud ing in the Os³on -
ki area (Nowaczyk, 2008). South and west of the Smólsk site,
there are four small (<1 ha in area) drainless de pres sions oc cu -
pied by biogenic ac cu mu la tion plains. The larg est and most
prom i nent in the mor phol ogy of the site is the Smólsk (SMO2)
palaeochannel. It forms part of an east-west subglacial tun nel
val ley, which is better de fined in the re lief a lit tle far ther west of
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the site. The up per part of the suc ces sion in this ba sin has al -
ready been stud ied (Kittel, 2007, 2008). These bas ins are most
likely a con tin u a tion of the subglacial chan nel noted to wards the 
SSE.
The dis tinct mor pho log i cal edge of the proglacial val ley reaches
~10 m in height. Subglacial de pres sions and chan nels with an
or ganic sed i men tary infill make the re lief of the area clearly dif -
fer en ti ated (Fig. 1B–D). Pre lim i nary re sults of palaeo environ -
mental stud ies based on anal y sis of the up per part of 3.5 m of
the or ganic de pos its, cov er ing ~6,000 years, con firm the ex is -
tence of a small (~1 ha) rel a tively mesotrophic lake from the
Late Gla cial and Ho lo cene tran si tion to the Mid dle Ages. Pe ri -
odic fluc tu a tions in wa ter level, changes in pH and low wa ter lev -
els since the Neo lithic have also been ob served for this time in -
ter val (Kittel, 2015). 

MATERIALS AND METHODS 

The main core for study, with the iden ti fi ca tion code SMO2,
span ning 5.500 m (9.050–3.550 m from pres ent sur face level),

was re trieved from a palaeobasin (52°36´02,5"N–18°59´17,5"E; 
70 m a.s.l.) us ing a Wiêckowski pis ton corer with di am e ters of
5 cm and lengths of 100 cm. Three par al lel cores of the de pos its
were col lected for multi-proxy anal y ses. Sam ples were taken
from the cores at in ter vals of 2.5 cm and pre pared for the fol low -
ing anal y ses: pol len, plant macroremains, lithological, geo che -
m i cal, di a toms, Cladocera, Chironomidae and malacological.
Four teen ra dio car bon (

14
C) dates were ob tained for the sed i -

ment pro file (Ta ble 1). 

SEDIMENT DESCRIPTION 

 3.550–3.850 m light brown fine de tri tus gyttja with frag -
ments of mol lusc shells
 3.850–4.900 m gyttja light brown fine de tri tus gyttja with
frag ments of mol lusc shells
 4.900–5.300 m fine de tri tus gyttja, grey-green to brown,
slightly lam i nated
 5.300–5.750 m blue-grey min eral gyttja
 5.750–6.050 m dark blue-grey clays
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slope sands with organic intercalations

localisation of the study site

Fig. 1A – lo ca tion of the Smólsk site on a map of Cen tral Eu rope; B – lo ca tion of the Smólsk site on a geomorphological 
map of Po land at 1:100 000 scale, Brzeœæ Kujawski Sheet (441) ac cord ing to Brzeziñski (2003); C – lo ca tion

of the Smólsk palaeolake (pur ple cir cle); D – cross-sec tion through the de pos its of the Smólsk palaeolake 
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 6.050–6.350 m light grey gyttja
 6.350–7.075 m dark blue-grey clay
 7.075–7.500 m light blue-grey clay
 7.500–7.600 m blue-grey clays and silts
 7.600–7.700 m fine-grained grey sands
 7.700–7.850 m dark grey muds with sin gle mollusc shells
 7.850–8.550 m fine-grained grey sands
 8.550–8.750 m grey silts
 8.750–8.875 m com pact brown peat
 8.875–8.950 m sands with or ganic ad mix tures 
 8.950–9.050 m me dium-grained sands with interbeds of
sand and or ganic mud

RADIOCARBON DATING

A to tal of 14 ra dio car bon dates were ob tained from a depth
in ter val of 3.550–8.775 m of the core SMO2. Tax o nom i cally
iden ti fied plant macro-re mains were se lected for AMS ra dio car -
bon dat ing un der taken in the Ra dio car bon Lab o ra tory in
Poznañ (see Goslar et al., 2004 for de tails). The 14C age BP
was fur ther cal i brated us ing the OxCal v. 4.4 soft ware (Bronk
Ramsey, 2009) and the IntCal20 cal i bra tion curve (Reimer et
al., 2020; Fig. 2 and Ta ble 1).
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Fig. 2. Model age-depth of the Smólsk SMO2 core

a) – sam ples that were used in the age-depth model
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GEOCHEMICAL ANALYSIS

For geo chem i cal anal y ses, sed i ment sam ples were frieze-
 dried and ho mog e nized in a lab o ra tory ag ate mill. Or ganic mat -
ter (LOI) and car bon ate con tents (CaCO3) were de ter mined by
com bus tion of the sam ples at 550°C for 4 h and sub se quently
at 925°C for 2 h. Car bon ate con tent was cal cu lated as CaCO3 = 
1.36 × LOI925, as de fined by Heiri et al. (2001). To de ter mine the 
con tents of terrigenous (SiO2ter) and biogenic (SiO2biog) sil ica in
the sam ples, pow dered sam ples were combusted at 550°C for
4 h and sub se quently di gested in aqua regia at 100°C for 2 h.
The res i due af ter acid treat ment was as sumed to rep re sent to -
tal SiO2 (SiO2tot). SiO2ter and SiO2biog were sep a rated by ex trac -
tion of biogenic opal (SiO2biog) with 0.5 n NaOH on a wa ter bath
at 100°C for 2 h (Bechtel et al., 2007). The con tent of SiO2biog

was cal cu lated as SiO2biog [%] = SiO2tot-SiO2ter (Woszczyk et al.,
2011). The pro ce dure de scribed is com monly used for palaeo -

environmental anal y ses of lakes in the Pol ish Low land (e.g.,
Tylmann et al., 2009; Apolinarska et al., 2012; Makohonienko et 
al., 2023). 

PALYNOLOGICAL ANALYSIS

One hun dred and ten sam ples were used for palynological
anal y sis, 1 cm3 in vol ume, were sub jected to stan dard Erdtman
acetolysis (Faegri et al., 1989), boiled in HF (Berglund, Ralska-
 Jasiewiczowa,  1986) and tab lets with Lycopodium spores were 
added (Stockmarr, 1971). Palynological sam ples were ana -
lysed un der a trans mit ted light mi cro scope, at 400× or 1000×
mag ni fi ca tion, us ing im mer sion (anisole). In sev eral late-gla cial
sam ples, <100 sporomorphs were counted (to tal sum) and
these sam ples were omit ted from the anal y sis of the di a gram. In 
the Ho lo cene sam ples, up to ~600 sporomorphs of trees and
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T a  b l e  1

The re sults of ra dio car bon dat ing of plant macroremains from the SMO2 core

Depth
[cm b.s.l.]

Lab o ra tory

code Age14C [yr BP]
Age cal14C prob.

68.3%
Age cal14C prob.

95.4% Dated macrofossils

Smólsk

3.30–3.35
Poz-157237 7,830 ±50 BPa) 8,752–8,545 BP 8,855–8,455 BP

Pinus sylvestris – 4 bud scales

Carex rostrata – 3 fruits

Urtica dioica – 9 fruits

Smólsk 
3.600–3.625 Poz-140378 8,240 ±170 BPa) 9,325–9,108 BP 9,441–9,006 BP

Carex sp. 2 sided – 1 fruit

Typha sp. – 6 fruits

Pinus sylvestris – 1 bud scale, 1 seed scale

Smólsk 
4.025–4.050 Poz-140246 8,910 ±50 BPa) 9,939–9,739 BP 9,999–9,695 BP Pinus sylvestris – 1 dwarf, 2 seed scale

Smólsk 
4.575–4.600 Poz-140172 8,820 ±70 BPa) 10,172–10,071 BP 10,204–9,948 BP

Betula sect. albae – 11 fruits, 1/2 fruit scale

Pinus sylvestris – 1 seed scale

Smólsk 
4.925–4.950 Poz-140171 9,350 ±50 BP 10,645–10,347 BP 10,824–10,232 BP

Betula sect. albae – 6 fruits, 4 fruit scales

Pinus sylvestris – 2 seed scales

Smólsk 
5.275–5.300 Poz-140170 9,520 ±50 BPa) 11,071–10745 BP 11,104–10672 BP

Betula sect. albae – 10 fruit scales

Pinus sylvestris – 6 seed scales, 2 nee dles,
 2 dwarfs, 3 fr. of male cone

Smólsk

5.775–5.800
Poz-157185 9,160 ±50 BP 13,111–12858 BP 13,217–12679 BP

Carex 3-sided – 1 fruit

Betula sect. albae – 1 fruit scales

Betula sect. albae – 2 fruits

Smólsk 
5.875–5.900 Poz-140169 8,630 ±310 BP 13,128–12,903 BP 13,231–12,744 BP Pinus sylvestris – 1 seed scale, 2 bud scale

Smólsk 
6.425–6.450 Poz-140168 11,240 ±60 BPa) 13,236–13,113 BP 13,300–13,099 BP Pinus sylvestris – 4 bud scales, 6 nee dles, 

2 dwarfs

Smólsk 
6.925–6.950 Poz-140167 11,640 ±70 BPa) 13,437–13,341 BP 13,500–13,315 BP

Betula sect. albae – 1 frut;

Pinus sylvestris – 2 bud scales,
6 fr. of nee dles

brown mosses – 1 stem

Smólsk 
7.025–7.050 Poz-140165 11,250 ±70 BP 13,469–13,368 BP 13,522–13,330 BP

Eleocharis palustris – 1 fruits

Ranunculus sceleratus – 1 fruits

Betula sect. albae  – 1 fruit scale

Pinus sylvestris – 2 bud scales, 1 fr. of leaf

Smólsk 
7.775–7.800 Poz-140164 11,920 ±60 BPa) 13,656–13,602 BP 13,775–13,515 BP

Pinus sylvestris – 2 bud scales; 3 fr. of nee dles

Cirsium palustre – 2 fruits

Betula sect. albae  – 1 fruits

B. nana – 2 fr. of leaves

Smólsk 
8.550–8.575 Poz-140245 11,820 ±60 BPa) 13,785–13,724 BP 13,987–13,657 BP

Pinus sylvestris – 3 bud scales; 1 seed scale;
6 fr. of nee dles

Betula sp. – 1 frut scale

Smólsk 
8.750–8.775 Poz-140243 11,910 ±60 BPa) 13,819–13,750 BP 14,020–14,028 BP Carex rostrata – 2 fruits, 16 epicarps

a) – sam ples that were used in the age-depth model
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shrubs (AP) and ter res trial her ba ceous plants (NAP) were
counted. The iden ti fi ca tion was made us ing hand books and
keys for pol len grain iden ti fi ca tion (Moore et al., 1991; Beug,
2004), and com par a tive prep a ra tions from the KRAM P col lec -
tion of the Palaeobotany De part ment (cur rently known as the
Palaeo botany and Palaeoenvironment Re search Group) of the
W. Szafer In sti tute of Bot any, Pol ish Acad emy of Sci ences. The 
state of pres er va tion of the sporomorphs was gen er ally not
good, which made their iden ti fi ca tion and count ing dif fi cult.

The re sults of palynological anal y sis are shown in the form
of a clas sic per cent age di a gram. When cal cu lat ing the per cent -
age share of sporomorphs, the to tal amount was tree and shrub 
pol len (AP) and ter res trial her ba ceous plants (NAP), ex clud ing
pol len grains of aquatic and red-swamps, and fern spores. At
the end of the di a gram, sum mary con cen tra tion curves for
trees, shrubs and herbs are shown. The di a gram was cre ated
us ing Polpal soft ware (Nalepka and Walanus, 2003;
www.polpal). The ba sic palynological di a gram in cludes all spe -

c tra counted. Then, in the di a gram,  in ter rup tions are marked (in 
pur ple) where fewer than 100 sporomorphs were counted, or
where some taxon was overrepresented (Pinus, Selaginella
helvetica). In the part of the spec tra where sin gle taxa oc curred,
they are shown not as per cent age sil hou ettes, but were in tro -
duced as plus signs. The fol low ing es ti mates were adopted:
one plus (+) in di cates a sin gle oc cur rence of the taxon, two
pluses (++) sev eral oc cur rences, and three pluses (+++) a
more nu mer ous oc cur rence (Fig. 4). 

PLANT MACROREMAINS ANALYSIS

Plant macroremains were ana lysed in 220 sam ples
(3–22 cm3 – the pre cise vol ume is given in the di a gram; Fig. 5).
They were boiled with the ad di tion of KOH and de ter gent to re -
duce the amount of sed i ment and re move humic mat ter. The
sed i ment was then sub jected to wet siev ing on a 0.2 mm mesh

6 Renata Stachowicz-Rybka et al. / Geological Quarterly, 2025, 69, 4

Fig. 3. Strati graphi cal con tent of mainly lithogeochemical com po nents from the Smólsk SMO2 core

Char ac ter iza tion of or ganic mat ter, SiO2ter, SiO2biog and CaCO3 con tent
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sieve. The ma te rial re ceived was ex am ined with a ste reo mi cro -
scope. The con ser va tion of plant re mains was treated with a
stan dard mix ture of al co hol, wa ter and glyc erin in 1:1:1 pro por -
tion, with the ad di tion of thymol. Then the plant frag ments were
dried with 50% ethyl al co hol. Macrofossils were iden ti fied with
the use of plant keys, at lases (Kats et al., 1965,  Berggren, 1969;
Cappers et al., 2006; Velichkevich and Zastawniak, 2006, 2008), 
other sci en tific de scrip tions and pub li ca tions, and com pared with
a ref er ence col lec tion of mod ern di as po ras, as well as fos sil flora
spec i mens from the Na tional Biodiversity Col lec tion of Re cent
and Fos sil Or gan isms at the W. Szafer In sti tute of Bot any, Pol ish 
Acad emy of Sci ences, in Kraków (her bar ium KRAM)
(https://www.rcin.org.pl/dlibra/collectiondescription/548). Qual i -
ta tive and quan ti ta tive re sults are shown on a di a gram drawn
with the use of the Polpal soft ware (Nalepka and Walanus,
2003).

DIATOM ANALYSIS

For di a tom anal y sis, 220 sam ples of 1 cm3 vol ume size
were se lected. Sam ple pro cess ing and anal y ses fol lowed
Battar bee (1986). At least 300 di a tom valves per sam ple were
ana lysed with a light mi cro scope us ing oil im mer sion at 1000×.
For iden ti fi ca tion keys (Lange-Bertalot and Krammer, 1987;
Lange-Bertalot and Metzeltin, 1996; Krammer and Lange- Ber -
ta lot, 2008a, b, 2010, 2011; Lange-Bertalot et al., 2011) and
AlgaeBase (Guiry and Guiry, 2023) were used. Di a tom eco log i -
cal groups were de ter mined us ing the Omnidia soft ware (Ver -
sion 4.2; Lecointe et al., 1993). Next, the eco log i cal groups
were dis tin guished ac cord ing to Denys (1991) and Van Dam et
al. (1994). We con sid ered the fol low ing in di ca tor pa ram e ters:
hab i tat cat e gory (Denys, 1991), pref er ence for pH, trophic state 
and mois ture (Van Dam et al., 1994) and dom i nant taxa (abun -
dance over 2%). A strati graphic di a gram was  plot ted us ing C2
soft ware (Jug gins, 2007; Fig. 6A, B).

CLADOCERA ANALYSIS

Anal y sis of subfossil Cladocera took place at 2.5 cm in ter -
vals (depth 9.050–3.575 m). One hun dred six teen samples of 1
cm3 each were pro cessed ac cord ing to the stan dard pro ce dure
(Frey, 1986). Each sam ple of 1 cm3 of de posit was pro cessed
ac cord ing to the stan dard pro ce dure (Frey, 1986). All Clado -
cera re mains (i.e. the head shield, shell, postabdomen, claw,
ephippium) were counted. For each taxon, the most abun dant
body part was 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
re sults of these cal cu la tions are shown in a di a gram (Fig. 7),
drawn with the use of Polpal soft ware (Nalepka and Walanus,
2003). The tax on omy of cladoceran re mains in this pa per fol -
lows those of Szeroczyñska and Sarmaja- Korjonen (2007),
Van Damme and Dumont (2008), Van Damme et al. (2010) and 
Faustova et al. (2011). Clas si fi ca tion of Cladocera hab i tat pref -
er ences fol lowed Flössner (1972, 2000), Bjerring et al. (2009),
and B³êdzki and Rybak (2016).

CHIRONOMIDAE

Chironomidae subfossils were col lected from 162 sam ples
within core depths 8.275–3.575 m mostly with 2.5 cm res o lu -
tion. Lar val head cap sule (hc) prep a ra tion meth ods fol low
Brooks et al. (2007). The sam ples were passed through a
90 mm sieve. Iden ti fi ca tion of Chironomidae hc fol lows mainly

keys by Brooks et al. (2007) and Andersen et al. (2013). Eco -
log i cal pref er ences of the taxa iden ti fied were based on Vallen -
duuk and Moller Pillot (2007), Brooks et al. (2007) and Moller
Pillot (2009, 2013). The ref er ence col lec tion is de pos ited and
avail able at the De part ment of In ver te brate Zo ol ogy and Hydro -
biology, Uni ver sity of Lodz. 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 R pack age ‘Vegan’. The Detrended
Correspondance Anal y sis (DCA) was also cal cu lated with the R
pack age ‘Vegan’ us ing per cent age data and downweighting
rare spe cies (Oksanen et al., 2019). A strati graphic di a gram
was plot ted us ing C2 soft ware (Jug gins, 2007; Figs. 8 and 9). 

The Chironomidae in ferred (CH–I) mean July air tem per a -
ture re con struc tion is based on Swiss-Nor we gian-Pol ish TS
(SNP TS) and East Eu ro pean TS (EE TS) (Luoto et al., 2019;
Kotrys et al., 2020). Sam ples that con tained <50 head cap sules 
(hc) ac cord ing to Quinlan and Smol (2001) were merged or de -
leted. The SNP TS in cludes 357 lakes, 134 taxa and the
3.5–20.1°C tem per a ture range. The EE TS in cludes 212 lakes,
142 taxa and cov ers the 11.3–20.1°C tem per a ture range. The
SNP TS Root Mean Squared Er ror of Pre dic tion (RMSEP) and
R2jack for the WA-PLS (Weighted Av er ag ing-Par tial Least
Squares trans fer func tion) com po nent 3 are 1.39°C and 0.91,
re spec tively, and the EE TS RMSEP and R2jack for the
WA-PLS com po nent 2 are 0.88°C and 0.88, re spec tively (Luoto 
et al., 2019; Kotrys et al., 2020). 

MALACOLOGICAL ANALYSIS

Sixty-two sed i ment sam ples were sub jected to malacolo -
gical anal y sis. Due to the small vol ume of in di vid ual sam ples
and the not very abun dant mol lus can shells, it was nec es sary to 
com bine them within the lithological lay ers dis tin guished in the
pro file. Ul ti mately, 12 sam ples were the ba sis for anal y sis. The
iden ti fi ca tion was made us ing keys (Wel ter-Schultes, 2012;
Piechocki and Wawrzyniak-Wydrowska, 2016). The spe cies
were clas si fied into eco log i cal groups ac cord ing to the scheme
de scribed by Alexandrowicz and Alexandrowicz (2011). The
per cent ages of eco log i cal groups and in di vid ual taxa in each
sam ple were cal cu lated. On this ba sis, a malacological di a gram 
was con structed as a ba sis for palaeoenvironmental in ter pre ta -
tions (Fig. 10). Based on the sim i lar ity dendrogram [UPGMA
clus ter ing and Morisita’s al go rithm (Morisita, 1959)], two fau nal
as sem blages were dis tin guished (Fig. 11). The PAST pro gram
was used for sta tis ti cal anal y ses (Ham mer et al., 2001). 

RESULTS

RADIOCARBON DATING

The ab so lute chro nol ogy of the Smólsk SMO2 sed i ment se -
quence was de rived by con struct ing a Bayesian age-depth
model based on 1014C AMS dates and in cludes only the or -
ganic-rich sec tion. The dates are given as cal BP age (with
95.4% prob a bil ity; Ta ble 1). The strati graphic dis con ti nu ity,
which de pend ing on the res o lu tion of the sam ples is lo cated at a 
depth be tween 3.50 and 3.55 m, was ini tially re cog nized by
palaeo eco logi cal meth ods. To re cog nize the age of this in ter val
in de tail, sam ples just above and be low the hi a tus were se -
lected (Fig. 2).

8 Renata Stachowicz-Rybka et al. / Geological Quarterly, 2025, 69, 4
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GEOCHEMICAL ANALYSIS

Geo chem i cal changes in the suc ces sion in ves ti gated re -
flect two stages in the palaeolake evo lu tion (Fig. 3). The first
stage rep re sent Late Gla cial de pos its (9.00–5.30 m; older than
13,853 to 12,800 cal14C  BP). These de pos its mainly com prise
terrigenous sil ica (SiO2ter; 75–100%) with an ad mix ture of or -
ganic mat ter (LOI, av er age 10–20%, with the peak at depth
8.80 m) and CaCO3 (1–23%). The biogenic sil ica con tent was
very low, just 0.03–0.18%. The sec ond stage, of Ho lo cene de -
pos its (5.30–3.60 m; 12,800–9,350 cal14C  BP), shows an in -
crease in LOI, CaCO3 and SiO2biog con cen tra tion. The terrige -
nous sil ica con cen tra tion de creases to the top of the core.

PALYNOLOGICAL ANALYSIS

In the pol len di a gram from the SMO2 pro file (Fig. 4), three
Lo cal Pol len As sem blage Zones (LPAZ) were dis tin guished
and the deep est sam ple was dis tin guished sep a rately, with out
as sign ing it the rank of a pol len zone. Only 62 sporomorphs
were iden ti fied and counted in this sam ple. Lo cal pol len zones
were dis tin guished de spite the in ter rup tions in the cour se of the
curves in the pol len di a gram, in di cat ing the pres ence of clear
sed i men tary dis tur bances. Hi a tuses are lo cated at those
depths where in the sam ples ana lysed there were no sporo -
morphs, their num ber was too low, or al most all sporo morphs
be longed to one taxon (e.g., Pinus sylvestris), which pre vents
per cent age cal cu la tions and the ob tain ing of re li able re sults in
the sta tis ti cal anal y sis. Also due to the pres ence of hi a tuses in

the suc ces sion, lo cal pol len subzones were not dis tin guished in
the di a gram. The in ter val be tween the depths of 6.700 to 8.800
m, de spite con tain ing hi a tuses, was in cluded in one pol len zone 
SMO2 1 LPAZ (Ta ble 2), be cause the pol len curves of di ag nos -
tic taxa are sim i lar. How ever, when char ac ter iz ing this zone,
four sec tions were de scribed, with out for mal iza tion, sep a rated
by hi a tuses, in which in di vid ual pol len taxa are dis tin guished in
some way.

PLANT MACROREMAINS ANALYSIS

In the di a gram of plant macroremains plot ted for the Smólsk 
pro file, 15 Lo cal Macrofossil As sem blage Zones (LMAZ) were
dis tin guished (Fig. 5 and Ta ble 3). This di vi sion was based on
the pres ence of one or sev eral of the most abun dant or char ac -
ter is tic and di ag nos tic taxa in the zone. Bound aries of the zones 
were de ter mined based on oc cur rence, in crease, or de crease,
in the num ber of taxa, of a sig nif i cant quan ti ta tive or in dic a tive
value. The sub di vi sion of LMAZ and a cor re la tion to LPAZ are
com piled in Fig ure 12. 

DIATOM ANALYSIS

Di a tom anal y sis of the suc ces sion re veals mod er ate to de -
plor able con di tions of the di a tom frustule, as shown by many
traces of de struc tion or dis so lu tion. The hab i tat struc ture of di a -
toms was also not di verse. No di a toms were de tected at depths
of 9.050–7.950, 7.450–6.900, 6.675–6.575 and 5.750–5.575
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m. A to tal of 155 di a tom spe cies were iden ti fied in
the core ex am ined. The dom i nant taxa ac count for
>5% of the rel a tive abun dance and rep re sent 32
spe cies. The pre dom i nant spe cies were tycho -
planktonic spe cies, i.e. ran dom plank ton (D1, D2,
D3 phase; Fig. 6). This abun dance of tycho -
plankton in lakes is in flu enced by waves and ver ti -
cal mix ing of the wa ter, caus ing ben thic di a toms to
de tach from the sub strate and float in the wa ter.
Ac cord ing to the clas si fi ca tion of Denys (1991),
ben thic di a toms that have been re sus pend ed are
clas si fied as tycho plankton (Fig. 6A). Phase D4
char ac ter ized a high rel a tive abun dance of epontic
and ben thic spe cies with the oc cur rence of
euplankto nic taxa. Forty-seven spe cies were rare
(oc cur ring only once). In com par i son, 32 spe cies
were dom i nant (i.e., oc cur ring in more than ten
sam ples with a pro por tion >5% of the com mu nity),
while five spe cies were most abun dant (i.e., ³50%
of the com mu nity). The most abun dant spe cies
were Staurosira constru ens, Pseudostaurosira
brevistriata, Stephanodiscus par vus, Aula coseira
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Fig. 10. Eco log i cal struc ture of the mol lusc com mu nity from the Smólsk SM02 core

Mol lusc eco log i cal groups af ter Ložek (1964), Alexandrowicz and Alexandrowicz (2011)

Fig. 11. Dendrogram of sim i lar i ties and mol lusc as sem blages 
from the Smólsk SMO2 core



granulata and Nitzschia amphibia. Stauro sirtra constru ens was
iden ti fied in 98 sam ples with 88.1% of the max i mum rel a tive
abun dance, Pseudostaurosira brevistriata oc curred in 104
sam ples (max. 76.9%), S. parvus in 34 sam ples (max. 60.5%). 

Changes in spe cies com po si tion and, thus, dif fer ences in the 
pro por tions of cer tain eco log i cal di a tom groups, di vided the core
into four lo cal di a tom as sem blage zones (D1–D4). In di ca tors
such as hab i tat cat e gory, pH pref er ence, saprobic and trophic
state and mois ture were con sid ered (Fig. 6 and Ta ble 4). 

CLADOCERA ANALYSIS

The sed i ments from Smólsk core con tain 23 Cladocera
spe cies, be long ing to 4 fam i lies: Bosminidae, Daphniidae, Si -

didae and Chydoridae. The num ber of Cladocera spec i mens
fluc tu ated be tween 13,600 and 300, and the num ber of spe -
cies be tween 3 and 17 per cm3. Ten Lo cal Cladocera As sem -
blage Zones (L CAZ’s) have been dis tin guished (Fig. 7 and
Ta ble 5). At depths: 9.050–9.000; 8.925–8.800; 8.475–8.425;
8.350–8.325; 8.275–8.125; 8.075–8.025; 7.875 m, no Clado -
cera re mains oc cur. 

CHIRONOMIDAE STRATIGRAPHY

Five thou sand three hun dred forty-three head cap sule (hc) of 
72 Chironomidae morphotypes, Tanytarsini indet., Cerato pogo -
nidae and Simuliidae were col lected (Fig. 8). Four sta tis ti cally
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Fig. 12. Cor re la tion of lo cal palaeoenvironmental changes re corded
 in the Smólsk SMO2 core



sig nif i cant zones were iden ti fied. The Lo cal Chironomidae As -
sem blage Zones (L ChAZ) are com piled in Ta ble 6 and Fig ure 8. 

MALACOLOGICAL ANALYSIS

The ma te rial ana lysed yielded a rel a tively poor malaco -
fauna. Thir teen spe cies of molluscs were rec og nized, 1 ter res -
trial spe cies, 9 spe cies of aquatic snails and 3 spe cies of bi -
valves rep re sented by a to tal of al most 1600 spec i mens. The
ter res trial malacofauna is rep re sented only by sin gle shells of a
hygro philous spe cies – Succinea putris (Fig. 10 and  Ta ble 7).

Aquatic molluscs typ i cal of in ter mit tent lakes (ecogroupWT)
ap pear in large num bers es pe cially in the lower part of the se -
quence. Pisidium obtusale laponicum is no ta bly pres ent; this
form is char ac ter is tic of small, of ten in ter mit tent wa ter bod ies in
cold cli mate con di tions. It is a com mon com po nent of malaco -
cenoses found in postglacial and Early Ho lo cene de pos its fill ing 
palaeochannels (Alexandrowicz, 1989, 1999, 2013; Wojcie -
chowski, 1999; Apolinarska and Ciszewska, 2006; Georgo -
poulou et al., 2016) and in dic a tive of this pe riod (Alexandrowicz, 
2009; Fig. 10 and Ta ble 7).

Per ma nent wa ter body taxa ap pear through out the se -
quence ana lysed. Par tic u larly note wor thy is the com mon oc cur -
rence (es pe cially in the higher in ter val of the pro file) of Gyraulus 
laevis. This is a pi o neer, cold-tol er ant spe cies in hab it ing shal -
low wa ter bod ies with mod er ately rich veg e ta tion (Wel ter-
 Schul tes, 2012; Piechocki and Wawrzyniak-Wydrowska,
2016). The form de scribed here is one of the most char ac ter is -
tic com po nents found in lake se quences of the Late Gla cial and
Early Ho lo cene and can be re garded as in dic a tive of this pe riod
(Alexandrowicz, 2009). An other im por tant spe cies is Pisidium

lillieborgi. It is a cold-tol er ant bi valve in hab it ing shal low wa ter
bod ies with mod er ate veg e ta tion and sandy bot toms (Wel -
ter-Schultes, 2012; Piechocki and Wawrzyniak-Wydrowska,
2016; Fig. 10 and Ta ble 7). 

PALAEOLAKE TRANSFORMATION DURING 
THE LATE GLACIAL AND EARLY HOLOCENE

LATE GLACIAL 
(BEFORE ~13,835 cal14C BP)

With the be gin ning of the func tion ing of the palaeolake in
Smólsk stud ied, the en vi ron men tal con di tions were not suf fi -
cient for the de po si tion of or ganic mat ter on the lake bot tom,
such as the sporomorphs of plants that could al ready be grow -
ing in the vi cin ity of the site or even in the lake it self. This is
shown by the anal y sis of the low est pol len spec trum from a
sam ple of sand with or ganic mat ter from a depth of 9.000 m
(<13,835 cal14C  BP) in which only nu mer ous (+++) Selaginella
sela ginoides spores were re corded (Fig. 4). The plant macro -
remains also doc u ment a sig nif i cant amount of Selaginella
selaginoides megaspores, as well as veg e ta tion typ i cal of wet
or pe ri od i cally flooded ar eas such as Vi ola palustris or Typha
sp. The rel a tively large share of Cenococcum geo philum in di -
cates that the soils around the ba sin were not sta bi lized by veg -
e ta tion. De spite the lack of pol len grains from trees, shrubs and
dwarf shrubs, it seems that they were pres ent around the lake.
This is in di cated by the few fruits of Betula nana and my cor rhi za 
of Pinus sylvestris. In the cool and prob a bly cal cium car bon -
ate-rich wa ters, there were few rep re sen ta tives of Characeae.
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T a  b l e  2

De scrip tion of lo cal pol len as sem blages zones (LPAZ) at Smólsk SMO2

Depth [m]
Name
LPAZ De scrip tion

4.150–3.600
SMO2 3

Corylus-Quercus-
-Poaceae

high amount of Corylus avellana pol len grains, con tin u ous curve of Quercus and Ulmus taxa

5.350–4.200
SMO2 2

Corylus-Betula

con tin u ous per cent age curve of Corylus avellana; high amount of Betula undiff., 
de creas ing up wards;

up per limit: the be gin ning of the con tin u ous Quercus curve, in crease of Poaceae;

con cen tra tion of sporomorphs slightly lower

8.800–5.400

SMO2 1

Betula
nana-Juniperus-

-Ar te mi sia

course most of the curves is rel a -
tively sim i lar from the bot tom to the
top of the zone (de spite the clear

hi a tuses in the suc ces sion); 

al most con tin u ous curves of Betula
t. nana,  Juniperus and Ar te mi sia; 

dis con tin u ous Populus curve. Up per 
limit: a sharp de cline or dis ap pear -

ance of most curves;

con cen tra tion of sporomorphs from
very low in the bot tom, slightly 

in creased to the top;

up per limit of L PAZ is not 
de scribed be cause of hi a tuses 

5400–5700 mm;
higher amount of Populus, Alnus and Poaceae pol len grains, 

as well as Sphag num, in de ter min able and rebedded;

con cen tra tion of sporomorphs slightly higher

5750–6550 mm;
high amount of Ar te mi sia pol len grains, as well as Filipendula;
a lower per cent age of lo cal, rebedded and cor roded de graded

taxa;

con cen tra tion of sporomorphs low

6700–7100 mm;
per cent age, but dis con tin u ous curve of Larix; high amount of

Betula t. nana; the curves of Pinus sylvestris and Betula undiff. 
amounts sim i lar; sin gle grain of Pinus cembra/Pinus haplox; 

con cen tra tion of sporomorphs low

7150–8800 mm; 
per cent age, dis con tin u ous, Hippophaë rhamnoides and

Selaginella selaginoides curves; high amount of in de ter min -
able: cor roded and rebedded sporomorphs; con cen tra tion of

sporomorphs very low

8.900 one spec trum only; to tal sum in clud ing sporomorphs of trees, shrubs, dwarf-shrubs and ter res trial her ba ceous plants = 62 
is in suf fi cient for sta tis ti cal cal cu la tions and in ter pre ta tion of veg e ta tion

https://doi.org/10.1016/j.quascirev.2016.07.034
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T a  b l e  3

De scrip tion of lo cal macrofossil as sem blages zones (LMAZ) of the Smólsk SMO2 core

LMAZ 
Depth [m]

De scrip tion of LMAZ Smólsk SMO2 core

Sm-1

9.050–8.975

3 sam ples

Betula nana fruits and my cor rhi za of Pinus sylvestris rep re sented the ter res trial plants. Among the dry to hu mid hab i tats, nu -
mer ous Selaginella selaginoides megaspores and sin gle Vi ola palustris seeds were iden ti fied. There were no plant
macroremains from the peat bog group. Reedswamp veg e ta tion was rep re sented only by Typha sp. seeds. A few Characeae
oo spores ap peared among the aquatic veg e ta tion at the top. In ad di tion, Cenococcum geophilum sclerotia, wood frag ments,
were marked. The up per bound ary of this zone was de ter mined on the ba sis of a de crease in Cenococcum geophilum re -
mains.

Sm-2

8.975–8.800

7 sam ples

Betula nana fruits and B. sect. albae fruits and fruit scales were among the trees and shrubs at the top of the zone.
Mycorrhizas and bud scales of Pinus sylvestris were also pres ent. Selaginella selaginoides and S. helvetica megaspores
were still abun dant in ad di tion to Vi ola palustris and Urtica dioica seeds ap pear ing. Peat bog plants were rep re sented only
by a sin gle Carex sp. biconvex fruit. There were no plant macroremains from the reedswamp and aquatic plants group. The
scars and frag ments of wood and char coal as well as Cenococcum geophilum sclerotia were marked. The bound ary of the
zone was based on the in crease in the share of trees, shrubs and plants from peat bog hab i tats.

Sm-3

8.800–8.650 

6 sam ples

In this zone, the num ber of plant macroremains was higher in all eco log i cal groups. Among the trees, the re mains of Betula
nana, B. humilis, B. sect. albae and Pinus sylvestris were marked. Among the plant groups pre fer ring dry hab i tats to hu mid
ones, taxa such as Selaginella selaginoides megaspores, Stellaria graminea fruit and un de fined Poaceae seeds were
pres ent. The peat bog plants group in cluded stems of brown mosses and Carex sp., Carex sp. biconvex, C. rostrata, C.
pseudocyperus fruits. The re mains of reedswamp plants such as Phragmites aus tra lis were very few. Aquatic plants were
rep re sented by nu mer ous Characeae oo spores, and fruits of Najas flexilis, Batrachium sp., Lemna mi nor as well as
Potamogeton natans and P. cf. alpinus endocarps. Among the re mains of an i mals, Cristatella mucedo statoblasts and
ephippia of Daph nia sp. were found. There were also nu mer ous scars and frag ments of wood. The bound ary of the zone
was based on a de crease in the share of trees, shrubs and plants from peat bog hab i tats.

SM-4

8.650–8.550

4 sam ples

The num ber of Betula nana leaf frag ments, Betula sect. albae fruit and fruit scales and Pinus sylvestris bud scales, my cor -
rhi za, nee dles, dwarfs and seed scales were clearly de creas ing. In the group of plants pre fer ring dry hab i tats to hu mid ones, 
nitrophilous taxa such as Ranunculus sceletratus and Rorippa palustris ap peared. Selaginella selaginoides megaspores
were still pres ent. The re mains of peat bog plants al most com pletely dis ap peared. Only sin gle stems of brown mosses and
Carex rostrata fruits were noted. The reedswamp veg e ta tion was rep re sented by a sin gle Phragmites aus tra lis and Typha
sp. seeds. The aquatic plants were rep re sented by Batrachuim sp. fruit and Characeae oo spores whose share was very
high. There were statoblasts of the bryo zoans Cristatella mucedo and Plumatela sp., and Daph nia sp. ephippia, as well as
Cenococcum geophilum, leaves and wood frag ments.The bound ary of the zone was based on a de cline in the pro por tion of
aquatic plant macroremains.

Sm-5

8.550–7.875

27 sam ples 

In the group of trees and shrubs, Betula nana fruit and fruit scales and Salix sp. cap sules were marked. Dry hab i tats to hu -
mid ones were rep re sented by a sin gle Urtica dioica and Poaceae fruits. More over, Selaginella selaginoides and S.
helvetica megasospores were still mod er ately nu mer ous and pres ent through out the zone. The share of taxa rep re sent ing
boggy hab i tats was still low and was rep re sented only by both Carex rostrata and Equisetum sp. Reedswamp veg e ta tion
was rep re sented by a sin gle fruit of Phragmites aus tra lis. The re mains of aquatic plants al most com pletely dis ap peared.
Only sin gle Potamogeton natans endocarps and Characeae oo spores were marked at the top of the zone. Ephippia of
Daph nia sp., sclerotia of Cenococcum geophilum, as well as scars, frag ments of char coal, wood and leaves were de ter -
mined. The bound ary was based on a slight in crease in the pro por tion of aquatic plant re mains in all eco log i cal groups.

Sm-6

7.875–7.525

14 sam ples

The abun dance of trees and shrubs plant re mains was sig nif i cantly in creas ing, es pe cially Betula nana fruit and leaf frag -
ments, B. sect. albae fruit, fruit scales, re mains of Pinus sylvestris and Picea abies. There were Alnus sp. cone frag ments,
Hippophae rhamnoides seeds and Populus tremula scales. Selaginella selaginoides and S. helvetica megasospores were
still mod er ately nu mer ous and pres ent through out the zone.The fruits of Diathus sp., Thalictrum lucidum, Cicuta virosa,
Rorippa palustris and Cirsium palustre were rep re sen ta tives of the dry to hu mid group. Only sin gle stems of brown mosses
were noted. The share of Cyperaceae fruit in creased sig nif i cantly. Carex rostrata, C. elata and, C. sp. div. trigonous, ap -
peared. Reedswamp veg e ta tion was rep re sented by large num ber of seeds: Phragmites aus tra lis, Typha sp. and sin gle
Schoenoplectus lacustris fruit. Among aquatic plants, the endocarps of Potamogeton natans, P. obtusifolius, P. sp. dom i -
nated, as well as Bartachium sp. fruit re ap peared in a sin gle ex am ple. The share of Characeae oo spores was the high est in
the en tire pro file. Only sin gle Potamogeton natans endocarps were marked in the top of the zone. The statoblasts of the
bryophytes Cristatella mucedo and Plumatela sp. as well as Spongiae gemmule, re mains of a fish skel e ton, Ostracoda,
Daph nia sp. and Cenococcum geophilum were de ter mined. The bound ary was based on a slight in crease in the pro por tion
of Pinus sylvestris re mains

Sm-7

7.525–7.450

3 sam ples

Trees and shrubs were rep re sented by a Betula nana, B. humilis and B. sect. albae and B. sp. fruit, fruit scales and leaves.
Pinus sylvestris seeds, bud scales, and nee dles were pres ent. Cone frag ments of Alnus glutinosa ap peared. In the dry to
hu mid hab i tats group, Poaceae fruit re ap peared. Peat bog plants, rep re sented by stem moss frag ments, were rel a tively nu -
mer ous while in di vid ual fruits of Carex elata and Eleocharis palustris ap peared. Among the re mains of reedswamp plants,
seeds of Phragmites aus tra lis were found in an in di vid ual ex am ple. Endocarps of Potamogeton natans, P. sp. and
Characeae oospore were pres ent in the aquatic plants group. Ephippia of Daph nia sp. as well as frag ments of leaves and
scars were de ter mined. The bound ary was based on a sig nif i cant de crease in the pro por tion of plant re mains in all eco log i -
cal groups.

Sm-8

7.450–7.075

15 sam ples

In the bot tom of this zone only a few fruits and fruits scales of Betula sect. albae among trees and shrubs were ob served. In
the group of plants pre fer ring dry hab i tats to hu mid ones, nitrophilous taxa such as Urtica dioica and Rorippa palustris and
Thalictrum lucidum in di vid u als re ap peared. The re mains of peat bog plants al most com pletely dis ap peared. Only sin gle
stems of brown mosses were noted. There were no re mains of the reedswamp and plants group. Aquatic plants was rep re -
sented only by Characeae oo spores. Statoblasts of Plumatela sp., ephippia of Daph nia sp., gemmule of Spongiae as well
as frag ments of leaves and scars were de ter mined.The bound ary was based on an in crease in the pro por tion of plant re -
mains in all eco log i cal groups.

Sm-9

7.075–6.775

12 sam ples

Leaves and fruit of Betula nana re ap peared in the group of trees and shrubs. There were also fruit and fruit scales of Betula
sect. albae, B. humilis and seeds, bud scales and nee dles of Pinus sylvestris and Juniperus communis nee dles.
Selaginella selaginoides and S. helvetica megaspores were abun dant, in ad di tion Ranunculus sceleratus fruit ap peared.
The abun dance of peat bog plant re mains was slightly in creas ing, es pe cially the stems of brown mosses, Carex sp. fruit, C.
fusca, and Eleocharis palustris. Reedswamp veg e ta tion was rep re sented by a sin gle Typha sp. and Phragmites aus tra lis
fruit. Com pared to the pre vi ous zone, the num ber of aquatic plants re mains in creased, in clud ing Characeae oo spores,
Batrachium sp. fruit and Potamogeton natans and P. sp. endocarps. In di vid ual Cenococcum geophilum sclerotia, char coal
and leaf frag ments were also marked. Among an i mal re mains, Cristatella mucedo and Plumatela sp. statoblasts, Daph nia
sp. ephippia, Spongiae gemmule, ostracoda and fish skel e ton frag ments were found in low num bers. The up per bound ary
of this zone was based on the in crease in the share of Daph nia sp. ephippia, and the Pinus sylvestris re mains.



In the spec trum of pol len de pos ited above 8.900 m, in muds
with or ganic mat ter, very few (to tal sum = 62) sporomorphs
were iden ti fied. Among these, the pre s ence of ju ni per pol len
and Selaginella selagino ides spores in di cates an open en vi ron -
ment, not de mand ing in terms of soil rich ness, but re quir ing ac -
cess to sun light. How ever, this is still an in suf fi cient num ber of
sporomorphs to char ac ter ize the veg e ta tion at that time, be -
cause the pres ence of Pinus sylvestris t. and Betula undiff. pol -
len grains, which may come from out side the site stud ied, as
well as pol len of Cyperaceae, Poaceae and in di vid ual eco log i -
cally un spec i fied her ba ceous plants does not pro vide a ba sis
for this. At that time, Selaginella helvetica and birch trees
(Betula sect. albae) are also pres ent in the set of plant macro -
remains. Ter res trial her ba ceous veg e ta tion is rep re sented by

Vi ola palustris, Urtica dioica and Carex sp., which, to gether with 
the de crease in the amount of Ceno coccum geophilum sclero -
tia, shows that the veg e ta tion be came more dense on the grad -
u ally de vel op ing soil. 

The sam ples above, in which about 500 sporo morphs were
counted, pro vide a ba sis for a very gen eral in ter pre ta tion, in di -
cat ing that the sub strate was sta bi liz ing and cre at ing the con di -
tions for the de vel op ment of veg e ta tion and the de po si tion of
their re mains in the sed i ment in the form of very strongly de -
com posed or ganic mat ter. In such con di tions, sporomorphs
could have al ready been pre served. How ever, the con cen tra -
tion of sporo morphs in the spec tra de scribed is very low. In ad -
di tion, most of them are un iden ti fi able, and have been clas si fied 
as cor roded sporomorphs (indet. cor roded) and de graded
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Tab. 3 cont.

LMAZ 

Depth [m]
De scrip tion of LMAZ Smólsk

Sm-10

6.775–6.575

8 sam ples

As in the pre vi ous zone, there were tree and shrub taxa such as Betula nana leaves and fruit, Betula sect. albae fruit and
fruit scales, and more abun dant Pinus sylvestris bud scales and nee dles. There were no re mains of the dry to hu mid plants
group. Among the peat bog plants, a few Lycopus europaeus fruit and sin gle stems of brown mosses were iden ti fied. There
were no re mains of reedswamp and aquatic vegetatation ex cept for an in di vid ual Characeae oospore. Daph nia sp.
ephippia as well as Cristatella mucedo, Plumatella sp. statoblasts, fish skel e ton frag ments, wood and char coal were also
marked. There were also nu mer ous scars and frag ments of leaves. The bound ary of the zone was based on an in crease in
the share of tree and shrub re mains.

Sm-11

6.575–5.350

46 sam ples

At the bot tom in this zone, the num ber of plant macroremains in creased in all eco log i cal groups, es pe cially trees and
shrubs. The re mains of Betula nana, B. humilis, Betula sect. albae, Pinus sylvestris and Populus tremula were marked. The
pres ence of Betula humilis fruit was high est in the whole pro file. In the group of plants pre fer ring moist hab i tats, nitrophilous
taxa such as re mains of Ranunculus sceletratus, Urtica dioica, Poaceae and Asteraceae were ob served. The share of taxa
rep re sent ing boggy hab i tats was still low and was rep re sented by Carex elata, C. rostrata, C. sp. div. biconvex, and Carex
sp. fruit and sin gle stems of brown mosses. Reedswamp veg e ta tion was rep re sented only by Phragmites aus tra lis and
Typha sp. seeds. Aquatic plants were rep re sented by the less nu mer ous fruit of Alisma plantago aquatica, Najas ma rina,
Nymphaea alba, Nuphar lutea, endocarps of Potamogeton natans, P. marginatus, Potamogeton sp., Myriophyllum sp.,
Sparganium min i mum and oo spores of Characeae. Nu mer ous ephippia of Daph nia sp., statoblasts of Cristatella mucedo,
and less nu mer ous wood, char coal, scars and frag ments of leaves were marked. In di vid ual Cenococcum geophilum
sclerotia were also pres ent. The bound ary of the zone was marked on the ba sis of an in crease in Pinus sylvestris and
Betula sect. albae re mains.

Sm-12

5.350–5.125

11 sam ples

This zone was char ac ter ized by a sig nif i cant in crease in the ex is tence of Betula sect. albae re mains which is the high est in
the en tire pro file. Bud scales, nee dles, dwarfs of Pinus sylvestris and bud scales of Populus tremula were also nu mer ous.
There were still Betula nana re mains. The share of taxa from the dry hab i tat group to the hu mid one was still low and was
rep re sented by a few Selaginella selaginoides megaspores and Poaceae seeds. The peat bog plants in cluded Carex sp.
trigonous, Carex sp. biconvex, C. elata, C. pseudocyperus, and Lycopus europaeus. Reedswamp plants were rep re sented
by Phragmites aus tra lis and Typha sp. Com pared with the pre vi ous zone, the num ber of aquatic plants re mains in clud ing
Characeae, Najas ma rina, Ceratophyllum demersum, Potamogeton natans, Nymphaea alba and Nuphar lutea in creased.
In this zone the pres ence of leaf frag ments was also higher. Mean while the share of Daph nia sp. ephippia de creased sig nif -
i cantly. Statoblasts of Plumatella sp., Cristatella mucedo, and less nu mer ous wood, char coal and fish skel e ton frag ments
were marked. In di vid ual Cenococcum geophilum sclerotia were also pres ent. The bound ary of the zone was placed on the
ba sis of  a de crease in Daph nia sp. ephippia. 

Sm-13

5.125–4.250

35 sam ples

This zone was con stantly char ac ter ized by a high pro por tion of tree and shrub re mains, es pe cially Betula sect. albae, B.
nana and Pinus sylvestris. Poaceae seeds were still abun dant. In ad di tion, Urtica dioica, Cicuta virosa and Asteraceae
seeds re ap peared. Only sin gle stems of brown mosses were noted. The share of Cyperaceae such as Carex rostrata, C.
paniculata, C. sp. div. biconvex and, C. sp. div. trigonous were pres ent. Reedswamp veg e ta tion was rep re sented by nu mer -
ous Phragmites aus tra lis and Typha sp. fruit. The pro por tion of aquatic plants also in creased sig nif i cantly, rep re sented by
also a great num ber of Characeae, Najas ma rina, Ceratophyllum demersum, C. submersum, Nymphaea alba, Nymphoides 
peltata, Lemna trisulca and Myriophyllum verticilllatum re mains as well as Potamogeton pectinatus, P. natans and
Potamogeton sp. endocarps. Among the an i mal re mains, Cristatella mucedo and Plumatella sp. statoblasts, fish skel e ton
frag ments, molluscs and ephippia of Daph nia sp. were found. There were also nu mer ous frag ments of leaves, wood and
char coal. The bound ary was based on a sig nif i cant de crease in the pro por tion of plant re mains in the ter res trial plants
groups.

Sm-14

4.250–3.850

16 sam ples

The abun dance of trees and shrubs plant re mains was in creas ing, es pe cially the fruit and fruit scales of Betula sect. albae,
Alnus sp. cone frag ments and re mains of Pinus sylvestris. Among the plant groups pre fer ring dry hab i tats to hu mid ones,
only Polygonum lapathifolium fruit was pres ent. Only the share of Cyperaceae fruit in creased slightly. The fruit of Carex
elata and, C. sp. div. biconvex and Carex sp. were found. Among the re mains of reedswamp plants, the seeds of
Phragmites aus tra lis, fruit of Schoenoplectus lacustris and nu mer ous seeds of Typha sp. were pres ent. A few Cerato -
phyllum demersum, C. submersum fruit, Nymphaea albe seeds and Characeae oo spores were among the aquatic veg e ta -
tion. Spongiae gemmule, fish skel e ton re mains, as well as Daph nia sp. ephippia were de ter mined. The bound ary of the
zone was based on the in crease in the share of aquatic plants, es pe cially Characeae oo spores.

Sm-15

3.850–3.550

12 sam ples

In this zone, the num ber of plant macroremains in creased in all eco log i cal groups. As in the pre vi ous one, the pres ence of
both Betula sect. albae and Pinus sylvestris re mains were sim i lar. In the group of plants pre fer ring moist hab i tats,
nitrophilous taxa such as fruit of Urtica dioica, Ranunculus sceleratus re ap peared. There were also Chanopodium t. al bum,
Ch. rubrum, Linaria vilgaris and Poaceae re mains. The share of taxa rep re sent ing boggy hab i tats, in clud ing a few Carex
sp., C. sp. biconvex, Carex sp. trigonous, C. rostrata, C. paniculata fruits and sin gle stems of brown mosses were still low.
Reedswamp plants, of which the pres ence was the high est in the en tire pro file, were rep re sented by the Typha sp. seeds.
Also the pro por tion of Phragmites aus tra lis seeds is rel a tively high. The aquatic plants group was dom i nated by the re mains 
of Characeae, Najas ma rina and Batrachium sp. Fruit of Ceratophyllum demersum and C. submersum were still pres ent, al -
though only in a sin gle ex am ple. Nu mer ous wood, char coal frag ments were marked. A few Daph nia sp. ephippia and fish
skel e ton frag ments were also pres ent.



sporomorphs (indet. de gra ded). All this in di cates an un sta ble
sed i men tary en vi ron ment and the pos si bil ity of much redepo -
sition of sporomorphs. The amount of plant macrore mains in all
eco log i cal groups, and es pe cially among trees, shrubs and
dwarf shrubs, in creased sig nif i cantly. Both pol len grains and
macroremains of Pinus sylvestris and Betula sect. Albae trees
dom i nated, al though the share of Juniperus com munis and
Betula humilis shrubs and B. nana dwarf shrubs is also very
high. The ba sin ana lysed be came shal lower and in its place
there was a brief de vel op ment of peat bog with the dom i nation
of stems of brown mosses: Carex sp., C. rostrata and C.
pseudocyperus. Other her ba ceous plants such as Poaceae
and Stellaria graminea grew in drier ar eas around the ba sin.
Also note wor thy are the very nu mer ous Characeae oo spores,
as well as diaspores of Najas flexilis, Batrachium sp., Lemna
mi nor, Potamogeton natans and P. cf. alpinus. Both the pres -
ence of Characeae and Potamogeton alpinus show that the
palaeolake/ba sin wa ters were rich in cal cium car bon ate. 

SMO2 1 BETULA NANA-JUNIPERUS-ARTEMISIA LPAZ 
(13,835–12,800 cal14C BP)

At that time, an open land scape still dom i nated, mainly the
light-de mand ing her ba ceous plants Ar te mi sia, Chenopo dia -
ceae and Helianthemum. Sim i larly Juniperus and Hippophaë
rhamnoides shrubs grew in dry and open ar eas. Ephedra
dwarf-shrubs also grew in dry and open ar eas. Sim i larly, in un -
shaded hab i tats, sin gle trees of Populus, Larix, Pinus cembra
grew. Pine (Pinus) and birch (Betula) formed small clus ters, but
prob a bly some of their pol len blew in from far ther away. In

open, moist hab i tats, the her ba ceous plants Filipendula, Thali -
ctrum and Selaginella selaginoides grew, as well as Betula
nana and Salix po laris shrubs, form ing tun dra thick ets. In the
lower part of the level (depth 8.800–7.150 m; 13,800–13,450
cal14C BP) the di a gram doc u ments a part of the veg e ta tion
where sea buck thorn shrubs (Hippophaë rhamnoides) grew in
un shaded, dry ar eas. This lo cal zone is in ter rupted by hi a tuses,
the pres ence of which in di cates un sta ble soils (Krupiñski et al.,
2004a).

In the Sm-4 LMAZ zone (8.550–8.650 m; 13,790–13,765
cal14C  BP) the type of sed i ment trans formed from peat to grey
mud, the share of plant macroremains de creases, and the na -
ture of the veg e ta tion around the ba sin only slightly changed its
char ac ter. The amount of Cyperaceae and other peatland
plants de creased rap idly, while the amount of plants from wet
and open hab i tats such as Betula nana, Ranunculus sceleratus
and Rorippa palustris and Selaginella selaginoides in creased.
Reedswamp veg e ta tion was rep re sented by Phragmites aus -
tra lis and Typha sp. The high amounts of Batrachium sp. and
Characeae oo spores in di cate that the wa ters were still cool,
clear and rich in cal cium car bon ate. Such con di tions are also in -
di cated by statoblasts of the bryo zoans Cristatella mucedo and
Plumatela sp. How ever, in zones I LCAZ to III LCAZ (depth:
9.000–7.825 m; 13,865–13,650 cal14C BP) con di tions were un -
fa vour able for cladoceran col o ni za tion. The Cladocera pi o neer
as sem blages are dom i nated by a brief ap pear ance of pe lagic
forms (from the Bosminidae and Daphniidae fam i lies), to gether
with an in crease in the num ber of ben thic Cladocera spe cies,
es pe cially macrophyte/sed i ment-as so ci ated taxa such as
Chydorus sphaericus s.l., Biapertura affinis, Acroperus harpae
and the sed i ment-as so ci ated taxon Pleuroxus uncinatus. The -
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T a  b l e  4

Main phases of di a tom de vel op ment re corded in the Smólsk SMO2 pro file

Zone Depth [m] Main re sults of di a tom anal y sis

9.050–7.950 No di a toms in this part of core

D1 7.900–6.950

The com po si tion of di a tom spe cies re flected the im prove ment of en vi ron men tal con di tions. In sam ples 7.900, 7.850,
7.750, and 7.500, a di a tom flora oc curred, dom i nated by aquatic to aerophilic spe cies (69.8–30.1%). Ma jor groups
were epontic (90.7–35.7%) and ben thic spe cies (43.3–5.8%).

A predominance of pH alkaliphilous (50.6–12.8%). b-mesosaprobous spe cies also oc curred (90.7–57.3%), with 
a slightly higher pro por tion of meso-eutraphentic spe cies (66.3–22.6%).

At the be gin ning of the zone, the di a tom valve con cen tra tion in creased from 3.2 ́  106/cm3 to 16.1 ́  106/cm3, and later, 
at the top of the D1, it in creased to 24.1 ́  106/cm3. From the depth of 7.500 to the top of the D1 phase, di a toms dis ap -
pear. The most abun dant were Epithemia turgida, Sellaphora laevissima, Navicula vulpina and Rhopalodia gibba.

D2 6.900–6.325

Di a toms re ap pear from at the depth of 6.900 to 6.325 m and pres ent be tween 6.675–6.575 m. Aquatic hab i tats
(62.8–18.1%) dom i nated and were fa vour able for tychoplanktonic taxa (72.4–30.1%): e.g., Staurosira construens,
Pseudostaurosira brevistriata, Epithemia turgida, Mastogloia smithii and Rhopalodia gibba. Oc ca sion ally aerophilic
and aquatic to aerophilic taxa also oc curred. The most fre quent were alkaliphilous taxa (93.0–47.7%). Dis solved or -
ganic mat ter con cen tra tion was fa vour able for b-mesosaprobous taxa (48.6–80.5%). Meso-eutraphentic spe cies
(75.9–34.5%) were also most abun dant in this zone.

The high est di a tom con cen tra tion was at 6.675 m, with 116.7 ´ 106/cm3, then de creas ing to 2.8 ´ 106/cm3 to ward
the up per part of the core.

D3 6.300–5.425

In D3 the most abun dant were aquatic spe cies (89.8–15.5%), with a pre dom i nance of pH alkaliphilous (100.0–79.8%) 
and b-mesosaprobous (89.8–15.5%) taxa. Oligosaprobous spe cies also oc curred. A slightly higher pro por tion of
meso-eutraphentic taxa than in the pre vi ous zone (92.6–34.0%). The most abun dant spe cies were: Staurosira
construens, Staurosira lapponica, Staurosira binodis, Pseudostaurosira brevistriata.

High di a tom valve con cen tra tion (av er age 164.0 x 106/cm3) with peaks at depth 6.125 m (834.1 ´ 106/cm3)
 and 5.825 m (633.6 ´ 106/cm3).

No di a toms at the depth 5.75–5.575 m

D4 5.400–3.575

The di a tom spe cies com po si tion re flected the changes in en vi ron men tal con di tions. Di a toms oc curred in a wide range 
of life forms: euplanktonic, tychoplanktonic, epontic and ben thic spe cies. The di a toms were also dom i nated by oc ca -
sion ally aerophilic (80.0–5.7%, av er age 32.3%) and aquatic to aerophilic spe cies (av er age 48.4%). De crease in
aquatic spe cies.

Pre dom i nance of pH alkaliphilous (93.2–20.5%) and alkalibiontic (78.3–2.1%). b-mesosaprobous spe cies also oc -
curred (87.9–3.2%). De crease in meso-eutraphentic, and in crease in eutraphentic taxa from 20.0 to 56.8% (av er age
43.6%).

The di a tom valve con cen tra tion in creased from 7.3 ´ 106/cm3 to 639.6 ´ 106/cm3



se taxa are cos mo pol i tan spe cies, which have very high adap -
tive abil i ties and thus can live in wa ter bod ies of var i ous depths,
and trophic and ther mal con di tions. Most of them are cold-tol er -
ant and are early im mi grants fol low ing the re treat of the ice and
may in di cate cold, tur bu lent wa ter con di tions, or in flux of silici -
clastic mat ter to the lake (Hrynowiecka et al., 2018). 

An other sed i men tary change at a depth of 8.500–7.900 m
(13,750–13,650 cal14C BP) to fine-grained grey sands is a

break that is al most com pletely bar ren of pol len grains, but also
se verely re stricted in plant macrofossils. The only plant taxa
pres ent in this in ter val (Sm-5 LMAZ) are megaspores of Sela -
ginella selaginoides and S. helvetica, as well as Potamogeton
natans and Characeae. An other char ac ter is tic fea ture of this
pe riod, whose range can be ex tended to a depth in ter val of
9.000–7.900 m, is the ab sence of whole di a tom frustules, which 
may be re lated to the na ture of the sed i ments ac cu mu lat ing in
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T a  b l e  5

De scrip tion of lo cal Cladocera as sem blage zones (LCAZ) in the Smólsk SMO2 pro file

LCAZ 
Depth [m]

De scrip tion of LCAZ

I 
(9.050–8.775)

Only four spe cies oc cur, two plank tonic (Eubosmina sp. and Bosmina longirostris) and 2 lit to ral, macrophyte/sed i ment-as -
so ci ated forms (Chydorus sphaericus and Coronatella rectangulata) are ob served. The fre quency of cladocerans does not
ex ceed 500 spec i mens per cm3.

II
(8.775–8.500)

Lit to ral, mainly macrophyte/sed i ment-as so ci ated taxa dom i nated, es pe cially Chydorus sphaericus and Biapertura affinis,
and macrophyte-as so ci ated taxa such as Acroperus harpae. Sed i ment-as so ci ated taxa such as Pleuroxus uncinatus were
also noted. Pe lagic forms, Eubosmina sp., Bosmina longirostris and Simocephalus sp., also oc cur. For the first time ap pear
Sida crystalina, Coronatella rectangulata, Alonella nana, A. exigua, Camptocercus rectirostris, Pleuroxus trigo nellus. The
num bers of Cladocera were higher than in pre vi ous zone, with over 2,700 spec i mens and 10 spe cies per cm3.

III 
(8.500–7.850)

Cladocera oc cur spo rad i cally, and fre quency of cladocerans do not ex ceed 500 spec i mens per cm3 and 6 spe cies. Pe lagic
taxa, Bosmina longirostris, macrophyte-as so ci ated taxa such as Acroperus harpae, Alonella nana, and  macrophyte/sed i -
ment-as so ci ated spe cies such as Chydorus sphaericus, Coronatella rectangula, as well as sed i ment-as so ci ated taxa,
Pleuroxus uncinatus, were ob served in this zone.

IV 
(7.850–7.500)

The most dom i nant spe cies were Acroperus harpae, Chydorus sphaericus, Biapertura affinis and Pleuroxus uncinatus.
For the first time ap pear Eurycercus lamellatus, Alona guttata, Monospilus dispar. Macrophyte/sed i ment-as so ci ated taxa
such Coronatella rectangulata, Alonella exigua, macrophyte-as so ci ated taxa, Alonella nana and Camptocercus rectirostris 
and sed i ment-as so ci ated taxa, Pleuroxus trigonellus oc cur oc ca sion ally. The num bers of Cladocera in creased, with over
4,300 spec i mens and 9 spe cies per cm3.

V
(7.500–7.075) 

Lit to ral, mainly macrophyte/sed i ment-as so ci ated taxa dom i nated, with Chydorus sphaericus and Coronatella rectangula,
as well as sed i ment-as so ci ated taxa such as Pleuroxus uncinatus. Pe lagic forms are rep re sented by Bosmina longirostris
and Eubosmina sp. For the first time ap pear sed i ment-as so ci ated taxa such as Disparalona rostrata and Leydigia
acanthocercoides. Macrophyte-as so ci ated taxa such as Alonella nana, Camptocercus rectirostris, Eurycercus lamellatus
and macrophyte/sed i ment-as so ci ated taxa, such as Biapertura affinis were ob served oc ca sion ally. Cladocera num bers
de creased, not ex ceed ing 2000 spec i mens and 7 spe cies per cm3.

VI
(7.075–6.300)

Pe lagic forms, Eubosmina sp. and es pe cially, Bosmina longirostris, dom i nated. Other pe lagic taxa (Daph nia pulex,
Simocephalus sp.) oc cur oc ca sion ally. Macrophyte/sed i ment-as so ci ated taxa such as Chydorus sphaericus and Coro -
natella rectangula were also very abun dant. Macrophyte-as so ci ated taxa such as Sida crystalina, Alonella nana,
Camptocercus rectirostris, Eurycercus lamellatus and macrophyte/sed i ment-as so ci ated taxa such as Biapertura affinis,
Alona guttata, Alonella exigua as well as Disparalona rostrata, Leydigia acanthocercoides, Pleuroxus uncinatus and
Pleuroxus trigonellus were also noted, though oc ca sion ally. Graptoleberis testudinaria ap pears for the first time. The num -
bers of Cladocera in creased sig nif i cantly, with over 12,000 spec i mens and 14 spe cies per cm3.

VII
(6.300–5.775)

Bosmina longirostris, Chydorus sphaericus and Coronatella rectangula dom i nated. The fre quency of Acroperus harpae,
Alona affinis and Pleuroxus uncinatus also in creased. Pe lagic taxa such as Eubosmina sp., Daph nia pulex, Simocephalus
sp., macrophyte-as so ci ated taxa such as Sida crystalina, Alonella nana, Alonella excisa, Campto cercus rectirostris,
Eurycercus lamellatus, Graptoleberis testudinaria and macrophyte/sed i ment-as so ci ated taxa, such as Biapertura affinis,
Alona guttata and sed i ment-as so ci ated taxa such as Disparalona rostrata and Pleuroxus trigonellus were ob served oc ca -
sion ally. The num bers of Cladocera were the high est in whole sec tion but fluc tu ated, from over 13,600 to 4600 spec i mens
and from 17 to 10 spe cies per cm3.

VIII
(5.775–5.300)

At the be gin ning only three spe cies, such as Acroperus harpae, Chydorus sphaericus and Coronatella rectangula ap pear.
Pe lagic taxa such as Eubosmina sp., Bosmina longirostris and Simocephalus sp. oc cur later. Sim i larly, the macrophyte-as -
so ci ated taxa, such as Sida crystalina, Alonella excisa, Camptocercus rectirostris, Graptoleberis testudinaria, macro -
phyte/sed i ment-as so ci ated taxa such as Biapertura affinis, Alona guttata and sed i ment-as so ci ated taxa such as
Dispara lona rostrata and Pleuroxus trigonellus and Pleuroxus uncinatus were ob served in the sec ond part of this zone.
The num bers of Cladocera fluc tu ated but sys tem at i cally in creased, from over 300 to 4000 spec i mens and from 3 to 12 spe -
cies per cm3 at the end of this zone.

IX 
(5.300–3.800)

The fre quency of Cladocera taxa fluc tu ated from 4600 to 2400 spec i mens and 12 to 5 taxa per cm3, and there fore four
subzones were dis tin guished.

IXa
(5.300–4.950)

The num bers of Cladocera was rel a tively high, ex ceed ing 4600 spec i mens and 12 spe cies per cm3. The lit to ral,
macrophyte-as so ci ated taxon (Graptoleberis testudinaria) and macrophyte/sed i ment-as so ci ated forms (Coro natella
rectan gula and Chydorus sphaericus) were abun dant. At the end, the fre quency of Cladocera taxa de creases.

IXb
(4.950–4.650)

The fre quency of Cladocera in creased to 4040 spec i mens and 9 taxa. The pe lagic form, Bosmina longirostris oc curs oc ca -
sion ally, sim i larly the sed i ment-as so ci ated taxon, Disparalona rostrata. Lit to ral, macrophyte-, and macrophyte/sed i -
ment-as so ci ated taxa, es pe cially Acroperus harpae, Graptoleberis testudinaria, Biapertura affinis, Chydorus sphaericus
and Coronatella rectangula dom i nated.

IXc
(4.650–4.100)

The fre quency of Cladocera taxa was rel a tively high, ex ceed ing 3800 spec i mens and 9 spe cies per cm3. Sed i ment-as so ci -
ated taxa such Disparalona rostrata, Pleuroxus uncinatus, and Pleuroxus trigonellus are rel a tively fre quent. Pe lagic forms
oc cur oc ca sion ally once more.

IXd
(4.100–3.800)

The fre quency of Cladocera taxa de creased to 2440 spec i mens and 5 taxa per cm3. Lit to ral, mainly macrophyte and
macrophyte/sed i ment-as so ci ated taxa dom i nated, es pe cially Graptoleberis testudinaria, Biapertura affinis, Chydorus
sphaericus and Coronatella rectangula.

X
(3.800–3.575)

The num bers of Cladocera were sim i lar to those of the pre vi ous zone (2400 spec i mens and 5 taxa per cm3). How ever, pe -
lagic and macrophyte-as so ci ated taxa were neg li gi ble. In turn, the macrophyte/sed i ment as so ci ated taxa such as
Biapertura affinis, Chydorus sphaericus and Coronatella rectangula were sig nif i cant.
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the lake. Traces of di a tom ap pear ance com prise sparse, cru -
shed parts of di a tom frustules that could not be iden ti fied. In di -
ca tions of the na ture of the sed i ments is also seen in the ab -
sence of biogenic sil ica and a high terrigenous sil ica con cen tra -
tion (Fig. 3). Amon et al. (2010) at trib uted the lack of di a toms to
fac tors in clud ing a con sid er able dis per sion of these microalgae
caused by high rates of sed i men tary ac cu mu la tion. Be sides,
pro cesses such as re moval in the out flow of lakes, resus -
pension and re work ing of older sed i ments, and dis so lu tion, may 
neg a tively in flu ence di a tom pres ence in sed i ments (Battarbee,
1986; Jones, 2007). Dur ing this time, we also ob serve a low fre -
quency of Cladocera and the ap pear ance of molluscs char ac -
ter is tic of tem po rary wa ter bod ies (Figs. 7 and 10). All this in di -
cates an un sta ble sed i men tary en vi ron ment and the pos si bil ity
of rapid changes in wa ter level, sed i men tary redeposition, and
in flow of wa ter from the catch ment with sub stan tial amounts of
terrigenous sil ica.

The com po si tion of the lo cal veg e ta tion did not change sig -
nif i cantly in the Sm-6 LMAZ (7.875–7.525 m; 13,650–13,550
cal14C BP) zone, com pared to that re corded in the Sm-3–4
LMAZ zone (8.800–8.550 m), ex cept for the sandy Sm-5 LMAZ
zone (7.875–8.550 m). The ter res trial veg e ta tion was dom i -
nated by the Betula sect. albae trees, though also also by Pinus
sylvestris, Alnus sp., and Populus tremula, which grew in loose
clus ters. How ever, dry open ar eas were still pres ent, where ter -
res trial her ba ceous plants grew, and in the hu mid and marshy
ar eas and in the wa ters, plants char ac ter is tic of a cool cli mate
grew, such as Betula nana, Selaginella selaginoides, Hippuris
vulgaris and Batrachium sp. Ini tially, in the Sm-6 level, the cool,
clear, cal cium car bon ate-rich wa ters of the lake were again oc -
cu pied by charophyte mead ows with Characeae, Batrachium
sp., and Potamogeton natans. In tense autochthonous pre cip i -
ta tion of CaCO3 by Characeae in di cates that the wa ters of the
Smólsk ba sin at that time were al ka line (Pe³echaty et al., 2013).
Cal cium car bon ate is also an im por tant com po nent of snail
shells, and their oc cur rence in the sed i men tary re cord of this in -
ter val cor re lates with the high amounts of Characeae oo spores
(Figs. 5, 10 and Ta bles 3, 6). Al though con di tions were still not
very fa vour able for zoo plank ton dur ing the IV LCAZ phase
(depth: 7.825–7.500 m; 13,650–13,550 cal14C BP), the con -
stant pres ence of ben thic, mainly macrophyte and macro -
phyte- sed i ment cladoceran taxa is ev i dent.

The com po si tion of di a tom spe cies re flected the ame lio ra -
tion of en vi ron men tal con di tions. Sam ples 7.900, 7.850, 7.750
and 7.500 m yielded di a toms. Most were aquatic and some had
pe ri od i cally wet as so ci a tions. How ever, the fre quency was still
low. In the up per part of this zone, from the depth of 7.500 m to

the top of the D1 phase (6.950 m), di a toms dis ap pear again. A
sud den fluc tu a tion in lake wa ter level caused by cool wa ter
inflowing from the catch ment may ex plain the tem po rary dis ap -
pear ance of di a toms (Ko³aczek et al., 2015). Di a toms re ap pear
from at a depth of 6.900 to 6.325 m with low abun dance be -
tween 6.675–6.575 m. Aquatic di a toms dom i nated. That may
in di cate an in crease in the wa ter level in the lake. The abun -
dance of tychoplanktonic taxa, e.g., Stauroneis construens,
Pseudo stau rosira brevistriata, Epithemia adnata, Epithemia
turgida and Navicula vulpina that is a ran dom plank ton, may in -
di cate wave ac tion and ver ti cal mix ing of the wa ter, which
causes ben thic di a toms to break away from the sub strate and
float in the wa ter (Denys, 1991). The oc cur rence of this taxa in -
di cated meso- to eutrophic con di tions. Oc ca sional aerophilic
and aqua tic to aero philic taxa also oc curred. 

In the Sm-7 LMAZ zone (7.525–7.450 m; ~13,550 cal14C
BP), the share of Betula nana and tree birch re mains de -
creases. Pinus sylvestris be gan to dom i nate on the shores of
the ba sin. Patches of her ba ceous veg e ta tion and the oc cur -
rence of Betula nana and Hippophaë rhamnoides shrubs sug -
gest the bo real cli mate con tin ued. There was prob a bly a shallo -
wing of the lake and spread of peat bog to gether with de cid u ous 
mosses, Carex elata, C. rostrata and Eleocharis palustris,
which were also in cluded in the area of the reed bed with
Phragmites aus tra lis. The next, Sm-8 and Sm-9, LMAZs
(7.455–6.775 m; 13,550–13,350 cal14C BP) doc u ment fur ther
de ve l op ment of veg e ta tion. Both in the plant macroremains as
in palynological sam ples at depths of 7.730 and 7.100 m, pol len
grain par ti cles are rare with a large share of re de pos ited sporo -
morphs (rebedded) and Dino phyceae cysts. The pres ence of
plant re mains such as Urtica dioica, Rorippa palustris and
Thalictrum lucidum may also in di cate a sup ply of ma te rial from
the shores of the ba sin. Then, in the part of the level at a depth
of 7.100–6.700 m (13,450–13,300 cal14C BP), the di a gram
shows a still-open land scape, where sin gle pines, birch, larch
(Larix) and pop lars (Populus) grew. In the pre vail ing open, very
sunny ar eas, grass lands with Helianthemum de vel oped. Tun -
dra thick ets with Betula nana, Selaginella selaginoides, S.
helvetica and Ranunculus sceleratus also de vel oped in moist
hab i tats. 

A sim i lar eco log i cal ex pres sion is seen in the malacological
anal y sis re sults. In the lower part of the pro file at depths
<7.500 m, the malacofaunal re mains ex am ined within the six
sam ples were clas si fied into a Valvata as sem blage (Figs. 10
and 11), char ac ter ized by sig nif i cant spe cies di ver sity. Cold- lov -
ing aqua tic taxa (Pisidium obtusale laponicum and Pisidium
lillie borgi) have a dom i nant role here. They are ac com pa nied by 
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T a  b l e  6

De scrip tion of lo cal Chironomidae as sem blage zones (LChAZ) in the Smólsk SMO2 pro file

Depth [m]
Name

LChAZ
De scrip tion

8.275–6.100 Ch1

The zone re veals a sub stan tial share of cold oligotrophic taxa (i.e. Micropsectra contracta-type) and taxa typ i cal to
springs and flow ing wa ters (i.e. Simuliidae, Rheotanytarsus, Paraphaenocladius-type). The to tal num ber of
hc/sam ple ranges from 0 to 104 hc/sam ple (mean 17 hc/sam ple) but the ac cu mu la tion of subfossils is gen er ally
low and has high val ues only in sam ples 7.750, 7.550–7.475, and 6.550 m.

6.100–5.475 Ch2 There is a thin layer with very low subfossil ac cu mu la tion (mean 3hc/sam ple) reach ing 10 hc only in one (6.000 m)
sam ple. Chironomus spp. dom i nate.

5.475–4.100 Ch3

This zone re veals a dom i na tion of warm-stenothermic eutrophic (Chironomus spp., Dicrotendipes spp., Crico -
topus spp.) and phytophile taxa (Glyptotendipes spp., Endochironomus spp., Paratanytarsus penicillatus-type).
There are also abun dant mesotrophic Psectrocladius spp. The ac cu mu la tion of hc is high, rang ing from 3 hc/sam -
ple to 123 hc/sam ple (mean 48 hc/sam ple). Cold oligotrophic taxa ap pear briefly be tween 5.350 and 4.900 m.

4.100–3.575 Ch4
This zone has a sim i lar tax o nomic com po si tion to Ch3, but many chi rono mid phytophile taxa de cline, be ing re -
placed by Ceratopogonidae. The share of Tanytarsini in creases. The ac cu mu la tion of subfossils is high, rang ing
from 14 hc/sam ple to 405 hc/sam ple (mean 70 hc/sam ple).
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spe cies with high eco log i cal tol er ance, both hab i tat-re lated and
ther mal (Valvata cristata, V. macrostoma, Ra dix balthica). This
as sem blage re flects a shal low wa ter body, prob a bly with a
sandy bot tom and not very lush veg e ta tion. The rel a tively abun -
dant oc cur rence of tem po rary wa ter body spe cies may in di cate
brief ep i sodes of drain age. The spe cies com po si tion and age
de ter mi na tions of the de pos its con tain ing the fauna in ques tion
in di cate its as so ci a tion with the Late Gla cial pe riod. Sim i lar
malacocoenoses, of sim i lar age, have been de scribed from
many palaeolake sites in the Eu ro pean Low lands (Alexandro -
wicz, 1989, 1999, 2013; Griffiths et al., 1994; Wojciechowski,
1999; Apolinarska and Ciszewska, 2006; Sanko et al., 2010;
Georgopoulou et al., 2016). 

The plant macroremain anal y sis also shows that pine was
an im por tant el e ment in the land scape, and played a large role
in shap ing the com po si tion of veg e ta tion in the stud ied area in
ter res trial hab i tats. This is seen from the large share of pine
nee dles and bud scales, es pe cially in the Sm-10 LMAZ zone
(6.775–6.575 m; 13,350–13,250 cal14C BP). Around the ba sin
there per sisted peat bogs with brown mosses, Carex fusca,
Eleocharis palustris, Lycopus europaeus and reed beds, which
in cluded Typha sp. and Phragmites aus tra lis. Among the
macro phytes there were still Batrachium sp. and Potamogeton
natans. In the Sm-11 LMAZ (6.575–5.350 m; 13,250–12,850
cal14C BP) ho ri zon the share of ephippia of Daph nia sp. also in -
creases. The Characeae al most com pletely with drew from the
ba sin wa ters, which may have been as so ci ated with both in -
creased shad ing and de creased wa ter pH caused by the pres -
ence of Pinus sylvestris. In the youn ger part, at a depth of
6.500–5.750 m (13,200–12,950 cal14C BP), veg e ta tion de vel -
oped sim i larly as in the ear lier pe riod; among the her ba ceous
plants, ferns (Dryopteris) were lo cally de vel oped. Tun dra hab i -
tats were still pres ent. In open and dry ar eas, light-de mand ing

Ar te mi sia and Chenopodiaceae grew, and in wet lo ca tions
Filipendula. Reed and aquatic plants found less space to de -
velop. Per haps the en vi ron men tal con di tions were calmer, as
in di cated by fewer de stroyed (in de ter min able: cor roded and in -
de ter min able: de graded) and re de pos ited (rebedded) sporo -
morphs and dinocysts (Dinoflagellatae). Ini tially, at this depth
range, there were no dis tinct changes in the re cord of plant
macroremains. Betula nana and B. humilis were still pres ent in
wet hab i tats, and the her ba ceous veg e ta tion in cluded Urtica
dioica. How ever, a change oc curred in the com po si tion of
aquatic veg e ta tion, where her ba ceous plants with higher ther -
mal re quire ments ap peared, such as Najas ma rina, Nymphaea
alba and Nuphar lutea. This is also in di cated by an in crease in
the share of Characeae oo spores and macrophytes such as
Potamo geton natans, P. marginatus, Potamogeton sp., Myrio -
phyllum sp. and Sparganium min i mum. At the top of the zone,
the share of plant re mains clearly de creased in all eco log i cal
groups, and the dom i nant spe cies were ephippia of clado -
cerans, Daph nia sp. High Daph nia val ues may in di cate cool,
stress ful en vi ron men tal con di tions, but also wa ters rich in cal -
cium car bon ate.

In zones V LCAZ–VIII LCAZ (depth 7.500–5.300 m;
13,550–12,800 cal14C BP; Fig. 7), the fre quency and di ver sity of 
Cladocera in cludes large num bers of ben thic taxa, of which a
few are im por tant in di ca tors of eutrophic wa ter (Coronatella
rectangula, Chydorus sphaericus s.l. and Bosmina longirostris)
and rich veg e ta tion in this part of lake (Biapertura affinis, Alona
guttata, Graptoleberis testudinaria, Pleuroxus sp.). The oc cur -
rence of these taxa in di cates rel a tively warm and meso-/eutro -
phic con di tions. How ever, most of these taxa dis ap pear at the
end of this phase, which sug gests a de crease in wa ter level, an
in crease in macrovegetation and rel a tively shal low con di tions
and/or inwash of sed i ment to the lake. The pres ence of taxa of
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T a  b l e  7

Com po si tion of malacofauna at the Smólsk SMO2 site

Eco log i -
cal 

groups of
molluscs

Taxon

Group of sam ples

1 2 3 4 5 6 7 8 9 10 11 12

Depth [m]

8.800–
8.750

8.750–
8.550

7.900–
7.800

7.800–
7.700

7.700–
7.600

7.600–
7.500

5.100–
4.900

4.900–
4.500

4.900–
4.250

4.250–
3.800

3.800–
3.500

3.500–
3.400

H Succinea putris 1 2 1 2

WT Valvata cristata 19 11 15 9 10 9

WT
Valvata

macrostoma 15 26 9 9 11 11

WT Galba truncatula 1 10 9 8 13 5

WT Planorbis planorbis 1 7

WT Segmentina nitida 8 3 1 1

WT
Pisidium obtusale

laponicum 18 22 25 19 22 27 19 10 2

WS Valvata piscinalis 13 10 5 6 7 7

WS Ra dix balthica 10 11 14 10 13 3 6 3 7 5 2

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

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

WS
Sphaerium
corneum 1 1 14 13 8 12

WS Pisidium lillieborgi 6 4 11 7 2

To tal spe cies 10 10 12 11 10 12 8 6 5 5 4 4

To tal spec i mens 122 119 191 155 156 130 113 109 103 109 115 160

For ex pla na tions see Fig ure 10



the Bosminidae (Eubosmina sp.) and Daphniidae (Simo ce -
phalus sp. and Daph nia pulex-group) sug gests de vel op ment of
open-wa ter con di tions. How ever, D. pulex oc curs in a wide
range of aquatic hab i tats, es pe cially in small, shaded pools rich
in macrovegetation and nu tri ents.

From the depth in ter val of 5.700–5.400 m (12,950–12,850
cal14C BP), the veg e ta tion re cord changes grad u ally. Among
the veg e ta tion there were more ha zel bushes (Corylus avel -
lana). There was con tin u ally an open land scape where light-de -
mand ing pop lars (Populus) found fa vour able, suit able con di -
tions for de vel op ment. In damp hab i tats there grew foregrip
(Selaginella selaginoides), por cu pines and cat tails (Sparga -
nium t. and Typha latifolia), while al der (Alnus) in creased its
area. In the wa ters, Pediastrum al gae once again found good
con di tions for de vel op ment. The en vi ron men tal con di tions
were less sta ble, as the stud ied part of the core again con tained 
sig nif i cantly more de stroyed (in de ter min able: cor roded, de -
graded) sporo morphs, re de pos ited spe cies in cluded in one cat -
e gory rebed ded, as well as Taxus baccata from redeposition
(Krupiñski et al., 2004b; Noryœkiewicz, 2006), as well as Ilex,
Vitis and Lonicera periclymenum. At the top of the Sm-11 LMAZ 
zone (6.575–5.350 m; 1325–12850 cal14C BP), plant macro -
remains were scarce, es pe cially in the group of trees and
shrubs. Birch and pine al most com pletely dis ap peared from the 
res er voir catch ment, while the re mains of Betula nana and
Juniperus com munis show that veg e ta tion typ i cal of a bo real
cli mate still grew on the banks. The rapid in crease in the share
of plant re mains at the bound ary with the Sm-12 LMAZ zone
shows the dis con ti nu ity of sed i men ta tion.

Most di a toms were typ i cally aquatic spe cies, e.g., Stauro -
sira construens, Geisslera schoenfeldii, Navicula vulpina. The
oc cur rence of these taxa also in di cates meso-eutraphentic
con di tions and ver ti cal mix ing in the wa ter col umn. The fre -
quency of di a toms also in creases, which may in di cate an im -
prove ment in en vi ron men tal con di tions. There were also epo -
ntic and ben thic taxa, e.g., Staurosira brevistriata, Staurosirella
pinnata, Mastogloia smithii. These oc cur in low-wa ter-level
lakes. An other lack of di a toms was ob served at a depth of
5.7550–5.570 m (~12,950 cal14C BP). With the dis ap pear ance
of di a toms at that level, CaCO3 and terrigenous sil ica con cen -
tra tion in creased (Fig. 3). 

In sum mary, both the pol len level SMO2 1 Betula nana-
Juniperus-Ar te mi sia LPAZ and the re gional veg e ta tion char ac -
ter re corded in it, as well as the lo cal veg e ta tion re cord with the
con tin u ous pres ence of cool cli mate in di ca tors such as Betula
nana, Selaginella selaginoides and Potamogeton alpi nus de -
scribe the veg e ta tion as so ci ated with the Youn ger Dryas sta -
dial. The na ture of the veg e ta tion dur ing this pe riod in Smólsk
cor re sponds to the Betula nana-Juiperus-Ar te mi sia LPAZ ho ri -
zons iso lated south-west of the site stud ied in Kujawy, in the
area of Os³onki (Nalepka, 2005, 2008). At the Smólsk site, sed i -
men ta tion was dis con tin u ous and, due to the hi a tus, there is no
re cord of a tran si tion from the Late Gla cial to the Ho lo cene. At
this level in the lithological pro file there is a sharp change from
blue-grey gyttja to fine de tri tus gyttja, grey- green to brown,
slightly lam i nated. 

HOLOCENE

SMO2 2 CORYLUS-BETULA LPAZ

(11,100–9,900 cal14C BP) 

There were clear changes in the veg e ta tion pat tern. Sun lit
pine for ests (Pinus sylvestris) de vel oped, with the par tic i pa tion

of birch trees (Betula undiff.) as a com po nent. Ha zel bushes de -
vel oped in unshadowed places, on the edges of over ex posed
for ests and in clear ings. In the area stud ied, a few elms (Ulmus)
ap peared, or their pol len blew in with the pol len rain from the
nearby area, where elms could al ready find suit able con di tions
for de vel op ment. Small ar eas were still oc cu pied by damp tun -
dra thick ets with Betula nana. Prob a bly there were worse con di -
tions than be fore for sedges and reed swamps. Al ders (Alnus)
grew more and more dis tinctly in damp hab i tats. In the youn ger
part of the level, spruce (Picea abies) and de cid u ous trees with
higher ther mal re quire ments, in clud ing oak (Quercus) and lime
(Tilia), ap peared as for est com po nents. In sum mary, open pine
and birch for ests with ha zel were ex pand ing. The area where
her ba ceous plants grew was de creas ing. In the Sm-12 LMAZ
zone (5.350–5.125 m; be tween 11,100 and 10,700 cal14C BP),
the re cord of lo cal veg e ta tion de vel op ment changed sub stan -
tially in re la tion to the pre vi ous zone. Birch-pine for ests dom i -
nated di rectly around the ba sin, as in di cated by high val ues of
Pinus sylvestris and Betula sect. albae re mains with the pres -
ence of Populus tremula and sparse Betula nana re mains. The
lat ter in di cate that at the be gin ning of the Ho lo cene, in the
pre-Bo real phase, patches of tun dra veg e ta tion still re mained.
Sig nif i cant changes be gan to oc cur in the com po si tion of aqua -
tic and reed veg e ta tion, where com mu ni ties of Najas ma rina,
Ceratophyllum demersum, Potamogeton natans and Nym -
phaea alba gained in creas ing im por tance. At the bot tom of the
Sm-13 LMAZ zone (5.125–4.250 m; 10,750–9950 cal14C  BP),
a clear im prove ment in cli ma tic con di tions is in di cated by the
ap pear ance of Ceratophyllum submersum, and Nymphoides
peltata, which oc curs most fre quently in eutrophic wa ters at a
depth of 1.0–1.5 m (Van der Velder et al., 1979). The area oc cu -
pied by rush veg e ta tion, mainly Phragmites aus tra lis and Typha
sp., prob a bly in creased. This was likely as so ci ated with a de -
crease in the wa ter level in the ba sin and pro gress ing eutro -
phication in it. At the end of this phase, the ba sin prob a bly deep -
ened at the top of the Sm-13 zone and the for est com mu ni ties
moved away from the ba sin shores. Such con di tions are also in -
di cated by a brief in crease in the share of Daph nia in this zone. 

SMO2 3 CORYLUS-QUERCUS-POACEAE LPAZ

(9,900–9,000 cal14C BP) 

The de vel op ing pine for ests with the par tic i pa tion of oak
(Quercus), elm (Ulmus), lime (Tilia) and spruce (Picea abies)
and the ap pear ance of lime (Tilia) and ha zel (Corylus avellana)
oc cu pied in creas ingly larger ar eas. The share of tree birches
grad u ally de creased. Dry, open grass land hab i tats re mained in
de creas ing ar eas, where grasses (Poaceae) and mug worts
(Ar te mi sia) grew, among oth ers. The re cord of plant macro -
remains in the Sm-14 LMAZ zone (4.250–3.850 m; 9950–9500
cal14C BP) sig nals an other change in lo cal en vi ron men tal con -
di tions, which in di cates a grad ual de crease in wa ter level and
an in crease in the share of rush and boggy hab i tats. The dom i -
nance of Characeae oo spores and a higher share of nitro -
philous taxa such as Urtica dioica and Ranunculus sceleratus
from wet hab i tats on the shores of the ba sin, re corded in the
Sm-15 LMAZ zone (3.850–3.550 m; 9500–9100 cal14C BP), in -
di cate that the en vi ron ment be came more eutrophic. 

There are vis i ble changes in ben thic cladoceran taxa fre -
quency (and the fre quency of their fluc tu a tions) in the IX LCAZ
(depth 5.300–3.800 m; 11,000–9,500 cal14C BP) and X LCAZ
(depth: 3.800–3.600 m; 9,500–9,000 cal14C BP) phases. Four
taxa, Graptoleberis testudinaria, Biapertura affinis, Chydorus
sphaericus s.l. and Coronatella rectangula, were dom i nant. Al -
though most of these taxa have very high adap tive abil i ties, they 
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mostly in habit shal low lakes with warm wa ters con tain ing humic 
sub stances (e.g., af ter terrestralisation) as well as in creas ing
macrovegetation. Ad di tion ally, re peated colo nis ation of pe lagic
Cladocera as sem blages in the time rep re sented by this part of
the core stud ied may in di cate pe ri odic rises in wa ter level in the
lake. Also, the di a tom spe cies com po si tion re flects changes in
en vi ron men tal con di tions. Plank tonic di a toms in creased dur ing
the Preboreal/Bo real tran si tion and the Bo real. This in di cates
changes in en vi ron men tal vari ables (e.g., rise of tem per a ture)
and a slight in crease in wa ter level (Ga³ka et al., 2015). How -
ever, the di a toms oc curred in a wide range of life forms: eu -
planktonic, tychoplanktonic, epontic and ben thic spe cies. The
di a toms were also dom i nated by oc ca sion ally aero philic and
aquatic to aerophilic spe cies with de creases in aqua tic spe cies. 
The oc cur rence of spe cies such as Aulacoseira granulata,
Halamphora veneta, Cymbella affinis, Epithemia so rex,
Nitzschia amphibia, Rhopalodia gibba and Stephanodiscus
hantzschii may in di cate pro gress ing eutrophication of the lake. 
The sec ond mol lusc as sem blage rec og nized, with Gyraulus
laevis, oc curs in the in ter val 5.100–3.400 m (Figs. 10 and 11)
and com prises 6 spec i mens, with low spe cies di ver sity and
abun dant Gyraulus laevis (this form ac counts for all spec i mens
rec og nized in the up per in ter val of the pro file). It is sup ple -
mented by taxa with high eco log i cal tol er ance, and the sparse
oc cur rence of molluscs typ i cal of pe ri odic wa ter bod ies. The
fauna de scribe char ac ter izes a small, shal low body of per ma -
nent wa ter. The re sults of ra dio car bon dat ing in di cate that the
as sem blage in ques tion is re lated to the Early Ho lo cene. Mol -
lusc as sem blages of sim i lar com po si tion and age have been de -
scribed from nu mer ous palaeochannel fills in the Eu ro pean
Low lands (Alexan dro wicz, 1989, 1999, 2013; Griffiths et al.,
1994; Wojcie chowski, 1999; Apolinarska and Ciszewska, 2006;
Sanko et al., 2010; Georgopoulou et al., 2016; Ga³ka et al.,
2019).

In the sec tion of the SMO2 pro file ana lysed in Smólsk,
which in cludes an in ter val of 5.350–3.550 m (11,100–9,100
cal14C BP), palaeoenvironmental changes rep re sent ing the
tran si tion from the Preboreal to the Bo real phase of the Early
Ho lo cene were re corded. The im prove ment of both ther mal
con di tions and the pro gres sive eutrophication of the palaeolake 
are doc u mented by the changes re corded in the Corylus -
-Quercus - Poaceae phase (SMO2 3 LPAZ) and the cor re spon -
d ing zones of plant macrofossils (Sm-12–Sm-15 LMAZ), di a -
tom (D4 zone), Cladocera (IX LCAZ and X LCAZ zones),
Chironomidae (Ch 3 and Ch 4 zones) and the mol lusc as sem -
blage with Gyraulus laevis (Fig. 12). 

CHIRONOMIDAE MEAN JULY AIR TEMPERATURE
RECONSTRUCTION

The Chironomidae mean July air tem per a ture East Eu ro -
pean TS re con struc tion val ues range from 15.5 (3.900 m) to
18.9°C (4.985 m, 4.350 m) (Fig. 9). The Swiss-Nor we gian-Pol -
ish TS re con struc tion val ues vary from 16.1 (7.850 m) to 20.9°C 
(4.800 m). Gen er ally, the SNP TS re con struc tion gives higher
val ues for the early Greenlandian then the Late Gla cial and the
EE TS gives sim i lar val ues for both pe ri ods. In the Late Gla cial
(7.850–5.315 m) sec tion the EE TS tem per a ture var ies be -
tween 15.8 and 18.7°C and SNP TS tem per a ture var ies be -
tween 16.1 and 19.4°C. Both re con struc tions give, in the Late
Gla cial, lower sum mer tem per a tures at 7.850–7.665 m
(13,650–13,600 cal14C  BP), 7.335–6.825 m (13,500–13,350
cal14C BP), and 5.435 m (13,100 cal14C BP). In the
Greenlandian (5.275–3.575 m) EE TS tem per a ture var ies be -
tween 15.5 and 18.9°C and SNP TS tem per a ture var ies be -
tween 16.7 and 20.9°C. Both TSs re con struc tions show a cool

os cil la tion at 4.275–3.865 m (10,100–9,600 cal14C  BP) when
tem per a ture dropped to 15.5 (EE TS)/16.9°C (SNP TS).

The EE TS re con struc tion re veals a com mon trend with that 
of the the DCA Ax2 val ues. The SNP TS also has sim i lar trend
to the DCA Ax2 vari a tion but the sim i lar ity is less clear then be -
tween the Ax 2 and EE TS re con struc tions (Fig. 9). On the other 
hand, the SNP TS re con struc tion has closer mod ern an a -
logues, es pe cially in the Greenlandian sec tion, than the EE TS
re con struc tion. Both re con struc tions have weaker mod ern an a -
logues in the Late Gla cial sec tion then in the Greenlandian sec -
tion. The EE TS re con struc tion re veals very good mod ern an a -
logues (minDC <2 per cen tile; minDC <7.24578) for one sam ple
and good mod ern an a logues (2 per cen tile<minDC<5 per cen -
tile; 7.24578<minDC<8.50537) for 13 sam ples mostly dis trib -
uted in the Greenlandian sec tion. The EE TS mod ern an a -
logues are mod er ate (5 per cen tile<minDC<10 per cen tile;
8.50537<minDC<9.75318) for 23 sam ples and poor mod ern
an a logues (10 per cen tile< minDC; 9.75318< minDC) are re -
corded for 29 sam ples, mostly dis trib uted in the Late Gla cial
sec tion. The SNP TS re con struc tion re veals very good mod ern
an a logues (minDC <2 per cen tile; minDC <6.98983) for 26 sam -
ples and good mod ern an a logues (2 per cen tile<minDC<5 per -
cen tile; 6.98983<minDC<8.57757) for 30 sam ples, all from the
Greenlandian sec tion and sev eral from the Late Gla cial sec tion. 
The SNP TS mod ern an a logues are mod er ate (5 per cen tile
<minDC<10 per cen tile; 8.57757<minDC<10.0564) for 4 sam -
ples and poor (10 per cen tile< minDC; 10.0564< minDC) for 6
sam ples, only in the Late Gla cial sec tion. 

CLIMATE CHANGES 

The Chironomidae in ferred mean July air tem per a tures
have a sim i lar range in both re con struc tions (us ing EE TS and
SNP TS). The SNP TS gives higher val ues for the Greenlan -
dian, but gen er ally, both re con struc tions re veal high sum mer
tem per a tures, com pa ra ble with the pres ent val ues from the
20th and 21st cen tury. The DCA Ax2 also does not show any
dis tinct change in the com mu nity com po si tion from the Ho lo -
cene on set. The only dif fer ence is a higher share of reophile
taxa in the Late Gla cial. This sug gests a spring- or stream-wa ter 
sup ply to the lake, though these taxa also pre fer lower tem per a -
tures and the colder cli mate might fa vour their pres ence in the
lake ba sin and catch ment (Antczak-Orlewska et al., 2021,
2023). Even though the re con structed tem per a tures and com -
mu nity com po si tions in the Greenlandian are not much dif fer ent 
from those of the Late Gla cial, the chi rono mid abun dance stron -
gly in creases from the Ho lo cene on set as also re flected by DCA 
Ax1. This in di cates that dur ing the Late Gla cial lo cal con di tions
were un fa vour able for chi rono mids. This might come from
colder cli mate man i fested as lower win ter tem per a tures, win -
ter-sum mer ther mal con trast and lower pre cip i ta tion, but not
only the mean July air tem per a ture (Engels et al., 2014; Schenk 
et al., 2020; P³óciennik et al., 2022). Also, lo cal con di tions in the
lake (rapid sed i men ta tion) neg a tively in flu enced Chironomidae
pop u la tions in the Late Gla cial.

The Chironomidae-in ferred re con struc tions do not in di cate
a strong sum mer tem per a ture dif fer ence be tween the Late Gla -
cial and Early Ho lo cene in ter vals but clearly show two cool os -
cil la tions at 13,500–13,350 cal14C BP and 10,100–9,60 cal14C
BP. The first co in cides with the 2GI-1c cool os cil la tion ac cord -
ing to Lowe et al. (2008) and Ammann et al. (2013). The Smólsk 
tem per a ture de creased by 2°C (EE TS)/3°C (SNP TS) which is
con sis tent with other re cords in Eu rope (Van Asch et al., 2012;
Brooks et al., 2012; Pauly, 2022). The early GI-1c in Smólsk is
also man i fested by low Chironomidae abun dances. This can
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come from cli mate cool ing but also wa ter level de crease in the
lake as in ferred for this time in west Eu ro pean lakes (Magny,
2001; Kai ser et al., 2012). 

The DCA Ax1 il lus trates an in crease in Chironomidae and
Ceratopogonidae abun dance since the be gin ning of the Ho lo -
cene. This is a re ac tion of these com mu ni ties to im prov ing
con di tions in the lake and in re gional cli mate. The pe riod of
10,500–9,000 cal14C BP was a time of pro nounced tem per a -
ture in crease in north ern lat i tudes (Van der Bilt et al., 2019)
though there was a suc ces sion of cold Bo real os cil la tions dur -
ing that time in Eu rope (~10,200–9,300 cal14C BP) (Joannin et 
al., 2013). The Smólsk palaeorecord re veals 10,100–9,600
cal14C  BP sum mer tem per a ture cool ing in a se ries of 10
Chiro nomidae sam ples, which are rich in hc and rep re sented
by di verse com mu ni ties. This is also re flected in the DCA Ax2
shift. SNP TS tem per a ture re cords have, for this event, only
very good and good mod ern an a logues. This event cor re lates
with Lake Agassiz out burst phase (Lewis and An der son, 1989; 
Fisher and Smith, 1994; Teller, 2001; Young et al., 2021).
Whereas the ear lier Preboreal Os cil la tion was re ported from
the nearby Pom er a nian Lakeland (Kramkowski et al., 2023),
the Bo real Os cil la tion was not pre vi ously re ported from Po land 
with quan ti ta tive tem per a ture re con struc tions, mostly due to
the low res o lu tion of the ear lier palaeorecords (Kaufman et al., 
2020). The stron ger Preboreal Os cil la tion is not seen in the
Smólsk Chiro no midae palaeotemperature re con struc tions in
con trast to the weaker Bo real Os cil la tion, due to the hi a tus in
sed i men ta tion at 11,700–11,000 cal14C BP in the Smólsk re -
cord. 

CONCLUSIONS

Palynological anal y sis has re vealed the veg e ta tion suc ces -
sion of the Late Gla cial (old est spec tra from the depths of 9.00
and 8.900 m) and the Youn ger Dryas stage (Betula nana-
Juniperus-Ar te mi sia LPAZ) and the Early Ho lo cene parts of the
Preboreal and Bo real phases (Corylus-Ulmus LPAZ). Due to
the pres ence of gaps in the geoarchive ana lysed, the pol len
zones dis tin guished are only broadly rep re sen ta tive. The de -
scrip tion of the veg e ta tion is gen er al ized, but it is con sis tent
with those from neigh bour ing re gions (Nalepka, 2005 and ear -
lier lit er a ture therein; and the syn the ses of Ralska- Jasie wi -
czowa and Lata³owa, 1996; Ralska-Jasiewiczowa et al., 2004).

The veg e ta tion de scribed trans formed from the Late Gla cial 
open land scape, where light-de mand ing her ba ceous plants
grew in moist and dry hab i tats. In moist ar eas, tun dra thick ets
de vel oped. Sin gle pi o neer trees, also un de mand ing in terms of
soil rich ness (pine, birch, larch, pop lar), grad u ally en tered dry
ar eas. Then, at the be gin ning of the Ho lo cene, sparse for ests
with pine and birch de vel oped. In this last in ter val, rep re sent ing
the tran si tion from the Preboreal to the Bo real phase, ter res trial
veg e ta tion in the vi cin ity of the ba sin was dom i nated by trees; in
the ar eas around the ba sin, pine-birch for ests de vel oped, with
in creas ing amounts of de cid u ous trees (Ulmus, Quercus, Tilia)
and shrubs (Corylus) with higher ther mal re quire ments. 

The lo cal veg e ta tion of the palaeolake un der went nu mer ous 
cy cli cal changes. Dur ing the Youn ger Dryas, the sparse veg e -
ta tion on the shores of the lake failed to in hibit the sup ply of
terrigenous ma te rial from the slopes, so the de vel op ment of fen
mead ows, Potamion-type com mu ni ties and sedges de vel op ing
on the banks of the thresh ers was in ter rupted sev eral times
(Matuszkiewicz, 2008). Dur ing the Youn ger Dryas, Selaginella
selaginoides and Betaula nana were com monly found in
wetlands through out the Youn ger Dryas. In the Ho lo cene, there
was a grad ual eutrophication of the lake wa ters, and the de vel -
op ment of a reed belt. Sed i men ta tion be came qui es cent, and
ep i sodes of terrigenous ma te rial de liv ery ceased.

The cladoceran and di a tom as sem blages show three ap -
par ent phases in the de vel op ment of the Smólsk Lake. The first
phase, dated to 13,850–13,500 cal14C BP, is char ac ter ized by
the pres ence of pi o neer ing, cold-tol er ant crus ta cean taxa and
may in di cate the de vel op ment of cold, tur bu lent wa ter con di -
tions or an in flux of siliciclastic sed i ment into the lake. The sec -
ond phase of the Smólsk lake’s de vel op ment, in the pe riod
13,500–12,800 cal14C BP, was char ac ter ized by the de vel op -
ment of meso-/eutrophic con di tions in the lake with a well-de -
vel oped lit to ral zone and rich macrophyte veg e ta tion. The third
phase, as so ci ated with the Early Ho lo cene, re cords the pres -
ence of shal low lakes with warm wa ter, con tain ing humic sub -
stances (e.g., af ter terrestralisation), as well as in creas ing
macro vegetation, with pe ri odic fluc tu a tions in wa ter level.

The DCA Ax1 il lus trates the in crease of Chironomidae and
Ceratopogonidae abun dance since the be gin ning of the Ho lo -
cene. The Smólsk palaeorecord re veals 10,100–9,600 cal14C
BP sum mer tem per a ture cool ing in a se ries of 10 Chironomidae 
sam ples, which are reach in hc and rep re sented by di verse
com mu ni ties. This is also re flected in the DCA Ax2 shift. The
SNP TS tem per a ture re cords have for this event only very good
and good mod ern an a logues. This event cor re lates with the
Agassiz Lake out burst phase. 

The mol lusc fauna ana lysed rep re sents the Late Gla cial
and Early Ho lo cene. How ever, the se quence is not con tin u ous.
As so ci ated with the Late Gla cial is the pres ence of an as sem -
blage of Valvata, which in di cates a shal low wa ter body. Its func -
tion ing may have been in ter rupted by short pe ri ods of dry ing
out. The abun dance of spe cies with low ther mal re quire ments
in di cates a cold cli mate. In the higher in ter val, an as sem blage
char ac ter ized by the dom i nance of Gyraulus laevis ap pears. At
the same time, cold-lov ing spe cies typ i cal of the Late Gla cial
dis ap pear. This fauna in hab ited a shal low, per ma nent body of
wa ter and rep re sents the Early Ho lo cene. 
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