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3. Streszczenie

Torfowiska osuwiskowe to rodzaj minerogenicznych torfowisk gorskich, ktore
rozwijaja si¢ w zaglebieniach osuwiskowych. W poroéwnaniu do torfowisk zlokalizowanych na
obszarach nizinnych, charakteryzuja si¢ one wigksza dynamika rezimu hydrologicznego oraz
czestsza dostawg materialu minerogenicznego do basenu sedymentacyjnego. Dzigki takim
uwarunkowaniom, w osadach torfowisk, jak rdwniez jezior osuwiskowych, w sposéb bardzo
szczegotowy zostaly zarejestrowane zmiany paleoklimatu i paleosrodowiska pdznego glacjatu
1 holocenu. Dwa torfowiska osuwiskowe, Koton i Klaklowo w Beskidzie Makowskim (Karpaty
zachodnie), sa szczegolnie interesujgce wlasnie ze wzgledu na unikatowe sekwencje rzadko
udokumentowanych osadow poznoglacjalnych 1 holocefiskich o duzych migzszosciach. Celem
badan osadow tych torfowisk osuwiskowych bylo: i) porownanie zapisu poznoglacjalnych i
holocenskich zmian klimatycznych z uwzglednieniem wptywu zréznicowanego usytuowania
topograficznego tych stanowisk, ii) okreslenie zmian w sktadzie makroszczatkéw roslin w
obrgbie dwoch profili, pobranych z réznych stref tego samego torfowiska, iii) okreslenie
lokalnych i regionalnych zmian roslinno$ci w starszym dryasie. Dodatkowo, celem pracy
doktorskiej bylo: iv) zweryfikowanie wystepowania w poznym glacjale refugiéw roslin
termofilnych na obszarze osuwiska Koton oraz v) identyfikacja poziomoéow tefry (pylu
wulkanicznego), zwigzanych z erupcjami wulkandw w pdznym glacjale na terenie Europy.

Rdzenie glowne osadow torfowiskowych pobrano w miejscach o najwigkszej
migzszosci osadow, 500 1 367 cm, odpowiednio dla torfowiska Koton i1 Klaklowo. Pobrano
réwniez po dwa rdzenie boczne ze stref marginalnych zaglebien osuwiskowych (rdzefn boczny
Klaklowo B1 i B2 oraz rdzen boczny Koton B1 i B2). Rdzenie osadow nastepnie oprobowano
1 pozyskany materiatl poddano analizie makroszczatkow ros$lin, analizie pytkowej, datowaniu
radioweglowemu, analizie strat prazenia, uziarnienia 1 geochemiczne;.

W badaniach wykazano, Zze (z pewnymi odstgpstwami) ekspansja i/lub zanik
dominujacych taksondéw roslin (Pinus, Betula sect. Albae, Carex, Bryopsida) oraz zmiany w
dostawie materii minerogenicznej spowodowane globalnymi zmianami klimatycznymi (wg
chronologii absolutnej rdzeni Grenlandii): ociepleniem alleradu (GI-la—c, 13 90412 846 lat
BP), ochtodzeniem mtodszego dryasu (GS-1, 12 846—11 653 lat BP) i ociepleniem holocenskim
(<11 653 lat BP), nastgpowaly w przyblizeniu w tym samym czasie na torfowiskach
osuwiskowych Klaklowo 1 Koton 1 nie byly uwarunkowane ekspozycja i/lub wysokoscia
polozenia torfowisk. Z drugiej strony, w czasie trwania krotszych oscylacji klimatycznych,
ochtodzenia Gerzensee (GI-1b, 13 261-13 049 lat BP) i chtodnej oscylacji preborealnej (ok.

11 400-11 100 lat cal BP), zaobserwowano znacznie wyrazniejszy zapis litologiczny
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(wzmozona dostawa materialu minerogenicznego) w obrebie torfowiska Klaklowo, niz w
przypadku sekwencji osadowej stanowiska Koton, co mogto wynika¢ z charakterystyki zlewni
torfowiska Klaklowo, w tym jej powierzchni, ksztattu, morfologii stoku, geologii podtoza
skalnego 1 specyficznych lokalnych form rzezby terenu.

W przypadku obydwu stanowisk, stwierdzono, iz profile gldéwne osadow pobrane w
centralnej czg$ci torfowisk sa nie tylko reprezentatywne dla calego zbiornika
sedymentacyjnego, ale tez pozwalajg (w zwigzku z wickszg migzszoscig osadow) odtworzy¢
wiecej etapow rozwoju torfowiska o wyrazniej sprecyzowanych granicach w stosunku do
rdzeni bocznych Klaklowo B1 i Koton B1 nawierconych w strefach marginalnych torfowisk.

Oscylacja klimatyczna starszego dryasu (GI-1d, 14 025-13 904 lat BP), zwigzana z
oddziatywaniem zimnego i suchego klimatu kontynentalnego, w sekwencjach osadowych
zardwno Kotonia jak i1 Klaklowa reprezentowana jest przez zespoly makroszczatkow roslin,
wskazujace na wystepowanie stepo-tundry i panowanie arktyczno/alpejskich warunkéw
klimatycznych. W przypadku lokalnych zmian roslinnos$ci i paleohydrologicznych, oscylacja
klimatyczna GI-1d/starszego dryasu zostata zarejestrowana podobnie w obydwu stanowiskach,
jako wyptycenie istniejacych paleo-zbiornikéw wodnych.

W oparciu o wyniki analiz palinologicznych wykonanych dla profili gléwnych i
bocznych wykazano, iz pytek roslin termofilnych (Corylus, Ulmus, Quercus, Tilia, Carpinus
betulus) w pdznoglacjalnych sekwencjach osadow torfowisk Koton 1 Klaklowo jest
redeponowany ze starszych pokryw stokowych. Rowniez w zapisie makroszczatkdw roslin nie
stwierdzono obecnos$ci nasion, owocoéw lub czgsci wegetatywnych roslin, wskazujacych na
lokalne wystepowanie tych taksondéw. Hipoteza o wystgpowaniu refugiow roslin cieptolubnych
na stanowisku Koton w pdznym glacjale nie zostala zatem potwierdzona biezacymi wynikami
badan.

W przedzialach glebokosci wytypowanych (na podstawie wieku modelowanego) do
analizy potencjalnych horyzontow tefry Neapolitan Yellow Tuff (NYT) oraz Laacher See
Tephra (LST), zarbwno w przypadku stanowiska Klaklowo jak 1 Koton stwierdzono
wystgpowanie licznych ziaren posiadajagcych cechy tefry, jednakze konieczne jest
przeprowadzenie szczegotowych analiz geochemicznych, aby potwierdzi¢ ich pochodzenie z
poszczegdlnych erupcji: NYT 1 LST.

Wyniki przeprowadzonych badan stanowig znaczacy wktad w stan wiedzy o lokalnych
1 regionalnych zmianach szaty ro$linnej, chronostratygrafii i klimatostratygrafii pdznego
glacjatu oraz dajg solidne podstawy do dalszych bardziej szczegotowych badan typu multi-

proxy osadow torfowisk osuwiskowych w Karpatach zachodnich.
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4. Summary

Landslide fens are a type of mountain minerogenic mires that develop in landslide
depressions. Comparing to the typical lowland mires they are characterized by a more variable
hydrological regime and a greater dynamics of minerogenic material delivery to the
sedimentary basin. Owing to such conditions, in the sediments of landslide mires, as well as
landslide lakes, changes in the late glacial and Holocene palaeoclimate and palacoenvironment
could be recorded in a great detail. Two landslide fens, Koton and Klaklowo in the Beskid
Makowski Mountains (the Western Carpathians), are particularly interesting due to the unique
sequences of rarely documented late glacial and Holocene sediments of great thicknesses. The
aim of the study of sediments from these landslide fens was to: 1) compare the record of late
glacial and Holocene climate changes, taking into account the influence of the different
topographical position of these sites, ii) determine changes in the composition of plant
macrofossils within two profiles collected from different zones of the same landslide fen, iii)
determine local and regional vegetation changes during the Older Dryas climatic oscillation.
Additionally, the aim of the doctoral thesis was to: iv) verify the occurrence of thermophilous
plant refugia in the Koton landslide area during the late glacial, and v) identify tephra (volcanic
ash) levels associated with volcanic eruptions during the late glacial.

Main cores of fen sediments were collected from the spots characterised by deposits of
the greatest thicknesses, 500 and 367 cm for the Koton and Klaklowo sites, respectively. Two
lateral cores were also collected from each of the landslide depression marginal zones (lateral
cores Klaklowo B1 and B2, lateral cores Koton B1 and Koton B2). The sediment cores were
then sampled and the obtained material was subjected to plant macrofossil analysis, pollen
analysis, radiocarbon dating, loss on ignition, grain size and geochemical analysis.

The study showed that (with some exceptions) the expansion and/or disappearance of
dominant plant taxa (Pinus, Betula sect. Albae, Carex, Bryopsida) and changes in the supply of
minerogenic matter caused by global climate shifts (according to Greenland ice cores absolute
chronology): Allerod warming (GI-la—c, 13,904-12,846 years BP), Younger Dryas cooling
(GS-1, 12,846-11,653 years BP) and Holocene warming (<11,653 years BP), occurred at
approximately the same time in the Klaklowo and Koton landslide fens and were not
conditioned by the exposure and/or altitude of the sites. On the other hand, during shorter
climatic oscillations, Gerzensee colling (GI-1b, 13,261-13,049 years BP) and the cold
Preboreal oscillation (ca. 11,400-11,100 years BP), a much more pronounced lithological
record (increased supply of minerogenic material) was observed within the Krakow fen than in

the sedimentary sequence of the Koton site, which could be conditioned by the characteristics
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of the Klaklowo fen catchment, including its area, shape, slope morphology, bedrock geology
and specific local landforms.

In the case of both sites, it was found that the main sediment profiles collected in the
central part of the fens are not only representative of the entire sedimentary basin, but also allow
for the reconstruction of more stages of peatland development with more clearly defined stage
boundaries than for the Klaklowo B1 and Koton B1 cores drilled in the marginal zones of the
fens.

The Older Dryas climatic oscillation (GI-1d, 14,025—-13,904 years BP), associated with
the influence of a cold and dry continental climate, is represented in the sedimentary sequences
of both Koton and Klaklowo fens by plant macrofossil assemblages which indicate the
occurrence of steppe-tundra and prevalence of Arctic/alpine climatic conditions at that time. In
the case of local vegetation and palaeohydrological changes, the GI-1d/Older Dryas climatic
oscillation was recorded similarly at both sites, as a shallowing of existing palaco-waterbodies.

Based on the results of pollen analyses conducted for the main and marginal cores, it
was demonstrated that pollen of thermophilous plants (Corylus, Ulmus, Quercus, Tilia,
Carpinus betulus) in the late glacial sediments of the Koton and Klaklowo fens is redeposited
from the older slope covers. The plant macrofossil records also did not contain seeds, fruits, or
vegetative parts of plants, indicating the local occurrence of these taxa. Therefore, the
hypothesis of the occurrence of thermophilous plants refugia at the Koton site in the late glacial
has not been confirmed by the current research results.

In the depth ranges selected (based on the modeled age) for the analysis of potential
tephra horizons, the Neapolitan Yellow Tuff (NYT) and Laacher See Tephra (LST), both in the
Klaklowo and Koton sites, numerous grains with tephra characteristics were found, however,
detailed geochemical analyses are necessary to confirm their origin from the particular
eruptions: NYT and LST.

The results of the conducted research make a significant contribution to the state of
knowledge about local and regional changes in vegetation cover, chronostratigraphy and
climatostratigraphy of the late glacial and provide a solid basis for further extended multi-proxy

studies of the sediments of landslide fens in the Western Carpathians.
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5. Wprowadzenie

5.1. Specyfika torfowisk osuwiskowych jako czulych indykatorow zmian

paleosrodowiska

Torfowiska osuwiskowe to rodzaj minerogenicznych torfowisk gorskich, ktore
rozwijaja si¢ w zaglebieniach osuwiskowych i charakteryzuja si¢ bardzo zmiennym rezimem
hydrologicznym oraz wigksza dynamika dostawy osadu minerogenicznego do zbiornikéw
sedymentacyjnych niz typowe torfowiska nizinne (Margielewski, 2014, 2018). Charakteryzuje
je takze duza zmienno$¢ =zasilania wodg: od zasilania soligenicznego (oprocz wod
podziemnych, jest to takze woda sptywajaca po stoku), po ombrogeniczne. Na zmienno$¢ tego
zasilania wskazuja m.in. warstwy torfu ombrogenicznego, przelawicajace torfy typowo
minerogeniczne (turzycowe, drzewne, etc.) (Margielewski, 2006). Osady akumulowane w
torfowiskach i jeziorkach osuwiskowych w sposob bardzo szczegodtowy rejestrujg zmiany
paleo$rodowiska pdznego glacjalu i holocenu, w tym wpltyw regionalnych czynnikéw
klimatycznych, wplyw lokalnych uwarunkowan srodowiska sedymentacyjnego (np. warunkéw
hydrologicznych,  dostgpno$ci  materialu  minerogenicznego,  topografii ~ basenu
sedymentacyjnego torfowiska) oraz dziatalno$¢ cztowieka, juz od czaséw prehistorycznych.
Torfowiska osuwiskowe lacza cechy zaréwno facji jeziorno-torfowiskowej, jak 1 stokowej
(Margielewski, 2014, 2018). Torfowiska osuwiskowe sg formami wystepujacymi na obszarze
Beskidu Makowskiego w zewngtrznych Karpatach zachodnich, gdzie stanowia unikatowe
stanowiska zawierajace w swoich sekwencjach osadowych obok osadow holocenskich, rzadko
wystepujace osady poznoglacjalne o znacznych migzszosciach (Margielewski i in., 2022b).
Szczegolnie interesujgce sa dwa torfowiska osuwiskowe, Koton 1 Klaklowo, posiadajace osady
organiczno-minerogeniczne o migzszo$ciach odpowiednio 500 1 367 cm (Margielewski, 2001a,
2001b; Margielewski i in., 2003). Ze wzgledu na zréznicowane potozenie topograficzne w
obrebie tego samego masywu gorskiego w Beskidzie Makowskim, stanowig one doskonata
okazje do korelacji profili 1 $ledzenia wpltywu regionalnych 1 lokalnych czynnikow
srodowiskowych (w tym wysokosci, ekspozycji i cech zlewni) na zapis litologiczny i biotyczny

w osadach jeziorno-torfowiskowych.

5.2. Problematyka podzialu chronostratygraficznego péznego glacjalu
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W tradycyjnym podziale pdznego glacjatu, ocieplenia klimatu belling i1 allerad
rozdzielone sg krotkim ochtodzeniem klimatu starszego dryasu, po allerodzie za$ nastepuje
kolejne ochlodzenie: mlodszego dryasu — takie nastepstwo sekwencji osadowych zostato
ustalone na podstawie zapisu biostratygraficznego regionu Skandynawii (Iversen, 1954).
Pdzniej fazy te przyjeto rowniez jako formalne chronozony dla tej cze$ci Europy, przypisujac
chronozonie belling (w polaczeniu z wystepujacym przed nig ochtodzeniem najstarszego
dryasu) granice czasowe od 13,0 do 12,0 tys. lat uncal BP, chronozonie starszego dryasu od
12,0 do 11,8 tys. lat uncal BP, chronozonie allered od 11,8 do 11,0 tys. lat uncal BP, a
chronozonie mtodszego dryasu od 11,0 do 10,0 tys. lat uncal BP (Mangerud i in., 1974).
Klasyczny podziat stratygraficzny péznego glacjatu w réznych regionach Europy wydaje si¢
by¢ jednak bardzo zr6znicowany i problematyczny (De Klerk, 2004; Van Raden i in., 2013).

Dla regionu poéinocnego Atlantyku, rdzenie lodowe GRIP z Grenlandii (stratygrafia
zdarzen/event stratygraphy INTIMATE oparta na zapisie izotopow tlenu) zostaly
zaproponowane jako stratotyp pdznego glacjatu o zakresie czasowym 22,0-11,5 tys. lat GRIP
temu, z zaleceniem zastgpienia klasycznej terminologii: ,,belling”, ,,starszy dryas”, ,,allerod” i
,mtodszy dryas” nowym schematem (Bjorck i in., 1998). W tym schemacie interfaza belling-
allerod miata w przyblizeniu odpowiada¢ interstadialowi grenlandzkiemu 1 (GI-1),
datowanemu na 14,7-12,65 tys. lat temu, podzielonemu na trzy cieplejsze epizody: Gl-1a, Ic 1
le, rozdzielone chtodniejszymi oscylacjami: GI-1b 1 1d. Z kolei mlodszy dryas byt
identyfikowany ze stadiatem GS-1. Z drugiej jednak strony podkreslano, ze chronologia rdzeni
lodowych z Grenlandii nie powinna zastgpowac regionalnych podziatow stratygraficznych
funkcjonujacych na kontynencie, lecz by¢ wykorzystywana bardziej jako ponadregionalny
»reper” (Litt 1 in., 2001; Lowe 1 in., 2008; Van Raden i in., 2013). Badania, w ktérych
podejmowane sg proby takich ponadregionalnych korelacji sg liczne (Ammann i in., 2013; Bos
11n., 2013; Dzieduszynska i Forysiak, 2019; Feurdean 1 Bennike, 2004; Kotaczek i in., 2015;
Littiin., 2001; Margielewski i in., 2022a; Moska i in., 2022), niemniej jednak, nalezy bra¢ pod
uwage  ryzyko  przeprowadzenia  potencjalnie  btednej  korelacji = pomiedzy
lokalnymi/regionalnymi wydzieleniami, a chronologia rdzeni lodowych Grenlandii,

szczegblnie w przypadku kréotkotrwatych oscylacji klimatycznych (Rasmussen 1 in., 2014).

Warunkiem poprawnej korelacji miedzy lokalnymi/regionalnymi wydzieleniami
stratygraficznymi a stratygrafia rdzeni lodowych Grenlandii jest niezalezna chronologia
absolutna, oparta na datach radioweglowych (Lowe 1 in., 2008), a takze na innych metodach

datowania, np. chronologii warwowej (Litt 1 in., 2001). W przypadku wczesniejszych badan
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torfowisk osuwiskowych Koton i Klaklowo (Margielewski, 2001a, 2001b; Margielewski i in.,
2003), brak bylo ciaglej chronologii absolutnej (modelu wiek-glebokos¢) opartej na
datowaniach radioweglowych AMS, co nie pozwolilo na przypisanie granicom chronozon
(wyinterpretowanym w oparciu o dane palinologiczne) precyzyjnego, skalibrowanego wieku
radiowgglowego. Co wigcej, wczesniejsze badania obu stanowisk koncentrowaly si¢ bardziej
na sekwencji holocenu, pozostawiajac sekwencje osadow pdznego glacjalu jako zbadang w
niskiej rozdzielczosci probek 1 bez szczegdlowej interpretacji. Brak zdefiniowanych ram
czasowych dla rozpoznanych w przesztosci sekwencji chronostratygraficznych ustalonych na
podstawie palinologii, jest czesty w Karpatach i na ich przedpolu (Harmata, 1987; Koperowa,
1961; Mamakowa, 1962; Ralska-Jasiewiczowa, 1980), jednakze w ostatnich czasach
stwierdzono konieczno$¢ przypisania do péznoglacjalnych/holocenskich zapisow pytkowych
w tym regionie precyzyjnych i ciagtych chronologii absolutnych (Margielewski i in., 2022a;
Michcezynski i in., 2013).

5.3. Zapis zmian paleoklimatycznych i paleosrodowiskowych w osadach a polozenie

topograficzne torfowisk Koton i Klaklowo

Wplywy lokalnego $rodowiska geomorfologicznego na pdznoglacjalne i
wczesnoholocenskie sekwencje osadowe jezior gorskich i1 torfowisk (w tym torfowisk
osuwiskowych) w Karpatach zachodnich byty szczegdtowo analizowane w skali pojedynczych
stanowisk (Margielewski i1 in., 2010; Panek i in., 2010; Simova i in., 2019), a takze
przeanalizowane w ramach kompleksowych podsumowan regionalnych (Ktapyta i in., 2016;
Margielewski, 2006, 2014, 2018). Chociaz regionalne korelacje osadow jezior i1 torfowisk
gorskich (rowniez transekty przez takie stanowiska) dotyczg gtownie zarejestrowanych w ich
obrgbie zmian biotycznych i1 klimatycznych, np. migracji granicy lasu, refugialnej roli
lokalnych siedlisk czy wieku deglacjacji, czesto bada si¢ rowniez wplyw wysokosci i
ekspozycji na te zjawiska. Badania tego typu byty przeprowadzone dla Tatr (Ktapyta i in.,
2016), Karpat Rumunskich i regionéw przylegtych (Feurdean i in., 2007, 2016; Magyari, 2002)
lub dla Alp i regionéw przylegtych (Ammann 1 in., 2000; David, 1993; Lotter i in., 1992).
Lokalne poréwnania osaddéw jeziornych/torfowiskowych pomiedzy blisko potozonymi
stanowiskami na obszarach gorskich sg rzadsze (Feurdean i Bennike, 2004) i czasami, pomimo

niewielkiej odleglosci, zblizonej wysokosci 1 ekspozycji, zapis historii roslinnosci w obrebie
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ich osadow jest wyraznie zroznicowany (Margielewski, 2006; Michczynski i in., 2013). Mniej
powszechne sa takze korelacje pomiedzy stanowiskami polozonymi w obrgbie jednego
masywu gorskiego, ale o innej ekspozycji 1 wysokosci (Magyari 1 in., 2018) i/lub o réznych

cechach zlewni (Hubay i in., 2018; Rubensdotter i Rosqvist, 2003).

5.4. Zmiany w skladzie makroszczatkow roslin stwierdzone na podstawie kilku rdzeni

osadow nawierconych w roznych strefach jednego torfowiska

Analizy palinologiczna, makroszczatkéw roslin oraz litologiczna przeprowadzone dla
kilku rdzeni osadoéw jeziornych lub torfowiskowych pobranych z jednego stanowiska pozwala
na rekonstrukcje zmian szaty roslinnej, sedymentacji osadow jeziornych, sedentacji osadow
organicznych i wahan poziomu wody w réznych strefach zbiornika sedymentacyjnego
(Kowalewski, 2014; Latatowa i Nalepka, 1987; Ralska-Jasiewiczowa 1 in., 1998). Jednakze, z
uwagi na zrdéznicowany potencjatl tafonomiczny 1 reprezentatywno$¢ makroszczatkow w
osadzie wzgledem przestrzennego rozmieszczenia macierzystych zbiorowisk roslinno$ci w
obrebie jeziora/torfowiska jak i w jego otoczeniu (Szymczyk, 2012), powstaje pytanie czy
nawet w przypadku niewielkich zbiornikoéw sedymentacyjnych analiza tylko jednego rdzenia
osadow pozwala na kompletna rekonstrukcje etapow lokalnego rozwoju paleoekologicznego w

skali czasu.

Przykladowo, rezultaty analizy makroszczatkow o bardzo wysokiej rozdzielczo$ci (1
cm) przeprowadzonej dla rdzeni pobranych w centralnej i marginalnej czesci niewielkiego
gorskiego torfowiska (i paleo-jeziora) Poiana Stiol w Karpatach Wschodnich pozwolity na
bardzo szczegdlowa rekonstrukcje zmian szaty roslinnej na tym stanowisku w czasie trwania
holocenu (Gatka i in., 2017). W badaniach tych, w celu iloSciowego okreslenia kierunku 1
wielko$ci zmian w sktadzie gatunkowym lokalnej roslinnosci zaro6wno dla profilu osadéw z
centralnych partii zbiornika sedymentacyjnego, jak i w jego strefie marginalnej, zastosowano
analiz¢ PCA (Principal Component Analysis). Wyniki wykazaly generalne nastepstwo fazy
jeziornej 1 torfowiskowej obejmujace caly zbiornik, jednakze sukcesja ros§linnosci w jego

centralnej 1 marginalnej czgsci przebiegata w odmienny sposob (Gatka i in., 2017).

Z kolei, podczas badan niewielkich i1 ptytkich jezior w Norwegii, probki osadow
dennych zostaly pobrane z najgt¢bszych partii jezior oraz wzdtuz transektow biegnacych od ich

centralnych cz¢$ci do strefy marginalnej (Heggen 1 in., 2012). Reprezentatywnos$¢ kazdej
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probki na tle zespotu wszystkich taksonéw makroszczatkéw oznaczonych dla calego jeziora (tj.
taksondw oznaczonych we wszystkie probkach tacznie) okre§lono poprzez pordwnanie
wynikéw analizy PCA (PCA scores) oryginalnych danych z zestawem danych uzyskanych na
drodze symulacji Monte Carlo (stosujac biezace dane jako ograniczniki symulacji). Wyniki
pokazaty, iz rdzenie osadéw nawiercone w centralnych partiach jezior wykazuja, w
przeciwienstwie do rdzeni nawierconych w strefach marginalnych, najwyzsze
prawdopodobienstwo reprezentowania catego zespotu makroszczatkéw okreslonych dla
osadoéw danego jeziora, jednakze te drugie posiadajg najwyzszy udziat makroszczatkow roslin

ladowych (Heggen i in., 2012).

Roéznice w zapisie palinologicznym 1 litologicznym pomigdzy profilami osadoéw
nawierconych w rdéznych strefach torfowisk osuwiskowych Klaklowo i Koton zostaty
udokumentowane we wczesniejszych badaniach tych stanowisk (Margielewski i in., 2022b),
jednakze poréwnanie takie nie zostalo dotychczas wykonane dla analizy makroszczatkow

roslin.

5.5. Chlodna oscylacja klimatyczna starszego dryasu

Dotychczasowe badania paleosrodowiskowe osadow torfowisk osuwiskowych
Klaklowo 1 Koton, wskazaty na wystgpowanie wyjatkowo migzszych, ok. 0,5 m, sekwencji
osadow minerogeniczno-organicznych przypisywanych krotkotrwate; (100-200 lat)

chronozonie starszego draysu (Margielewski, 2001b, 2001a; Margielewski i in., 2022b, 2003).

Sekwencje osadowe z zapisem oscylacji klimatycznej starszego dryasu, wydzielonej na
podstawie danych pytkowych jako tradycyjna zona biostratygraficzna lub chronozona (Iversen,
1954; Mangerud i in., 1974), sa liczniejsze niz te, w ktorych starszy dryas jest skorelowany z
epizodem ochtodzenia GI-1d (14 025—-13 904 lat BP), zdefiniowanym na postawie chronologii
absolutnej rdzeni lodowych Grenlandii (Rasmussen i in., 2014). Na nizinnych obszarach
Europy, dawnym przedpolu ustepujacego ladolodu zlodowacenia vistulianskiego, osady
starszego dryasu s3 czesto rejestrowane w stanowiskach zwigzanych z poznoglacjalng
aktywnoscig eoliczng, np. w obrebie wydm, pokryw piaszczystych i na obszarach lessowych
(Wasylikowa, 1964). Rejestrowano je takze w sekwencjach osadowych jezior na obszarach
rownin europejskich (Nalepka, 2005; Novik 1 in., 2010; Ralska-Jasiewiczowa 1 in., 1998;
Zernitskaya, 1997) czy w osadach torfowiskowych (Latatlowa i Nalepka, 1987; Nalepka, 1994).
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Starszy dryas zostal stwierdzony w kotlinach §rodgorskich Karpat zewnetrznych (Harmata,
1987) i wewnetrznych (Koperowa, 1961; Margielewski i in., 2022a), a takze w Tatrach
(Baumgart-Kotarba i Kotarba, 1993; Obidowicz, 1993, 1996). Z drugiej strony, ochtodzenie
klimatu w trakcie trwania starszego dryasu bardzo stabo (niekiedy w ogole) nie zaznaczyto si¢
w osadach pdznoglacjalnych stanowisk z Wysp Brytyjskich, dlatego fazy belling i allered sg
tam uwazane za jeden interstadial, podczas gdy wydzielanie starszego dryasu jest
kwestionowane (Watts, 1980). Podobny problem z wyodrebnieniem starszego dryasu
zauwazono w Alpach, gdzie czesto mozna go bylo zarejestrowaé jedynie na wyzszych
wysokosciach, blizej ekotonu (Lotter i in., 1992; Welten, 1982). Z kolei stanowiska zawierajace
sekwencje osadow poznoglacjalnych, w ktorych starszy dryas wyrdzniono na podstawie
chronologii absolutnej jako GI-1d (Rasmussen 1 in., 2014), mimo iz wystgpuja dos¢ rzadko,
charakteryzujg si¢ roznymi potozeniami topograficznymi zrdéznicowanymi przy tym
paleo$rodowiskowo (Ammann i in., 2013; Bos i in., 2013, 2017; Feurdean i Bennike, 2004;
Moska i in., 2022).

5.6. Refugia roslin cieplolubnych

W czasie ostatniego zlodowacenia, zasigg wystgpowania wielu gatunkow drzew
lisciastych strefy umiarkowanej ograniczony byt do lokalnych refugiéw potozonych na
srednich wysokosciach rejondéw gorskich Potwyspu Iberyjskiego, Apeninskiego 1 Batkanskiego
(refugia poludniowoeuropejskie), zas na obszarze Europy Srodkowej i Wschodniej obejmowat
niewielkie populacje, okreslane roéwniez jako tzw. krypto-refugia (Birks 1 Willis, 2008).
Pomimo, iz dane pylkowe wskazuja na nieprzerwane regionalne wystgpowanie mezofilnych
drzew lisciastych strefy umiarkowanej na obszarze Karpat w po6znym pleniglacjale, wcigz
brakuje danych makroszczatkowych do potwierdzenia ich lokalnego wystepowania;
spodziewane sg one najbardziej w miejscach o wilgotnym mezoklimacie na stokach gorskich o
sredniej wysokosci (Magyari 1 in., 2014). Analiza makroszczatkéw ro$lin jest podstawowa
metoda do zweryfikowania wynikéw analizy pytkowej 1 wskazuje na istnienie refugiow in situ,
nalezy jednak rowniez pamigta¢ o ograniczeniach tej metody (Birks, 2003). Brak
makroszczatkow cieptolubnych drzew liSciastych w osadzie nie koniecznie oznacza brak
wystepowania cieptolubnej ro$linno$ci w otoczeniu zbiornika sedymentacyjnego, gdyz
makroszczatki takich ro$lin majg — w poréwnaniu do pylku — mniejsze zdolnosci do

rozprzestrzeniania si¢ 1 bycia deponowanymi w centrum basenu sedymentacyjnego
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jeziora/torfowiska, jak rowniez czesci wegetatywne tych roslin stabo si¢ zachowuja i sg trudne

w identyfikacji (Birks, 2003).

Drzewa 1 krzewy lisciaste, w tym réwniez cieptolubne, przetrwaly w centralnej i
wschodniej Europie pomiedzy 42 tys. a 19 tys. lat cal BP (Willis i Van Andel, 2004).
Przyktadowo, na stanowisku Bulhary w Czechach, spektra pytkowe oprocz lasow iglastych,
wskazujg na rozproszone wystepowanie drzew lisciastych strefy umiarkowanej: Ulmus, Acer,
Corylus, Quercus 1 Tilia (Rybni¢kova i Rybnicek, 1991). Na obszarze Rumuni drzewa lisciaste
byly obecne juz przed 14 700 lat cal BP, stad ten region mogt stanowi¢ dla nich obszar
refugialny (Feurdean i in., 2007). W czasie p6znego glacjatu (szczego6lnie pomigdzy 13 200 an
12900 lat cal BP) Ulmus wystepowat w Karpatach Rumunskich na niskich i $rednich
wysokosciach, za$ Quercus, Tilia, Fraxinus 1 Corylus skupiaty si¢ prawdopodobnie w kilku
odizolowanych lokalizacjach (Feurdean i in., 2007). W Potudniowych Karpatach Rumunskich,
refugialne populacje Quercus, Ulmus, Carpinus betulus oraz Fagus sylvatica byly obecne w
regionie w okresie LGM (Last Glacial Maximum). Ulmus rozprzestrzenit si¢ odpowiednio od
15 200 do 14 400 lat cal BP na stokach potudniowych, za$ na pétnocnych od 14 300 do 13 850
lat cal BP; ekspansja Quercus datowana jest na 13 900 lat cal BP (Magyari i in., 2018). Ponadto,
badajac transekty S-N w potudniowych Karpatach Rumunskich, wykazano, iz Abies alba, Larix
decidua 1 Fagus sylvatica, a wigc gatunki wystepujace w chlodniejszych warunkach
klimatycznych, wykazuja preferencje do przetrwania i ekspansji na potnocnych stokach,
podczas gdy cieplolubne Corylus avellana 1 Carpinus betulus na stokach potudniowych

(Magyari i1n., 2018).

Obszary osuwisk charakteryzujace si¢ duza roéznorodnoscig form terenu, gleb i
stosunkow wodnych wptywajg na powstawanie mozaiki siedlisk o wysokiej bioréznorodnosci
(Alexandrowicz 1 Margielewski, 2010). Wykazano, ze rowniez na poczatku holocenu strefy
osuwiskowe zewnetrznych Karpat zachodnich mogly stwarza¢ dogodne warunki do
wystepowania refugiow roslinnosci ciepto- 1 wilgociolubnej (Zilia, Corylus, Ulmus i Acer),
szczegdlnie w swoich wyzszych nastonecznionych partiach (Simova i in., 2019). We
wczesniejsze] analizie palinologicznej poznoglacjalnych osadéw torfowiska Koton, na
glebokosci ok. 450400 cm zarejestrowano wystepowanie pytku roslin cieptolubnych: Corylus
avellana, Ulmus, Tilia undiff., Quercus, Carpinus betulus oraz pytku drzew preferujacych
chtodniejszy klimat: Fagus sylvatica 1 Abies alba, o udziatach procentowych okoto lub ponizej
1% (Margielewski, 2001b; Margielewski 1 in., 2003). Dla podobnego odcinka czasowego, w

osadach stanowiska Klaklowo (w interwale ok. 340-280 cm) podczas wcze$niejszych badan
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zarejestrowano jedynie $ladowe ilosci pytku Corylus (Margielewski, 2001a). Dla Kotonia
obecno$¢ pytku cieptolubnych taksonéw drzew zostata powigzana z mozliwg redepozycja,
dalekim transportem lub bliskoscig refugiow (Margielewski 1 in., 2003). Pytek roslin
termofilnych zostal tez odnaleziony w osadach pdznoglacjalnych torfowiska Na Grelu w

Kotlinie Orawsko-Nowotarskiej (Margielewski i in., 2022a).

5.7. Poziomy tefry w osadach

Znaczna dlugo$¢ sekwencji péznego glacjatu w profilach osadow torfowisk Koton i
Klaklowo stwarza warunki do analizy wystepowania pozioméw tefry (horyzontéw z pytami
wulkanicznymi) pochodzacych z dalekiego transportu z erupcji wulkanicznych w p6znym
glacjale w Europie (Bronk Ramsey i in., 2015). Do pdznoglacjalnych horyzontoéw tefry naleza:
Neapolitan Yellow Tuftf (NYT), Laacher See Tephra (LST), Vedde Ash (Bronk Ramsey i in.,
2015), a takze potencjalnie tefra pochodzaca z erupcji wulkanu Sfinta Ana (Juvigné i in., 1994).
Wymienione poziomy tefry, poza Sfinta Ana, stanowig wazne markery chronostratygraficzne
w osadach p6znego glacjatu i nie zostaly dotad udokumentowane w zachodniej czesci Karpat
— znalezienie ziaren tefry pochodzacych z erupcji NYT, LST lub Vedde Ash mocno
zmodyfikowatoby obecng mape zasiggu pytow wulkanicznych powstatych wskutek aktywnosci
wulkanow w p6znym glacjale (Bronk Ramsey i in., 2015). Odkrycie horyzontow tefry moze
otworzy¢ rowniez pole dzialania w kontekscie innych torfowisk goérskich w Karpatach oraz
wzajemnej korelacji osadow w nich zdeponowanych, szczegélnie w aspekcie rekonstrukcji

paleosrodowiskowych i paleoklimatycznych.

Tefra NYT (erupcje strefy wulkanicznej Campi Flegrei, S Wtochy, 14 190 + 680 lat cal
BP) zostata udokumentowana w potudniowej Europie, z zasiggiem do SE Alp (jezioro Léngsee
w Austrii) (Schmidt 1 in., 2002) bedacym najblizszej polozonym stanowiskiem w stosunku do
zewnetrznych Karpat zachodnich. Wystepowanie Laacher See Tephra (erupcja wulkanu
Laacher See w gorach Eifel, w zachodnich Niemczech, 12 880 + 40 lat cal BP) zostalo
zarejestrowane na terytorium SW Polski (przy granicy z Niemcami) blisko miejscowosci
Wegliny (Housley 1 in., 2013; Jurochnik 1 Nalepka, 2013) oraz w osadach dwoch torfowisk w
NW czgéci Pomorza (Juvigné i in., 1995). LST zostata rowniez rozpoznana w warwowych
osadach poznoglacjalnych Jeziora Czechowskiego w poinocno-srodkowej Polsce (Wulf'i in.,
2013). Poza granicami Polski, najblizsze wzgledem Karpat stanowisko z osadami

poznoglacjalnymi z poziomem LST, to Las Bawarski w sgsiedztwie granicy Niemiec z
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Czechami (Kletetschka i in., 2019). Tefra Vedde Ash (erupcja wulkanu Katla, Islandia, 12 066
+ 42 lat cal BP) jest szeroko rozprzestrzeniona m.in. w Skandynawii, Zachodniej Europie i
potocnej Rosji (Saxby 1 in., 2020). Nie zostata dotychczas odnaleziona na terytorium Polski
ani w obrgbie Karpat (Lane i in., 2012), jakkolwiek jej daleki poludniowy zasieg zostat
potwierdzony w osadach jeziora Lake Bled, w Alpach Julijskich w Stowenii (Lane i in., 2011).
Tefra pochodzaca z erupcji wulkanow Islandii, w tym z Katli, ale zidentyfikowana w
horyzontach innego wieku niz Vedde Ash zostala rowniez znaleziona w jeziorze Wegliny
(Housley 1 in., 2013). Tefra z erupcji wulkanu Sfinta Ana (Karpaty Rumunskie) posiada
niepotwierdzony wiek erupcji 10 700 £+ 180 lat uncal BP (Juvigné i in., 1994), i wg. innych
autoréw erupcja ta jest znacznie starsza, ok. 42—35 tys. lat (Moriya i in., 1996; Szakacs i in.,
2002). Poza miejscem jej pierwotnego stwierdzenia, brak jest jednak innych
udokumentowanych stanowisk z osadami zawierajacymi tefr¢ z erupcji wulkanu Sfinta Ana o

wieku 10 700 + 180 lat uncal BP.

6. Cel pracy i hipotezy badawcze

Glowym celem badawczym pracy jest:

la: Rozpoznanie powszechnych lub regionalnych zmian klimatycznych w p6znym glacjale (15-
11,7 tys. lat) w lokalnym zapisie Srodowiska sedymentacyjnego torfowisk osuwiskowych,
potozonych w réznych pozycjach hipsometrycznych (Koton — w czgsci podszczytowej stoku,

Klaklowo — w strefie dolinnej zbocza).

1b: Okreslenie zmian w sktadzie makroszczatkow roslin w obrebie dwoch profili, pobranych z
roznych stref tego samego torfowiska, ktore pozwolg okresli¢, w jakim stopniu analiza jednego
profilu jest reprezentatywna dla danego torfowiska, a szczegélnie w poznym glacjale,

charakteryzujacym si¢ stosunkowo niewielkg roznorodnoscig biologiczng.

lc: Okreslenie zmian roslinnos$ci w starszym dryasie tj. krotkotrwatym ochtodzeniu (190 lat,
13540-13350 cal. BP) w pdéznym glacjale, ktorego zapis osadow w torfowisku Koton i

Klaklowo osigga znaczng migzszo$¢ wynoszacg 0,5 m.
Drugorzednym celem badawczym pracy jest:

2a: Weryfikacja hipotezy wystgpowania w péznym glacjale (interfaza belling) refugiow roslin
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termofilnych na obszarze osuwiska Koton, identyfikowanych tu dotychczas w oparciu o analize

palinologiczng, przeprowadzona za pomoca analizy makroszczatkow roslin.

2b: Analiza i identyfikacja (w przedziatach gltgbokosci wytypowanych w oparciu o model wiek-
glebokos$¢) poziomoéw mikrotefry, zwigzanych z erupcjami wulkanéw w poéznym glacjale:
Neapolitan Yellow Tuff (NYT), Laacher See Tephra (LST), Sfanta Ana Tephra (SAT) i Vedde
Ash Tephra (VAT).

Hipotezy badawcze sg nastepujace:

- Zweryfikowanie za pomocg analizy makroszczatkéw wystepowania w poéznym glacjale na
osuwisku Koton (w warunkach niszy mikroklimatycznej) refugium roslin cieptolubnych (lipa,
dab, leszczyna i inne taksony o wyzszych wymaganiach klimatycznych) oraz wystepowania

buka i jodly, na ktore wskazuje wykonana tu dotychczas analiza palinologiczna.

- Zmiany klimatyczne w p6éznym glacjale inaczej zaznaczyly si¢ w obrgbie stanowisk o
ekspozycji potudniowej, posadowionych w obrebie szczytowych partii gor, inaczej zas w

obrgbie stanowisk o ekspozycji pétnocnej, posadowionych w strefach dolinnych.

- Analiza makroszczatkéw przeprowadzona jedynie w obrebie jednego profilu moze nie by¢

reprezentatywna dla calego zbiornika sedymentacyjnego.

7. Teren badan

7.1. Lokalizacja, geologia i geomorfologia

Wedtug fizyczno-geograficznego podziatlu Polski, obszar badan potozony jest na
potudniu Polski w mezoregionie Beskidu Makowskiego, ktory jest czescig podprowincji
Zewngetrznych Karpat Zachodnich (Solon 1 in., 2018) (Figura 1). Karpaty zewngtrzne
zbudowane sg ze skat fliszowych (turbidytow krzemionkowo-ilastych, a sporadycznie réwniez
ze skat weglanowych i krzemionkowych), ktérych wiek powstawania obejmuje okres od pdzne;j
jury do wezesnego miocenu (Ksigzkiewicz, 1972). Obszar badan znajduje si¢ w podjednostce
Siar, nalezagcej do jednostki magurskiej: jednej z ptaszczowin zewnetrznych Karpat zachodnich
(Ksigzkiewicz 1 in., 2016). Torfowiska osuwiskowe Koton i Klaklowo powstalty w obrebie
pasma Koskowej Gory w Beskidzie Makowskim. Stanowisko Koton znajduje si¢ w strefie

wierzchowinowej pasma, pomiedzy wzniesieniami Kotonia (857 m n.p.m.) 1 Pekalowki (839
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m n.p.m.). na wysokosci 739 m n.p.m., ma ekspozycje poludniowa i jest potozone blisko
grzbietu, ponad strefa zrodliskowa potoku Rusnakéw, bedacego lewym doplywem
Krzczonowki. Stanowisko Klaklowo potozone jest na wysokosci 466 m n.p.m., ma ekspozycje
potnocng, jest umiejscowione w przydolinnej strefie zbocza pasma Koskowej Gory i znajduje
si¢ w strefie zrodliskowej jednego z lewych doptywéw Raby. Odleglo$é migdzy stanowiskami

wynosi ok. 1900 m, a r6znica wysokosci: 273 m.

7.2. Klimat

Na podstawie pomiardéw z lat 1991-2021 (Climate Data, 2024) klimat wsi Zawadka 1
Stré6za (potozonych odpowiednio pod osuwiskami Koton i1 Klaklowo) jest cieply i
umiarkowany, ze znaczng iloscia opaddéw, na co wplywa surowy teren gorski. Srednia
temperatura roczna wynosi 7,9°C, a $rednia suma opadow 1063 mm. W rejonie Beskidu
Makowskiego wiosna jest dtuga, chtodna i deszczowa, natomiast jesien jest rowniez dluga, ale
sucha, z czgstymi wahaniami temperatury. Podobnie jak w regionach sgsiednich, w dolinach

rzecznych wystepuja inwersje temperatury.

7.3. Charakterystyka osuwisk

Osuwisko Koton rozwingto si¢ w grubotawicowych piaskowcach magurskich
(budujacych znaczng cze$¢ pasma Koskowej Gory) 1 ma ksztalt rozleglego klina z dwiema
liniowymi skarpami glownymi, migdzy ktérymi wystgpuje wyplaszczenie koluwialne
osuwiska. Strefa osuwiskowa Klaklowo ma z kolei amfiteatralny ksztalt. Podloze w rejonie
potkolistej skarpy gtownej 1 potozonego pod nig zaglebienia (torfowisko Klaklowo) tworza
skaly fliszowe wieku eocenskiego (Ksigzkiewicz i in., 2016): tupki, tupki pstre i
cienkotawicowe piaskowce warstw hieroglifowych, tupki pstre oraz piaskowce i1 zlepience
grubolawicowe oraz tupki (piaskowce pasierbieckie dolne oraz osieleckie). Obszar powyzej
osuwiska, podobnie jak w przypadku Kotonia, zbudowany jest z piaskowcow warstw

magurskich.
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7.4. Zaglebienia pod skarpa glowna, hydrologia i osady torfowiskowe

W przypadku osuwiska Koton, zaglebienie stanowigce mise¢ torfowiska (o szerokosci
ok. 40 m i dtugosci ok. 90 m) rozwingto si¢ u podnoza zachodniej skarpy gldéwnej osuwiska i
ma podtuzny ksztalt (Figura 1 E). Od wschodu jest ono otoczone watem koluwialnym, co
doprowadzilo do wypekienia zaglebienia poznoglacjalnymi 1 holocenskimi osadami
organiczno-minerogenicznymi o migzszosci do 500 cm. Obecnie, z wyjatkiem potoku
Rusnakow, ktoéry wyptywa w dolnej czesci osuwiska, w strefie osuwiskowej Kotonia brak jest
stalych ciekow, szczegdlnie tych sptywajacych ze skarpy gtownej i zboczy do zaglebienia pod
skarpa gléwna, aczkolwiek prawdopodobne jest wystepowanie ciekow okresowych (Figura 1

E).

W przypadku osuwiska Klaklowo, zaglgbienie pod skarpa gtéwna (o szerokosci ok. 40
m i dlugosci ok. 100 m), ze wzgledu na potkolista skarpe gldéwng osuwiska graniczacg z nim
od potudnia, ma ksztalt lekko wygiety w kierunku potudniowym (Figura 1 D). Od po6tnocy
zaglebienie otoczone jest watem koluwialnym, ktory we wschodniej czeSci przeciety jest
statym ciekiem wyptywajacym z misy torfowiska do doliny potoku bedacego doplywem Raby.
Obecnie zaglebienie pod skarpa gtéwna osuwiska Klaklowo, wypetniaja osady organiczno-
minerogeniczne wieku poznoglacjalnego 1 holocenskiego o migzszosci do 367 cm. Torfowisko
Klaklowo zasilane jest takze kilkoma malymi (stalymi i1 okresowymi) ciekami wodnymi

sptywajacymi ze skarpy gtownej do zagtebienia osuwiskowego (Figura 1 D).

7.5. Gleba i roslinnos¢é

Wspotczesnie stoki Beskidu Makowskiego pokryte sg gtownie glebami brunatnymi
(Bank Danych o Lasach, 2025). Srednia roczna dtugo$é okresu wegetacyjnego wynosi od 220
do 230 dni (Tomczyk i Bednorz, 2022). W bezposrednim sgsiedztwie torfowisk Koton i
Klaklowo otaczajace je zbocza i formy osuwiskowe sg zalesione (buczyna karpacka), gldéwnie
przez jodle (Abies alba) 1 buka (Fagus sylvatica) z domieszka $wierka (Picea sp.). Brzoza
(Betula sp.), topola (Populus sp.) 1 modrzew (Larix sp.) wystepuja lokalnie wokot torfowisk,
natomiast krzewy wierzby (Salix sp.) rosng rowniez w obrebie torfowisk. Czes¢ podmoktych

brzegdéw ciekéw w okolicy Klaklowa poro$niete sg olsza (4A/nus sp.).
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8. Metody badan

8.1. Pobor materialu do badan

Rdzenie osadow nawiercono i pobrano $§widrem INSTORF ($rednica 8 cm) z torfowiska
Koton (49°46'5.12"N; 19°54'12.96"E, 739 m n.p.m.) i torfowska Klaklowo (N 49°46,772’; E
19°55,383’; 466 m n.p.m.). Rdzenie gtdéwne pobrano w miejscach o najwigkszej migzszosci
osadow, odpowiednio 500 1 367 cm (wiercenia G, Figura 1 D, E, F 1 G). W celu realizacji celow
badawczych nr 1b oraz 2a pobrano rowniez rdzenie boczne ze stref marginalnych zaglebien
osuwiskowych, po dwa rdzenie boczne na stanowisko. Dla Klaklowa byty to: rdzen boczny
Klaklowo B1 (267 cm) i oraz dodatkowy rdzen boczny Klaklowo B2 (analizom poddano
jedynie fragment dolnej, pdznoglacjalnej czesci tego profilu, 368-250 cm) (Figura 1 D1 F), za$
dla Kotonia: rdzen boczny Koton Bl (250 c¢cm) oraz dodatkowy rdzen boczny Koton B2
(analizom poddano jedynie fragment dolnej, p6znoglacjalnej cz¢sci tego profilu 400-300 cm)
(Figura 1 E i G). Pobranie kolejnych rdzeni bocznych (B2) wykonane zostalo dodatkowo
(ponadprogramowo) w stosunku do zakresu prac okreslonych w projekcie z uwagi na
konieczno$¢ zwigkszenia mozliwosci odnalezienia makroszczatkow roslin cieptolubnych.
Prace terenowe zostaly wykonane przez mgr inz. Jolant¢ Pilch, dr hab. inz. Wlodzimierza
Margielewskiego, prof. IOP PAN (promotora) oraz dr Krzysztofa Buczka z IOP PAN. Rdzenie
nastepnie oprobowano, za§ materiat z probek poddano analizie makroszczatkow roslin, analizie
pytkowej 1 datowaniu radiowgglowemu (rdzenie glowne i1 boczne) oraz analizie strat prazenia,

uziarnienia i geochemicznej (tylko rdzenie glowne).

8.2. Datowanie radioweglowe i opracowanie modelu wiek-glebokos¢

Materiat do datowania radiowgglowego metoda AMS (Acceleration Mass
Spectrometry) pozyskano réwnoczesnie z analiza makroszczatkow roslin z probek sekwencji
osadow Klaklowa i Kotonia w przedziale glebokosci odpowiednio, 367-68 cm i 440-77 cm
(rdzenie gtowne). Materiat obejmowal owoce, nasiona, liscie, igly (wylacznie roslin ladowych)
1 todygi mchéw. Datowania zostaty wykonane przez Laboratorium Datowan Bezwzglednych w
Krakowie (we wspotpracy z Center For Applied Isotope Studies, University of Georgia, U.S.A.)
oraz laboratorium Beta Analytic, Inc. Miami, Florida, U.S.A. Lacznie wykonano osiemnascie
dat radioweglowych dla rdzeni glownych: 12 dla osadéw torfowiska Klaklowo i 6 dla osadéw

torfowiska Koton. Wszystkie otrzymane daty radioweglowe skalibrowano w programie OxCal
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v. 4.4.4 (Bronk Ramsey, 2021, 2009) z wykorzystaniem krzywej kalibracyjnej IntCal20
(Reimer i in., 2020).

Dla rdzeni giéwnych osadow torfowisk osuwiskowych Klaklowo i Koton opracowano
chronologie absolutne poprzez konstrukcje bayesowskich modeli wiek-glebokos¢. Dla obu
badanych stanowisk modelowanie przeprowadzono w programie OxCal w wersji 4.4.4 (Bronk
Ramsey, 2021, 2009) z zastosowaniem funkcji P_sequence, interpolacji = 2 (0,5 cm),
parametrow kO = 1 i1 log10(k/k0) = U(—1,1) oraz krzywej kalibracyjnej IntCal20. Ponadto, na
glebokosciach, gdzie zostaty zarejestrowane charakterystyczne zmiany w litologicznych i/lub
biotycznych wskaznikach, zastosowano polecenie Boundary command. Uzyskano $rednig (p)
warto$¢ modelowanego wieku (zaokraglong do cze$ci dziesigtnych, wyrazong w latach cal BP)
i tempo sedymentacji (wyrazone w mm rok !). Modele wiek-gltebokoéé zostaty opracowane

przez mgr inz. Jolantg Pilch przy wsparciu merytorycznym dr Krzysztofa Buczka z IOP PAN.

Dla rdzeni bocznych datowano tacznie 16 probek: Klaklowo B1 — 7, Klaklowo B2 — 1,
Koton B1 —4, Koton B2 — 4 probki (Tabela 1). Ponadto, w koncowym etapie realizacji projektu,
w celu stworzenia mozliwosci dalszego doprecyzowania modeli wiek-glebokos¢ dla
wybranych poziomoéw glebokosci rdzeni gléwnych, uzyskano jedng dodatkowa date
radioweglowa dla Klaklowa i dwie dla Kotonia (Tabela 1). Wspomniane datowania zostaty

wykonane przez Laboratorium Datowan Bezwzglednych w Krakowie.

8.3. Analiza strat prazenia oraz okreslenie typu torfu

Analiza strat prazenia (loss on ignition, LOI) zostala przeprowadzona przez mgr inz.
Jolante Pilch pod opieka naukowg dr hab. inz. Wtodzimierza Margielewskiego. W przypadku
analizy strat prazenia interwal pobierania probek wynosit 2,5 cm. Proces wyprazania
przeprowadzono w piecu muflowym w temperaturze 550°C, zgodnie ze standardowa procedurg
opisang przez Heiri 1 in. (2001). Ubytek masy wyprazonego osadu organicznego, wyrazony w
%, przedstawiono na wykresach strat prazenia. Gatunek torfu przyjeto zgodnie z
wczesniejszymi badaniami torfowisk osuwiskowych Klaklowo i Koton (Margielewski, 2001a,
2001b; Margielewski 1 in., 2003), w oparciu o analize¢ tkanek roslinnych, bazujac na klasyfikacji
torfu opracowanej przez Totpa i in. (1967).
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8.4. Analiza makroszczatkow roslin

Analiza makroszczatkéw ro$lin zostata przeprowadzona przez mgr inz. Jolante Pilch
pod opieka naukowa dr hab. Renty Stachowicz-Rybki (drugiego promotora) z Instytutu
Botaniki im. W. Szafera PAN w Krakowie. Gléwny rdzen osadow torfowiska Koton zostat
oprobowany z wiekszg rozdzielczoscig (probki o migzszosci 2,5 cm) w przedziale glebokosci
500-300 cm (oraz dodatkowo w interwatach glebokosci 270-260 i 80—70 cm) oraz z mniejsza
rozdzielczo$cig (probki o migzszosci 2,5 cm analizowane co 5 cm) w przedziale glgbokos$ci
300-0 cm. W przypadku torfowiska Klaklowo, gtéwny rdzen osadéw oprobowano z wickszg
rozdzielczo$cig (probki o migzszosci 2,5 cm) w interwale glebokosci 367-250 cm
(zastosowano rowniez gestsze probkowanie pomigdzy 250 a 220 cm glebokosci), natomiast
interwat gtebokosci 250—0 cm oprébowano z mniejsza rozdzielczoscia (probki o migzszosci 2,5
cm analizowane co 5 cm). Dla materiatu z rdzeni bocznych wykonano analiz¢ makroszczatkow

ro$lin na probkach o migzszo$ci 2,5 cm pobranych z interwalem probkowania 5 oraz 10 cm.

Materiat do analizy zostal rozlasowany w wodzie z dodatkiem KOH w celu usunigcia
kwas6w humusowych, a nastepnie delikatnie przemyty biezaca woda przez sito o $Srednicy
oczek 200 um. Oznaczenie taksonéw na podstawie makroszczatkdw roslin (owocow, nasion,
igiel, oospor) oraz — w znacznie mniejszym stopniu — zwierzat (np. gemmule, statoblasty,
ephippia) przeprowadzono pod mikroskopem stereoskopowym Stemi 508 firmy ZEISS, przy
powigkszeniach 10-16x. Do identyfikacji wykorzystano kolekcje¢ wspotczesnych diaspor i
okazow flory kopalnej z Narodowej Kolekcji Bior6znorodnosci Organizméw Wspotczesnych i
Kopalnych zgromadzonych w Instytucie Botaniki im. W. Szafera PAN w Krakowie (Zielnik
KRAM) oraz odpowiednie klucze, atlasy i1 publikacje (Aalto, 1970; Anderberg, 1994; Berggren,
1969, 1981; Birks, 2013; Cappers i in., 2012; Kats i in., 1965; Korber-Grohne, 1964, 1991;
Kowalewski, 2014; Mauquoy 1 Van Geel, 2007; Velichkevich i Zastawniak, 2006, 2008).
Nomenklaturg botaniczng roslin naczyniowych przyjeto zgodnie z Mirek i in. (2020), natomiast
wskazniki ekologiczne roslin zaczerpnigto gtownie z pracy Zarzyckiego (2002). Okreslone
taksony roslin 1 zwierzat pogrupowano w nastepujacy sposob: drzewa, krzewy i1 krzewinki
umieszczono razem, natomiast pozostale rosliny naczyniowe wraz z Bryopsida i Characeae,
podzielono wedtug stopnia wilgotnosci siedliska (suche, §wieze 1 wilgotne, torfowiskowe 1
wodne). Taksony zwierzat 1 inne typy szczatkéw przypisano do grupy ,,Others”. Za pomocg
oprogramowania Tilia (Grimm, 1991) sporzadzono diagramy makroszczatkéw dla obydwu

stanowisk.
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8.5. Analiza palinologiczna i analiza palinomorf niepylkowych (NPPs)

8.5.1. Rdzenie glowne

W niniejszych badaniach, dla gtownych rdzeni osadow, wykorzystano wczesniejszy
zbidr danych palinologicznych z torfowiska Koton (Margielewski, 2001b; Margielewski i in.,
2003) (odlegtos¢ od aktualnego miejsca wiercenia wynosi ok. 0,5 m) opracowanych przez
dr hab. Andrzeja Obidowicza z Instytutu Botaniki im. W. Szafera PAN w Krakowie oraz nowo
pozyskane dane palinologiczne i NPPs z torfowiska Klaklowo opracowane przez dr Katarzyne

Korzen.

W przypadku sekwencji osadow torfowiska Klaklowo (367-0 cm), probki (okoto 1 cm?
osadu) pobrano w odstepach 5 cm i poddano standardowej procedurze laboratoryjnej
stosowanej w analizie palinologicznej (Erdtman, 1960; Faegri i Iversen, 1989). Ilosciowa
analiza pytku 1 NPPs (z uzyciem tabletek Lycopodium) polegata na zliczeniu (pod mikroskopem
$wietlnym) ziaren pytku drzew i krzewow do co najmniej 600 sztuk na probke. Identyfikacje
taksonomiczng pytku przeprowadzono w oparciu o kolekcje wspotczesnych preparatow
pytkowych oraz odpowiednie klucze 1 atlasy (Beug, 2004; Moore 1 in., 1991; Reille, 1992).
Palinomorfy niepytkowe zidentyfikowano zgodnie z kluczami opracowanymi przez Van Geel

(1978) oraz Van Geel i in. (1980, 2003, 2007).

W archiwalnym zbiorze danych pyltkowych z Kotonia (450-0 cm), interwat
probkowania wynosit ok. 10 cm dla przedziatu glgbokosci 100-0 cm, natomiast ponizej 100
cm (dla osadéw pdznego glacjalu) interwal probkowania byt mniejszy i wynosit ok. 5 cm.
Preparatyke probek przeprowadzono w oparciu o zmodyfikowang metodg acetolizy Erdtmana
(Erdtman, 1943). Analiza ilosciowa pytku (z wykorzystaniem tabletek Lycopodium) polegata
na zliczeniu (pod mikroskopem $wietlnym) ziaren pytku drzew i krzewdéw do co najmniej 500
na probke, z wyjatkiem osadoéw holocenskich, w ktorych liczba zliczonych ziaren wynosita co
najmniej 1000. Poniewaz archiwalny zbidr danych pytkowych z osadow torfowiska Koton (450
cm) byt krotszy o 0,5 m od rdzenia osadow pozyskanego w ramach biezacych badan (500 cm),
w celu uzupehienia tej luki, osady w interwale 500—450 cm z aktualnie uzyskanego rdzenia z
torfowiska Koton zostal poddany analizie pytkowej w sposob analogiczny do osadow

torfowiska Klaklowo.
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Biezace dane palinologiczne uzyskane z torfowiska Klaklowo (367-0 cm) oraz
wczesniejsze dane palinologiczne z torfowiska Koton (450-0 cm) zostaly przeliczone w
ujednolicony sposob na udzialy procentowe kazdego taksonu na podstawie sumy pytku drzew,
krzewow 1 krzewinek (AP — arboreal pollen) oraz roslin zielnych (NAP — non-arboreal pollen)
okreslonej jako XAP + XNAP = XP. W zaleznosci od stanowiska badan (KK — Klaklowo, KT —
Koton), z sumy tej wykluczono nastepujace grupy: rosliny zarodnikowe (KK, KT), rosliny
wodne (KT), pytek nieoznaczalny (KT), pytek skorodowany (KK) i palinomorfy niepytkowe
(KK, zas$ w przypadku KT — tylko glony Pediastrum). Cz¢stos¢ wystgpowania taksonow tych
grup obliczono na podstawie wzoru XP + suma ziaren z odpowiadajacej grupy = 100%.
Cyperaceae wiaczono do grupy ros$lin zielnych, zgodnie z oryginalnym diagramem pytkowym
z Kotonia (Margielewski i in., 2003). Wszystkie obliczenia i diagramy palinologiczne dla rdzeni
gléwnych zostaly wykonane przez mgr. inz. Jolant¢ Pilch za pomoca oprogramowania Tilia
(Grimm, 1991). W przypadku diagramu pytkowego Kotonia przedstawiono tylko

najwazniejsze taksony roslin.

8.5.2. Rdzenie boczne

Analize palinologiczng rdzeni bocznych z obydwu torfowisk przeprowadzit w ramach
biezacych badan dr Artur Gorecki z Instytutu Botaniki Uniwersytetu Jagiellonskiego. Analiza
palinologiczna dla dodatkowych rdzeni bocznych Klaklowo B2 oraz Koton B2 (fragmenty
dolnych partii tych rdzeni) wykonana byta w ramach dotacji dla mtodych naukowcow Instytutu

Ochrony Przyrody PAN.

Z profili bocznych pobrano tacznie 173 probek do analiz palinologicznych: po 1 cm® w
przypadku torfoéw oraz po 3 cm?® w przypadku itow, pytéw 1 mutkéw. Liczba probek wynosita
odpowiednio: Klaklowo B1 — 64, Klaklowo B2 — 23, Koton B1 — 63 oraz Koton B2 — 20. Probki
pobierano w odstepach co 5 cm 1 w razie potrzeby dogeszczano. Probki z profili Klaklowo B2
1 Koton B2 przygotowano zgodnie z metodyka opracowang przez Berglund i1 Ralska-
Jasiewiczowa (1986), z zastosowaniem procedury acetolizy wedlug Erdtmana (1960). W
przypadku profili Klaklowo B1 i Koton B1 zrezygnowano z uzycia kwasu fluorowodorowego
(HF), natomiast pylek ekstrahowano metoda separacji w cieczy o duzej gestosci, z
wykorzystaniem roztworu chlorku cynku (ZnClz) o gestosci 1,88 g/cm?, zgodnie z procedura

Nakagawa 1 in. (1998). Identyfikacje ziaren pytku oraz palinomorf niepytkowych prowadzono
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przy uzyciu mikroskopu $wietlnego przy powigkszeniu 400%, korzystajac z kluczy oraz
internetowych baz danych (Beug, 2004; PalDat: Palynological Database, 2000; Shumilovskikh
11n., 2022). W wigkszosci przypadkow zliczano do 500 ziaren pytku roslin drzewiastych (AP)
1 zielnych (NAP), z wylaczeniem taksonow wodnych i szuwarowych. W przypadku niskiej
frekwencji pytku liczono do 300 ziaren lub analizowano cato$¢ materiatu w probce. Wyniki
przedstawiono w postaci diagramow palinologicznych opracowanych w programie POLPAL
(Nalepka 1 Walanus, 2003). Diagramy graficzne przygotowano z wykorzystaniem srodowiska

Rstudio (Posit Team, 2025) 1 pakietu riojaPlot (Juggins, 2022a).

8.6. Analiza uziarnienia (granulometryczna)

Analize granulometryczng przeprowadzono metoda dyfrakcji laserowej na
granulometrze Mastersizer 3000 (Malvern Panalytical, Wielka Brytania) w laboratorium
geomorfologicznym Instytutu Geografii 1 Gospodarki Przestrzennej, Uniwersytetu
Jagiellonskiego w Krakowie, we wspolpracy z dr Mateuszem Stolarczykiem oraz dr Lukaszem
Musielokiem. Zawarto$¢ frakcji osadu, rodzaj osadu oraz parametry statystyczne rozktadu
granulometrycznego (Srednig wielko$¢ ziarna, odchylenie standardowe, skos$nos¢ i kurtoze)
wedtug metody graficznej Folka i Warda (1957) obliczono w programie GRADISTAT (Blott i
Pye, 2001). Mechanizmy transportu i depozycji osadow okreslono na podstawie diagramu C-
M (Passega 1 Byramjee, 1969). Analizie granulometrycznej poddano odcinki gltgbokosci rdzeni

gtownych torfowisk Klaklowo 1 Koton zdominowane przez osady minerogeniczne.

8.7. Analiza potencjalnych poziomow tefry zwigzanych z erupcjami wulkanéw w

poznym glacjale

Analiza 1 identyfikacja poziomow tefry, zwigzanych z erupcjami wulkanow w pdznym
glacjale, zostata przeprowadzona dla: Neapolitan Yellow Tuff (NYT), zwigzanej z erupcja
wulkanow obszaru Campi Flegrei w poblizu Neapolu, Wlochy oraz Laacher See Tephra (LST),
zwigzanej z erupcjg wulkanu Laacher See w gorach Eifel, W Niemcy (Tabela 3). Zaniechana
zostala planowana analiza i1 identyfikacja poziomow mikrotefry Vedde Ash, zwigzanych z
erupcja wulkanu Katla na Islandii, oraz osadow wulkanicznych pochodzacych z erupcji

wulkanu Sfinta Ana w Karpatach Wschodnich na terytorium Rumunii (Tabela 3). W pierwszym
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przypadku podyktowane to bylo matym prawdopodobienstwem dotarcia pylu wulkanicznego
do obszaru badan, tj. Zachodnich Karpat Zewn¢trznych (Bronk Ramsey i in., 2015), za§ w
drugim niepotwierdzonym wiekiem erupcji Sfintej Any, 10 700 + 180 lat uncal BP (Juvigné i
in., 1994), ktora wg. innych autoroOw jest znacznie starsza, ok. 42—35 tys. lat (Moriyaiin., 1996;
Szakacs 1 in., 2002). Daty erupcji NYT i LST przyj¢to w oparciu o zaktualizowane (z uzyciem
najnowszych dostepnych metod oraz radioweglowych krzywych kalibracyjnych: IntCall3 i
Marinel3) oszacowania wieku tych erupcji (rekomendowany model 2, Bronk Ramsey 1 in.,
2015). Dla zakresow czasowych tych erupcji, w oparciu o modele wiek-glebokos¢
skonstruowane dla sekwencji osadow torfowisk Koton i Klaklowo, zostaly wytypowane
przedzialy glebokosci, z ktorych pobrano probki do analizy potencjalnych poziomow tefry
(Tabela 3).

Preparatyka probek zostata przeprowadzona we wspotpracy z dr Joanng Stawinska w
laboratorium chemicznym Instytutu Nauk o Morzu i Srodowisku Uniwersytetu Szczecinskiego,
w oparciu o procedure opracowang przez Blockley i in. (2005). Odpowiednie fragmenty rdzeni
osadow oprobowano w interwalach co 1 cm dla tefry LST 1 10 cm dla tefry NYT (u$redniona
reprezentacja osadu; probki co 1 cm dla NYT zostaly zachowane na przyszte doktadniejsze
analizy w przypadku znalezienia ziaren tefry). Otrzymane probki poddano dziataniu roztworu
10% HCI (usuwanie weglanéw) oraz separacji na frakcje za pomoca cieczy cigezkiej SPT
(sodium polytungstate). W efekcie otrzymano frakcje osadu o gestosci 2,5 g/cm?® potencjalnie
zawierajacg ziarna tefry, ktorg nastepnie poddano wstepnej analizie 1 identyfikacji z uzyciem
mikroskopu polaryzacyjnego. Pod opieka merytoryczng dr J. Stawinskiej, mgr inz. J. Pilch
przeprowadzila pilotazowg preparatyke i1 identyfikacje tefry dla fragmentu poziomu NYT (330—
342,5 cm) z profilu Klaklowa, za§ pozostate przedzialy zostaly przeanalizowane przez

dr J. Stawinska.

8.8. Dodatkowe analizy geochemiczne

Dodatkowe (ponadprogramowe w stosunku do zakresu projektu) analizy geochemiczne
zostaly wykonane dla dolnych czesci sekwencji osadow torfowisk Klaklowo 1 Koton (interwaty
glebokosci odpowiednio: 350-250 cm 1 500-300 cm, probkowanie co 2,5 cm) w Laboratorium
Gleboznawczym Pracowni Gleboznawstwa i Geografii Gleb, w Instytucie Geografii i
Gospodarki Przestrzennej Uniwersytetu Jagiellonskiego w Krakowie, we wspotpracy z dr

Mateuszem Stolarczykiem oraz dr Lukaszem Musielokiem (oznaczenia zawartosci CaCOs,
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SOC, TN, P-PO4, N-NO; oraz N-NH4) oraz Zaktadzie Spektrometrii Mas, Instytut Fizyki
Jadrowej PAN w Krakowie we wspotpracy z dr inz. Dariuszem Salg (oznaczenia zawartosci

Ca, Mg, K, Na, Fe, Mn, Ni, Cu, Zn, Pb).

Oznaczenia zawartosci CaCQO3, SOC, TN, P-PO4, N-NO3 oraz N-NH4. Zawartos$¢
weglanow (rownowaznik CaCOs3 uzyskany ze stezenia CO2 uwolnionego w reakcji z 10% HCI)
okreslono metoda objetosciowa Scheiblera (Loeppert 1 Suarez, 1996). Ponadto wykorzystano
zestaw wskaznikow geochemicznych standardowo stosowanych w badaniach gleb (Wang i in.,
2022). Catkowita zawartos¢ wegla (TOC) oraz azot catkowity (TN) okreslono metoda suchego
spalania za pomocg analizatora pierwiastkowego Vario Micro Cube CHN z detekcja TCD
(Elementar Analysensysteme GmbH, Langenselbold, Niemcy) (Nelson i Sommers, 1996). W
przypadku wiekszosci probek (ze wzgledu na brak weglandw) przyjeto, ze catkowita zawartos¢
wegla odpowiada zawarto$ci SOC. Jednak w przypadku obecno$ci weglandw, zawarto§¢ SOC
obliczono, odejmujac zawarto§¢ wegla nieorganicznego (eqCaCOsz x 0,12) od calkowitej

zawarto$ci wegla.

Zawarto$¢ nietrwalych form mineralnego fosforu (P-POs), rozpuszczalnych w wodzie
dejonizowanej, mierzono metodg spektrofotometryczng przy dlugosci fali 550 nm (Levy i
Schlesinger, 1999). Zawarto$§¢ azotu azotanowego (N-NO3) w 1% roztworach K>SOg4
oznaczano przy uzyciu kwasu fenylodisulfonowego i pomiarze absorbancji przy dtugosci fali
410 nm (Gotkiewicz, 1983). Zawarto$¢ azotu amonowego (N-NHs) w 1% roztworach K»>SO4
oznaczano przy uzyciu bezposredniej reakcji Nesslera i pomiarze absorbancji przy dlugosci fali
436 nm (Gotkiewicz, 1983). Zawarto$¢ P-PO4, N-NOj3 1 N-NH4 oznaczano w materiale statym
probki (woda porowa nie byta badana). Chociaz zawarto$¢ frakcji P 1 N w osadach torfowisk
podlega réznym procesom syn- i postdepozycyjnym (Salmon 1 in., 2021), przeprowadzono
jakosciowe badania potencjalnego zwigzku z innymi danymi paleoekologicznymi. Obliczono

stosunki N-NO3/N-NHs w celu rekonstrukcji poziomu natlenienia osadéw (Gotkiewicz, 1973).

Oznaczenia zawartosci Ca, Mg, K, Na, Fe, Mn, Ni, Cu, Zn, Pb. Prébki suszono w
temperaturze 105 = 5 °C w suszarce prézniowej (Alpina EG40, Polska) przez 24 godziny, a
nastepnie umieszczono w piecu muflowym, gdzie byty wyprazane w temperaturze 600 °C przez
kolejne 6 godzin. Doktadnie odwazone ok. 200 mg materialu rozpuszczono za pomoca
stezonych kwasow (HF 1 HNO3) w temperaturze 180 °C w zamknietych pojemnikach PTFE w
systemie do mineralizacji mikrofalowej (PreeKem M6). Po schtodzeniu probki przefiltrowano

w celu uniknigcia zablokowania systemu wprowadzania probki i rozcienczono do objgtosci
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koncowej (50 ml). Do oznaczania pierwiastkow (Ca, Mg, K, Na, Fe, Mn, Ni, Cu, Zn, Pb) w
analizach geochemicznych uzyto urzadzenia Agilent 8900 Triple Quadrupole ICP-MS (Agilent
Technologies, USA). Zaktocenia izobaryczne zredukowano dzigki zastosowaniu zintegrowanej

komory zderzeniowo-reakcyjnej w helu, jako gazie kolizyjnym.

8.9. Analizy statystyczne

Analiza skupien z ograniczeniem stratygraficznym (stratigraphically constrained cluster
analysis by the method of incremental sum of squares, CONISS, Grimm, 1987) zostata
przeprowadzona w oparciu o wyniki analizy makroszczatkow roslin i palinologicznej, w celu
uzyskania odpowiednio wydzielen LMAZ (local macrofossil assemblage zones) i LPAZ (local
pollen assemblage zones) dla sekwencji osadow torfowisk Klaklowo i1 Koton. W tym celu
liczebnosci catkowite makroszczatkéw roslin zostaty znormalizowane do tej samej objetosci
probki osadu dla danego stanowiska (Klaklowo rdzen gtéwny do 20 cm?, Koton rdzen gtowny
do 16 cm?®, Klaklowo rdzefi boczny B1 do 16 cm?, Klaklowo rdzef boczny B2 do 14 cm?, Koton
rdzen boczny B1 do 18 cm?, Koton rdzef boczny B2 do 18 cm?), natomiast w przypadku danych
pylkowych analize¢ skupien przeprowadzono w oparciu o udzialy procentowe taksonéw. Dla
danych z rdzeni gléwnych liczbg statystycznie istotnych wydzieleh LMAZ i LPAZ okre§lono
na podstawie broken-stick model (Bennett, 1996), za§ cato$¢ obliczen przeprowadzono z
wykorzystaniem pakietu Rioja (Juggins, 2022b) w wersji R 4.2.2 (R Core Team, 2022). Dla
danych z rdzeni gtownych ostateczne zakresy glebokosci LMAZ, LPAZ i paleoekologicznych
stadiow rozwoju torfowisk Klaklowo 1 Koton okreslono na podstawie wynikow analizy skupien
CONISS oraz wizualnej oceny diagramoéw makroszczatkéw roslin 1 diagramow
palinologicznych. W przypadku danych palinologicznych z rdzeni bocznych, zony LPAZ
wyznaczono korzystajac z analizy skupien (CONISS) w programie riojaPlot (Juggins, 2022a).

W analizie reprezentatywnosci danych makroszczatkowych (cel badawczy 1b)
skupiono si¢ jedynie na jako§ciowym poréwnaniu rdzeni osadéw pobranych w centralnych
(rdzenie gtéwne) 1 marginalnych partiach torfowisk (rdzenie boczne). IloSciowa analiza
kierunku 1 wielko$ci zmian w sktadzie zespotow makroszczatkowych np. za pomoca metody
PCA (Galka i in., 2017) nie zostata podjeta z uwagi na roznice w rozdzielczosci probkowania
analizy makroszczatkow zarowno w obrgbie samych rdzeni gtownych (probkowanie co 2.5 w
dolnej oraz co 5 cm w goérnej czgsci) jak i rdzeni bocznych (probkowanie co 51 10 cm) oraz z

uwagi na mniejszg liczbe gatunkdow oznaczonych w rdzeniach bocznych, zwigzang z duzym
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stopniem rozkladu osadow organicznych 1 slabym stopniem zachowania okazéw

makroszczatkow (np. owocki Betula sect. Albae).

9. Wyniki

9.1. Wyniki dla gléwnego celu badawczego 1a — publikacja 1

Wyniki analizy multi-proxy przeprowadzonej dla osadow pdznego glacjatu i wezesnego
holocenu (ok. 13 900—10 000 lat cal BP) torfowisk osuwiskowych Koton i Klaklowo w

odniesieniu do ich réznych pozycji topograficznych wykazaty, ze:

1) Zidentyfikowane rozbieznos$ci czasowe w zapisie zmian szaty roslinnej (np. etap rozwoju
dlugotrwatego torfowiska niskiego, ekspansja brzozy) w osadach torfowisk Klaklowo i
Koton wynikaja prawdopodobnie z odmiennych lokalnych warunkéw topograficznych i
hydrologicznych obydwu torfowisk (np. ksztattu, zasiegu, glebokosci i1 rzezby zaglebien
osuwiskowych, dynamiki zwierciadta wod podziemnych, wystgpowania i liczby ciekow
wodnych). Z drugiej strony, podobiefistwa w zapisie zmian szaty roslinnej w osadach (np.
ekspansja lasoéw sosnowych okoto 13 650 na Kotoniu i okoto 13 630 lat cal BP w Klaklowie,
recesja Bryopsida okoto 11 560 na Kotoniu i 11 510 lat cal BP w Klaklowie) sa wyraznie
uwarunkowane silnymi 1 dlugotrwatymi globalnymi zmianami klimatycznymi (GI-la—
c/allerad, GS-1/mtodszy dryas, holocen) i nie wskazuja na zalezno$¢ od wysokos$ci 1/lub
ekspozycji stanowisk.

2) Niemalze réwnoczesny poczatek zwiekszonej dostawy materialu minerogenicznego do
torfowisk Koton 1 Klaklowo, okoto 11 720 lat cal BP, wskazuje, iz globalne ocieplenie
klimatyczne holocenu wywotato podobny i synchroniczny sygnal w zapisie litologicznym
obydwu torfowisk, niezaleznie od ich potozenia topograficznego. Z drugiej strony,
charakterystyka zlewni torfowiska, w tym jej powierzchnia, ksztalt, rzeZba terenu, geologia
podioza skalnego i specyficzne lokalne formy rzezby terenu, moga przyczynia¢ si¢ do
znacznie wyrazniejszego zapisu litologicznego stabszych 1 krotszych oscylacji
klimatycznych, w tym przypadku oscylacji GI-1b/Gerzensee i oscylacji preborealnej, co
zaobserwowano w przypadku osadow torfowiska Klaklowo. Intensywna sedymentacja
materiatu minerogenicznego podczas oscylacji preborealnej wymaga jednak dalszego
wyjasnienia ze wzgledu na ograniczong wiarygodno$¢ modelu wiek-glebokos$¢ na tej

glebokosci.
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3) Na podstawie wynikow badan, hipoteza mowigca, iz zmiany klimatyczne pdznego glacjatu
1 wezesnego holocenu zostalty zarejestrowane inaczej na torfowisku osuwiskowym Koton,
charakteryzujagcym si¢ poludniowa ekspozycja i polozeniem blisko grzbietu masywu
gorskiego, a w inny sposob na torfowisku osuwiskowym Klaklowo, charakteryzujacym sie
péinocna ekspozycja i potozeniem w strefie przydolinnej zbocza, moze zosta¢ potwierdzona
dla pomniejszych oscylacji klimatycznych, w tym oscylacji GI-1b/Gerzensee i domniemane;j
oscylacji preborealnej. Ekspansja i/lub zanik dominujacych taksonoéw roslinnosci (Pinus,
Betula sect. Albae, Carex, Bryopsida) oraz dostawa osadu minerogenicznego spowodowana
przez globalne zmiany klimatyczne: Gl-la—c/allerad, GS-1/mtodszy dryas i holocen,
wystepuja w przyblizeniu w tym samym czasie na obydwu torfowiskach osuwiskowych
Klaklowo 1 Koton. Wyjatkiem jest pdzniejsza recesja modrzewia europejskiego (Larix
decidua), sosny zwyczanej (Pinus sylvestris) 1 generalnie drzew iglastych (Coniferae) na
torfowisku Klaklowo, niz na torfowisku Koton, co mozna przypisa¢ potnocnej ekspozycji i
zrdznicowane] rzezbie osuwiskowej stanowiska Klaklowo. W ocieplajacym si¢ klimacie
holocenu, obszar torfowiska mogt pelni¢ rolg refugium dla niektorych gatunkéow drzew

iglastych (Coniferae) wchodzacych w sktad laséw borealnych.

9.2. Wyniki dla glownego celu badawczego 1b — publikacje 1, 2 i 3 oraz materialy

niepublikowane

Wyniki analizy palinologicznej dla osadow rdzeni bocznych: Klaklowo B1, Klaklowo
B2, Koton B1 i Koton B2 przedstawione sa odpowiednio na Figurze 2, 4, 6 1 8, za$ wyniki
analizy makroszczatkow roslin odpowiednio na Figurze 3, 5, 7 1 9 oraz w Tabeli 2. Etapy
paleoekologicznego rozwoju torfowisk Klaklowo 1 Koton wyznaczone w oparciu o analize
rdzeni bocznych, zostaly dowigzane do etapéw rozwoju zrekonstruowanych w oparciu o
analiz¢ osadow rdzeni gléwnych (Tabela 2, Figura 10 i 11), co umozliwito okreslenie, czy
wydzielenia przeprowadzone w oparciu o analize rdzeni bocznych sa odmienne niz dla rdzeni
glownych. Do poréwnania sekwencji osadow w rdzeniach gtownych i bocznych wykorzystano

rowniez daty radioweglowe (Tabela 1, Figura 101 11).

Generalnie, zardéwno etapy paleoekologiczne rozwoju torfowiska zrekonstruowane dla
profili gtownych jak 1 bocznych charakteryzuja si¢ podobnymi zespotami makroszczatkow

roslin. Dla rdzenia gtownego Klaklowa wyr6zniono 10 etapéw rozwoju paleoekologicznego
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zbiornika (wliczajac podetapy: KK-3a i KK-3b oraz KK-5a i KK-5b), za$ dla rdzenia bocznego
Klaklowo B1 siedem etapow (Figura 10). W wyniku wolniejszego tempa akumulacji lub przerw
w sedymentacji i/lub erozji osadéw, rdzen boczny Klaklowo BI1 charakteryzowat sig
zredukowang migzszos$ciag sekwencji osadow minerogenicznych: KK-1 wraz z KK-2—KK-3
oraz osadoéw organicznych KK-4-KK-5 w stosunku do rdzenia gtownego. Wydzielenie
precyzyjnych granic glgbokosciowych etapodw rozwoju torfowiska w tym przypadku bylo
niemozliwe. Dla rdzenia gléwnego torfowiska Koton wyrdézniono 12 etapéw rozwoju
(wliczajac podetapy: KT-1a i KT-1b, KT-4a i KT-4b oraz KT-5a i KT-5b), za$§ dla rdzenia
bocznego Koton B1 wyszczegolniono 7 takich etapow (Figura 11). Rowniez w przypadku
rdzenia bocznego Koton B1 mozna zaobserwowa¢ mocno zredukowanag miazszo$¢ sekwencji
osadow minerogenicznych: KT1-KT3 w stosunku do rdzenia gléwnego, uniemozliwiajaca
doktadniejsze wydzielenie poszczegdlnych etapow. Dla sekwencji osadow organicznych w
przyblizeniu wydzielono etapy KT-4, KT-5a 1 KT-5b, r6zZnig si¢ one jednak migzszos$cig osadow
od analogicznych wydzielen w rdzeniu gldéwnym (szczegolnie etap KT-5a). Niemozliwe byto
rowniez wydzielenie etapow KT-6—KT-8 w holocenskiej pokrywie mineralnej rdzenia
bocznego. Dodatkowe rdzenie boczne, Klaklowo B2 oraz Koton B2, przedstawiaja tylko
wybrane spagowe fragmenty catosci profili, lecz réwniez wykazuja duza zgodno$¢ z
analogicznymi etapami rozwoju torfowiska wydzielonymi dla rdzeni gtéwnych (Figura 10 1
Figura 11). Ponadto, w przypadku rdzenia Klaklowo B2 mozna zaobserwowac¢ wrecz wigksze
migzszosci osadow minerogenicznych etapu KK-1-KK-3, co moze wskazywac, iz profil ten
zostal nawiercony w najglebszej czgsci zaglebienia osuwiskowego torfowiska Klaklowo.
Niestety brak materialu organicznego umozliwiajacego datowania radiowgglowe metoda AMS
poza jedng, prawdopodobnie postarzong datg z glebokosci 260-262,5 cm (15 310-15 055 lat
cal BP), uniemozliwia doktadng weryfikacje wykonanej korelacji (Tabela 1, Figura 5 1 10).

W przypadku obydwu stanowisk, wyniki wskazuja, iz ze wzgledu na reprezentatywnos$¢
zrekonstruowanych etapow paleoekologicznego rozwoju torfowisk, gldéwne profile osadoéw
nawiercone w centralnej czesci torfowisk sa nie tylko reprezentatywne dla catosci zbiornika
sedymentacyjnego, ale tez pozwalajg (w zwiazku z wigksza migzszoscig osadow) wydzieli¢
wiecej etapow rozwoju torfowiska o wyrazniej sprecyzowanych granicach tych etapow, w
stosunku do rdzeni bocznych Klaklowo B1 i Koton B1 nawierconych w strefach marginalnych
torfowisk. RdzZnice mozna zauwazy¢ szczegdlnie na przyktadzie etapow KK-4 i KK-5 rozwoju
torfowiska Klaklowo (Figura 10). Podczas gdy w centralnej czgsci zbiornika (rdzen glowny)

dochodzitlo do akumulacji torfow mszystych, w czesci brzeznej torf sktadat si¢ glownie z
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korzonkdw, tkanek, drewienek i kory rosélin naczyniowych, czgsto mocno roztozonych, a takze
detrytycznych fragmentéw materii organicznej (Tabela 2). Osad organiczny tego rodzaju
wskazuje na duzo bardziej zmienne warunki wilgotnosciowe i mozliwe czeste epizody
przesuszenia 1 dostawy do zbiornika allochtonicznej materii organicznej w strefach
marginalnych torfowiska. Jest to widoczne réwniez w zapisie palinologicznym rdzenia
bocznego Klaklowo B1, w ktérym wystepuja liczne poziomy pozbawione pytku (Figura 2,
Figura 10). Tak wiec analiza rdzeni gldownych pozwala na kompletng 1 bardziej szczegdétowa
rekonstrukcje historii rozwoju torfowisk, za$ hipoteza robocza ,,Analiza makroszczatkow
przeprowadzona jedynie w obrebie jednego profilu moze nie by¢ reprezentatywna dla calego

zbiornika sedymentacyjnego” pozostaje w przypadku analizowanych danych niepotwierdzona.

9.3. Wyniki dla gléwnego celu badawczego 1¢ — publikacje 2 i 3

W celu okreslenia zmian roslinnosci w trakcie krétkotrwatego ochtodzenia starszego
dryasu (100-200 lat), zrekonstruowano etapy lokalnego rozwoju paleoekologicznego torfowisk
osuwiskowych Klaklowo i Koton podczas faz klimatycznych belling-starszy dryas-allered 1
skorelowano je z dostepnymi chronologiami absolutnymi (Ammann i in., 2013; Litt i in., 2001;
Rasmussen 1 in., 2014). Nastepnie za$ przesledzono czy 1 w jaki sposob krotkotrwata oscylacja
klimatyczna GI-1d /starszy dryas (14 025—13 904 lat BP) (Rasmussen i in., 2014) wptyn¢ta na

lokalny i regionalny zapis paleo-$rodowiska i zmian szaty roslinnej w obydwu stanowiskach.

9.3.1. Rekonstrukcja etapow rozwoju torfowisk i korelacja z ponadregionalnymi

chronologiami absolutnymi

Rozwoj paleo-zbiornikow wodnych/torfowisk Klaklowo 1 Koton w okresie belling-
starszy dryas-allerad (ok. 14 600—13 500 lat cal BP) przebiegat wieloetapowo. W sekwencji
osadow torfowiska Klaklowo wyrdzniono cztery etapy paleoekologiczne: zbiornik wodny I w
otoczeniu prawdopodobnie otwartej przestrzeni (spowodowanej lokalnymi warunkami nowo
powstatych osuwisk i/lub chtodnym klimatem) (KK-1), krotkotrwale torfowisko otoczone
stepo-tundra (KK-2), zbiornik wodny II otoczony lasem borealnym zdominowanym przez
brzoze (Betula) (etap podzielony na dwa podetapy KK-3a i KK-3b) oraz dlugotrwale

torfowisko otoczone lasem borealnym zdominowanym przez sosn¢ (Pinus) (KK-4). W
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sekwencji osadow torfowiska Koton wyr6zniono cztery paleoekologiczne stadia rozwoju:
zbiornik wodny ubogi w roslinno$¢ przypuszczalnie w otwartym otoczeniu (KT-1), zbiornik
wodny z sukcesja roslin wodnych prawdopodobnie otoczony siedliskami stepowo-tundrowymi
(KT-2), torfowisko niskie wybitnie zasobne w weglany (KT-3) otoczone (zarastajaca?) stepo-
tundrg i1 torfowisko $rednio zasobne w weglany w otoczeniu borealnego lasu brzozowo-

sosnowego (KT-4).

Poréwnujac radioweglowe chronologie absolutne uzyskane dla stanowisk Klaklowo i
Koton z réznymi chronologiami ponadregionalnymi, p6znoglacjalna sekwencja torfowiska
Klaklowo moze by¢ skorelowana z zapisem rdzeni lodowych Grenlandii (Rasmussen 1 in.,
2014) i osadami jeziora Gerzensee w Szwajcarii (Ammann i in., 2013) w wigkszym stopniu niz
z zapisem poznego glacjalu w osadach jeziora Meerfelder Maar w regionie Eifel w Niemczech
(Littiin., 2001). Zgodnie z chronologiami NGRIP i Gerzensee, w sekwencji osadow torfowiska
Klaklowo etap KK-1 odpowiada ochtodzeniu GS-2/najstarszy dryas i ociepleniu klimatu GI-
le/belling, etap KK-2 ochtodzeniu GI-1d/starszy dryas, za$ etapy KK-3a, KK-3b i KK-4
odpowiadajg ociepleniu GI-1c/allerad. W sekwencji osadow torfowiska Koton, etap KT-1
odpowiada ociepleniu GI-1e/belling i prawdopodobnie takze poprzedzajagcemu go ochtodzeniu
GS-2/najstarszy dryas, etap KT-2 odpowiada ochtodzeniu GI-1d/starszy dryas, KT-3
prawdopodobnie okresowi przejSciowemu pomiedzy GI-1d/starszy dryas i1 GI-1c/allered, za$

KT-4 odpowiada ociepleniu GI-1c/allerod.

9.3.2. Charakterystyka szaty roslinnej

W sekwencji osadowej stanowiska Koton, ochlodzenie klimatu GI-1d/starszy dryas
odpowiada etapowi KT-2 paleoekologicznego rozwoju tego torfowiska, ktorego zakres
czasowy zostat oszacowany na od ok. 14 070 + 72 do ok. 13 900 = 56 lat cal BP (ok. 170 lat).
W trakcie tego etapu powstawaly osady o charakterze gytii zakumulowanej w oligo- do
mezotroficznym zbiorniku wodnym z roslinno$cig zdominowang przez tgki ramienicowe
(Characeae) 1 inne gatunki makrofytow (Potamogeton alpinus, Batrachium sp.) oraz mchy
brunatne (Bryopsida) reprezentowane przez arktyczno-borealny gatunek Sarmentypnum
trichophyllum 1 turzyce (Carex nigra, Carex diandra, Carex rostrata i Carex magellanica).
Zbiornik ten byl prawdopodobnie otoczony siedliskami  stepowo-tundrowymi,

udokumentowanymi przez makroszczatki Dryas octopetala 1 Androsace ct. chamaejasme.
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W sekwencji osadowej stanowiska Klaklowo, ochlodzenie klimatu GI-1d/starszy dryas
odpowiada etapowi KK-2 paleoekologicznego rozwoju tego torfowiska, ktérego zakres
czasowy zostat oszacowany na okres od ok. 14 040 = 61 do ok. 13 900 + 56 lat cal BP (ok. 170
lat). Etap ten dokumentujg osady minerogeniczno-organiczne zdeponowane w krotkotrwatym
okresie rozwoju torfowisku, ktore powstato prawdopodobnie w wyniku wyptycenia wczedniej
istniejgcego paleo-jeziora. Dominujaca obecno$¢ taksondow roslin torfowiskowych: Valeriana
simplicifolia/dioica, Carex rostrata, Carex diandra, Eleocharis palustris 1 Phragmites australis
wskazuje na wahania poziomu wody wynoszace ok. 1 m w skali roku (Gaillard i1 Birks, 2007).
Makroszczatki roslinne nalezace do Dryas octopetala, Poa cf. alpina 1 Androsace cf.
chamaejasme, redeponowane do basenu sedymentacynego sugeruja wystepowanie stepo-

tundry w otoczeniu zbiornika, typowej dla zimnych i suchych warunkéw klimatycznych.

9.3.3. Podobienstwa w zapisie zmian szaty roslinnej pomiedzy stanowiskami

Generalnie, oscylacja klimatyczna starszego dryasu byta zwigzana z nawrotem zimnego
i suchego klimatu kontynentalnego, typowego dla poéznego glacjalu. W sekwencjach
osadowych zarowno Kotonia jak 1 Klaklowa, w okresie odpowiednio KT-2 1 KK-2, zespotly
makroszczatkow ro$lin wskazuja na arktyczne/alpejskie warunki klimatyczne wokot tych
stanowisk tj. wystepowanie tam stepo-tundry. W przypadku lokalnych zmian roslinno$ci 1
paleohydrologicznych, oscylacja klimatyczna GI-1d/starszego dryasu zostata zarejestrowana
podobnie w obydwu stanowiskach jako spltycenie istniejagcych paleo-zbiornikéw wodnych.
Podobny zapis splycania zbiornikéw podczas GI-1d/starszego dryasu mozna odnalez¢ w innych
stanowiskach w Europie (Bos i in., 2013, 2017; Feurdean i Bennike, 2004), w ktorych to
przypadkach proces ten przypisywano oddzialywaniu suchych warunkoéw klimatycznych.
Niemniej jednak, w przypadku stanowisk Koton 1 Klaklowo konieczne sg bardziej szczegotowe
badania multi-proxy, aby odrézni¢ wptyw zmian klimatu od sukcesji autogenicznej. Dlatego
tez w identyfikowaniu etapéw KT-2 1 KK-2 bezposrednio z ochlodzeniem starszego dryasu

nalezy zachowa¢ pewna ostrozno$¢ (Rasmussen i in., 2014).

9.3.4. Poréwnanie z chronozonami wyznaczonymi we wczesniejszych badaniach
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Dzigki zastosowaniu datowania radioweglowego AMS i analizy makroszczatkdéw roslin
0 wysokiej rozdzielczos$ci, zostala doprecyzowana rzeczywista migzszo$¢ osadow
deponowanych w starszym dryasie (obecnie tozsamym z GI-1d), ktéra we wczesniejszych
badaniach torfowisk Koton i Klaklowo zostata oszacowana na ok. 0,5 m (Margielewski, 2001a,
2001b; Margielewski i in., 2003). Co wiecej, w profilu Klaklowo w przedziale glebokosci
zidentyfikowanym palinologicznie jako osady starszego dryasu w poprzednich badaniach
(Margielewski, 2001a), w biezacych wynikach makroszczatkowych zaobserwowano rozwoj
sukcesji roslin wodnych (zdominowanych przez Characeae), ktora wraz z sukcesja lasu
borealnego w zlewni zbiornika wodnego, sygnalizuje ocieplenie GI-1c3/allerad. Analogiczne
zmiany ro$linno$ci zaobserwowano rowniez w nowych danych pytkowych, co sugeruje, ze faza
klimatyczna allerodu nastgpita wczesniej niz ustalono to na podstawie poprzedniej analizy

palinologicznej (Margielewski, 2001a).

W przypadku roéznic w zakresie czasowym pomiedzy wczesniej okreslonymi
chronozonami pytkowymi dla stanowiska Klaklowo i Koton (Margielewski i in., 2003) a
stratygrafig rdzeni lodowych Grenlandii (Rasmussen i1 in., 2014), nalezy podkresli¢, ze
ochtodzenie klimatu GI-1d/starszy dryas jest wyraznie zdefiniowane pod wzgledem zakresu
czasowego (14 025-13 904 lat BP), podczas gdy w przypadku wielu stanowisk (w tym
stanowiska Koton i Klaklowo) ochtodzenie klimatu starszego dryasu zostalo rozpoznane jako
oparte wylacznie o diagramy pylkowe, bez odniesienia do konkretnych granic czasowych
zdefiniowanych w chronologiach ponadregionalnych (Bjorck 1 in., 1998; Mangerud i in., 1974;
Rasmussen 1 in., 2014). W zwigzku z tym mozliwe s3 rozbieznosci w zakresie glebokosci
pomiedzy podzialami sekwencji osadéw (granicami chronozon) opartymi na danych

palinologicznych i1 podziatami opartymi na chronologii absolutne;.

Zweryfikowanie zasiggu granic chronozony starszego dryasu wydzielonych na
podstawie archiwalnych diagramow pytkowych, z wykorzystaniem biezacych danych
palinologicznych, jest utrudnione z uwagi na poziomy ptonne pod wzgledem obecnosci ziaren
pylku w spagowych, minerogenicznych partiach profili obydwu stanowisk (niemoznos¢
wydzielenia LPAZ). Czeste wahania poziomu wody 1 mozliwe okresowe wysychanie
zbiornikow, charakterystyczne dla zbiornikbw wodnych i torfowisk powstatych w
zaglebieniach osuwiskowych, oraz wynikajace z nich zmiany warunkéw natlenienia (na co
wskazujg dane geochemiczne) byty prawdopodobnie jedng z gtownych przyczyn degradacji

pylku podczas najwczes$niejszego etapu rozwoju zbiornikdw wodnych Klaklowa 1 Kotonia.
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Nalezy rowniez uwzgledni¢ inne mozliwe procesy pre-, syn- i postdepozycyjne powodujace

degradacj¢ pytku. Kwestia niecigglego zapisu pytkowego wymaga jednak dalszych badan.

9.4. Wyniki dla drugorzednego celu badawczego 2a — publikacje 1, 2 i 3 oraz materialy

niepublikowane

Koton — rdzen gléwny. We wczesniejszej analizie palinologicznej pdznoglacjalnych
osadow z torfowiska Koton na glgbokosci ok. 450—400 cm zarejestrowano wystepowanie pytku
roslin cieptolubnych: Corylus avellana, Ulmus, Tilia undiff., Quercus, Carpinus betulus oraz
pytku Fagus sylvatica 1 Abies alba o udzialach procentowych okoto lub ponizej 1%
(Margielewski, 2001b; Margielewski i in., 2003). Jak pokazuja wyniki analizy makroszczatkow
roslin dla rdzenia gléwnego torfowiska Koton, ten interwal gitebokos$ci jest bardzo ubogi w
makroszczatki (jedynie sporadyczne znaleziska Juncus, Alchemilla sp., Carex rostrata, Scirpus
sylvaticus, Bryopsida, Characeae i innych organizméw wodnych). Jest to rOwniez poziom
wystepowania osadow pylastych z istotng zawarto$cig frakcji piaszczystej i czasami rOwniez
drobnych fragmentow gruzu skalnego. Wystepowania makroszczatkow cieplolubnych

taksondéw drzew oraz buka i jodly nie stwierdzono.

Klaklowo — rdzen gléwny. DIla podobnego odcinka czasowego, w osadach stanowiska
Klaklowo (glebokos¢ ok. 340-280 cm) podczas wezesniejszych badan zarejestrowano jedynie
sladowe ilosci pytku cieplolubnego Corylus (Margielewski, 2001a). Analiza palinologiczna
wykonana w ramach niniejszego projektu data nieco inne rezultaty w postaci prawie ciagtego
zapisu pytku Corylus avellana na calej dlugos$ci rdzenia gtownego osadow torfowiska
Klaklowo (ok. 332,5-0 cm; w interwale ok. 367-332,5 cm wystepuje zupeilny brak pytku) i
bardziej zmiennej zawartosci pytku Quercus w sekwencjach poznoglacjalnych. Warto jednak
zauwazy¢, ze w najglebszych partiach profilu osadoéw, gdzie stwierdzono wystepowanie pytku
tych taksonéw (332,5-287,5 cm), towarzyszy im réwniez duzy udziat pytku skorodowanego,
ktory jest charakterystyczny dla utwordéw redeponowanych. Analiza makroszczatkow roslin w
osadach rdzenia glownego torfowiska Klaklowo dla wspomnianych pdznoglacjalnych
sekwencji, w ktorych wystepowal pylek leszczyny i debu, nie wykazata wystepowania nasion,

owockow lub czesci wegetatywnych tych taksonow.

Koton — rdzenie boczne. W osadach spagowych rdzenia bocznego Koton BI1 nie

stwierdzono obecnos$ci pytku roslin klimatu umiarkowanego. Pojawia si¢ on dopiero w czesci
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holocenskiej profilu (LPAZ KT B1-4 i KT B1-5) (Figura 6). Réwniez wyniki analizy
makroszczatkoOw roslin przeprowadzone dla tego rdzenia, nie wykazaty obecno$ci nasion,

owockow lub czesci wegetatywnych taksonow roslin cieptolubnych (Figura 7).

W przypadku dodatkowego rdzenia bocznego Koton B2, pylek drzew klimatu
umiarkowanego (Corylus, Fraxinus, Quercus, Ulmus) wystepuje w spagowej czesci profilu
(LPAZ KT B2-1a), w ktorej ogdlna zawartos¢ pytku jest bardzo niska (Figura 8). Sumaryczny
udziatl gatunkow typowych dla klimatu umiarkowanego osigga maksymalnie 12% w najnizszej
probee (400 cm). Wyniku tego nie mozna jednak interpretowaé jako dowodu na ocieplenie
klimatu badz istnienie refugiéw roslin cieptolubnych u schytku ostatniego glacjatu w tym
rejonie. W materiale stwierdzono obecnos$¢ zaréwno ziaren pytku jak i spor pochodzacych ze
starszych prawdopodobnie neogenskich osadow. Obecne byty takze cysty morskich glonow
Dinoflagellata (dinocysty). Spektra pylkowe sa wigc silnie zanieczyszczone materiatem
starszym, co moze $wiadczy¢ o jego redepozycji. ROwniez staby stan zachowania ziaren pytku
moze wskazywa¢ na ich redepozycj¢, ale takze moze by¢ efektem przesychania osadu i1
dzialania warunkow tlenowych. Wysoki udzial NAP wskazuje na dominacje roslin zielnych w
lokalnej roslinno$ci, co sugeruje surowy klimat, niesprzyjajacy przetrwaniu, a tym bardziej
rozmnazaniu si¢ gatunkéw o wyzszych wymaganiach termicznych. Co wigcej, LPAZ KT B2-
la pokrywa si¢ z wystgpowaniem w profilu piaszczystych osadow pylastych prawie zupetnie

pozbawionym makroszczatkow roslin (Figura 9).

Klaklowo — rdzenie boczne. W przypadku rdzenia bocznego Klaklowo B1, pylek
ro$lin cieptolubnych (Corylus, Ulmus 1 Quercus) zostat stwierdzony w spagowej czesci profilu
(LPAZ KK _B1-1) (Figura 2). Probki pobrane z glebokosci 250 1 255 cm wykazuja zaskakujaco
wysoka frekwencje palinomorf oraz znaczny (do 30%) udziat pylku roslin klimatu
umiarkowanego. Pytek ten jest dobrze zachowany 1 nie nosi §ladéow redepozycji, a w osadach
nie zaobserwowano innych jej wskaznikow. Pomimo tego wydaje sie, ze pytek nie pochodzi
bezposrednio z analizowanego osadu, lecz mogl zosta¢ przemieszczony z wyzszych partii
profilu (LPAZ KK BI1-6 1 KK B1-7) w trakcie pobierania probek. Wskazuje na to duze
podobienstwo spektréw pytkowych, w tym obecno$¢ taksonow Ulmus 1 Tilia na zblizonym
poziomie udzialéw procentowych. Tak bogate i dobrze zachowane spektrum pytkowe nie
mogtoby zachowac si¢ w osadach piaszczystych. Ostateczne potwierdzenie pochodzenia pytku
wymaga jednak uzyskania wynikéw datowania radioweglowego. Niestety brak materialu
organicznego w spagowej czesci profilu uniemozliwia wykonanie takiego datowania. Jedyna

data radioweglowa zostata pozyskana dla probki z gltebokosci 235-237,5 cm, wynosi 14 157—
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13 879 lat cal BP i moze sugerowac¢ jednak pochodzenie pylku ze starszych utworow. Probki
2501255 cm sg osadem pylastym z dodatkiem frakcji piaszczystej i drobnych fragmentow skat.
Jest to utwor ubogi w makroszczatki (pojedyncze znaleziska Carex rostrata, Scirpus sylvaticus
1 Cenococcum geophilum) (Figura 3). Wyst¢gpowania tu makroszczatkow taksonow roslin

termofilnych jednak nie stwierdzono.

W przypadku dodatkowego rdzenia bocznego Klaklowo B2, analiza palinologiczna
wykazata obecnos¢ nielicznych ziaren pytku (<2%) drzew klimatu umiarkowanego: Corylus,
Quercus, Tilia 1 Carpinus (LPAZ KK B2-2), przy maksymalnym sumarycznym udziale pytku
wynoszacym 10% (Figura 4). Stwierdzono roéwniez wystepowanie pytku Abies i Fagus
sylvatica. Obecno$¢ pytku taksondw cieplolubnych nalezy interpretowa¢ jako rezultat
redepozycji starszego materiatu, najprawdopodobniej pochodzenia neogenskiego. Swiadczy o
tym wystgpowanie pytku taksonow termofilnych, takich jak Nyssa i Eucommia, ktére na
obszarze wspotczesnej Polski przetrwaly jedynie do wczesnego plejstocenu (Birkenmajer i
Stuchlik, 1975; Stuchlik, 1994; Winter, 2015). W materiale dominujg palinomorfy silnie
skorodowane, a ponadto licznie wystepuja dinocysty. Zaobserwowano rowniez wskazniki
sptywu powierzchniowego — liczne strzepki grzybni oraz zarodniki Glomus. Spektrum pytkowe
cechuje wysoki udziat NAP z dominacja pylku roslin zielnych typowych dla lokalnego
srodowiska, co wskazuje na chlodny klimat. Takie spektrum palinologiczne nie potwierdza
istnienia warunkow sprzyjajacych rozwojowi refugiow roslin cieptolubnych w pdznym glacjale
w badanym rejonie. LPAZ KK B2-2 zostal wyznaczony w obrebie osadow pylastych
zawierajacych pojedyncze makroszczatki Carex sp., Bryopsida, Potamogeton alpinus,
stopniowo wzrastajaca liczbe oospor Characeae 1 pewng liczbe makroszczatkow m.in.
Ostracoda, Dapnia sp. 1 Porifera (Figura 5). Nie stwierdzono jednak ws$réd nich
makroszczatkow buka, jodty i1 cieptolubnych taksondéw drzew, co potwierdza prawdopodobng

redepozycj¢ pytku tych roslin do basenu torfowiska.

Podsumowujac, analizy palinologiczne przeprowadzone dla pdznoglacjalnych osadow
torfowisk Koton 1 Klaklowo daly wyniki potwierdzajace jedno z rozwazanych wczesniej
w przypadku rdzenia bocznego Klaklowo B1 znaleziono pylek Corylus, Ulmus i Quercus nie
wykazujacy ewidentnych §ladow redepozycji. Jednakze, ani w przypadku tego profilu osadow
ani tez zadnego z pozostalych, w zapisie makroszczatkow roslin nie stwierdzono obecnosci
nasion, owocoOw lub czeSci wegetatywnych wskazujagcych na lokalne wystepowanie

cieplolubnych taksondow drzew: Corylus, Ulmus, Quercus, Tilia, Carpinus betulus oraz
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gatunkow Abies alba 1 Fagus sylvatica. Dlatego tez hipoteza dotyczaca wystgpowania na
stanowisku Koton (jak rowniez na stanowisku Klaklowo) refugiéw ros$lin termofilnych w

p6znym glacjale nie moze by¢ potwierdzona na podstawie biezagcych wynikéw badan.

9.5. Wyniki dla drugorzednego celu badawczego 2b — materialy niepublikowane

Na podstawie rozktadu wieku modelowanego '*C dla poznoglacjalnych sekwencji
osadow torfowisk Koton i Klaklowo, wytypowano przedziaty glebokosci (interwaty) osadow,
w ktorych z duzym prawdopodobienstwem mozna bylo spodziewaé si¢ wystepowania
poziomow tefry, pochodzacej z erupcji wulkanow europejskich w péznym glacjale (Campi
Flegrei we Wtoszech 1 Laacher See w Niemczech). Z tych horyzontéw pobrano wiec probki

osadow do analizy tefry. W efekcie, otrzymano nast¢pujace wyniki:

1) Neapolitan Yellow Tuff (NYT) (erupcja wulkanu Campi Flegrei datowana na
14 588—13 884 lat cal BP)

W torfowisku osuwiskowym Klaklowo, w osadach wystgpujacych w przedziale
glebokosci 330-342,5 cm (w tym odcinku ,,pilotazowym”, probki pobierano co 0,5 cm)
stwierdzono wystepowanie sporadycznych ziaren o wielkosci 100-300 pum posiadajacych
niektore cechy tefry: ostre, nieobtoczone krawedzie ziaren (Figura 12 A 1 D), pecherzyki gazu

wystepujace w ziarnach (Figura 12 B) oraz ziarna prazkowanie (Figura 12 C).

Ponadto, w torfowisku osuwiskowym Klaklowo, w przedziale gltgbokosci 309-359 cm
(probki pobierano co 10 cm) stwierdzono wystgpowanie licznych ziaren prawdopodobnie
stanowiagcych tefre NYT. W torfowisku osuwiskowym Koton, w przedziale gtebokosci 363—
495 cm (probki co 10 cm) rowniez stwierdzono wystgpowanie licznych ziaren szkliwa
wulkanicznego: datowania bezwgledne osadéw w ktorych wystepowata tefra wskazuja, ze

prawdopodobnie jest ona tefrg z poziomu NYT.

1) Laacher See Tephra (LST) (erupcja wulkanu Laacher See datowana na 12 979—
12 889 lat cal BP)

Podobnie jak dla tefry typowej dla NYT, w torfowisku osuwiskowym Klaklowo, w
osadach z przedzialu glgbokosci 190—201 cm (prébki pobierano co 1 cm) stwierdzono
wystgpowanie licznych szklistych ziaren izotropowej krzemionki, prawdopodobnie

stanowigcych tefre LST. W torfowisku osuwiskowym Koton, w przedziale giebokosci 248254
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cm (probki pobierano co 1 cm) rowniez stwierdzono wystepowanie licznych szklistych ziaren

charakteryzujacych si¢ izotropowoscia, prawdopodobnie takze stanowiacych tefre LST.

Poniewaz tlo skalne w wigkszos$ci analizowanych probek osadu charakteryzuje si¢ bardzo
duzg liczba ziaren o charakterze szkliwa wulkanicznego (Figura 12 E i F), konieczne jest
wykonanie dalszych, doktadniejszych badan, tj. zdje¢ i1 analizy geochemicznej za pomoca
mikroskopu skaningowego (SEM), ktore pozwolg jednoznacznie stwierdzi¢, czy znalezione
ziarna s3 w rzeczywistosci pochodzenia wulkanicznego 1 czy pod wzgledem skladu

geochemicznego sg zgodne z pytami wulkanicznymi NYT i LST.

10. Whnioski i podsumowanie

W badaniach wykazano, ze (z pewnymi odstepstwami) ekspansja i/lub zanik
dominujacych taksondw ro$lin (Pinus, Betula sect. Albae, Carex, Bryopsida) oraz zmiany w
dostawie materii minerogenicznej spowodowane globalnymi zmianami klimatycznymi (wg
chronologii absolutnej rdzeni Grenlandii): ociepleniem alleradu (GI-la—c, 13 90412 846 lat
BP), ochlodzeniem mlodszego dryasu (GS-1, 12 846—11 653 lat BP) i ociepleniem holocenskim
(<11 653 lat BP), nastgpowaly w przyblizeniu w tym samym czasie na torfowiskach
osuwiskowych Klaklowo 1 Koton 1 nie byly uwarunkowane ekspozycja i/lub wysokoscia
potozenia torfowisk. Z drugiej strony, w czasie trwania krotszych oscylacji klimatycznych,
ochtodzenia Gerzensee (GI-1b, 13 261-13 049 lat BP) i chlodnej oscylacji preborealne;
(ok. 11 400-11 100 lat cal BP), zaobserwowano znacznie wyrazniejszy zapis litologiczny
(wzmozona dostawa materiatu minerogenicznego) w obrebie torfowiska Klaklowo, niz w
przypadku sekwencji osadowej stanowiska Koton, co mogto wynika¢ z charakterystyki zlewni
torfowiska Klaklowo, w tym jej powierzchni, ksztattu, morfologii stoku, geologii podltoza

skalnego 1 specyficznych lokalnych form rzezby terenu (publikacja 1).

W przypadku obydwu stanowisk, stwierdzono, iz gtowne profile osadow pobrane w
centralnej czgéci torfowisk sa nie tylko reprezentatywne dla catego zbiornika
sedymentacyjnego, ale tez pozwalaja (w zwigzku z wigksza migzszo$cig osadu) odtworzy¢
wiece] etapdw rozwoju torfowiska o wyrazniej sprecyzowanych granicach tych etapow w
stosunku do rdzeni bocznych Klaklowo B1 1 Koton B1 nawierconych w strefach marginalnych

torfowisk (publikacje 1, 2 i 3 oraz materialy niepublikowane).

45



Oscylacja klimatyczna starszego dryasu (GI-1d, 14 025-13 904 lat BP), zwigzana z
oddziatywaniem zimnego i suchego klimatu kontynentalnego, w sekwencjach osadowych
zarowno Kotonia jak i Klaklowa reprezentowana jest przez zespoty makroszczatkow roslin,
wskazujace na wystepowanie stepo-tundry i panowanie arktyczno/alpejskich warunkow
klimatycznych. W przypadku lokalnych zmian roslinnos$ci 1 paleohydrologicznych, oscylacja
klimatyczna GI-1d/starszego dryasu zostata zarejestrowana podobnie w obydwu stanowiskach,

jako wyptycenie istniejgcych paleo-zbiornikow wodnych (publikacje 2 i 3).

W oparciu o wyniki analiz palinologicznych wykonanych dla profili gléwnych i
bocznych wykazano, iz pytek roslin termofilnych (Corylus, Ulmus, Quercus, Tilia, Carpinus
betulus) w pbdznoglacjalnych sekwencjach osadow torfowisk Koton i1 Klaklowo jest
redeponowany ze starszych pokryw stokowych. Rowniez w zapisie makroszczatkdw roslin nie
stwierdzono obecno$ci nasion, owocoOw lub czgsci wegetatywnych roslin, wskazujacych na
lokalne wystepowanie tych taksondéw. Hipoteza o wystepowaniu refugiow roslin cieptolubnych
na stanowisku Koton w p6znym glacjale nie zostala zatem potwierdzona biezacymi wynikami

badan (publikacje 1, 2 i 3 oraz materialy niepublikowane).

W przedziatach glgbokosci wytypowanych (na podstawie wieku modelowanego) do
analizy potencjalnych horyzontow tefry Neapolitan Yellow Tuff (NYT) (14 588—13 884 lat cal
BP) oraz Laacher See Tephra (LST) (12 979-12 889 lat cal BP), zarowno w przypadku
stanowiska Klaklowo jak i Koton stwierdzono wystepowanie licznych ziaren posiadajacych
cechy tefry, jednakze konieczne jest przeprowadzenie szczegdtowych analiz geochemicznych,
aby potwierdzi¢ ich pochodzenie z poszczegdlnych erupcji: NYT 1 LST (materialy

niepublikowane).

Podsumowujac, wykazano, iz torfowiska osuwiskowe Koton i Klaklowo stanowig
unikatowe stanowiska osadow poznego glacjatu 1 holocenu w skali nie tylko Karpat zachodnich
1 Polski, ale rowniez w skali Europy. Wyniki przeprowadzonych badan wnosza znaczacy wktad
w stan wiedzy o lokalnych i regionalnych zmianach szaty ro$linnej, chronostratygrafii i
klimatostratygrafii p6znego glacjalu oraz daja solidne podstawy do dalszych, rozszerzonych i
bardziej szczegdtowych badan typu multi-proxy osadoéw tych torfowisk, jak réwniez podstawy

metodyczne do analiz osadoéw z innych stanowisk pdznoglacjalnych w Karpatach zachodnich.
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Figura 1. Potozenie torfowisk osuwiskowych Klaklowo (KK) i Koton (KT) w Europie (A), w
regionie Zewn¢trznych Karpat Zachodnich (B) i na obszarze Beskidu Makowskiego (C); D)
lokalizacja wiercen w obrebie torfowiska osuwiskowego Klaklowo wraz z linig przekroju AB;
E) lokalizacja wiercen w obrgbie torfowiska osuwiskowego Koton wraz z linig przekroju CD;

F) przekr6j AB przez torfowisko Klaklowo wraz z lokalizacjami wiercen; G) przekrdj CD przez
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torfowisko Koton wraz z lokalizacjami wiercen. Oznaczenia: G — rdzen gtowny; B1 — rdzen
boczny; B2 — rdzen boczny dodatkowy; zielona ciagta linia — wspolczesny zasigg torfowiska;
zielona przerywana linia — teoretyczny zasieg wglebny zaglebienia osuwiskowego

wypetionego osadami minerogeniczno-organicznymi torfowiska.

Zrédta map bazowych: cze$é A) https://www.naturalearthdata.com/downloads/10m-cross-

blend-hypso/cross-blended-hypso-with-relief-water-drains-and-ocean-bottom/; czes¢ B)

numeryczny model terenu (NMT) https://download.gebco.net/ z natozong mapa bazowa
czesci A); czes¢ C), D) 1 E) NMT z serwisu WCS service
https://mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID 1/WCS/Digital TerrainModelFo

rmatTIFF. Mapy A, B i1 C sg rzutowane w geometrii stozkowej Lamberta (ETRS89);
szeroko$¢ 1 dtugos$¢ geograficzna zgodnie z uktadem odniesienia wspotrzednych

geograficznych (ETRS89).
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Figura 2. Diagram palinologiczny osaddéw rdzenia bocznego Klaklowo B1 podzielony na zony LPAZ. R6zowy obszar na diagramie — zasigg
glebokosciowy wystepowania w osadach pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 26 (95.4%).
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Figura 3. Diagram makroszczatkow roslin osadow rdzenia bocznego Klaklowo B1 podzielony na lokalne etapy rozwoju paleoekologicznego
torfowiska. Warto$ci danych makroszczatkowych zaprezentowane sg jako liczebno$¢ makroszczatkéw danego taksonu na probke. R6zowy obszar
na diagramie — zasieg gltebokosciowy wystepowania pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 26 (95.4%).
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Figura 4. Diagram palinologiczny osadéw rdzenia bocznego Klaklowo B2 podzielony na zony LPAZ. R6Zzowy obszar na diagramie — zasieg
glebokosciowy wystepowania w osadach pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 26 (95.4%).
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Figura 5. Diagram makroszczatkow roslin osadow rdzenia bocznego Klaklowo B2 podzielony na lokalne etapy rozwoju paleoekologicznego
torfowiska. Warto$ci danych makroszczatkowych zaprezentowane sg jako liczebno$¢ makroszczatkdw danego taksonu na probke. Rozowy obszar
na diagramie — zasi¢g glebokosciowy wystepowania w osadach pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 2o
(95.4%).
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(Analysed by J. Pilch )
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torfowiska. Warto$ci danych makroszczatkowych zaprezentowane sg jako liczebno$¢ makroszczatkow danego taksonu na probke. Wiek

skalibrowany (cal BP) podany dla zakresu 2 (95.4%).
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Figura 8. Diagram palinologiczny osadow rdzenia bocznego Koton B2 podzielony na zony LPAZ. RéZzowy obszar na diagramie — zasieg
glebokosciowy wystepowania w osadach pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 26 (95.4%).
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Figura 9. Diagram makroszczatkow roslin osadéw rdzenia bocznego Koton B2 podzielony na lokalne etapy rozwoju paleoekologicznego
torfowiska. Warto$ci danych makroszczatkowych zaprezentowane sa jako liczebno$¢ makroszczatkow danego taksonu na prébke. Rozowy obszar
na diagramie — zasi¢g gtebokosciowy wystepowania w osadach pytku roslin cieptolubnych. Wiek skalibrowany (cal BP) podany dla zakresu 2c
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Figura 11. Zestawienie etapéw paleoekologicznego rozwoju torfowiska osuwiskowego Koton
dla gtownego (G, centralna czgs¢ torfowiska) 1 bocznych (B1 1 B2, marginalne czesci
torfowiska) rdzeni osadow. Przebieg linii przekroju CD na Figurze 1 E. Daty radioweglowe
skalibrowane (cal BP) podane dla zakresu 26 (95.4%).
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Figura 12. A-D) Zdjecia pod mikroskopem w $wietle przechodzacym (1x) przyktadowych
ziaren mogacych stanowi¢ potencjalne ziarna tefry z przedziatu glebokosci Neapolitan Yellow
Tuff (NYT) profilu osadéw Klaklowa. Prébki z glebokosci: A) 335-335,5 cm; B) 332,5-333
cm; C) 332,5-333 cm; D) 333-333,5 cm. E-F) Zdjecia pod mikroskopem w $wietle
przechodzacym (1x) tla skalnego osadu z przyktadowych probek: E) 330,5-331 cm; F) 331—
331,5 cm.
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13. Tabele

Tabela 1. Wyniki datowania radioweglowego rdzeni bocznych i uzupelniajace rdzeni gtownych osadéw torfowisk Klaklowo i Koton. MKL —
Laboratorium Datowan Bezwzglednych w Krakowie, we wspotpracy z Center For Applied Isotope Studies, University of Georgia, U.S.A.
Kalibracja dat wykonana w programie OxCal v4.4.4 (Bronk Ramsey, 2021) przy uzyciu krzywej kalibracyjnej IntCal20 (Reimer i in., 2020).

Glebokos¢ Wik ic WK
Nr probki Materiat organiczny do datowania Kod probki (lat uncal 95.49 Y Srednia  Sigma  Mediana
. 0
(cm) BP) (lat cal BP)
Rdzen boczny Klaklowo B1
Nasiona i owocki Scirpus sylvaticus (100),
fragment iglty Larix decidua (1), fragmenty igiet MKIL-
1 65-67,5 Picea abies (99), owocek Ajuga reptans (1), AT202 9057 +£29 10246-10190 10220 16 10 222
owocek Carex rostrata (1), paczki undiff. (1)
Owocki Carex rostrata (17), owocek Carex nigra
(1), owocki Betula sect. Albae (17), tuski owocowe
Betula pubescens (4), liscioslady (11), owocki
2 95975 Filipendula ulmaria (5), fragmenty igiet (8)i ~ MKL- 981230  11258-11194 11225 18 11226
nasiono (1) Larix decidua, fragment nasiona (1) i AT203
fragmenty igiet (21) Pinus sylvestris, tuski
paczkowe Coniferae (11)
Fragmenty igiet Pinus sylvetris (5), owocki (3) i
epikarpy (2) Carex rostrata, nasiono (1) i MKL-
3 145-147,5 fragmenty igiet (40) Larix decidua, paczki undiff. A7204 10345+35 12 46611 953 12 208 148 12 181
4
Owocki (22) i tuski owocowe (2) Betula sect. MKL-
4 170-172,5  Albae, fragmenty igiet Larix decidua (2), fragmenty AT215 10866 +30 12 833-12 742 12 786 28 12 784

igiel Pinus sylvestris, owocek Valeriana
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simplicifolia/dioica (1), owocek Urtica dioica (1),
fragmenty lisci undiff. (1), paczki undiff. (5)

Owocki Betula sect. Albae (23), owocki Betula

sect. Nanae (1), fragmenty igiet Pinus sylvestris MKL-
5 195-197,5  (14), tuski paczkowe Coniferae (2), liscioslady (7), A7205 10962 + 32 12 985-12 759 12 863 55 12 862
paczki undiff. (2)
Owocki Carex diandra (70), owocki (9) i epikarpy
(2) Carex rostrata, owocki Betula sect. Albae (6), MKIL-
6 2202225  tuski owocowe Betula sp. (2), owocek Poaceae (1), AT7216 11898 +34  13987-13605 13 741 81 13759
fragmenty lisci undiff. (1), todyzki Bryopsida (5)
Owocki (18), epikarpy (8) i owocki w epikarpach
7 2352375  (5) Carexrostrata, owocek Dryas octopetala (1), MKL- 12162435  14157-13879 14060 58 14 066
owocki Valeriana simplicifolia/dioica (2) AT7206
Rdzen boczny Klaklowo B2
Owocki (3) i epikarpy Carex rostrata, tuski
paczkowe Coniferae (7), owocki (7) i tuski
8 2602625  owocowe (3) Betula sect. Albae (7), owocek (1) i MRL- 15733435 15310015055 15186 64 15187
tuska owocowa (1) Betula sect. Nanae, fragmenty AT207
lisci undiff. (11), todyzki Bryopsida (34)
Rdzen boczny Koton B1
Igty Abies alba (5), owocek Rubus sp. (1), fragment
9 50752,5 lici undiff. (23), owocki Carex canescens (5), MKL- 2192 + 24 2310-2121 2222 58 2237
nasiono Scirpus sylvaticus (1) AT208
Fragmenty lisci, nasiono (1) i fragmenty igiet (7) MKL-
10 140-142,5 Pinus sylvestris, tuski paczkowe Coniferae (7), A7209 11039+30 13 080-12 845 12 976 59 12 976

owocek (1) i tuski owocowe (3) Betula pubescens,
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owocki (8) 1 tuski owocowe (2) Betula sect. Albae,
owocek Carex diandra (1)

Owoc (1) Betula sect. Albae, nasiona Stellaria sp.

200-202,5  (2), owocki (8) i nasiona (2) Carex rostrata, owocki ML~y 967 30 43951 13508 13605 74 13617
Carex diandra (7), owocki Carex nigra (40) AT210
Owocki Alchemilla sp. (48), owocki Ranunculus
230-232,5 "epens (4), owocki Carex magellanica (20), owocki  MKL=y5 400 35 1416013879 14063 57 14 067
Carex rostrata (4), nasiona Melandrium rubrum (2) AT7211
Rdzen boczny Koton B2
Owocki i epikarpy Carex rostrata (78), owoce MKL-
300-302.5  Carex diandra (2), owocek Betula sect. Albae (1) AT, 1183632 13781-13601 13687 54 13 687
300-302,5
(prébka
powtdrzona Lodyzki Bryopsida (50) MRL- 1149034 1345413303 13371 43 13369
na innym AT7217
materiale niz
poprzednia)

Owocki Alchemilla sp. (26), nasiona Melandrium
rubrum (2), owocki Urtica dioica (2), owocki
Carex rostrata (3), owocki Carex magellanica (3),

360-362,5  owocek Carex diandra (1), owocek Carex nigra MRL- 12208433 14300-14051 14144 86 14 127
’ (1), owocek Valeriana simplicifolia/dioica (1), AT213
nasiona Androsace cf. chamaejasme (3), todyzki
Bryopsida
Owoce (7) i epikarpy (11) Carex rostrata, owocki
Carex nigra (3), owocek Betula sect. Albae (1), MKL-
330-332,5  owocek Alchemilla sp. (3), owocek Carex diandra  aqy1q 12066532 14041-13817 13930 70 13918

(1), paczki undiff. (1), todyzki Bryopsida (20)




Rdzen gléwny Koton — dodatkowe prébki

17 215-217,5  Fragmenty lisci undiff. (100), liscie Salix sp. (5) 2471%8 10762431 12756-12713 12735 11 12 735
18 125-127.5 Owocki (47) i epikarpy (40) Carex rostrata 2471%9 9722429  11232-10902 11162 60 11180
Rdzen gléwny Klaklowo — dodatkowe prébki
19 240 cm Fragment drewna MKL-A720 11506+33  13456-13311 13382 41 13 382
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Tabela 2. Etapy paleoekologicznego rozwoju torfowisk osuwiskowych Klaklowo i Koton wydzielone w osadach rdzeni bocznych (Figura 3, 5, 7
19) w odniesieniu do rdzeni gtownych (Figura 101 11).

Interwat
glebokosciowy i
etap rozwoju
Nr paleoekologicznego Typ osadu i zespdt makroszczatkow roslin
(odpowiadajacy
rdzeniowi
glownemu)
Klaklowo — rdzen boczny B1 (270—0 cm)
1 270-267,5 cm Wydzielenie to obejmuje osad pylasty z duza domieszka frakcji piasku i drobnych fragmentéw skat zupetnie pozbawiony
KK-1 makroszczatkow roslin. Wydzielenie to moze odpowiada¢ etapowi KK-1 gtéwnego rdzenia osadéw Klaklowa.
2 267,5-200 cm Osady w tym interwale w dolnej czgsci sktadaja si¢ z utworu pylastego z domieszka piasku, w gornej czgsci zas przechodza
KK-2 i KK-3 w osady organiczne (torf). Zdominowane sa przez makroszczatki roslinnosci torfowiskowej: Carex rostrata, Carex
diandra 1 Bryopsida, oprécz ktérych mozna zaobserwowaé tez rzadsze wystapienia Melandrium rubrum, Juncus sp.,
Valeriana simplicifolia/dioica, Urtica dioica, Scirpus sylvaticus lub Phragmites australis. Zaakcentowana jest tez
obecno$¢ makroszczatkow organizmow wodnych, m.in. Batrachium sp., Ostracoda, Daphnia sp. W gornej czgséci zony
pojawiaja si¢ makroszczatki brzozy: Betula sect. Nanae oraz Betula sect. Albae (prawdopodobnie Betula pubescens) oraz
pojedyncze tuski paczkowe Coniferac. Wystepowanie suchych siedlisk w otoczeniu zbiornika zasygnalizowane jest
pojedynczym owockiem Dryas octopetala. Zapis makroszczatkow tej zony mozna skorelowaé z etapami KK-2 i KK-3
gtéwnego rdzenia osadéw Klaklowa, ktore stanowia zapis sukcesji roslinnosci wodnej, torfowiskowej, po nich za$ lasu
borealnego (brzoza) na stanowisku Klaklowo.
3 200-135 cm W obrebie tego wydzielenia ma miejsce kontynuacja akumulacji torfu charakteryzujacego si¢ bardzo duza zawartoscia

KK-4iKK-5 (aib)

makroszczatkow drzew iglastych: Pinus sylvestris 1 Larix decidua, ktérym towarzyszg mniej liczne tuski paczkowe
Coniferae. Zona charakteryzuje si¢ rowniez cigglym, momentami licznym, wystepowaniem owockow i tusek Betula sect.
Albae, prawdopodobnie Betula pubescens oraz mniej licznymi Betula sect. Nanae. Zidentyfikowano rowniez licioslady
i pojedyncze fragmenty liSci. Roslinnos¢ torfowiskowa jest reprezentowana jedynie przez pojedyncze owocki Urtica
dioica, Valeriana simplicifolia/dioica, Carex rostrata i Phragmites australis. Pozostate znaleziska obejmuja liczne kokony
larw Trichoptera oraz sporadyczne sklerotia Cenococcum geophilum. Interwal 200—135 cm zdaje si¢ odpowiadaé etapom
KT-4 oraz KT-5 (a i b) gldownego rdzenia osadow Klaklowa, ktore sg typowe dla rozwoju torfowiska niskiego Klaklowo
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135-90 cm
KK-6

90-50 cm
KK-7a

50-12,5 cm
KK-7b

12,5-0 cm
KK-8

(fazy wzrastajacego i malejacego zawodnienia) w otoczeniu dobrze rozwinigtego lasu borealnego zdominowanego przez
sosne, modrzew i brzoze. Podczas gdy w centralnej czgéci zbiornika (rdzen gtowny) dochodzito do akumulacji torfow
mszystych, w czesci brzeznej torf sktadat sie gtownie z korzonkéw, tkanek, drewienek i kory roslin naczyniowych, czesto
mocno roztozonych, a takze detrytycznych fragmentéw materii organicznej. Osad organiczny tego rodzaju wskazuje na
duzo bardziej zmienne warunki zawodnienia i mozliwe czeste epizody przesuszenia i dostawy allochtonicznej materii
organiczne;j.

W interwale tym nastepuje kontynuacja sedentacji torfu, jednak zmienia si¢ znaczaco sktad makroszczatkow: prawie
zupeie zanikaja igly i nasiona Pinus sylvestris i Larix decidua, mniej licznie reprezentowana jest tez brzoza. Dopiero w
stropowej czesci tej zony (10090 cm), wymienione taksony wystepuja na powrét liczniej, towarzysza im za$
makroszczatki przede wszystkim Carex rostrata, Carex nigra, Filipendula ulmaria 1 liczne sklerotia Cenococcum
geophilum. Wydzielenie to mozna skorelowac z etapem KK-6 gtownego rdzenia osadow torfowiska Klaklowo.

Interwat o zasiggu glebokosciowym 90-50 cm charakteryzuje si¢ zmiang sedymentacji z organicznej na minerogeniczng
1 od poprzedniej zony oddzielony jest hiatusem. Réwniez w zespotach makroszczatkéw wystepuje bardzo duza zmiana:
taksony drzew iglastych reprezentowane sa prawie wylacznie przez Picea abies, za$ oprocz $wierka, grupa drzew i
krzewow reprezentowana jest przez pojedyncze owoce Sambucus racemosa i Rubus sp. Po raz pierwszy pojawia si¢
owocek Ajuga reptans. Jednak najliczniejsza grupe makroszczatkéw stanowig owocki 1 nasiona Scirpus sylvaticus
(nasiona prawdopodobnie redeponowane do torfowiska) oraz sklerotia Cenococcum geophilum, potwierdzajace
allochtoniczny charakter osadow tej zony. Wykazuje ona duze podobienstwo do etapu KK-7 gtdéwnego rdzenia osadow
torfowiska Klaklowo, a wiec akumulacj¢ holocenskiej pokrywy mineralnej na organicznych osadach torfowiska.

Wydzielenie to obejmuje wyzsza czgs¢ pokrywy minerogenicznej na torfach, o skladzie makroszczatkow
reprezentowanym jedynie przez Juncus sp. i Sladowe iloéci nasion i owockdéw Scirpus sylvaticus. Odpowiada ono w
dalszym ciggu etapowi KK-7 gtownego rdzenia osadow torfowiska Klaklowo.

Ostatnie wydzielenie obejmuje wspdlczesne osady organiczne torfowiska Klaklowo, zdominowane przez makroszczatki
Carex canescens, Scirpus sylvaticus, Juncus sp., fragmenty lisci i gemmule ggbek (Porifera), a takze zawierajace
pojedyncze wystgpienia makroszczatkow roslin siedlisk wilgotnych (Lychnis flos-cuculi, Galeopsis tetrahit/pubescens,
Urtica dioica) oraz fragmenty igiet Abies alba. Wydzielenie to odpowiada etapowi KK-8 gtéwnego rdzenia osadow
torfowiska Klaklowo.

Klaklowo — rdzen boczny B2 (367,5-250 cm)
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367,5-322,5cm
KK-1

322,5-312,5 cm
KK-2

312,5-250 cm
KK-3

Wydzielenie to obejmuje osad pylasty ze znaczacym udziatem frakcji piaszczystej i drobnych fragmentow skat. Na
procesy redepozycji w otoczeniu zbiornika wskazuje tez znaczna ilo$¢ szczatkow Cenococcum geophilum wystepujaca w
spagowej czgsci tych osadow. Na glebokos$ci ok. 362,5-353 cm wystepuje wktadka organiczna zasobna w makroszczatki
roslin (Betula sp., Poa cf. chaixii, Stellaria nemorum, Urtica dioica), powyzej ktorej zarejestrowano prawie zupelny brak
makroszczatkdw roslin, zas licznie wystgpujg tu makroszczatki Ostracoda. Etap ten mozna zinterpretowac jako rozwoj
zbiornika wodnego pozbawionego prawie w zupetnosci roslinnos$ci, z wyraznym epizodem wyptycania i przeksztatcenia
w krotkotrwate torfowisko (wktadka organiczna). Etap ten odpowiada etapowi KK-1 rdzenia gtdéwnego, uwzgledniajac
wystepowanie analogicznej wktadki organicznej w spagu rdzenia glownego.

Osady w interwale 322,5-312,5 cm zawierajg duza liczbe oospor Characeae, kilka listkow Bryopsida, pojedyncze nasiono
Juncus sp. 1 fragmenty lisci. Z uwagi na ubogi zasob makroszczatkow, paleoekologiczna interpretacja tego etapu jest
utrudniona, jednakze — przy wsparciu danych palinologicznych (przejscie ze strefy pozbawionej pytku do ubogiej w pylek)
- mozna sprobowac¢ skorelowac go z etapem KK-2 rdzenia glownego.

Na poczatku tego etapu mozna zaobserwowaé rozwdj sukcesji roslinnosci wodnej (Characeae, Batrachium sp.,
Potamogeton pusillus, Ostracoda, Daphnia sp., Porifera i innych), za$ nastgpnie rdwniez roslinnosci torfowiskowe;j
(Bryopsida, Carex rostrata) wraz z ekspansja brzozy (Betula sect. Albae, Betula pubescens, Betula sect. Nanae) 1 drzew
iglastych (Coniferae i Larix decidua). Przede wszystkim z uwagi na wystegpowanie ogromnej liczby oosporéw Characeae,
etap ten moze byc¢ on skorelowany z etapem KK-3 rdzenia gtownego.

Koton — rdzen boczny B1 (250-0 cm)

250-225 cm
Od KT-1 do KT-3

225-185 cm
KT-4

Najnizsze wydzielenie w profilu osadéw rdzenia bocznego B1 z Kotonia obejmuje osady pylaste ze znaczng domieszka
piasku i drobnego gruzu skalnego przechodzace w goérnej czesci w osady organiczne. Wérod makroszczatkow tej strefy
dominuja owocki Alchemilla sp., Carex magellanica, Carex rostrata, Ranunculus repens oraz nasiona Melandrium
rubrum, wskazujace na rozwoj plytkiego zarastajacego zbiornika wodnego (Potamogeton sp., Daphnia sp.),
przechodzacego w torfowisko niskie. Ponadto, pojedyncze nasiono Androsace cf. chamaejasme sugeruje otoczenie
zbiornika o charakterze stepo-tundry, stad tez mozna ten interwat skorelowac z etapami od KT-1 do KT-3 gléwnego
rdzenia osadow Kotonia (niemozliwe do rozdzielenia w rdzeniu bocznym Koton B1).

Interwat ten obejmuje torfy utworzone gtéwnie z tkanek i korzonkow roslin naczyniowych, jedynie miejscami majgce
charakter torfow mszystych. Dobrze zachowane todyzki Bryopsida wystepuja tylko w czesci tej zony. Roslinnosé
torfowiskowa reprezentowana jest rowniez przez liczne makroszczatki Carex nigra, Carex diandra i podrzgdnie Carex
rostrata. Alchemilla sp. zanika w tej zonie, w jednej z probek za$ pojawiajg si¢ nasiona Stellaria sp. Na suchsze siedliska

76



185-140 cm
KT-5a

130-95 cm
KT-5b

95-55 cm
Od KT-6 do KT-8

55-15 cm

KT-8

15-0 cm
KT-9

w otoczeniu torfowiska wskazuje pojedyncze wystepowanie Picris hieracioides. W s3siedztwie torfowiska pojawiaja si¢
rowniez drzewa: brzoza (Betula sect. Albae) oraz sosna (Pinus sylvetris). Wydzielenie to w przyblizeniu odpowiada
etapowi KT-4 gtéwnego rdzenia osadéw Kotonia.

W interwale tym kontynuowana jest akumulacja torfu, ktéry miejscami wykazuje $lady rozktadu i przesuszenia. W
sktadzie makroszczatkowym nadal wystepuja owocki i tuski Betula sect. Albae oraz pojedyncze makroszczatki Coniferae
1 Pinus sylvetris, sygnalizujace dalszy rozwoj lasu borealnego w otoczeniu torfowiska. Na wystepowanie mnigj
zawodnionych warunkow §rodowiska sedymentacyjnego moze wskazywac spadek liczby makroszczatkéw Carex diandra
i Carex nigra oraz wycofanie si¢ Bryopsida. Dlatego tez, wydzielenie to wykazuje podobienstwo do etapu KT-5a
gtéwnego rdzenia osadow torfowiska Koton. Ponadto, w najwyzszej probce nalezacej do tej zony (glebokos¢ 140-142,5
cm), mozna zaobserwowac bardzo liczne fragmenty lisci oraz makroszczatki brzozy i sosny, za$ interwal powyzej (140—
130 cm) sktada sie wylacznie z duzych fragmentéw drewna.

Wydzielenie to stanowi zapis prawie catkowitego zaniku makroszczatkow drzew i krzewow (jedynie pojedyncze
wystepowanie owockow Betula sect. Albae) oraz — gtdéwnie w dolnej czesci - zawiera nieliczne makroszczatki ro§linnosci
torfowiskowej (Carex diandra, Carex nigra, Carex rostrata, Valeriana simplicifolia/dioica). W gornej czeSci, wraz ze
zmiang akumulacji torfu na osady minerogeniczne, brak jest prawie zupelnie makroszczatkow ro$lin. Interwat ten mozna
zestawi¢ z etapem KT-5b gldéwnego rdzenia osadow torfowiska Koton.

Wydzielenie to obejmuje osady pokrywy mineralnej zawierajacej liczne nasiona Scirpus sylvaticus 1 sklerotia Cenococcum
geophilum, ktére potwierdzaja wystepowanie intensywnej redepozycji materiatu z otoczenia torfowiska. Interwat ten moze
odpowiada¢ etapom od KT-6 do KT-8 gléwnego rdzenia osadow torfowiska Koton (niemozliwe do rozdzielenia w rdzeniu
bocznym Koton B1).

W interwale tym ma miejsce kontynuacja sedymentacji pokrywy minerogenicznej, jednakze oddzielony jest od dolnej
czegsci pokrywy hiatusem. Zespdt makroszczatkow reprezentowany jest w dalszym ciggu przez liczne sklerotia
Cenococcum geophilum 1 wystepujace licznie jedynie w najwyzszej probce tej zony makroszczatki Scirpus sylvaticus.
Grupa drzew, krzewow 1 krzewinek zdominowana jest przez fragmenty igiet Abies alba 1 Picea abies oraz owocki
Sambucus racemosa, Rubus sp. i fragmenty lisci. Pojedynczo pojawiajg si¢ owocki Ranunculus repens. Ponadto, w
najwyzszej probce tego interwalu (20-22,5 cm) licznie wystepuja nasiona Juncus sp. i fragmenty makro-wegli.
Wydzielenie to koresponduje z etapem KT-8 glownego rdzenia osadow torfowiska Koton.

Ostatnie wydzielenie w profilu osadéw rdzenia bocznego Koton B1 stanowi zapis osadow wspolczesnego torfowiska, w
ktorych zidentyfikowano liczne makroszczatki Carex canescens, Carex cf. flava oraz Potentilla cf. alba. Interwat ten
odpowiada etapowi KT-9 gtdéwnego rdzenia osadéw torfowiska Koton.
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Koton — rdzen boczny B2 (400-300 cm)

400-372,5 cm
KT-1

372,5-340 cm
KT-2

340-320 cm
KT-3

320-300 cm
KT-4

Wydzielenie to charakteryzuje si¢ wystepowaniem osadu pylastego ze znaczacym udziatem frakcji piaszczystej i drobnych
fragmentow skat oraz prawie zupelnym brakiem makroszczatkow roslin (poza pojedynczym owocem Alchemilla sp. i
kokonem larwy Trichoptera). Wydzielenie to mozna zinterpretowac jako niezasiedlony zbiornik wodny odpowiadajacy
etapowi KT-1 rdzenia gtdwnego Kotonia.

Etap ten mozna zinterpretowac jako rozwoj zbiornika wodnego z sukcesja roslinnosci wodnej (Characeae, Batrachium
sp., Potamogeton alpinus, Ostracoda, Daphnia sp., Simocephalus sp. i innych) i torfowiskowej (Bryopsida oraz owocki
Alchemilla sp., podrzednie za$ owocki i epikarpy Carex nigra, Carex rostrata, Carex magellanica i Carex diandra oraz
owocki Valeriana simplicifolia/dioica), w ktorym zachodzita akumulacja mutku organicznego (gytia). Zbiornik ten byt
otoczony siedliskami suchymi, na przyktad stepo-tundra (Androsace cf. chamaejasme) za$ jego wystegpowanie odpowiada
etapowi KT-2 rdzenia gtdwnego Kotonia.

Wydzielenie 340-320 cm jest etapem przejsciowym pomiedzy zbiornikiem wodnym (wciaz obecne makroszczatki np.
Batrachium sp. 1 Potamogeton alpinus) a torfowiskiem (np. Bryopsida, Carex rostrata, Carex diandra), w ktorego
otoczeniu siedliska suche (cf. Dryas octopetala), $wieze 1 wilgotne (Picris hieracioides 1 Heracleum sphondylium) sa
zastepowane lasem borealnym (Betula sect. Albae). Etap ten moze by¢ skorelowany z etapem KT-3 rdzenia gtéwnego.

Wazrastajacy udziat fragmentow todyzek Bryopsida oraz makroszczatkow Carex rostrata i Menyanthes trifoliata oraz brak
makroszczatkéw organizméw wodnych wskazuje na przeksztatcenie lokalnego siedliska w torfowisko niskie z akumulacja
torfu mszystego. W otoczeniu torfowiska prawdopodobnie nastgpowata ekspansja lasu borealnego i zanik stepo-tundry
(brak makroszczatkow roslin reprezentujacych suche siedliska). Etap ten moze by¢ skorelowany z wydzieleniem KT-4
rdzenia gtdwnego Kotonia.
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Tabela 3. Daty erupcji Vedde Ash, Laacher See Tephra, Neapolitan Yellow Tuff oraz Sfinta Ana na podstawie danych literaturowych (zobacz Bronk
Ramsey i in., 2015 - Vedde Ash, LST, NYT; Juvigné i in., 1994 - Sfinta Ana); daty przyjete w oparciu o zaktualizowane (z uzyciem najnowszych
dostepnych metod oraz radiowgglowych krzywych kalibracyjnych: IntCall3 i Marine13) oszacowania wieku tych erupcji (rekomendowany model
2, Bronk Ramsey i in., 2015) oraz odpowiadajace zakresom czasowym erupcji przedzialy glebokosci w sekwencji osadow torfowisk Koton i
Klaklowo (wytypowane w oparciu o modele wiek-giebokos¢), z ktorych pobrano probki do analizy. * - zobacz wyjasnienie w Bronk Ramsey 1 in.,
2015.

Zaktualizowane oszacowania wieku

erupcji (model 2) Klaklowo Koton
Data erupcji na
Horyzont ppdstaww 95% zahe§ uto Przedz1.ai gigbokosm Migzszo8¢ Przedz%al glgbokosm Migzszosé
tefry literatury prawdopodobienstwa (It cal BP) rdzenia gtdwnego (cm) rdzenia gtdwnego (cm)
(n=*olatcal (lat cal BP) (cm) (cm)
BP)
12 121 £ 1 [57]* . .
Vedde Ash 12 066 + 42 12 102-11 914 12 023 £43 Nie analizowane
Laacher
See Tephra 12 880+ 40 12 979-12 889 12937+ 23 190-201 11 248-254 6
(LST)
Neapolitan
Yellow 14 190 + 680 14 588-13 884 14194+ 172 309-359 50 363-495 132
Tuff (NYT)
Sfinta Ana 10700 £ 180 lat - - Nie analizowane

uncal BP
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Abstract:

Landslide fens are characteristic landforms of the Beskid Makowski
Mountains area in the Outer Western Carpathians (S Poland) and contain
rarely occurring late glacial and Holocene organic-minerogenic
sedimentary sequences. Multi-proxy study (radiocarbon dating, loss on
ignition, plant macrofossil and pollen analyses) was applied to verify
whether the late glacial-early Holocene climatic and palaeoenvironmental
changes were recorded differently between two sites varying in
topographic position within the same mountain massif: the Koton
landslide fen characterized by the southern exposure and near-ridge
position and the Klaklowo landslide fen characterized by the northern
exposure and mid-slope position. Results revealed that the responses of
biotic and lithological proxies to the climatic phases differs between the
Klaklowo and Koton landslide fens mostly in relation to the smaller-scale
climatic oscillations. The characteristics of the Klaklowo fen catchment,
including area, shape, relief, bedrock geology and specific local
landforms, could contribute to the much more pronounced signal of the
GI-1b/Gerzensee oscillation and Preboreal oscillation at this site than in
the Koton site. Expansion and/or decline of the dominating vegetation
taxa (Pinus, Betula sect. Albae, Carex, Bryopsida) and changes in
minerogenic matter delivery induced by the global-scale climatic
reversals: GI-1la-c /Allergd, GS-1/Younger Dryas and Holocene, occur
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approximately at the same time in both Klaklowo and Koton landslide
fens and show no striking dependency on exposure or elevation. An
exception is the longer survival of Larix decidua, Pinus sylvestris and
Coniferae during the early Holocene at the Klaklowo site, probably
facilitated by its northern exposure and diversified landslide relief.
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Abstract

Landslide fens are characteristic landforms of the Beskid Makowski Mountains area in the
Outer Western Carpathians (S Poland) and contain rarely occurring late glacial and Holocene
organic-minerogenic sedimentary sequences. Multi-proxy study (radiocarbon dating, loss on
ignition, plant macrofossil and pollen analyses) was applied to verify whether the late glacial-
early Holocene climatic and palacoenvironmental changes were recorded differently between
two sites varying in topographic position within the same mountain massif: the Koton
landslide fen characterized by the southern exposure and near-ridge position and the
Klaklowo landslide fen characterized by the northern exposure and mid-slope position.
Results revealed that the responses of biotic and lithological proxies to the climatic phases
differs between the Klaklowo and Koton landslide fens mostly in relation to the smaller-scale
climatic oscillations. The characteristics of the Klaklowo fen catchment, including area,
shape, relief, bedrock geology and specific local landforms, could contribute to the much
more pronounced signal of the GI-1b/Gerzensee oscillation and Preboreal oscillation at this
site than in the Koton site. Expansion and/or decline of the dominating vegetation taxa (Pinus,
Betula sect. Albae, Carex, Bryopsida) and changes in minerogenic matter delivery induced by
the global-scale climatic reversals: GI-1a—c /Allered, GS-1/Y ounger Dryas and Holocene,
occur approximately at the same time in both Klaklowo and Koton landslide fens and show no
striking dependency on exposure or elevation. An exception is the longer survival of Larix
decidua, Pinus sylvestris and Coniferae during the early Holocene at the Klaklowo site,

probably facilitated by its northern exposure and diversified landslide relief.

Keywords:

Altitude and exposure influence, multi-proxy analysis, plant macrofossil analysis, radiocarbon
absolute chronology, landslide, early Holocene, late glacial, Preboreal, Younger Dryas,

Greenland ice cores, correlation
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Introduction

Landslide fens are a type of mountain minerogenic mires which develop within the landslide
depressions and are characterized by a greater amount of precipitation (variable hydrological
regime) and a greater dynamics of minerogenic sediment supply than typical lowland mires
(Margielewski, 2014, 2018). Sediments accumulated in landslide mires and lakes sensitively
record past changes of environment, including the influence of regional climatic factors,
impact of the local features (e.g. hydrological conditions, availability of minerogenic material,
topography of the fen sedimentary basin) and human activity. Landslide fens combine
features of both lake-fen and the slope sedimentary environments (Margielewski, 2014,
2018). Landslide fens are characteristic landforms of the Beskid Makowski Mountains area,
in the Outer Western Carpathians, occurring in several locations and containing rare late
glacial and Holocene sediments of great thicknesses (Margielewski et al., 2022b). Two sites
are particularly interesting, the Koton and Klaklowo landslide fens, possessing 5.0 and 3.7 m
of organic-minerogenic sediment sequences, respectively. Due to their differentiated
topographic positions within the same mountain massif, they provide an excellent opportunity
for correlating profiles and tracking the impact of regional and local environmental factors,
including altitude, exposure and catchment characteristics, on the lithological and biotic
records.

The influence of the local geomorphological environment on the late glacial and early
Holocene palaeo-records of mountain lakes and mires (including landslide fens) in the
Western Carpathians was studied in details in a scale of single localities (Margielewski et al.,
2010; Panek et al., 2010; Simova et al., 2019) as well as it was reviewed within a
comprehensive regional compilations (Ktapyta et al., 2016; Margielewski, 2006, 2014, 2018).
Although the regional correlations of mountainous lake and mire deposits (also transects

across sites) concern mostly biotic and climatic changes, e.g. treeline and timberline shifts,
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refugial role of a site, age of deglaciation, frequently also the impact of altitude and exposure
on these phenomena is explored. Such studies were carried out for the Tatra Mountains
(Ktapyta et al., 2016), the Romanian Carpathians and the adjacent regions (Feurdean et al.,
2007, 2016; Magyari, 2002) or for the Alps and neighbouring regions (Ammann et al., 2000,
2014; David, 1993; Lotter et al., 1992). The local comparisons of lakes/mires deposits situated
closely to each other in the mountainous areas are less frequent (Feurdean and Bennike, 2004)
and sometimes, despite the proximity, similar elevation and aspect, they reveal prominently
various vegetation history (Michczynski et al., 2013). Correlations between sites located
within one mountain massif but with different exposure and altitude (Magyari et al., 2018)
and/or different catchment characteristics (Hubay et al., 2018; Rubensdotter and Rosqvist,
2003) are also less common.

Earlier studies in the Koton and Klaklowo landslide fens were conducted by
Margielewski (2001a, 2001b) and Margielewski et al. (2003), however, the absence of
continuous absolute chronology (age-depth model) based on AMS radiocarbon dates did not
allow to assign to the pollen-based chronozones’ boundaries the precise calibrated
radiocarbon age. Furthermore, these earlier investigations of both sites focused more on the
late Holocene sequence, leaving the late glacial-early Holocene sediment sequence
unexplored in details. The lack of defined timeframes for the older palynologically-
determined stratigraphic divisions is frequent in the Carpathians and its foreland (Harmata,
1987; Koperowa, 1961; Mamakowa, 1962; Ralska-Jasiewiczowa, 1980), yet recently the
significance of accurate calibrated age scale for the late glacial/Holocene pollen records in
this region was recognized and addressed (Margielewski et al., 2022a; Michczynski et al.,
2013). Furthermore, in the situation of the absence of the terrestrial late glacial-Holocene
stratotype for the Outer Western Carpathians region, INTIMATE event stratigraphy based on

the Greenland ice core oxygen isotope record can be used as the extraregional absolute
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chronology for correlation (Bjorck et al., 1998; Lowe et al., 2008; Rasmussen et al., 2014).
Such attempt has been recently undertaken to investigate the oldest minerogenic sections of
the Koton and Klaklowo landslide fen deposits (Bglling-Older Dryas-beginning of Allerad)
using high-resolution multi-proxy methods and correlation to Greenland ice cores event
stratigraphy (Pilch et al., 2025a, 2025b). The current study focuses on the younger climatic
oscillations: GI-1a—c/Allerad, GS-1/Younger Dryas, Preboreal phase and the Preboreal/Boreal
phase (from ca. 13,900 to ca. 10,000 cal BP).

The goal of the study presented in this paper is to verify whether the late glacial and
early Holocene climatic and palacoenvironmental changes were recorded differently between
the Koton landslide fen characterized by the southern exposure and near-ridge position and
the Klaklowo landslide fen characterized by the northern exposure and mid-slope position.
Local palaeoecological development of the Koton and Klaklowo fens was reconstructed based
on multi-proxy analysis: radiocarbon dating, loss on ignition, plant macrofossil and pollen
analyses. To trace the regional and mountain-scale vegetation changes, the local establishment
and recession times of a few representative species/plants group were determined using the
results of the plant macrofossil analysis with support of the pollen data (Ammann et al.,

2014).

Site description

[insert Figure 1]

Location, geology and geomorphology

According to physico-geographical division of Poland, the study area is situated in the
mesoregion of Beskid Makowski Mountains, which is part of the subprovince of the Outer
Western Carpathians in the south of Poland (Solon et al., 2018) (Figure 1 A, B and C). The

Outer Carpathians are composed of flysch rocks (siliciclastic-clayey turbidites and
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occasionally also carbonate and siliceous rocks) which age of formation spans from Late
Jurassic to Early Miocene (Ksigzkiewicz, 1972). Study area is located within the Siary
Subunit which belongs to the Magura Unit, being one of the overthrust tectonic units of the
Outer Western Carpathians (Ksigzkiewicz et al., 2016). Koton and Klaklowo landslide fens
are embedded within the slopes of the Mt. Koskowa Gora range, beneath the ridge
culminations of Mt. Koton (857 m a.s.l.) and Mt. Pekalowka (839 m a.s.l.), respectively
(Figure 1 C, D and E). Koton site has altitude of 739 m a.s.l., southern exposure and near-
ridge position above the springs of the Rusnakéw stream, being the left tributary of the
Krzczonéwka stream (Figure 1 D and E). Klaklowo site has altitude of 466 m a.s.l., northern
exposure, mid-slope position and it is opening toward the valley of one of the Raba river
tributaries (Figure 1 D and E). The distance between the sites equals ca. 1900 m, altitude

difference: 273 m.

Climate

Based on measurements from years 1991-2021 (Climate Data, 2024), the climate of Zawadka
and Str6za villages (located beneath the Koton and Klaklowo landslides, respectively) is
warm temperate with a considerable amount of precipitation, affected by rough mountainous
terrain. The mean annual temperature is 7.9°C and mean annual sum of precipitation is 1063
mm. In the region of the Beskid Makowski Mountains, spring is long, cold and rainy, whereas
autumn is also long but dry, with frequent temperature oscillations. Similarly to the adjacent
regions, temperature inversions tend to occur in river valleys (additional information on

climate in Supplemental Material).

Landslides description

http://mc.manuscriptcentral.com/holocene



Page 7 of 113

oNOYTULT D WN =

HOLOCENE

The Koton landslide developed exclusively in the thick-bedded Magura sandstones (which
build most of the Mt. Koskowa Gora range) and has a shape of a vast wedge with two linear
head scarps, between which a flattening of the landslide body occurs (Figure 1 F, G and I).
The Klaklowo landslide zone possesses an amphitheatre shape (Figure 1 H and J). The
bedrock in the area of the semi-circular head scarp and sub-scarp depression (Klaklowo fen)
consists of flysch rocks of the Eocene age (Ksigzkiewicz et al. 2016): shales, green shales and
thin-bedded sandstones of Hieroglyphic beds, variegated shales and thick-bedded sandstones
and conglomerates and shales of Lower Pasierbiec Sandstones and Osielec Sandstones
(Figure 1 F). The area above the landslide, similarly to the Koton site, is built of the
sandstones of the Magura beds (additional information on landslides in Supplemental

Material).

Landslides’ sub-scarp depressions, hydrology and fen deposits
In case of the Koton landslide, the longitudinal sub-scarp depression (ca. 40 m wide and ca.
90 m long) developed along the foot of the western head scarp (Figure 1 G, I, K, M and N).
From the east it is dammed by colluvial rampart what resulted in minerogenic mire (a fen)
development and filling the deppression with up to 5 m of late glacial and Holocene organic-
minerogenic sediments. Presently, except for the Rusnakdéw stream emerging in the lower part
of the Koton landslide, there are no permanent streams flowing down from the head scarp and
slopes to the sub-scarp depression, although the temporary ones are probable (Figure 1 G and
D).

In case of the Klaklowo landslide, the sub-scarp depression (ca. 40 m wide and ca. 100 m
long) has a shape slightly curved southward because of the semicircular main scarp of the
landslide bordering it from the south (Figure 1 H, J, L, O and P). From the north, the

depression is surrounded by colluvial rampart, having an outlet on the eastern side through
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which a permanent stream is flowing out into the valley. Nowadays, the Klaklowo landslide’s
sub-scarp depression is occupied by a minerogenic mire (a fen) filled with up to 3.7 m of late
glacial and Holocene organic-minerogenic sediments. On the opposite site to the stream
(draining the fen through the outlet in colluvial dam), the Klaklowo mire is fed by a few small
(permanent and periodical) watercourses flowing down from the head scarp to the sub-scarp

depression.

Soil and vegetation

Nowadays, slopes of the Beskid Makowski Mountains are covered predominantly with brown
soils (Bank Danych o Lasach, 2025). Duration of the mean annual growing season ranges
between 220 and 230 days (Tomczyk and Bednorz, 2022). In the direct vicinity of the Koton
and Klaklowo fens the surrounding slopes and landslide landforms are forested (the
Carpathian beech forest, Figure 1 M, N, O and P) predominately by fir (4bies alba) and beech
(Fagus sylvatica) with some presence of spruce (Picea sp.). Birch (Betula sp.), poplar
(Populus sp.) and larch (Larix sp.) occur locally around the fens, whereas willow (Salix sp.)
shrubs grow also within the mires’ borders. Some parts of the wet margins of streams around
Klaklowo are covered by alder (A/nus sp.) (additional information on vegetation in

Supplemental Material).

Materials and methods

Coring, sampling and calculations of additional parameters

Sediment cores were taken using INSTORF Russian peat sampler (diameter: 8 cm) from the
mires developed in the sub-scarp depressions of the Koton (49°46'5.12"N; 19°54'12.96"E, 739
m a.s.l., Figure 1 I and K,) and Klaklowo (N 49° 46.772°; E 19° 55.383’; 466 m a.s.l., Figure

1 J and L) landslides at sites where thickness of deposits was the greatest: 500 and 367 cm,
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respectively. Subsequently, the cores were divided into sediment samples which underwent
loss on ignition, plant macrofossil and pollen analyses and radiocarbon dating. For the
purpose of this study (comparison of the long-lasting fen stages between both sites during the
late glacial and early Holocene), the corresponding depth sections, ca. 370—-100 cm for the
Koton and ca. 310-70 cm for the Klaklowo sites (ca. 13,900 to ca. 10,000 cal BP) were
selected. The results of the multi-proxy analyses of the deepest sections of the Koton and
Klaklowo mires (500-300 and 367-250 cm, respectively) encompassing climatic oscillations
of Bolling-Older Dryas-beginning of Allered, were presented in the earlier papers (Pilch et
al., 2025a; 2025b). The results presented in this paper overlap with the data presented in those
papers only within the beginning of the Allered deposits.

All maps and cross-sections presenting localization of the study area (Figure 1) were
composed in QGIS 3.22.10 (QGIS Development Team, 2021). To better understand and
explain the similarities and differences between palaeo-records of the Koton and Klaklowo
fens, additional parameters characterizing the physical environment of the sites were
calculated: solar irradiation and catchment area. The calculations were done using GRASS
GIS algorithms (GRASS Development Team, 2015) and the detail methodology and results of
these calculations are given in the Supplemental Material and are referred to in the Discussion

section.

Radiocarbon dating and age-depth models

Material for radiocarbon dating (Acceleration Mass Spectrometry, AMS) was obtained
simultaneously with plant macrofossil analysis of the Klaklowo and Koton sediment samples
from the depth sections of 367-68 cm and 440—77 cm, respectively (see contex of dating,
Table 1) and included plant fruits, seeds, leaves, needles and stems of mosses (Table 1).

Eighteen radiocarbon dates were acquired in total: 12 for the Klaklowo fen and 6 for the
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Koton fen deposits, and they were subsequently calibrated in the OxCal v. 4.4.4 software
(Bronk Ramsey 2009, 2021) using the IntCal20 calibration curve (Reimer et al. 2020), to
standardize the calibrated results.

Absolute chronologies were determined for the Klaklowo and Koton sediment
sequences, based on ten *C AMS and six '“C AMS dates by constructing the Bayesian age-
depth model. For both investigated sites, age-depth curves modelling was performed in the
OxCal v. 4.4.4 software (Bronk Ramsey 2009, 2021) by applying the P_sequence function,
interpolation = 2 (0.5 cm), parameters kO = 1 and log10(k/k0) = U(—1,1) and using the
IntCal20 calibration curve. In the construction of the age-depth models for both sites the
Boundary command was applied at depths of distinctive changes recorded in the lithological
and/or biotic proxies. A mean (u) value of the modelled age (rounded to tens, expressed in cal
BP) and sedimentation rate (expressed in mm year™!), were acquired (additional information

on the radiocarbon dating in Supplemental Material).

Loss on ignition and peat type

For loss on ignition analysis (LOI) sampling interval was equal to 2.5 cm (Figure 2 A). The
ignition process was conducted in a muffle furnace at 550°C following the standard procedure
of Heiri et al. (2001). Weight loss of the burned organic sediment expressed in % was plotted
as the loss on ignition curve. Peat type characteristics was assigned according to the previous
study of the Klaklowo and Koton landslide fens (Margielewski, 2001a, 2001b; Margielewski
et al., 2003) in which it was obtained through plant tissue analysis based on peat classification

of Totpa et al. (1967).

Plant macrofossil analysis
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For plant macrofossil analysis, the sediment core of the Koton fen was sampled with the
higher resolution (2.5 cm thick slices) in the depth section of 500300 cm (and additionally in
270-260 and 80-70 depth intervals) and with the lower resolution (2.5 cm thick slices
collected every 5 cm) in the depth section of 300—-0 cm (Figure 2 A). In case of the Klaklowo
fen, sediment core was sampled with the higher resolution (2.5 cm thick slices) in the depth
interval 367-250 cm (some denser sampling was also applied between 250 and 220 cm),
whereas 250-0 cm depth interval was sampled with the lower resolution (2.5 cm thick slices
collected every 5 cm) (Figure 2 A).

Material of the samples was disaggregated in water and devoid of humic acid by
addition of KOH, and it was subsequently gently washed with running water through 200 um
diameter mesh sieve. Taxa determination based on macrofossils of plants (fruits, seeds,
needles, oospores) and — to a much lesser degree - of animals (e.g. gemmules, statoblasts,
ephippia) was performed under ZEISS a Stemi 508 stereomicroscope at 10—-16x
magnifications with a use of a collection of modern diaspores and specimens of fossil flora
from the National Biodiversity Collection of Recent and Fossil Organisms gathered at W.
Szafer Institute of Botany PAS in Krakow (herbarium KRAM) along with various keys and
publications (see references and additional information in Supplemental Material). Botanical
nomenclature for vascular plants was adopted according to Mirek et al. (2020), whereas
ecological indicators of plants were taken mostly from Zarzycki (2002) and other references
cited in the text. Using Tilia software (Grimm 1991), macrofossil diagrams for both sites were

prepared.

Pollen and non-pollen palynomorphs (NPPs) analysis
In this paper we use the previous pollen dataset from the Koton fen (Margielewski, 2001b;

Margielewski et al., 2003) (distance from the current drilling spot equals ca. 0.5 m) and the
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newly acquired pollen data from the Klaklowo fen. For the Klaklowo sediment sequence
(367-0 cm), each sample (approximately 1 cm? of sediment volume) was taken at 5 cm
interval, whereas in the archival pollen dataset from Koton (450—0 cm), sampling interval
equalled ca. 10 cm for the depth section of 100—0 cm and ca. 5 cm for the depth section of
450-100 cm (the late glacial deposits) (Figure 2 A). The additional information on the pollen
analysis methods is given in the Supplemental Material. Quantitative analysis of pollen and
NPPs (using Lycopodium tablets) consisted of counting (under a light microscope) pollen
grains of trees and shrubs up to at least 600 per sample in case of the Klaklowo site, and up to
at least 500 per sample in case of the Koton site (except for the Holocene deposits in Koton,
in which grains were counted to at least 1000).

Pollen datasets obtained in the current study of the Klaklowo fen (367—0 cm), and
earlier pollen datasets of the Koton fen (450-0 cm) were converted to relative abundances in a
similar manner to enable comparisons. Percentage share for each given taxon was determined
from the sum of arboreal (AP — trees, shrubs and dwarf shrubs) and non-arboreal (NAP —
terrestrial herbs) plant pollen given as ZAP+XNAP = XP. Depending on the investigated site
(KK - Klaklowo, KT - Koton), the following groups were excluded from this sum: taxa of
spore producing plants (KK, KT), aquatic plants (KT), indeterminable pollen (KT), corroded
pollen (KK), and non-pollen palynomorphs (KK, KT- only algae Pediastrum). Frequency for
taxa of these groups were calculated from the XP + sum of grains from a corresponding group
= 100%. Cyperaceae was included in the herbs group, following the original pollen diagram
from Koton (Margielewski et al., 2003). All calculations and data plotting were done using
Tilia software (Grimm, 1991). In case of the Koton pollen diagram, only essential plant taxa

were presented.

Statistical methods and Zonation
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Constrained incremental sum of squares cluster analysis (CONISS, Grimm 1987) was carried
out on the macrofossil and pollen data to obtain Local Macrofossil Assemblage Zones
(LMAZ) and Local Pollen Assemblage Zones (LPAZ) of the Klaklowo and Koton fen
deposits. For this purpose, absolute counts of macrofossil data were standardized to the same
volume for the given site (Klaklowo to 20 cm?, Koton to 16 cm?), whereas in case of pollen
datasets, the percentage data were used. The number of statistically significant zones for
macrofossil and pollen zonations from the Klaklowo and Koton fens was determined based on
the broken stick model (Bennett, 1996). All calculations were performed using package Rioja
(Juggins, 2022) in R version 4.2.2 (R Core Team, 2022). The final depth ranges of the LMAZ,
LPAZ and palaeoecological stages of development were determined based on the cluster

analysis results and visual inspection of the macrofossil and pollen diagram.

Comparative diagrams and representative taxa

To determine and compare the timing of changes in vegetation composition and lithological
data, a summary comparative diagrams in the time domain were constructed for the Klaklowo
and Koton fen deposits using Tilia software (Grimm, 1991). The diagrams contain the
comparison of stages of the local palacoecological development (along with LMAZ and
LPAZ and lithological zones) and selected representative plant taxa and lithological data. As
plant macrofossil analysis corroborates the pollen analysis by confirming the local presence of
species, from among the identified plant taxa the ones which: 1) show high abundance and
continuous presence throughout the sediment sequences, ii) are (if possible) present in both
pollen and macrofossil datasets and iii) are habitat-indicative, were selected for the
comparative analysis. They included: (boreal) forest-forming taxa (Coniferae, Pinus, Larix
decidua, Betula sect. Albae), taxa of open-space habitats (NAP sums, Artemisia), taxa of mire

habitats (Cyperaceae, Carex, Bryopsida). The last group, the proxies of allochthonous
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material, included: indeterminable pollen (Koton) and corroded pollen (Klaklowo), loss on

ignition data and sedimentation rates.

Results

[insert Table 1]

[insert Figure 2]

Absolute chronology and sedimentation rate

The uncalibrated and calibrated AMS radiocarbon dates acquired for the Koton and Klaklowo
landslide fen deposits are presented in Table 1. Taking into account the time period which is
the focus of the current paper (ca. 13,900—-10,000 cal BP), the age-depth models in the
corresponding depth sections (Koton: ca. 370-106.5 cm and Klaklowo: ca. 311.5-68.5 cm)
show varying values of sedimentation rate (Figure 2 B). For the Klaklowo fen deposits, mean
sedimentation rate amounts to 1.55 mm year ! for the 311.5-261.5 cm depth section and 2.47
mm year ! for the 261.5-240 cm depth section. Above these depths, the mean sedimentation
rate decreases: to 0.78 mm year ! for the 240-201.5 cm depth interval, to 0.50 mm year™! for
the 201.5-161.5 depth interval and to 0.24 mm year ! for the 161.5-141 cm depth interval.
For the 141-130 cm depth section, the mean sedimentation rate rises to 1.16 mm year™!, and
for the 130-79.5 cm depth sections it reaches its highest value: 4.20 mm year . Higher in the
Klaklowo profile, between 79.5 and 68.5 cm depths, it falls again to a low value, 0.10 mm
year !, For the Koton fen deposits, mean sedimentation rate yields the highest value, 2.95 mm
year!, for 370-326.5 cm depth section. Above this interval, the values of mean sedimentation
rate are lower: 1.01 mm year™! for the 326.5-264.5 cm depth section, 0.64 mm year ! for the
264.5-181 cm depth section and 0.98 mm year! for the 181-120.5 cm depth section. The

lowest mean sedimentation rate occurs between 120.5-106.5 cm and equals 0.12 mm year™!.
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[insert Figure 3]

Loss on ignition and peat type

The obtained loss on ignition curves for the Koton and Klaklowo fen deposits along with their
lithological characteristics (sediment type, peat type) and divisions into lithological zones are
given in Figure 3 C. The detailed description of these zones is given in SM Table S3 and
Table S4 (Klaklowo and Koton, respectively). Generally, in case of both sites the bottommost
zones (KK-L1, KT-L1 and KT-L2) are represented by minerogenic deposits composed mainly
of clayey silt which yield low LOI values, up to 10%. Zones from KK-L2 to KK-L7 and from
KT-L3 to KT-L12 correspond to accumulation of organic deposits, mostly moss fen peat,
yielding high LOI values, up to 80%, contaminated with minerogenic material (which at some
depths form distinct horizons). Zones KK-L8 and from KT-L12 to KT-L14 are largely
characterized by accumulation of minerogenic cover (clay), expressed as a decrease in the
LOI values. Zones KK-L9 and KK-L15 reflect the accumulation of sedge peat of the present

day Koton and Klaklowo fens.

[insert Figure 4]

[insert Figure 5]

Macrofossil data

The results of macrofossils analysis of the Klaklowo and Koton fen deposits along with
division into LMAZ and palaeoecological stages of development are given in Figure 4 and
Figure 5, respectively. Additionally, CONISS dendrograms are given in the SM Figure S3 and
Figure S4, respectively. In total, 18 local macrofossils assemblage zones (KK-M1 to KK-
M18) and eight local palaeoecological stages of development (KK-1 to KK-8) were
distinguished for the Klaklowo fen deposits (Figure 4 and Figure 6), whereas for the Koton

fen deposits, 16 LMAZ units (KT-M1 to KT-M16) and nine stages (KT-1 to KT-M9) were
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established (Figure 5 and Figure 6). Descriptions of LMAZ are included in the SM Table S5

(Klaklowo) and Table S6 (Koton).

Pollen and NPPs data

The results of pollen analysis of the Klaklowo and Koton fen sediment sequences along
with division into LPAZ are given in SM Figure S5 and Figure S6, respectively. Additionally,
CONISS dendrograms are given in the SM Figure S7 and Figure S8, respectively. In total, 11
local pollen assemblage zones (KK-P1 to KK-P11) were recognized for the Klaklowo fen
deposits (SM Figure S5), whereas for the Koton fen deposits, 12 LPAZ units (KT-P1 to KT-
P12) were determined (SM Figure S6). Descriptions of LPAZ are contained in the SM Table

S7 (Klaklowo) and SM Table S8 (Koton).

Interpretation and discussion

[insert Figure 6]

[insert Figure 7]

Correlation of palaeoecological records between Koton and Klaklowo fens with a reference
to the Greenland ice cores absolute chronology

The detail interpretation of the palacoecological stages of the Klaklowo and Koton landslide
fens development within the investigated time period (from ca. 13,900 to ca. 10,000 cal BP),
based on the lithological, macrofossils and pollen proxies, is given separately for each site in
the Supplemental Materials. Herein, the obtained results were compared within the
timeframes of the extraregional absolute chronology of the Greenland ice cores (INTIMATE
event stratigraphy) (Rasmussen et al., 2014) (ages b2k of the INTIMATE record recalculated
to ages before 1950 and expressed as years BP) and observations were made whether and how

the climatic changes (GI-1a—c/Allerod, GS-1/Younger Dryas, Preboreal phase and the
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supposed Preboreal/Boreal phase) were registered in the sediments of the Koton and
Klaklowo fens. The graphical comparison of the palaecoecological stages and the Greenland
ice cores absolute chronology in time domain is presented in Figure 6 and the selected

representative plant taxa and lithological proxies in time domain are shown in Figure 7.

Climatic warming GI-1a—c/Allerod (ca. 13,904—12,846 years BP)

Record of the first climatic episode of the Allerad warming, GI-1¢3 spanning ca.
13,904-13,610 years BP, differs between the two sites in regard to the development of the
local habitats: in the Klaklowo site the occurrence of an overgrowing landslide lake with
dominant sedimentation of minerogenic material were detected (stage KK-3a and 3b, Figure
6) (Pilch et al., 2025b), while at Koton (as a result of overgrowing of a previously existing
waterbody) at the same time the development of a fen with the accumulation of moss fen peat
had already begun (stages KT-3, KT-4a and KT-4b, Figure 6) (Pilch et al., 2025a). Only at the
time of ca. 13,610 cal BP (with the onset of the GI-1c2 phase) a fen (with the accumulation of
moss fen peat) developed at the Klaklowo site as well (stage KK-4).

The abundant and continuous presence of tree birch reflecting the local establishment of
Betula woodlands was recorded first at the Koton site, ca. 13,810 + 70 cal BP, and
subsequently in the Klaklowo site, ca. 13,710 + 53 cal BP, so during the first part of the GI-
1¢3 episode of the Allerad warming (Figure 7). The abundant and continuous occurrence of
Pinus sylvestris macrofossils manifesting the local establishment of pine woodlands took
place slightly later and synchronously on both sites, ca. 13,650 = 103 cal BP in the Koton site
and ca. 13,630 + 43 cal BP in the Klaklowo site (Figure 7). Appearance of pine in other
localities is dated as slightly older, e.g. the Gerzensee Lake/Swiss Plateau at ca. 13,830 yr BP
(Ammann et al., 2013) or mire deposits from SE Poland at 13,770 + 120 cal BP (Kotaczek et

al., 2015). Generally, toward the end of Allered/beginning of Younger Dryas, the trend of
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increasing predominance of Pinus pollen and (with some disruptions) also Pinus sylvestris
macroremains was established in the Koton and Klaklowo sites, what stay in agreement with
pollen and/or macrofossill data from other localities within and around the Carpathians which
document various forms of pine-dominated forests throughout Allerad (H4jkova et al., 2015;
Harmata, 1987; Kotaczek et al., 2015; Latatowa and Nalepka, 1987; Magyari et al., 2012;
Margielewski et al., 2022a; Obidowicz, 1996; Pato et al., 2020; Rolecek et al., 2020). The
abundant and continuous record of the Larix decidua at Klaklowo sites starts from around
13,540 + 28 cal BP, indicating that this taxon could be a significant constituent of the already

developed boreal forest.

Climatic cooling of the GI-1b/Gerzensee oscillation (13,261—13,049 years BP)

A cold climatic GI-1b/Gerzensee oscillation which lasted between 13,261 and 13,049 years
BP possibly influenced in a distinctive way only the record of the Klaklowo fen. At a depth
between 217.5 and 207.5 cm, there is a noticeable minerogenic insert which age of beginning
can be determined at ca. 13,170 + 81 cal BP (Figure 7). Correspondingly, at a depth of 212.5
cm in the pollen and macrofossil data a decreased share of pine accompanied by an increased
amount of birch and corroded pollen can be noticed, dated to 13,140 + 79 cal BP. These dates
fit well within the timeframe of the Gerzensee oscillation. In contrast to the Klaklowo record,
in SE Poland this climatic cooling was reflected in a reduction of Betula pollen accumulation
rate and macrofossils abundance and a slight recession of woodland during the period
between ca. 13,120 + 60 and 12,870 + 60 cal BP (Kotaczek et al., 2015). Gerzensee
oscillation was visible in the pollen and macrofossil sequences of Lake Brazi and Lake Gales
in the Retezat Mts. of of Romanian Carpathians (Magyari et al., 2012), whereas in Lake
Gerzensee deposits (Swiss Plateau) it was weakly registered (Ammann et al., 2000, 2013;

Lotter et al., 1992).
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Climatic cooling GS-1/Younger Dryas (ca. 12,846—11,653 years BP)

During the time period of ca. 12,846—-11,653 years BP (the GS-1/Younger Dryas climatic
cooling), record of the local habitats development in the Koton and Klaklowo sites shows
certain (however not precisely simultaneous) similarities: in the earlier part it is a continuation
of peat accumulation in the less wet environment with a large admixture of minerogenic
material (upper parts of the stages KT-5a and KK-5a, respectively, Figure 6 and 7), while in
the later part it is the waterlogging of the environment and the accumulation of moss peat
without clastic admixtures (lower parts of the stages KT-5b/KT-M10 and KK-5b/KK-M13,
respectively, Figure 6 and 7).

During the GS-1/Younger Dryas, Pinus sylvestris-type pollen shows the maximum
percentage in the entire pollen sequences, both in Koton (KT-P6-Pinus) and Klaklowo (KK-
P7-Pinus-NAP) sites (Figure 6 and 7). The local presence of pine boreal forest was also
reflected in the abundant macrofossils of this taxon in the Klaklowo (upper part of the stage
KK-5a) and less numerous in Koton fen (stage KT-5a/KT-M8 and M9) (Figure 6 and 7).
Birch tree was probably the second major woodland-forming component at that time, what is
reflected in numerous macrofossils found in both sites. However, in the upper part of the GS-
1/Younger Dryas in the Klaklowo fen record (stage KK-5b/KK-M13, Figure 6 and 7) almost a
total disappearance of Betula sect. Albae and a strong reduction in the number of Pinus
sylvestris macrofossils can be observed (however not visible in pollen data), what in
combination with a slight increase in Artemisia pollen percentage could be attributed to the
woodland opening and some inclusion of more open-space plant communities. In a similar
manner, the expansion of grassland communities was correlated in time with the scarcity of
macrofossils of Betula sect. Albae in the Romanian Carpathians during 12,950-11,500 cal BP

(Feurdean and Bennike, 2004). Furthermore, in the SE Poland, the co-occurrence of well-
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developed (more resilient to climate changes) dense pine forest and steppe communities was
explained by steppe expansion onto tundra patches and/or filling the space after the decline of
tree birch (Kotaczek et al., 2015). Nevertheless, the steppe-tundra signal in Klaklowo record
during GS-1/Younger dryas remains very weak. In the Koton fen, the increase in NAP and
Artemisia pollen relative abundances can be distinctively observed only around ca. 11,900 cal
BP (LPAZ KT-P7, Figure 6 and 7).

Apart from the Koton and Klaklowo localities, the persistence of pine forest (also with
tree birch and larch) during the climatic reversal of ca. 12,846—-11,653 years BP, was traced
(with various intensity) also in the sediment sequences of the other sites in the Carpathians
and the adjacent regions: at the Grel raised bog in the Orawa-Nowy Targ Basin (Margielewski
et al., 2022a), at Preluca Tiganului in Gutaiului Mountains, NW Romania (Feurdean and
Bennike, 2004), at Daiko peat bog in the central Czech Republic (Rolecek et al., 2020) and on

the N slopes of the Matra Mountains in N Hungary (Paté et al., 2020).

Climatic warming of the Preboreal phase (ca. 11,653—11,250 years BP)
The beginning of the Holocene (Preboreal phase) at ca. 11,653 years BP is manifested by a
gradual intensification of the supply of minerogenic material to the Koton and Klaklowo fens
(zones KT-L10 and KK-LS5, respectively, Figure 6). In the LOI curves of both sites this trend
is synchronously visible since ca. 11,720 + 123 cal BP for Koton and ca. 11,720 + 178 cal BP
for Klaklowo fen (Figure 7), so slightly earlier than the GS-1 ending. This could be partly
attributed to the less cold second part of the Younger Dryas, determined in SE Poland
(Kotaczek et al., 2015).

With the beginning of the Preboreal phase also the important changes in the plant taxa
composition can be observed in both sites. In the upper part of the Klaklowo and Koton fens’

stage 5b (LMAZ KK-M14 and KT-M11, respectively, Figure 6), there is an ultimate almost
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simultaneous decline of Bryopsida at a time of 11,510 £ 161 cal BP and 11,560 + 177 cal BP,
respectively, which group do not reappear anymore in both profiles (Figure 7). Moreover, in
the Koton macrofossil record a total disappearance was detected in case of so-far continuously
present and abundant taxa: Pinus sylvestris needles (11,670 + 142 cal BP), Coniferae bud

scales (11,614 = 160) and (slightly later) Larix decidua (11,460 + 208 cal BP).

The supposed Preboreal oscillation (ca. 11,250—11,000 cal BP)

In the sediment sequences of both sites the short-lasting stage 6 was delineated (KT-6, KK-6)
based on the huge minerogenic input (i.e. decrease of LOI values) (Figure 6 and 7). In both
cases, this event has relatively short duration and a similar time of onset: in Koton fen it lasted
from ca. 11, 260 £ 263 to ca. 10,990 + 432 cal BP, ca. 270 years, whereas in Klaklowo fen
from ca. 11,240 =92 to ca. 11,120 = 99 cal BP, ca. 120 years. There is, however, an
enormous difference in the accumulated sediment thickness of this interval: in case of Koton
it equals ca. 7.5 cm, whereas for Klaklowo ca. 47.5 cm, what is the result of the strikingly
higher sedimentation rate for the latter site: ca. 4.20 mm year ! comparing to ca. 0.98 mm
year ! in case of Koton. Taking into consideration the starting time of the stage KT-6 and KK-
6, ca. 11,260 or 11,240 cal BP, respectively, it could correspond to the cold Preboreal
oscillation (Ammann et al., 2000), however this oscillation was attributed to the various cold
events (differing in time extent) recognised in the early Holocene deposits across Europe
(Fitoc et al., 2018). Similarly to the Koton and Klaklowo records, a phenomenon of enhanced
minerogenic delivery at ca. 11,250 cal BP was detected in the Romanian Carpathians,
Gutaiului Mountains, NW Romania (Feurdean and Bennike, 2004). At Grel raised bog, the
the Orawa-Nowy Targ Basin, in peat sedimentary sequence of the Preboreal Phase (11,173—
10,775 cal BP) the illuvial horizon was formed as a result of flooding episode and was

attributed to the Preboreal cold oscillation (Margielewski et al., 2022a).
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During the supposed Preboreal oscillation, there are also prominent changes in biotic
records. In case of Koton site, stage KT-6 is the last time of occurrence of Betula pubescens
and so-far occurring Carex species, yielding the dates of decline of ca. 11,205 + 277 and ca.
10,987 + 432, respectively (Figure 7). In the Gutaiului Mountains, NW Romania the reduction
in Carex ssp. remains was observed between 11,000 and 10,300 cal BP and explained by the
rise of water level (Feurdean and Bennike, 2004). Stage KT-6 corresponds also to LPAZ KT-
P8 (Figure 6), signalizing the more open-space conditions with domination of herbs and
shrinkage of woodlands. In case of the Klaklowo fen, at the end of the stage KK-6, there is a
recession of all Carex species (11,140 + 88 cal BP), an almost total disappearance of Pinus
sylvestris and a total decline of Larix decidua and Betula sect. Albae (all three taxa
disappearances are dated to ca. 11,120 + 99 cal BP) (Figure 7). In contrast to Koton, in the
pollen record from Klaklowo during the supposed Preboreal oscillation pine forest seems to

be still a dominant vegetation type (LPAZ KK-P8, Figure 6 and 7).

The supposed Preboreal/Boreal phase (ca. 11,000—10,000 cal BP)

The supposed Preboreal/Boreal period (not possible to separate) in the Koton and Klaklowo
sediment sequences seems to correspond to the stages KT-7 and KK-7, which began ca.
10,990 + 432 and ca. 11,120 £+ 99 cal BP, respectively, and share many common features
(Figure 6). At both sites, the lowest sedimentation rate of the whole profiles was determined,
0.12 mm year ! for Koton and ca. 0.10 mm year™! for the Klaklowo deposits (Figure 7). In
both fens some minerogenic-organic deposits were accumulated at that time: in the Koton fen
sedge-moss fen peat with minerogenic admixture (maximum LOI value: ca. 30%) and the
Klaklowo fen woody birch peat with contamination of minerogenic material (maximum LOI
value: ca. 35%) (Figure 7). In relation to the plant remains, in both fens within the supposed

Preboreal/Boreal phase abundant fruits of Scirpus sylvaticus and sclerotia of Cenococcum
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geophilum were found (Figure 4 and 5), the latter confirming the process of strong erosion
and re-deposition of allochthonous material to the fen basin. Also the corresponding LPAZ
units from both sites show similar trends (SM Figure S5 and S6): next to the still dominating
Pinus sylvestris-type, pollen relative abundances of several other arboreal taxa start to rise and
develop into continuous curves: Picea abies, Ulmus, Alnus undiff., Corylus avellana and Tilia
undiff, marking the development of temperate mixed forests in the warming climate of the
Holocene (Feurdean and Bennike, 2004; Margielewski et al., 2022a; Rolecek et al., 2020). In
the Klaklowo fen, this climatic change is also reflected in the enhanced input of corroded

pollen (Figure 7).

Do the records of the late glacial-early Holocene climatic oscillations differ between Koton
and Klaklowo landslide fens in relation to their different topographic position?

Similarities and differences between the Koton and Klaklowo vegetation records

Records of vegetation changes inferred from the Koton and Klaklowo deposits between ca.
13,900 and ca. 10,000 cal BP show more similarities than differences (SM Table S9). The
similarities not coinciding but shifted in time concerns changes of the local habitats’
succession, e.g. the phases of the long-lasting fen stage during GI-1a—c/Allered, GS-
1/Younger Dryas and at the beginning of the Preboreal phase are equivalent but not occurring
at the same time (Figure 6): the less wet stage of 5a lasts longer at the Koton site, whereas in
Klaklowo it finishes sooner and change into the stage 5Sb/KK-M13 of fen waterlogging. The
other mentioned diachronous similarities concern the local establishment of Befula woodlands
during GI-1c3/Allered in both fens and regional temperate mixed forests expansion initiated
during the supposed Preboreal/Boreal phase (Figure 7, SM Figure S5 and S6). The occurrence
of these similar but not simultaneous phenomena could be influenced by the differences in the

local fen conditions, e.g. varying characteristics of the sub-scarps depressions occupied by
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fens (e.g. shape, extent, depth and relief, Figure 1) and diverse hydrogeological conditions
(e.g. dynamics of groundwater table, occurrence and number of watercourses, Figure 1)
(Hubay et al., 2018; Michczynski et al., 2013). On the other hand, in case of the differing
timing of the deciduous trees expansion during the supposed Preboreal/Boreal phase, the high
uncertainty values of the radiocarbon modelled age should be also taken into consideration
(Magyari et al., 2018).

The synchronous similarities observed between the vegetation records of the Koton
and Klaklowo fens include the timing of the local presence/establishment of pine woodlands
and its expansion toward the end of Allered/beginning of Younger Dryas and maximum
development of the pine forest during the GS-1/Younger Dryas climatic cooling (Figure 6 and
7). The global-scale climatic warming of the GI-1/Bolling-Allered caused the longer duration
of the growing season and an increase in summer temperatures, enhancing pollen and seeds
productivity of pine and birch, and the expansion of forests composed of these taxa (Feurdean
et al., 2007). Furthermore, another global climatic factor possibly triggered the ultimate
(almost concordant) decline of Bryopsida at the beginning of the Holocene (Preboreal phase)
when increase in temperature and humidity, permafrost degradation and subsequent changes
in the water circulation (perhaps lowering of the groundwater level in the fens) could cause
the ending of the long-lasting (dominated by brown mosses) fen stage at both sites (Latalowa
and Nalepka, 1987). Therefore, the synchronous and similar changes in vegetation cover
recognized in the Koton and Klaklowo fen deposits are visibly govern by the strongest and
long-term global climatic shifts (Allered, Younger Dryas, Holocene) and show no prominent
dependency on the altitude and exposure of the sites (Ammann et al., 2000). The evident
simultaneous response to the main climatic phases at all elevations is confirmed also by other

studies, additionally showing that the strongest climatic signal and also some weaker
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secondary climatic fluctuations were registered at mid altitudes (e.g. 800-1100 m a.s.l),
presumably due to the proximity of the tree line ecotone (David, 1993; Feurdean et al., 2007).
The differences between vegetation records of the Koton and Klaklowo fens can be
observed in the dynamics of the Larix decidua population. The much earlier expansion and
later recession of the European larch (along with Pinus sylvestris and Coniferae) in the
Klaklowo fen than in the Koton fen (Figure 7) could be attributed to the northern exposure of
the former site. Magyari et al. (2018) showed that European larch spread earlier on the
northern slopes of the Retezat Mts. in the Romanian Carpathians and suggested that the last
glacial maximum survival of this species was also on the northern slopes. An example of the
coniferous species refugium which allowed for the withstanding of the boreal European larch-
Swiss stone pine (Larix decidua-Pinus cembra) forest long into the Holocene (up to 7700 cal
BP) was found on the northerly exposed slopes in the Matra Mountains (Nagy-forras forest
hollow, 685 m a.s.l.) (Patd et al., 2020). Although currently during the growing season areas
within Klaklowo and Koton fen boundaries seem to exhibit similar conditions for plant
growth in term of solar irradiation (Supplemental Material, SM Figure S1 and Figure S2),
during the early Holocene the diversified relief of the landslide area around the fens could
strengthen the refugial potential of the Klaklowo site (Simova et al., 2019) and allowed for the
longer occurrence of Larix decidua, Pinus sylvestris and Coniferae on the northern slopes of

the Mt. Koton-Mt. Pgkaloéwka massif.

Similarities and differences between the Koton and Klaklowo lithological records

Records of the minerogenic sediment delivery to the Koton and Klaklowo landslide
fens between ca. 13,900 and ca. 10,000 cal BP show more differences than similarities (SM
Table S9). The approximately synchronous beginning of the enhanced supply of minerogenic

material to the fens at. ca. 11,720 cal BP indicates humidity rise, permafrost degradation,
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changes in the water circulation, slope instability and soil exposure to erosion and surface
runoff caused by the strong global-scale climatic warming of the Holocene (Péanek et al.,
2010; Rubensdotter and Rosqvist, 2003; Simova et al., 2019). Important factor enabling the
slope erosion could be the reduction of the forest cover around the fens: at the Younger
Dryas/Preboreal transition at both sites an increase in NAP/Artemisia pollen percentages can
be observed (Figure 6 and 7).

In relation to differences in minerogenic material delivery, the results show that
Klaklowo fen exclusively records: a thin minerogenic intercalation at ca. 13,490 + 25 cal BP
(difficult to attributed to any common climatic event) and lithological and pollen responses to
the supposed GI-1b/Gerzensee oscillation. The supposed cold Preboreal oscillation seems to
affect the deposits of both sites in the rather abrupt way, however, in case of the Klaklowo
landslide fen (ca. 11,240 + 92 to ca. 11,120 =+ 99 cal BP, ca. 120 years) the thickness of
deposits is much greater (47.5 cm comparing to 7.5 cm in Koton) what results from a very
high sedimentation rate (4.20 mm year'). This difference could be explained by much greater
availability of slope material prone to erosion in case of Klaklowo fen since its catchment area
is ca. 3 times greater than the area of the Koton fen’s possible palaeo catchment and ca. 12
times greater than its present-day catchment (Figure 1 G and H, see detail description in
Supplemental Material). Furthermore, Klaklowo fen drainage area has an elongated shape and
span from the crest of Mt. Pekalowka downward the slope and encompass the whole
semicircular head scarp of the Klaklowo landslide (up to ca. 550 m of denivelation, Figure 1
H), giving access to the higher energy for sediment transportation (Rubensdotter and
Rosqvist, 2003), whereas in the Koton fen catchment, flow of water drains only the western
part of the Koton landslide in case of both possible palaco- and the present-day catchments
and has much smaller relief (Figure 1 G). Another contrast lies in the bedrock geology: while

Koton fen catchment drains the area entirely built of thick-bedded Magura sandstones,
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bedrock of the Klaklowo fen catchment is more diverse and includes also easily removable
shales (Figure 1 F).

Interestingly, the greater potential for the minerogenic influx in case of the Klaklowo
fen catchment is not reflected in the shorter sediment sequence of the Klaklowo fen deposits
comparing to the Koton fen (Rubensdotter and Rosqvist, 2003). Furthermore, the possible
catastrophic scale of the supposed Preboreal sediments deposition in the Klaklowo fen need to
be further clarified in combination with the questionable reliability of the age-depth model at
this depth interval (Magyari et al., 2018). For example, the well visible minerogenic layers
related to the GI-1b/Gerzensee oscillation and the supposed Preboeral oscillation (a clayey silt
horizon from a depth of ca. 112.5-97.5 cm dated to 11,200 + 80 cal BP) could have been
accumulated in Klaklowo fen during a single fen inundation caused by some

hydrometeorological event (continuous rains) (Margielewski, 2018).

Conclusions

Results of the multi-proxy analysis carried out for the late glacial-early Holocene (ca.
13,900-10,000 cal BP) deposits of the Koton and Klaklowo landslide fens in relation to their
different topographic positions revealed that:

1. The identified time shift in occurrence of the similar vegetation changes (e.g. long-
lasting fen succession, birch tree expansion) in the Koton and Klaklowo fen deposits
probably results from the differing local physical conditions of the fens (e.g. shape,
extent, depth and relief of the sub-scarps depressions, dynamics of groundwater table,
occurrence and number of watercourses). On the contrary, the synchronous similarities
in vegetation records (e.g. pine forest expansion at ca. 13,650 and ca. 13,630 cal BP,
Bryopsida recession at ca. 11,560 and 11,510 cal BP and ending of the long-lasting fen

stage dominated by brown mosses) are visibly govern by the strongest and long-term
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global climatic changes (GI-1a—c /Allerad, GS-1/Younger Dryas, Holocene) and show
no striking dependency on the altitude and/or exposure of the sites.

The approximately simultaneous beginning of the enhanced supply of minerogenic
material to the Koton and Klaklowo fens at ca. 11,720 cal BP, shows that strong
climatic reversal of the Holocene can trigger the similar and synchronous pattern in
lithological record of both fens regardless their topographic position. On the contrary,
the fen catchment characteristics, including area, shape, relief, bedrock geology and
specific local landforms, could contribute to the much more pronounced lithological
record of the weaker and shorter climatic oscillations, the GI-1b/Gerzensee oscillation
and Preboreal oscillation, as it was observed in case of the Klaklowo fen deposits. The
intense sedimentation during the Preboreal oscillation need to be, however, further
clarified due to questionable reliability of the age-depth model at this depth.

Based on the gathered observations, the hypothesis that the late glacial-early Holocene
climatic changes were recorded differently between the Koton landslide fen
characterized by the southern exposure and near-ridge position and the Klaklowo
landslide fen characterized by the northern exposure and mid-slope position, can be
confirmed for the smaller-scale climatic oscillations, including GI-1b/Gerzensee
oscillation and the supposed Preboreal oscillation. Expansion and/or decline of the
dominating vegetation taxa (Pinus, Betula sect. Albae, Carex, Bryopsida) and
minerogenic delivery induced by the global-scale climatic reversals: GI-1a—c /Allerad,
GS-1/Younger Dryas and Holocene, occur approximately at the same time in both
Klaklowo and Koton landslide fens. The exception is later recession of Larix decidua,
Pinus sylvestris and Coniferae in the Klaklowo fen than in the Koton fen what can be

attributed to the northern exposure and diversified landslide relief of the Klaklowo
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site. In the warming climate of the Holocene, such a setting could play a refugial role

for some boreal forest Coniferae species.
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Table 1. Results of radiocarbon dating of the Klaklowo and Koton landslide fen sediments. * — MKL: Laboratory of Absolute Dating in Krakow,

Poland, in collaboration with the Center For Applied Isotope Studies, University of Georgia, U.S.A.; Beta Analytic, Inc. Miami, Florida, U.S.A.

Calibration done in OxCal v4.4.4 Bronk Ramsey (2021) with IntCal20 calibration curve (Reimer et al., 2020). Selection and taxa determination

of plant macrofossils for AMS dating was conducted by [details omitted for double-anonymized peer review].

Material

No Depth (cm)  (macrofossil

type)

Lab code*

Calibrated Mean

0

V)
(BP) 26 95.4% (1l BP)

(cal BP)

Age 14C age Sigma
o (cal years)

Context of
dating

Pinus
sylvestris
needle,
Betula
pubescens
fruits and
fruit scales,
Scirpus
sylvaticus
fruits and
seeds,
Sambucus
racemosa

1 70-72.5

Klaklowo landslide fen

10,240
9025 + 28 10,179 10,208 25
(95,4%)

MKL-
A6646
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Above the
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hiatus
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85-87.5

140-142.5

160-162.5

200-202.5

fruits, Rubus
idaeus seeds

Pinus
sylvestris
needles

Larix
decidua
needles

Pinus
sylvestris
needles

Pinus
sylvestris
needles

MKL-
A6592

MKL-
A6288

MKL-
A6289

MKL-
A6290
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9726 +30

9860 + 33

10,395 + 30

11,080 +£29

11235-
11098
(94,6%),
10913-
10904
(0,8%)

11,390—
11,379
(1.9%),
11,326
11,202
(93.6%)

12,479~
12,096

(92.9%),
12,086
12,058
(2.6%)

13,092
12,918
(95.4%)

11,167

11,261

12,279

13,009

58

38

119

52

Below the
supposed
hiatus

Within the
Younger
Dryas
chronozone

Allerad and
Younger
Dryas
boundary

Gerzensee
oscillation
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10

239.5-241.5

260-262.5

262.5-265

270-272.5

319-322.5

Pinus
sylvestris
needles

Pinus
sylvestris
needles

Stems of
mosses

Pinus
sylvestris
needles,
stems of
mosses

Eleocharis
palustris
fruits, stems
of mosses

MKL-
A6291

MKL-
A6130

MKL-
A5610

MKL-
A5462

MKL-
A5463
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11,678 +£30

11,700 + 31

12,253 +£37

13,353 £37

11,981 £35

13,596—
13,475
(95.4%)

13,604—
13,481
(95.4%)

14,761-
14,746
(0.8%)
14,324
14,061
(94.6%)

16,228
15,906
(95.4%)

14,024
13,906
(48.2%),
13,894
13,785
(47.2%)

13,539

13,549

14,190

16,068

13,898

37

39

127

79

75

Allerod-1
and Allerod-
2 boundary

Beginning
of
accumulatio
n of peat
sequence

Beginning
of
accumulatio
n of peat
sequence

Beginning
of
accumulatio
n of peat
sequence

Centre of
the second
organic
horizon
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14,309— Top of the
t f MKL-
1 347.5-350 Snf;z:’e‘; Nsics | 12238+34 14,059 14,160 100 first organic
(95.4%) horizon
Bottom of
14,896—
12 355.3575  oemsof MEL- hamza 1407 14,568 176 the first
mosses A5465 organic
(95.4%) .
horizon
Koton landslide fen
Sambucus
racemosa MKL- 76827587 Minerogenic
13 77.5-80 . 6805 + 28 7639 26
fruits, Rubus A6645 (95.4%) cover
idaeus seeds
11,935
Carex PP
MKL- (92.9%), Sedge-moss
14 180-182. 10,159 + 31 11,804 2
80-182.5 o aesor  1O19EIL s 80 ’ fen peat
11,650
(2.5%)
113 ’””ts _ 13,226
Sr)lje‘;flielzs 13,218
’ MKL- (1.4%), Moss fen
1 262.5-2 1 11,242 + 34 13,14 2
: 6257265 fo T AGS90 22E% 13080 140 s peat
%not 13,093
o
identified) (94.0%)
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Carex
16 325-327.5 rostrata

fruits

Alchemilla
sp. fruits,
Carex
rostrata
fruits,
17 390-392.5 Valeriana
simplicifolia
/dioica
fruits,
Poaceae
fruit

Alchemilla
sp. fruits,
Carex
18 431-435 rostrata
fruit, Carex
sp. trigonus

fruit

HOLOCENE
MKL-
+
AG589 11,967 £33
MKL-
+
A6538 11,981 +33

Beta-692394 12,300 + 40

14,021-
13,914
(45.8%),
13,884~
13,766
(49.6%)

14,023~
13,906
(48.3%),
13,892
13,785
(47.1%)

14,440~
14,083
(83.5%),
14,805
14,710
(12.0%)

13,890

13,899

14,302

80

75

195
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hit. Pekalowka
(83

Figure 1. Location of the study area (purple circle) in Europe (A) and in the region of the Outer Western
Carpathian (B); C) location of the Koton (KT) and the Klaklowo (KK) landslide fens (purple circles) in the
Beskid Makowski Mountains; D) digital terrain model (DTM) of the Mt. Koskowa Géra range with
culminations of Mt. Pekaldwka and Mt. Koton, with the Koton and Klaklowo landslide fens embedded within
their slopes and with the projection line of the A-B cross section; E) the A-B cross section cutting through
the Mt. Koskowa Goéra range and the Koton and Klaklowo landslide fen areas; F) DTM draped with geological
map (Ksigzkiewicz et al. 2016,
https://cbdgmapa.pgi.gov.pl/arcgis/services/kartografia/smgp50k/MapServer/WMSServer, see the numbers
in the figure and legend for the geological units descriptions) showing the Koton and Klaklowo landslide
zones (extent of geological unit 1) with the position of the landslide fens (areas in green) and their present-
day catchment areas (for the Koton fen also possible palaeo fen catchment); G) and H) DTMs of the Koton
and Klaklowo landslide zones (delineated with orange dot-dash line) with the position of the landslide fens
(area in green) and their present-day catchment areas (pink solid line)(for Koton fen also possible palaeo
fen catchment - dot-dash line); I) and J) DTMs with the present-day landslide sub-scarp areas around the
Koton and Klaklowo fens (in green), projection lines of the C-D and E-F cross-sections and drilling sites (red
stars); K) and L) C-D and E-F cross-sections through the Koton and Klaklowo fens with the position of the
cores’ drilling sites; M), N), O) and P) present-day Koton and Klaklowo fens areas (photos M and N by
[details omitted for double-anonymized peer review], photos O and P by [details omitted for double-
anonymized peer review]). Sources of basemaps: A) https://www.naturalearthdata.com/downloads/10m-
cross-blend-hypso/cross-blended-hypso-with-relief-water-drains-and-ocean-bottom/); B) DTM from
https://download.gebco.net/ draped with the basemap of the part A); part C, D, F, G, H, I and J) DTM from
WCS service
https://mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID1/WCS/DigitalTerrainModelFormatTIFF.
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Figure 2. Comparison of sampling resolutions of methods and results of radiocarbon dating between
Klaklowo and Koton fens. Mirrored order for both sites: A) comparison of sampling resolutions of multi-proxy
analyses applied in this study; B) uncalibrated 14C age obtained for sampled depths (see Table 1), age-
depth models, modelled age scales and sedimentation rates derived from age-depth models. Investigated
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Figure 3. Comparison of lithological data between Klaklowo and Koton fens. Mirrored order for both sites: A)
Greenland ice cores event stratigraphy and corresponding traditional stratigraphic division (in blue), GRO -
Gerzensee oscillation, Al. — Allergd, PBO - the supposed Preboreal oscillation; B) modelled age scales
derived from age-depth models; C) lithological data: core photo, lithological column, loss on ignition curve
and interpreted lithological zones (lithol. zone). In the background: climatic oscillations according Greenland
ice cores event stratigraphy (Rasmussen et al. 2014) (pale yellow - warming, pale blue - cooling, pale
green - presumably cooling). Investigated depth section (pink rectangle) - depth/time interval analysed in
the current paper.
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Figure 4. Macrofossil diagram of the Klaklowo landslide fen deposits divided into LMAZ and palaeoecological
stages of development and compared with Greenland ice cores event stratigraphy and corresponding
traditional stratigraphic division (in blue), GRO - Gerzensee oscillation, Al. - Allergd, PBO - the supposed
Preboreal oscillation. In the background: climatic oscillations according to Greenland ice cores event
stratigraphy (Rasmussen et al. 2014) (pale yellow - warming, pale blue - cooling, pale green - presumably
cooling). See SM Table S5 for detailed description of the LMAZ. Values are absolute counts per sample
(sample volumes presented on the left). Investigated depth section (pink rectangle) - depth/time interval
analysed in the current paper.
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45 Figure 5. Macrofossil diagram of the Koton landslide fen deposits divided into LMAZ and palaeoecological
46 stages of development and compared with Greenland ice cores event stratigraphy and corresponding
47 traditional stratigraphic division (in blue), GRO - Gerzensee oscillation, Al. — Allergd, PBO - the supposed
Preboreal oscillation. In the background: climatic oscillations according to Greenland ice cores event
stratigraphy (Rasmussen et al. 2014) (pale yellow - warming, pale blue - cooling, pale green - presumably
49 cooling). See SM Table S6 for detailed description of the LMAZ. Values are absolute counts per sample
50 (sample volumes presented on the left). Investigated depth section (pink rectangle) - depth/time interval
51 analysed in the current paper.
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traditional stratigraphic division (in blue), GRO - Gerzensee oscillation, Al. — Allergd, PBO - the supposed
Preboreal oscillation. In the background: climatic oscillations according to Greenland ice cores event
stratigraphy (Rasmussen et al. 2014) (pale yellow - warming, pale blue - cooling, pale green - presumably
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Figure 7. Summary diagram in time domain presenting comparison of the representative plant taxa and
other proxies between Koton and Klaklowo landslide fens. Data are compared with Greenland ice cores
event stratigraphy and corresponding traditional stratigraphic division (in blue), GRO - Gerzensee
oscillation, Al. - Allergd, PBO - the supposed Preboreal oscillation. In the background: climatic oscillations
according to Greenland ice cores event stratigraphy (Rasmussen et al. 2014) (pale yellow - warming, pale
blue - cooling, pale green - presumably cooling). Plant taxa abbreviations: C. - Coniferae; Pin. - Pinus
sylvestris-type (pollen) or Pinus sylvestris (macrofossils); L. — Larix decidua; Bet. — Betula udiff. (pollen) or
Betula sect. Albae (macrofossils); NAP — non-arboreal pollen; Art. — Artemisia; Cyp. — Cyperaceae; Car. —
Carex; Bryo. — Bryopsida; Ind. - indeterminable pollen; LOI - loss on ignition; SR - sedimentation rate; Cor
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Supplemental Material to the paper:

[details omitted for double-anonymized peer review]

Site description — additional information

Climate

Temperature oscillation throughout the year reaches 21.0°C, whereas difference in
precipitation equals 80 mm (Climate Data, 2024). June is the warmest (mean: 18.1°C) and the
most rainy (mean: 140 mm) month, whereas January is the coldest (mean: —2.8 °C) and
February is the driest (mean: 60 mm). June is also the month with the highest number of
sunshine hours (mean: ca. 10.0 h/day), in opposite to January (mean: ca. 3.6 h/day) (years of
measurements: 1999 —2019). Month of the lowest relative air humidity is April (70.1%), in

contrast to the highest values for November (84.9 %) (Climate Data, 2024).

Landslides description

The formation of the Koton landslide zone (ca. 250 m wide and ca. 700 m long, a central
point at ca. 730 m a.s.l.) was related to the development of the upper part of the Rusnakoéw
stream (valley head zone) (Figure 1 F and G). The landslide represents a type of rockslide,
translational, consequent-sliding landslide (Margielewski, 2001b) where the rock material has
been gravitationally displaced towards the inclination of the rock layers. Except for the lower
part of the landslide form reactivated by the erosional activity of Rusnakoéw stream, no
subsequent rejuvenations of the Koton landslide zone after its initial formation were observed.
The Klaklowo landslide zone is ca. 300 m wide and ca. 700 m long, a central point at ca. 450
m a.s.l.) possesses an amphitheatre shape (Figure 1 F and H) and it represents a type of
multiple rotational landslide which during its development underwent several rejuvenations

(Margielewski, 2001a).

http://mc.manuscriptcentral.com/holocene



Page 51 of 113

oNOYTULT D WN =

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

HOLOCENE

Soil and vegetation

Two altitudinal-climatic vegetation belts are distinguished in the region of the Beskid
Makowski Mountains (Mirek 2013) (Figure 1 E): 1 - submontane (< 550 m a.s.l.), with the
colline form of the Tilio-Carpinetum association (the indicator forest community), and
nowadays overgrown by secondary grass-rich communities, Arrhenatherion alliance (the so-
called oak-hornbeam meadows), 2 - and the lower montane vegetation belt (550-900 m a.s.l.),
represented by Dentario glandulosae-Fagetum (the fertile Carpathian beech forest) and by
Luzulo luzuloides-Fagetum (the montane acidophilous beech forest) with Polygono-Trisetion

alliance (the secondary communities of seminatural meadows and pastures).

Materials and methods — additional information

Calculation of the solar irradiation

For the Koton and Klaklowo fens’ close surroundings, raster maps of global irradiation
(including beam, diffuse and ground reflected irradiation) and insolation time (duration of
beam irradiation expressed in hours per a given day) were calculated using GRASS GIS
r.sun.insoltime algorithm (GRASS Development Team, 2015) in QGIS 3.22.10 (QGIS
Development Team, 2021), in order to recognize the local differences in this parameter
between the sites which could affect the conditions for plant communities growth and, as a
consequence, composition of the deposited organic material. As an input data, the digital
terrain model (elevation, aspect, slope) from
https://mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID1/WCS/Digital TerrainModelFo
rmatTIFF of the Beskid Makowski Mountains region was applied, and the daily sums of
irradiation and insolation time was computed for the specific days of the year (aimed to

represent four seasons): 1 January, 1 April, 1 June, 1 October (counted for the non-leap year).
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Shadowing influence of relief, important in mountainous areas, was used by default.
Computation of irradiation sums for the whole month/season/year was not possible due to

processor limitations.

Calculations of the fen catchment area

Catchment area was delineated to recognize the local differences between the sites which
could affect the dynamics of minerogenic material delivery to the fens and resulting changes
in lithology of the fen sediments. GRASS GIS algorithms (r.fill.dir, r.watershed,
r.stream.extract, r.water.outlet) (GRASS Development Team, 2015) in QGIS 3.22.10 (QGIS
Development Team, 2021), were used for this purpose according to the tutorial delivered by
[HE Delft Institute for Water Education (2025). The main stages of the computations
consisted of creating a hydrologically correct DEM by filling the sinks, calculating flow
accumulation, delineating streams using a flow accumulation threshold and delineating a
catchment of a specified outlet (flow accumulation threshold was assumed as 500 cells to
delineate also small temporal water flows). In case of the more problematic Koton fen, the
delineation of the present-day catchment was done in the way that the outlet was positioned
on the temporal watercourse on the east beneath the colluvial rampart, because this
watercourse was more visible than other minor delineated water flows within the fen area
(Figure 1 G and I). Therefore, the obtained present-day catchment does not refer exactly to the
fen itself. Moreover, as the Koton fen depression exhibits N-S elongated shape, it is possible
that in the past the fen’s depression was also fed by the water flows coming from a much
wider extent of the western scarp and slope, which presently seem to gather into temporal
stream omitting the elevated Koton fen from the north (Figure 1 G and I). Therefore, also this
part of the drainage system was taken into consideration and the possible palaeco catchment of

the fen was delineated. Outlet of the Klaklowo fen catchment was positioned slightly beneath
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the present-day fen itself (on the main stream draining the fen) also accounting for possible

palaeo extent of the Klaklowo fen drainage basin.

Radiocarbon dating and age-depth model

In case of the Koton fen, below the depth of 440 cm the amount of plant macrofossil was too
small for AMS dating. For both Klaklowo and Koton sites, the depth section above 68 cm and
77 cm, respectively, was not the goal of the presented study (sediments younger than late
glacial and early Holocene) (Figure 2 B).

Eighteen radiocarbon dates were acquired in total: 12 for Klaklowo fen and 6 for
Koton fen deposits. One sample with the lowest weight from the Koton site (sample depth
435-431 cm, Beta-692394) was dated in Beta Analytic, Inc. Miami, Florida, U.S.A, whereas
the remaining seventeen samples were dated in the Laboratory of Absolute Dating in Krakéw,
Poland, in collaboration with the Center For Applied Isotope Studies, University of Georgia,
U.S.A.. In case of the Klaklowo fen, two radiocarbon dates aiming to date the beginning of
the accumulation of the peat sequence at a depth of approximately 260—270 cm (MKL-A5610
and MKL-A5462) were not included in the calculations due to their overestimated ages.

In the construction of the age-depth models for both sites the Boundary command was
applied at depths of distinctive changes recorded in the lithological and/or biotic proxies. For
Koton fen it was a boundary at a depth of 120 cm, reflecting the decrease in loss on ignition
curve and disappearance of many plant taxa registered in macrofossil data. Based on similar
observations, for the Klaklowo fen Boundary command was introduced at a depth of 130 cm.
Additionally, for the Klaklowo fen, the boundary was also introduced at 347 cm (organic

horizon) and 79 c¢m (a significant change in macrofossils and pollen assemblages).

Plant macrofossil analysis
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Plant macrofossils analysis was performed using various keys and publications (Aalto,
1970; Anderberg, 1994; Berggren, 1969, 1981; Birks, 2013; Cappers et al., 2012; Kats et al.,
1965; Korber-Grohne, 1964, 1991; Kowalewski, 2014; Mauquoy and van Geel, 2007;
Velichkevich and Zastawniak, 2006, 2008). Determined plant and animal taxa were grouped
in the following manner: trees, shrubs and dwarf shrubs were placed together, whereas other
vascular plants, Bryopsida and Characeae were divided according to the degree of habitat
wetness (dry, fresh and moist, mire and aquatic). Taxa of animal and other remains were

assigned to the group *Others’.

Pollen and non-pollen palynomorphs (NPPs) analysis

For the Klaklowo sediment sequence (367-0 c¢cm), each sample (approximately 1 cm? of
sediment volume) was taken at 5 cm interval and underwent a standard chemical preparation
for palynological analysis (Erdtman, 1960; Fagri and Iversen, 1989). Quantitative analysis of
pollen and NPPs (using Lycopodium tablets) consisted of counting (under a light microscope)
pollen grains of trees and shrubs up to at least 600 per sample. Pollen taxonomic
determination was based on the reference collection of the modern pollen slides and on keys
and atlases (Beug, 2004; Moore et al., 1991; Reille, 1992). Non-pollen palynomorphs were
identified according to Van Geel (1978) and Van Geel et al. (1980, 2003, 2007).

Also in this paper we use the previous pollen dataset of the Koton landslide fen
(Margielewski, 2001b; Margielewski et al., 2003), however the pollen percentages
calculations and interpretation of the local pollen assemblage zones were performed again to
make it more comparable with the current pollen analysis results obtained for the Klaklowo
fen. In the archival pollen dataset from Koton (450-0 cm), sampling interval equalled ca. 10
cm for the depth section of 100-0 cm, whereas below 100 cm (for the late glacial deposits),

sampling interval was smaller, mostly ca. 5 cm (however at some depths there were changes

http://mc.manuscriptcentral.com/holocene



Page 55 of 113

oNOYTULT D WN =

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

HOLOCENE

from this regularity). Samples preparation was conducted based on the modified method of
Erdtman’s acetolysis (Erdtman, 1943). Quantitative analysis of pollen (using Lycopodium
tablets) consisted of counting (under a light microscope) pollen grains of trees and shrubs up
to at least 500 per sample, except for the Holocene deposits, in which grains were counted to
at least 1000. As the archival pollen dataset of Koton (450-0 cm) did not cover the whole
length of the sediment core drilled in the current study (500 cm), the bottommost 0.5 m
interval of the currently obtained Koton core were subjected to pollen analysis (in the same
manner as the current Klaklowo sediment core) in order to supplement this gap in the pollen
sequence.

It is important to stress, that for both investigated sites, there was a total or significant
depletion in pollen grains in the bottommost minerogenic deposits. For the Klaklowo fen, in
the 367-332.5 cm depth interval the lack of pollen grains was determined, whereas the depth
interval of 332.5-302.5 cm was poor in pollen. For the Koton fen, the supplementary analysis
of the bottommost 0.5 m of sediments also revealed a total lack of pollen grains. Some

explanation of this phenomenon can be found in Pilch et al. (2025b).

Results

Results of the solar irradiation calculations

For the examined 1% days of April, July and October, Kotofi and Klaklowo fens (areas within
fen boundaries) receive a similar amount of mean irradiation (beam, diffuse and ground
reflected): 5764 and 5563, 8864 and 8741, 4373 and 4082 Wh m? day"!, respectively, and
exhibit a similar (beam) insolation time: 12, 15 and 16, 11 h, respectively (Supplemental
Material - SM Table S1, Figure S1 and Figure S2, parts B, C and D). The difference can be
found in amount of irradiation reaching both sites in winter (1% January): for the Koton fen

the mean irradiation yields 1339 Wh m2 day™! (8 h of insolation time), whereas for the
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Klaklowo fen it amounts to 397 Wh m2 day-! (0 h of insolation time) (SM Table S1, Figure

S1 and Figure S2, part A). As the mean irradiation values in SM Table S1 are given for the

area within fens boundaries, it is important to stress that the other areas close of the fen (e.g.

steep slopes and head scarps, shaded gullies) could exhibit differing irradiation values, and
consequently also the habitat conditions for vegetation growth could be spatially diversified

around the fens (SM Figure S1 and Figure S2).

Table S1. Results of the solar irradiation calculations for the Koton and Klaklowo landslide

fens (only within the fen boundaries, see black solid line in SM Figure S1 and Figure S2).

I8t January 15t April st July 15t October

Mean irradiation (Wh m day!)

Koton 1339 5764 8864 4373

Klaklowo 397 5563 8741 4082

Mean insolation time /Duration of beam (direct) irradiation (h)

Koton 8 12 15 11

Klaklowo 0 12 16 11

http://mc.manuscriptcentral.com/holocene
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161  Figure S1. Maps of daily sums of global irradiation (beam, diffuse and ground reflected) for the Koton and Klaklowo fens and surrounding

162  areas. Black solid line — fen boundaries.
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Figure S2. Maps of daily sums of insolation time (duration of beam irradiation) for the Koton and Klaklowo fens and surrounding areas. Black

solid line — fen boundaries.
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Results of the catchment area calculations

Delineated catchments for both the Koton and Klaklowo fens differ substantially in term of
area, shape, relief and bedrock geology. Area of the Klaklowo fen drainage basin account for
ca. 325912 m?, and it is ca. 3 times greater than the area of the Koton possible palaco
catchment (104 563 m?) and ca. 12 times greater than the present-day catchment (28 004 m?)
(SM Table S2). Klaklowo fen catchment has an elongated shape and spans from the crest of
the Mt. Pekaléwka downward the slope and encompasses the whole semicircular head scarp
of the Klaklowo landslide (maximum ca. 550 m of denivelation, Figure 1 H). This implies the
possible inflow of water with organic and minerogenic material uniformly from all directions
around the fen. In case of both possible palaeo and the present-day Koton fen catchments,
flow of water drains only the western part of the Koton landslide (Figure 1 G). The present-
day catchment includes only a narrow belt spanning downward the slope of the Mt. Koton,
and some part of the western head scarp (ca. 100 m of denivelation, Figurel G). The possible
palaeo catchment covers the area of the present-day catchment and the area above it: a vast
part of the Mt. Koton slope (reaching the crest), the entire area of the western head scarp and
some part of the sub-scarp flattening (also ca. 100 m of denivelation, Figure 1 G). In term of
the bedrock geology, the Koton fen catchment drains the area entirely built of thick-bedded
sandstones and shales (glauconitic facies) of Magura beds (Figure 1 F). Klaklowo catchment
bedrock is more diverse and includes (from the mountain crest) Magura beds and shales,
green shales and thin-bedded sandstones of Hieroglyphic beds, as well as possibly it reaches
the extent of variegated shales and thick-bedded sandstones and conglomerates and shales of

Lower Pasierbiec Sandstones and Osielec Sandstones (Figure 1 F).

Table S2. Results of the catchment area calculations for the Koton and Klaklowo landslide

fens
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Koton fen present-

day catchment

Koton fen possible

palaeo-catchment

Klaklowo present-

day catchment

Area (m?)

28 004

104 563

325912
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1

2

2 193  Loss on ignition and peat type

Z 194  Table S3. Detailed description of the sediment, loss on ignition (LOI) and plant tissue data (peat type) of the Klaklowo fen deposits. The latter is
573 195  adopted from the earlier studies of the Klaklowo fen (Margielewski, 2001a).

0

1 Depth interval of Mineral and organic sediment type and loss on ignition (LOI) results

12 lithological zone

:i KK-L1 This interval is characterized by minerogenic sediment (clayey silt and sandy silt) yielding the low values in the loss
15 367-267.5 cm on ignition curve (< 10%).

16 At a depth of 357.5-347.5 cm an insert of decomposed peat (strongly humified) with Bryales sp. and wood, yields
1; rise in LOI curve to ca. 45%. At a depth of 315-322.5 cm there is another horizon of decomposed peat, strongly

19 humified, with Carex sp., Bryales sp. and Betula sp., resulting in LOI values increase to ca. 35%.

20 KK-L2 This zone is represented by organic deposits: moss fen peat (Parvo-Caricioni bryaleti) dominated by Bryales pl. sp.
;; 267.5-217.5 cm (80%) and secondarily by Phragmites australis.

23 LOI values grow from around 10% at 262.5 cm depth to around 60—-80% at 250 cm depth. In the depth section of
24 250-232 cm LOI curve shows values of ca. 80%, maximum for the entire Klaklowo sequence. Between 232 and

;2 217.5 cm, LOI curve shows noticeably lower values, ca. 40-60%, resulting from an admixture of minerogenic

57 material.

28 At a depth of 240-242.5 cm a piece of wood was found and preserved for future analysis — due to that no material for
gg LOI was available.

31 KK-L3 This interval begins with a noticeable minerogenic insert resulting in a drop to ca. 7% on the LOI curve between

32 217.5-175 cm 217.5 and 207.5 cm.

gi Above this horizon, at the depth section of 207.5-190 cm, woody osier peat (A/nioni saliceti) occurs, dominated by
35 Salix cinerea et aurita (60%) and secondarily by Bryales pl. sp., Carex pl. sp. and Calamagrostis sp. LOI curve

36 shows values of ca. 45-65%, resulting from the peat accumulation and admixture of minerogenic material.

;73 At the depth interval of 190—175 cm, organic accumulation continues again in a form of moss fen peat (Parvo-

39 Caricioni bryaleti), dominated by Bryales pl. sp (90%) including Calliergon giganteum, Drepanocladus sp., Mnium
40

41

42
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sp. and secondarily by Carex sp. In the LOI curve values ca. 45-60% continuously reflect admixture of mineral
material.

KK-L4 This interval is represented by pure moss fen peat (Parvo-Caricioni bryaleti), dominated by Bryales pl. sp. and with
175-150 cm reduced contamination by minerogenic matter. This is expressed in LOI curve showing high values, up to ca. 75 %.
KK-L5 In this zone, moss fen peat (Parvo-Caricioni bryaleti) dominated by Bryales pl. sp. (60%) and secondarily by Carex
150-127.5 cm gracilis and Carex sp. (30%) occurs. On the LOI curve a gradual decrease from ca. 55% to ca. 35% can be noticed,
reflecting an increasing minerogenic delivery.
KK-L6 Between 127.5 and 112.5 cm sedge peat (Magno-Caricioni cariceti) composed of Phragmites australis, Carex pl. sp.,
127.5-97.5 cm Equisetum sp. and wood (Betula, Salix) was determined. It is expressed in the LOI data as a peak of maximum 50%,
which further decreases to ca. 30%.
In the upper part of this interval (112.5-97.5) a minerogenic insert (clayey silt) appears resulting in a drop to ca. 15%
on LOI curve.
KK-L7 The deposits of this zone are composed of woody birch peat (Betulioni betuleti) dominated by Betula sp. (bark and
97.5-65 cm wood, 60%) and secondarily by Pinus (bark), Bryales sp., Carex sp and and other undefined material.
The contamination of minerogenic material in this zone decreases between depths 97.5 and 80 cm (values on LOI
curve grow from around 20% to ca. 30%), whereas from the depth 80 to 65 cm increases (values on LOI curve show
maximum around 35% and later diminishes to ca. 20%).
KK-L8 This zone is represented by minerogenic material (mostly silty clay) yielding low values (ca. 8%) on the LOI curve.
65-22.5 cm At a depth of 50-52.5 (one sample) an increase to ca. 25% can be noticed.
KK-L9 The uppermost layer of the Klaklowo sediment sequence consists of sedge peat (Magno-Caricioni cariceti),
22.5-0 cm composed of Carex sp., Carex rostrata and Phragmites australis, resulting in a gradual increase of LOI value from 20

to 57%.
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Table S4. Detailed description of the sediment, loss on ignition (LOI) and plant tissue data (peat type) of the Koton fen deposits. The latter is

adopted from earlier studies of the Koton fen (Margielewski, 2001b; Margielewski et al., 2003).

Depth interval of Mineral and organic sediment type and loss on ignition (LOI) results
lithological zone
KT-L1 This interval is characterized by occurrence of minerogenic sediment, silt with sand and debris admixture, showing
500-431 cm low values of LOI <5%.
KT-L2 Sediment of this interval consists of a clayey silt with an increasing content of organic matter (5-8%).
431405 cm
KT-L3 Mineral material (silt) still prevails in the sediment of this zone; however, the share of organic matter continues to
405-367.5 cm increase upward (10-20%).
KT-L4 In this depth interval, amount of organic matter starts to predominate (20%—-65%). Accumulation of moss fen peat
367.5-345 cm (Bryalo-Parvocaricioni bryaleti composed of Bryales pl. sp. Carex sp. and Menyanthes trifoliata) is initiated with
only some admixture of minerogenic matter.
KT-L5 The lower part of this zone shows LOI values at first decreasing from ca. 65% to ca. 30% in a result of minerogenic
345-300 cm matter admixture to the woody alder peat (A/nioni aneti composed of Bryales pl. sp. and decomposed Alnus sp.
wood). In the upper part, LOI curve starts rising again reaching values slightly over 85% as a result of almost pure
uncontaminated moss fen peat accumulation (Bryalo-Parvocaricioni bryaleti composed mostly of Bryales pl. sp. and
wood).
KT-L6 At the beginning of this zone LOI values remain high (up to ca. 65-80%) due to continued accumulation of moss fen
300-255 cm peat (Bryalo-Parvocaricioni bryaleti composed mostly of Bryales pl. sp. and — depending on depth — by
Drepanocladus sp., Aulacomnium palustre, Bryum sp., Carex gracilis, Carex lasiocarpa and Menyanthes trifoliata).
With decreasing depth, distinct periods with enhanced mineral delivery interrupt peat accumulation — near the upper
boundary LOI curve drops below 40%.
KT-L7 LOI values fluctuates between ca. 25-35%, resulting from a large admixture of mineral sediment to organic deposits.
255-225 cm In the upper part of this zone, LOI curve slightly rises again due to sedge peat accumulation (Magnocaricioni cariceti

http://mc.manuscriptcentral.com/holocene
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composed of Carex gracilis, Carex fusca, Carex hudsoni, Carex sp., Menyanthes trifoliata, Phragmites australis,
Eqisetum limosum, Bryales sp.).

KT-L8 In this interval LOI curve increases gradually with some minor fluctuations from ca. 30 to 65%, as a result of
225-185 cm decreasing input of minerogenic matter and accumulation of moss fen peat (Bryalo-Parvocaricioni bryaleti composed
mostly of Bryales sp., Carex gracilis, Carex sp. and Menyanthes trifoliata) and later also woody alder peat (4lnioni
aneti composed of Alnus glutinosa, Bryales sp., and subsequently by Carex gracilis and Carex sp.).
KT-L9 In this subzone, moss fen peat accumulation (Bryalo-Parvocaricioni bryaleti composed mostly of Bryales sp.,
185-155 cm Scorpidium scorpioides, Carex gracilis, Carex sp. and Sphagnum teres) reaches again its maximum (up to 70% on
the LOI curve), however, above the depth of ca. 170 cm it starts to decrease (at first to ca. 50%.) due to delivery of
minerogenic matter.
KT-L10 In this depth interval decreased LOI values remain fluctuating around ca. 35-45%, reflecting the increased
155-125 cm minerogenic matter input into the sedge-moss fen peat (Bryalo-Parvocaricioni cariceto-bryaleti composed mostly of
Carex pl. sp. and Bryales sp.).
KT-L11 In this thin interval LOI values show one of the most abrupt decreases, slightly below ca. 20%, of the entire profile
125-117.5 cm due to greatly enhanced minerogenic matter delivery.
KT-L12 In this subzone LOI values rises slightly close to 30% due to organic matter accumulation — sedge-moss fen peat
117.5-90 cm Bryalo-Parvocaricioni cariceto-bryaleti composed mostly of Carex sp., Carex gracilis sp., Bryales sp. and wood
(Salix?). Close to the upper boundary sedimentation of minerogenic cover begins (LOI values decrease again).
KT-L13 In this zone minerogenic cover (clay) is deposited, therefore LOI values drop to very low, oscillating around 15%.
90-65 cm
KT-L14 LOI values start to gradually increase throughout this zone, reaching level around 30%, as organic matter content is
65-25 cm increasing (humified peat, strongly decomposed, consisting of Carex gracilis, Carex sp., wood and other unidentified
components).
KT-L15 In the most recent layer, accumulation of sedge peat (Magnocaricioni cariceti consisting of Carex gracilis, Carex
25-0 cm rostrata and Carex sp.) takes place, what is shown on LOI curve as a further rise to ca. 55%.
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Figure S4. CONISS dendrogram and delineated LMAZ and palaeoecological stages of

development for the macrofossil data of the Koton landslide fen deposits.
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1

2

2 210  Table S5. Results of macrofossil analysis of the Klaklowo landslide fen deposits divided into local macrofossil assemblage zones (LMAZ) and
Z 211 palaeoecological stages of the landslide fen development (see Klaklowo fen macrofossil diagram in Figure 4).

7

g LMAZ Results of plant macrofossil analysis

10 Stage KK-1 (367-330 cm, > from ca. 14,630 + 349 to ca. 14,040 = 61 cal BP, ca. >590 years)
1 Landslide formation and waterbody I/ steppe-tundra

. KK-M]I

14 (367.0-357.5

16

17 KK-M2

18 (357.5-350.0

19 cm) : A0 .

20 Detail description of LMAZ can be found in Pilch et al. (2025b).
51 KK-M3

22 (350.0-347.5

o KK-M4

26 (347.5-330.0

27 cm)

i Stage KK-2 (330.0-307.5 cm, from ca. 14,040 + 61 to ca. 13,870 + 54 cal BP, ca. 170 years)
30 Short-lasting fen/ steppe-tundra

g; KK-MS5

33 (330.0-322.5

34 cm)

35 KK-M6 Detail description of LMAZ can be found in Pilch et al. (2025b).
i 322.5-315.0

37 (322.5 315

38 cm)

39 KK-M7

40

41

42
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(315.0-307.5
cm)
Stage KK-3a (307.5-295.0 cm, from ca. 13,870 + 54 to ca. 13,790 + 57 cal BP, ca. 80 years)
Colonization of waterbody II/ Betula-dominated boreal forest
KK-MS8
(307.5-295.0 Detail description of LMAZ can be found in Pilch et al. (2025b).
cm)
Stage KK-3b (295.0-267.5 cm, from ca. 13,790 = 57 to ca. 13,620 = 39 cal BP, ca. 170 years)
Waterbody II overgrowing/ Betula-dominated boreal forest
KK-M9
(295.0-267.5 Detail description of LMAZ can be found in Pilch et al. (2025b).
cm)
Stage KK-4 (267.5-217.5 m, from ca. 13,620 + 39 to ca. 13,200 £ 82 cal BP, ca.420 years)
Long-lasting fen - wetter conditions and moss fen peat accumulation /Pinus-Larix-Betula boreal forest
KK-M10 Trees, shrubs and dwarf shrubs are represented by a continuous presence and a high number of Pinus sylvestris macrofossils;
(267.5-232.5 | only at a depth of 245-247.5 cm their number suddenly drops and later increases again. Fragments of male cones of Pinus
cm) sylvestris are also present at some depths. An increasing number of needles of Larix decidua along with a continuous

presence and a high number of Coniferae bud scales can be noticed.

There is a decreasing number of so-far abundant fruit and fruit scales of Betula nana, until a sample 245-247.5 cm when it
totally drops to 0; later it reappears in smaller numbers. At some depths, the presence of Betula sect. Nanae and Betula
humilis can be noticed. Macrofossils of Betula pubescens show continuous presence, fluctuating and slightly declining
upward. Betula sect. Albae and Betula sp. appear at some depths. Moreover, several bud scales of Populus tremula appears in
in one sample at a depth of 241.5 cm. Fragments of leaves (undiff.) are abundant.

Plants of fresh and moist habitats are represented by small but continuous share of Poaceae fruits, along with some
appearance of Poa cf. pratensis fruits. There are also single occurrences of Taraxacum sp. and Cirsium oleraceum. Urtica
dioica fruits appear in some samples.

Among mire plants, Carex rostrata and Carex diandra show continuous occurrence, decreasing from the highest values (of
the entire Klaklowo profile) recorded in the bottom part to the smaller values toward the upper boundary (minimum around
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247.5 cm). Bryopsida show a similar trend to sedges, decreasing from the highest values recorded in the bottom parts to
smaller but continuous share in the upper part.

Moreover, there are single occurrences of macrofossils of Scirpus sylvaticus, Eleocharis palustris, Caltha palustris at various
depth of this interval. Thelypteris palustris appear in some samples. Glyceria cf. maxima is also present.

Aquatic plants are represented by continued abundant oospores of Characeae which quickly disappear within the lower part
of this interval. They again reappear in a depth interval of 245-250 cm but later decline again. In the bottommost samples,
Hippuris vulgaris continues its presence from the previous zone.

Among the animal remains, Ostracoda shells appear in small amounts throughout this zone, similarly, to single occurrences
of macroremains of Daphnia sp., Porifera and Plumatella sp. Trace occurrences of Chironomidae and Trichoptera can be
observed. Oribatid mites are still abundant.

KK-M11
(232.5-217.5
cm)

Trees, shrubs and dwarf shrubs are represented by abundant macrofossils of Pinus sylvestris and Larix decidua (the highest
values of the entire profile). Coniferae bud scales are also present. Fruits and fruit scales of Betula nana almost disappear in
this interval, whereas Betula pubescens decrease in number. One seed of Sorbus aucuparia was found in this interval.

Plants of fresh and moist habitats are represented by some fruits of Poaceae. A few fruits of Lapsana communis are present
and there is also some occurrence of Urtica dioica.

Mire habitats are represented by a significant share of macrofossils of Carex rostrata and Carex diandra. Moreover, single
occurrences of Carex dioica cf. and Carex cf. pseudocyperus were registered. Other numerous macrofossils belong to Caltha
palustris and Filipendula ulmaria. Bryopsida are also present in a noticeable amount. There are also some occurrences of
Valeriana simplicifolia/dioica and Thelypteris palustris. Reedswamp plant taxa are represented by a few fruits of Phragmites
australis and Glyceria cf. maxima.

Among macrofossils of aquatic plants, some occurrences of Characeae and Hippuris vulgaris were recorded.

Other minor groups of macrofossils include: sclerotia of Cenococcum geophilum and Oribatid mites. Noticeable is the lack of
Ostracoda shells.

Stage KK-5a (217.5-167.5 cm, from ca. 13,200 + 82 to ca. 12,320 + 122 cal BP, ca. 880 years)
Long-lasting fen — less wet conditions and more minerogenic delivery/ Pinus-Larix-Betula boreal forest

KK-M12
(217.5-167.5
cm)

Minerogenic horizon at 217.5-207.5 cm depth:
In term of trees, shrubs and dwarf shrubs, a minerogenic horizon corresponds to a decreased share of needle fragments of
Pinus sylvestris and Coniferae bud scales, however, Larix decidua macrofossils are present abundantly. Fruits and fruit scales
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of Betula nana are almost absent, whereas of Betula pubescens and Betula sect. Albae occur in a small number. Several bud
scales of Populus tremula appear in this interval.

Among other plant taxa there is a singe occurrence of Carex rostrata, some Bryopsida stems and Filipendula ulmaria fruits.
Among animal remains, Ostracoda, Oribatid mites and Trichoptera larval cases are present.

The remaining part of the zone:

Trees, shrubs and dwarf shrubs are represented by needles fragments of Pinus sylvestris which tend to increase in number up
to the middle part of the zone and later decrease gradually. Fragments of needles of Larix decidua are also abundant.
Coniferae bud scales are continuously present in a noticeable number. Macrofossils of Betula nana and Betula pubescens
occur in significant quantities, secondarily also Betula Sect. Albae and Betula sp macrofossils. Leaf fragments (undiff.) are
abundant.

Plants of fresh and moist habitats are represented by a few fruits of Poaceae and Poa cf. pratensis. Single occurrence of
Alchemilla sp. fruit was recorded.

Mire plants: there is a noteworthy almost total lack of Carex rostrata macrofossils along with the other taxa of sedges and
continued presence of Caltha palustris seeds and Filipendula ulmaria fruits. Bryopsida are continuously present throughout
the zone, mostly in a small amount and in increased amount near the upper boundary of the zone. Single appearances of
Thelypteris palustris is also noticed.

Animal remains are represented by a small but continuous number of Ostracoda and numerous Oribatid mites and
Trichoptera larval cases.

Stage KK-5b (167.5-127.5 cm, from ca. 12,320 & 122 to ca. 11,240 + 92 cal BP, ca. 1080 years)

Long lasting fen — Wetter conditions (moss fen peat accumulation) and later less drier conditions (total disappearance of Bryopsida)/Larix-

Pinus-Betula boreal forest

KK-M13
(167.5-145
cm)

Among trees, shrubs and dwarf shrubs, there is a decreasing number of needle fragments of Pinus sylvestris, numerous needle
fragments of Pinus sp. in one sample; abundant needles of Larix decidua, Coniferae bud scales present in small amounts.
Moreover, there are single occurrences of macrofossils of Betula pubescens and Betula nana. Numerous undifferentiated leaf
fragments appear.

Plants of fresh and moist habitats are represented by several fruits of Poa cf. pratensis, as well as a single fruit of Rumex cf.
scutatus.
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Mire plants are represented by numerous macroremains of Bryopsida and, to a lesser degree, by Carex rostrata.
In the Others group, animal remains, Oribatid mites and Trichoptera larval cases are abundant. Chironomidae are present
along with a few Ostracoda shells.

KK-M14
(145-127.5
cm)

Trees, shrubs and dwarf shrubs are represented by a continuing low number of needles of Pinus sylvestris and Coniferae bud
scales and needles of Larix decidua present abundantly. There is a noticeable presence of Betula pubescens fruits, single
occurrence of Betula nana fruit and several leaf fragments of Salix sp. determined in the uppermost sample. Moreover, other
undeterminable leaf fragments (also of Salix sp.?) are abundant in this interval.

Plants of fresh and moist habitat are represented by several fruits of Poaceae and Poa cf. pratensis.

Mire plants group is characterized by a single occurrence of Valeriana simplicifolia/dioica, macrofossils of Carex rostrata
and Bryopsida stems number diminished to trace amounts, numerous fruits of Carex diandra in the lowermost sample. There
is a single occurrence of Thelypteris palustris.

Aquatic habitat is marked by a single macrofossil of Batrachium sp. and several Ostracoda shells. Animal remains and
Oribatid mites are common and there is a noticeable presence of Trichoptera (larval cases).

Stage KK-6 (127.5-80 cm, from ca. 11,240 += 92 to ca. 11,120 £ 99 cal BP, ca. 120 years)

Sedge peat, minerogenic layer and woody birch peat accumulation — at a rate of ca. 4.20 mm year~!/ open space, Pinus-Betula-Larix tree

stands

KK-M15
(127.5-92.5
cm)

Trees, shrubs and dwarf shrubs are characterized by almost total disappearance of macrofossils of Pinus sylvestris and
reduction of the number of Larix decidua needles Coniferae bud scales to rare occurrences. Macrofossils of Betula nana,
Betula sect. Nanae, Betula sect. Albae and Betula sp. are present in small amounts in some samples of this interval, whereas
macrofossils of Betula pubescens are recorded continuously, mostly also in small quantities. Leaf scars are continuously
present throughout this zone.

Plants of fresh and moist habitats: in the lower part of this interval a small amount of Poaceae fruits is registered.

Among mire plants, in the lower part of this interval a noticeable share of Carex nigra fruits is visible. Moreover, in the
lowermost sample there are single occurrences of Caltha palustris and Filipendula ulmaria, whereas in the upper part there is
a single appearance of Scirpus sylvaticus. In the middle part there is a lack of mire plants representatives, whereas in the
uppermost sample fruit and urticles of Carex canescens appear for the first time.
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Among Others group, in the upper part of the zone there are numerous sclerotia of Cenococcum geophilum. Beside a
noticeable amount of Oribatid mites, there are single occurrences of Ostracoda and Chironomidae. Animal remains are
numerous.

KK-M16
(92.5-80 cm)

Among trees, shrubs and dwarf shrubs there are abundant needle fragments of Pinus sylvestris, whereas that of Larix decidua
are present in small amounts. In the lower part of this zone, there is also a single bud scale of Abies alba; some Coniferae bud
scales, a few fruits of Betula nana and more abundant macrofossils of Betula pubescens; a single bud scale of Populus
tremula and a noticeable number of leaf scars.

Mire plants are represented by a single occurrence of Valeriana simplicifolia/dioica, Thelypteris palustris and Phragmites
australis; more abundant fruits of Filipendula ulmaria, numerous macrofossils of Carex canescens, and less abundant of
Carex nigra and Carex sp. trigonus.

Animal remains are represented by some amount of Oribatid mites.

Stage KK-7 (80-22.5 cm, from ca. 11,120 £+ 99 cal BP - beyond age-depth model)
Accumulation of minerogenic cover (waterbody) on woody birch peat

KK-M17
(80-22.5 cm)

This interval is characterized by a large number of macrofossils of Scirpus sylvaticus (redeposited?) and sclerotia of
Cenococcum geophilum. There is a noticeable presence of Sambucus racemosa and Rubus idaeus and trace amount of Betula
pubescens and Betula sp. in the lower part of the zone. Plants of fresh and moist habitats are represented by single occurrence
of the Ajuga reptans fruit and Juncus seed.

Animal remains are present in the lower part of the zone, but later almost their complete disappearance can be noticed.

Stage KK-8 (22.5-0 c¢m, beyond age-depth model)
Present-day sedge fen

KK-M18
(22.5-0 cm)

This zone is dominated by macrofossils of Juncus sp., Carex canescens and Carex paniculata, with a secondary occurrence
(a few individuals) of Cirsium palustre, Lychnis flos-cuculi, Lycopus europaeus. Scirpus sylvaticus fruits reappear in large
number in the topmost samples (what is in agreement with a present-day occurrence in the fen).

Sclerotia of Cenococcum geophilum are continuously present from the previous interval only in a lower part.

Animal remains show increased number comparing to underlying interval, sporadically also Porifera and Chironomidae
occur.
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Table S6. Results of macrofossil analysis of the Koton landslide fen deposits divided into local macrofossil assemblage zones (LMAZ) and
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palaeoecological stages of the landslide fen development (see Koton fen macrofossil diagram in Figure 5).

LMAZ Results of plant macrofossil analysis
Stage KT-1 (500405 cm, from > ca. 14,240, = 103 to ca. 14,070 + 72 cal BP)
Waterbody/ open space
KT-1a/ KT-
M1
(fg?__lf;l;ﬁ) Detail description of LMAZ can be found in Pilch et al. (2025a).
M2
(431-405 cm)
Stage KT-2 (405-367.5 cm, from ca. 14,070 = 72 to ca. 13,900 + 56 cal BP, ca. 170 years)
Waterbody — aquatic succession/ steppe-tundra
KT-M3
(405-367.5 Detail description of LMAZ can be found in Pilch et al. (2025a).
cm)
Stage KT-3 (367.5-345 cm, from ca. 13,900 £ 56 to ca. 13,820 + 68 cal BP, ca. 80 years)
Calcareous extremely rich fen /steppe-tundra
KT-M4
(367.5-345 Detail description of LMAZ can be found in Pilch et al. (2025a).
cm)
Stage KT-4a and b (345-300 cm, from ca. 13,820 + 68 to ca. 13,500 + 115, ca. 320 years)
Moderately rich fen/ Betula boreal forest
KT-4a/KT-M5
(345-322.5 Detail description of LMAZ can be found in Pilch et al. (2025a).
cm)
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KT-4b/KT-M6
(322.5-300
cm)
Stage KT-5a (300—-185 cm, from ca. 13,500 + 115 to ca. 11,890 + 104 cal BP, ca. 1610 years)
Long-lasting fen — less wet conditions and more minerogenic delivery/ Betula-Pinus boreal forest
KT-M7 Trees, shrubs and dwarf shrubs are represented by several needle fragments of Pinus sylvestris (which appear more frequently

(300-255 cm)

in the upper part of this zone), several bud scales of Coniferae and one Picea abies seed. Macrofossils of Betula pubescens
occur continuously. There is a single occurrence of leaves fragments of Salix sp. Leaf fragments (undiff.) are frequent in this
zone.

Mire plants are represented by high amount of Bryopsida stems and numerous macrofossils of Carex nigra and Carex
diandra, there is also some small share of Carex rostrata (which increases greatly only in the uppermost sample). There are
also frequent seeds of Stellaria palustris, less numerous seeds of Menyanthes trifoliata and sporadic macrofossils of Scirpus
sylvaticus, Caltha palustris and Thelypteris palustris.

In the group of Others, a single Ostracoda shell was found. Larval cases of Trichoptera and Oribatid mites are more abundant.

KT-M8
(255225 cm)

Among trees, shrubs and dwarf shrubs, there is a significant occurrence of Pinus sylvestris needles fragments, Coniferae bud
scales, some fruits of Betula nana and continuous presence of Betula pubescens. Leaves fragments appear in a high amount.
In this interval, there is also a single fruit of Poaceae.

Mire plants are again represented by fluctuating abundance of macrofossils of Carex diandra, Carex rostrata and Carex
nigra. Bryopsida stems are reduced in number and less frequent. Sporadically, seeds of Caltha palustris and Stellaria
palustris can be found. In the group of Others, almost the same taxa as in the previous zone occurr.

KT-M9
(225-185 cm)

Trees, shrubs and dwarf shrubs are represented by continuing occurrence of Pinus sylvestris needles fragments, Coniferae
bud scales and macrofossils of Betula pubescens. Moreover, there are a few fragments of Larix decidua needles found in
several samples, as well as single fruits of Betula nana, Betula sect. Albae and Rubus cf. sulcatus. In the lower part of this
zone, leaves fragments occur abundantly, along with numerous leaves of Salix sp. identified in one of the samples.

Among plants of fresh and moist habitats, there is a single fruit of Potentilla cf. crantzii. Mire plants are dominated by fruits
and urticles of Carex canescens and high quantity of Bryopsida stems fragments (however present discontinuously). Carex
rostrata, Carex diandra, Stellaria palustris, Scirpus sylvaticus and Menyanthes trifoliata occur sporadically. Among animal
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remains, there are single appearances of Ostracoda shells. Oribatid mites and Trichoptera larval cases can be found frequently
in a noticeable amount.

Stage KT-5b (185—-125 cm, from ca. 11,890 + 104 cal BP to ca. 11,260 + 263, ca. 630 years)

Long lasting fen — Wetter conditions (moss fen peat accumulation) and later drier conditions (total disappearance of Bryopsida)/ Pinus-Larix

boreal forest, later open space with tree stands

KT-M10
(185-155 cm)

Macrofossils of trees, shrubs and dwarf shrubs are dominated by needle fragments of Larix decidua. Moreover, this group is
represented by a few needle fragments of Pinus sylvestris, single seed of Picea abies, single fruit of Juniperus communis,
single bud scales of Coniferae and small amount of Betula pubescens fruits. Noticeably, fragments of leaves completely
disappear in this interval. Among plants of fresh and moist habitats single fruits of Potentilla cf. crantzii and Taraxacum sp.
were identified. Macrofossils of mire plants are dominated by continuously occurring abundant fruits of Carex rostrata and a
high amount of Bryopsida stems. Less numerous but also continuous is the occurrence of Carex canescens fruits and fruit
scales. Carex nigra and Carex diandra appear sporadically. Moreover, there are single appearances of Valeriana
simplicifolia/dioica and Filipendula ulmaria. Animal remains are represented by a few ephippia of Daphnia sp. and abundant
Oribatid mites.

KT-M11
(155-125 cm)

In this interval, Pinus sylvestris needles and Coniferae bud scales disappear, whereas scarce needles of Larix decidua occur
only in the bottommost samples and later also cease completely. Except for the uppermost sample of this zone, the number of
macrofossils of Betula pubescens is also marginal. There is a single occurrence of Rubus cf. sulcatus and some fragments of
leaves. Mire plants are represented by macrofossils of Carex canescens, whereas Carex rostrata is reduced in number and
reappears in the uppermost samples, along with fruits of Scirpus sylvaticus. Bryopsida disappears in this zone and shows no
return throughout later stages. There is a single fruit of Filipendula ulmaria found. Animal remains are represented by single
shells of Ostracoda and a few Oribatid mites.

Stage KT-6 (125-117.5 cm, from ca. 11, 260 £ 263 to ca. 10,990 & 432 cal BP, ca. 270 years)
Minerogenic material delivery

KT-M12
(125-117.5
cm)

In this interval single macrofossils of Betula sect. Nanae and Betula pubescens were found. Mire plants are represented by
numerous fruits and urticles of Carex rostrata and very abundant fruits of Scirpus sylvaticus. There is a single finding of
Filipendula ulmaria fruit.

Stage KT-7 (117.5-87.5 cm, from ca. 10,990 + 432 to ca. 8380 £ 591 cal BP, ca. 2610 years)
Fen with Scirpus sylvaticus (drier conditions) and minerogenic material delivery
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KT-M13 Macrofossils of trees, shrubs and dwarf shrubs are represented by fragments of needles of Picea abies, fruits of Sambucus
(117.5-87.5 | racemosa and Rubus idaeus. Plants of fresh and moist habitats are represented by fruits of 4juga reptans and seeds of Juncus
cm) sp. Mire plants are represented by abundant fruits of Scirpus sylvaticus. There is some sclerotia of Cenococcum geophilum.
Stage KT-8 (87.5-22.5 cm, from ca. 8380 + 591 cal BP - beyond age-depth model)
Accumulation of minerogenic cover (waterbody)
KT-M14 The most visible feature of this interval is the abundant occurrence of Cenococcum geophilum sclerotia. Macrofossils of trees,
(87.5-65 cm) | shrubs and dwarf shrubs are continuously represented by a noticeable number of fruits of Sambucus racemosa and Rubus

idaeus. Scirpus sylvaticus fruits are reduced in number.

65 cm — HIATUS

KT-M15 In this interval trees, shrubs and dwarf shrubs are represented by numerous fragments of needles of Abies alba (also single
(65-22.5 cm) | fragment of Picea abies) and a noticeable number of fruits of Sambucus racemosa and Rubus idaeus. Among plants of fresh
and moist habitats macrofossils of Ajuga reptans, Juncus sp. and Potentilla cf. alba occur. Mire plants are represented by
sporadic occurrence of Carex cf. flava and Carex canescens. Sclerotia of Cenococcum geophilum cease in number.
Stage KT-9 (25-0 cm, beyond age-depth model)
Present day sedge fen
KT-M16 Trees, shrubs and dwarf shrubs are represented only by one sample with numerous fragments of needles of Abies alba. Again,
(22.5-0 cm) | there are a few findings of Ajuga reptans, Juncus sp. and Potentilla cf. alba. Mire plants are continuously represented by

macrofossils of Carex cf. flava and Carex canescens, which in this interval become abundant. There are also single larval
cases of Trichoptera.
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217  Pollen and NPPs data

218  Figure S5. Pollen-percentage diagram of the Klaklowo landslide fen deposits divided into LPAZ and compared with Greenland ice cores event
219  stratigraphy and corresponding traditional stratigraphic division (in blue), GRO — Gerzensee oscillation, Al. — Allerad, PBO — the supposed
220  Preboreal oscillation. In the background: climatic oscillations according to the Greenland ice cores event stratigraphy (Rasmussen et al., 2014)
2 221 (pale yellow — warming, pale blue — cooling, pale green — presumably cooling). See SM Table S7 for detailed description of the LPAZ. Notice
11 222  that for convenience pollen data from the zone KK-P2 is expressed as percentage data, but it is not interpretable due to pollen scarcity.

12 223  Investigated depth section (pink rectangle) — depth/time interval analysed in the current paper.
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Figure S6. Pollen-percentage diagram based on the results of the earlier pollen analysis of the Koton landslide fen deposits (Margielewski,
2001b; Margielewski et al., 2003) divided into LPAZ and compared with Greenland ice cores event stratigraphy and corresponding traditional
stratigraphic division (in blue), GRO — Gerzensee oscillation, Al. — Allerad, PBO — the supposed Preboreal oscillation. In the background:
climatic oscillations according to the Greenland ice cores event stratigraphy (Rasmussen et al., 2014) (pale yellow — warming, pale blue —

cooling, pale green — presumably cooling). See SM Table S8 for detailed description of the LPAZ. Investigated depth section (pink rectangle) —

depth/time interval analysed in the current paper.
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Figure S8. CONISS dendrogram and delineated LPAZ for the pollen data of the Koton

landslide fen deposits.
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Table S7. Results of pollen analysis of the Klaklowo landslide fen deposits divided into LPAZ (see pollen diagram in SM Figure S5).

LPAZ Results of pollen analysis
KK-P1 The entire pollen zone P1 is devoid of pollen grains.
(367-332.5 cm)
Lack of pollen
KK-P2 This zone is poor in pollen. The number of pollen grains is the highest at depth 322.5-315.0 cm (the horizon

(332.5-287.5 cm)
Poor in pollen

of decomposed peat). The slight increase in pollen frequencies of Pinus sylvestris-type and Betula undiff.
occurs at this level, along with a noticeable presence of Poaceae and Artemisia pollen. Pollen of Corylus
avellana, Quercus and Picea abies. is also present in trace amounts. Among spore-producing plants Equisetum
share constitutes a prominent contribution. At some depths of this zone corroded grains constitute almost half
of the entire amount of pollen.

KK-P3
(287.5-262.5 cm)
Pinus-Betula-NAP

The AP relative abundances lie in a range 88.4-94.6% and are composed mostly of continuous and decreasing
curve of Pinus sylvestris-type (41.7-63.8%) and continuous and rising curve of Betula undiff. (25.1-39.3%).
There is a continuous pollen record of Corylus avellana (3.6-6.7%) and almost continuous of Quercus
(0.1-0.6%). Salix undiff. and A/nus undiff. occur regularly with a frequency up to 4.5% and 1.4%,
respectively. Carpinus betulus curve shows a low frequency (0.1-0.2%). There are single appearances of
Fagus sylvatica, Ulmus and Acer.

The NAP pollen percentages vary in range 5.4—11.6%. There is a continuous presence and the highest
proportion of Cyperaceae undiff. (up to 6.2%), Poaceae undiff. (up to 3.02%) and Artemisia pollen (up to
3.8%). Almost regular curves, but lower relative abundance, is showed also by Apiaceae undiff., Cichoriaceae
undiff., Cirsium-type and Rubiaceae undiff. Among spore-producing plants, Filicaless monolete, Equisetum
and Lycopodium undiff. occur marginally. Among NPPs, presence of Pediastrum cenobia (up to 1.9%) is
visible. In this group, sporadic occurrence of Habrotrocha angusticollis, Endophlyctis lobata and Tilletia
sphagni T27 was also recorded.

Share of corroded pollen varies in a range 1.2—18.6%.

KK-P4
(262.5-242.5 cm)

The uppermost sample (at a depth of 245 cm) of this zone is totally devoid of pollen. The remaining part of the
zone is characterized in the following way:
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Pinus-Betula

The AP pollen frequency exceeds 90%, (maximum 98.2%). Comparing to the previous zone, Pinus sylvestris-
type shows significant increase of pollen relative frequency (75.0-86.4%), whereas Betula undiff. drops down
remarkably, from 16.8 to 6.5%. A continuous pollen record of Corylus avellana proceed from the previous
zone, however there is a decrease in pollen abundance to ca. 2.4%. There is an unbroken curve of Picea abies,
reaching 4.0%. Relative abundance of 4/nus undiff. pollen reaches 1.4%. Moreover, some appearances (less
than 1% of frequency) of Quercus, Fagus sylvatica, Carpinus betulus, Abies alba and Acer pollen are
registered.

In comparison to the previous zone, range of NAP pollen percentages slightly decreases to 1.8—7.4%.
Proportion of Cyperaceae undiff. and Artemisia pollen is reduced (maximum 2.9% and 1.5%, respectively),
whereas Poaceae undiff. remains on similar level as before (up to 2.8%). Slightly irregular curves are showed
also by the other herb taxa: Apiaceae undiff., Cichoriaceae undiff. and Chenopodiaceae sensu stricto.

Among spore-producing plants, Filicaless monolete, Equisetum and Lycopodium undiff. occur sporadically.
Among NPPs, presence of Pediastrum cenobia is reduced, whereas Arcella arenaria/catinus, Habrotrocha
angusticollis and Gelasinospora sp. T1 occur marginally. Share of corroded pollen lies in a range 1.7-6.6%.

KK-P5
(242.5-211 cm)
Pinus

The AP pollen percentages show the further rise: from ca. 90% to more than 95% (max. 99.2%). Pollen record
of Pinus sylvestris-type shows continuity and high pollen percentage, increasing gradually from lower values,
ca. 70%, to the maximum value of 95.9%. Betula undiff. curve shows an initial peak (up to 29.7%) but later
stabilizes at a lower level (ca. 3.0-6.0%). A minor peak of Corylus avellana pollen (2.6-7.4%) can be
observed. Pollen of Picea abies continues to be present, decreasing from 2.1% to 0.5%. Relative abundance of
Alnus undiff. is almost continuous and exceeds 1.0%. Other arboreal taxa so-far present in trace amounts of
pollen, almost disappear in this zone.

Range of the NAP pollen percentages shows a further decrease to 0.7—4.7%, in comparison to the previous
zone. Cyperaceae undiff. pollen curve almost disappears. Relative abundance of Poaceae undiff. pollen
reaches 3.2%, whereas Artemisia is reduced to 0.7%. Very low in values (<1%) but almost regular pollen
curve occurs also for some other herbaceous taxa: Apiaceae undiff., Cichoriaceae undiff., Rosaceae undiff.
and Chenopodiaceae sensu stricto.
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Among spore-producing plants, Equisetum and Drypoteris, occurs sporadically. Among NPPs, Arcella
arenaria/catinus and Endophlyctis lobata T13 continue to show in a very low abundance, whereas
Habrotrocha angusticollis reappear in the upper part of the zone.

Share of corroded pollen varies between 4.6 and 15.2%.

In the uppermost sample of this zone, at a depth of 212.5 cm, a sudden shift in proportion of dominant arboreal
taxa occurs: relative frequency of Betula undiff. rises to 74.4%, whereas Pinus sylvestris-type drops to 11.7%.
Moreover, beside a significant share of Corylus avellana (10.7%), small share of A/nus undiff. (2%) and trace
amount of some other woody and herbaceous taxa, this sample is generally poor in pollen.

KK-P6
(211-197.5 cm)
Pinus-Betula-NAP

The AP relative frequencies remain on a high level (max. 99.8%). Pinus sylvestris-type pollen curve shows a
decrease to 62.6%, whereas Betula undiff. slightly rises to 19.1%. A noticeable peak on Corylus avellana
curve (up to 12.1%) can be observed. Relative abundance of Quercus pollen increases to 4.0%. Alnus undiff.
curve drops to 0.2%.

The NAP pollen percentages vary in the range 0.2—4.6%. There is a noticeable rise on Artemisia curve up to
1.4%. Other herbaceous taxa show their pollen relative abundances below 1%, however pollen of Cyperaceae
undiff., Poaceae undiff. Apiaceae undiff., Cichoriaceae undiff., Rosaceae undiff. and Chenopodiaceae sensu
stricto was recorded. Noticeable is appearance of pollen (<1.0%) of different types of Rumex acetosa and
Rumex acetosella.

Spore-producing plants and NPPs taxa, except of Endophlyctis lobata T13, Gelasinospora sp. T1 and
Microthyrium sp. T8, are not present in this zone. Relative frequency of corroded pollen varies in range
2.8-15.8%.

KK-P7
(197.5-142.5 cm)
Pinus-NAP

The AP pollen percentages lie between 92.4 and 98.7% and pollen curve of Pinus sylvestris-type is still a
dominant element, oscillating in a range 78.8-97.0%. Pollen curve of Betula undiff. decreases and show some
minor fluctuations, approaching maximum 10.9%. Quercus possesses almost continuous curve with values
oscillating between 0.2 and 8.0%. Corylus avellana is also characterized by almost unbroken curve, but with
noticeably lower values (0.5-4.1%) than in the previous zones. Picea abies shows a continuous pollen
presence, whereas pollen of Salix undiff. and A/nus undiff. is also present but more irregularly. All the three
taxa, however, show relative abundancy below 1.0%. There are also rare occurrences (with relative
frequencies <1.0%) of other woody taxa: Ulmus, Fagus sylvatica, Abies alba, Carpinus betulus and Acer.
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The NAP pollen percentages slightly rise and are confined within a range 1.3—7.6%. The main components of
herb taxa show almost continuous pollen record in this interval and include: Artemisia (up to 2.8%),
Cyperaceae undiff. (up to 1.7%), Poaceae undiff. (max. 1.2%), Chenopodiaceae sensu stricto (max. 1.1%) and
Rosaceae undiff. (up to 1.4%). Almost unbroken curves, but with relative frequencies below 1.0%, are also
exhibited by: Apiaceae undiff. Rumex acetosa/R. acetosella and Rumex acetosella-type.

In this interval, there is also some trace proportion of spore-producing plants, and NPPs represented by
Microthyrium sp. T8. Corroded pollen varies between 2.6 and 16.6%.

KK-P8
(142.5-85 cm)
Pinus-Cyperaceae

The AP pollen percentages remain at a level of 94.2-98.4%, similarly to the previous zone. Pollen record of
Pinus sylvestris-type is more stable (maximum 95.3%), whereas relative abundance of Betula undiff. pollen
decrease even more and show mean value of 2.8% (with a maximum at 7.7% in the uppermost sample).
Quercus and Corylus avellana, although with some disruptions of the curves, remain at similar level. Picea
abies (up to 2.2%), Salix undiff. (up to 1.4%) and Alnus undiff. (max. 1.0%) pollen is still mostly present.
Some sporadic pollen occurrences (<1.0%) of Ulmus and Fagus sylvatica can be also observed.

The NAP pollen frequencies also stay in a similar range (2.0-5.8%) as before, however, now the greatest
proportion comes from Cyperaceae undiff. (0.2-3.0%) instead of Artemisia (0.2—1.4%). The latter, along with
less abundant herbaceous taxa (e.g. Poaceae undiff., Apiaceae undiff. and Chenopodiaceae sensu stricto),
diminishes throughout this zone.

In case of spore-producing plants and NPPs, single occurrences of the Dryopteris, Filicales monolete and
Microthyrium sp. T8 are continued. Corroded pollen varies in range 1.8—14.7%.

KK-P9
(85-57.5 cm)
Pinus-Picea-Betula

The AP pollen frequencies vary in range In the zones KK-P9 and KK-P10, the NAP pollen
91.6-97.9%. The most significant change in AP | percentages remain on a level similar to the previous zone
taxa composition concerns a steep reduction in (2.1-8.4% and 2.6-6.2%, respectively). The dominant
relative frequency of Pinus sylvestris-type from | component of herb taxa is Cyperaceae undiff. (max. 4.6%),

ca. 85.0-95.0% to 37.9-48.1%. On the other Poaceae undiff. (max. 2.4%) and Rosaceae undiff. (max.
hand, Picea abies curve is gradually rising, from | 1.4%). Among other non-arboreal taxa, some appearance
ca. 11.6 to 33.3%. Betula undiff. curve shows of Plantago lanceolata, Plantago media and Plantago

only one peak (up to 32.6%) at the beginning of | major were also recorded.
this zone and later stabilizes on a level of several
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1

2

2 percents. Quercus shows continuous curve but In the KK-P11 zone, the percentages of NAP rise to 15.4%
5 low abundance (usually ca. 1.0%), whereas in the uppermost sample. Also the proportions of

6 Corylus avellana curve noticeably rises to 9.6%. | herbaceous taxa change here: Poaceae undiff.

% Moreover, in this zone the continuous pollen predominates (max. 9.6%), along with Cichoriaceae undiff.
S record of Ulmus and Alnus undiff. is observed (max. 4.1%), Apiaceae undiff. (max. 1.1%), Artemisia
10 (0.5-4.1% and 0.8-1.9%, respectively). Toward | (max. 1.4%) and others. Presence of Plantago lancelota is
1 the upper boundary of this zone, also Tilia marked. Some new-coming taxa appear also in trace

:g undiff. pollen (up to 5.8%) appears for the first amount (Stachys-type, Prunella type, Trifolium undiff.,
14 time. Veronica).

15 KK-P10 In this zone pollen curve of Pinus sylvestris-type

:? (57.5-22.5 cm) continues to fall (minimum 11.8%), whereas Within the all three zones, spore-producing plants are

18 Picea-Pinus-Tilia-Corylus | Picea abies approaches 50.8%. Other woody mainly represented by Lycopodium undiff. (up to 8.1%)
19 taxa continue their regular trends also in this and/or sporadically also by Filicaless monolete. Among
;? zone (the most abundant 7ilia 6.1-15.4% and NPPs there are only single occurrences of Microthyrium
22 Corylus avellana 5.3%—13.8%), and moreover sp. T8. Curve of corroded pollen is increasing and later
23 the unbroken curve of Fagus sylvatica and Abies | decreasing significantly within the two first substages of
;;1 alba occur for the first time (up to 2.2% and this zone (from 15.6 to max. 27.3%). In the uppermost
26 5.6%, respectively). samples of the KK-P11 zone it rises again to high

27 KK-P11 This zone is marked by a noticeable peak of proportion (maximum 24.3%).

;S (22.5-0 cm) Pinus sylvestris-type (maximum 56.7%, avg.

30 Pinus-Picea-Abies-NAP 33.4%), gradual decrease of Picea abies curve

31 (minimum 16.5%, avg. 22.2%) and further rise

gg of continuous record of Abies alba (maximum

34 14.7%, avg. 12.22%). Other arboreal taxa remain

35 at a similar level as previously.

2 241

38

2 g 242 Table S8. Results of pollen analysis of the Koton landslide fen deposits divided into LPAZ (see pollen diagram in SM Figure S6).
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LPAZ Results of pollen analysis
KT-P1 In this zone there is a lack of pollen.
(500450 cm)
Lack of pollen
KT-P2 In the KT-P2 zone, the AP pollen percentage values show a mean of 43.78%, with a main component being Pinus
(450-397.5 cm) sylvestris-type (relative abundance between 20.8 and 36.1%) and Betula undiff. (relative abundance between 2.0
NAP-Pinus- and 9.1%). There are also single appearances of Pinus cembra/P. haploxylon-type, Betula nana-type, Ephedra
Redeposited pollen? | fragilis-type, Ephedra distachya and Juniperus, with pollen frequency equal or below 1.0%. There is a continuous

pollen curve of A/nus undiff. with maximum values of 3.4%, and almost a continuous pollen curve of Picea abies,
Abies alba and Salix undiff. with maximum values of 5.5%, 4.9% and 1.5%, respectively. There are appearances of
trace amount of pollen of Fagus sylvatica, Carpinus betulus, Quercus, Tilia undiff., Ulmus and Populus, mostly
around or below 1.0%.
The NAP pollen share shows a mean of 56.22%. There are continuous pollen curves and dominant relative
abundances of Poaceae undiff. (with values in the range 11.4-27.7%), Cyperaceae undiff. (7.3-20.4%), Taraxacum-
type (2.8-20.2%) and Apiaceae undiff. (0.7-7.3%). Valeriana officinalis-type has almost continuous pollen curve
and relative abundances between 0.9 and 7.7%. Also continuous but of a smaller relative abundances are pollen
curves of Artemisia and Chenopodiaceae, around 1.0% on average. Almost continuous and with a low or trace
frequencies are pollen curves of Ranunculus, Anthemis-type, Aster-type and Polygonum bistorta. Filipendula pollen
appears in the upper part of this zone.
Among the other groups, a large share of indeterminable pollen can be noticed, from 1.3 to 5.7%, as well as
abundant spores of Filicales monolete, with a maximum of 11.6%. There is also a continuous curve of Sphagnum
spores, with a maximum of 1.2%.

KT-P3 The AP pollen relative abundance is comprised within a range 32.0-50.4% (mean 39.72%). The dominant elements

(397.5-327.5 cm)
NAP-Pinus-Betula-
Aquatic

of arboreal taxa are Pinus sylvestris-type, with pollen frequencies in range 18.3-37.3% (avg. 28.12%) and Betula
undiff. in range 3.9-10.0% (mean 7.60%). Salix undiff. also show continuous curve, with values in range 0.9-3.7%
(mean 2.62%). Noticeably, there are several occurrences of Juniperus pollen below 1% and some single
appearances of Hippophae rhamnoides and Dryas octopetala pollen. From the tree taxa present in the previous
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zone, pollen of Alnus undiff., Populus and Corylus avellana is still present in several samples, however at low
frequencies (below ca. 1.0%).

The NAP pollen share is slightly higher than in the previous zone, with values between 49.6 and 68.0% (mean
60.25%). The dominant components are still Poaceae undiff. which shows continuous curve and values between
10.6 and 30.4% (mean 21.85%) and Cyperaceae undiff., with values in range 14.6-39.3 (mean 21.68%). There is a
prominent increase in Ranunculus pollen curve values, in range 1.9-9.5% (mean 5.72%). The continuous pollen
curves, but of a much smaller relative abundance, belongs also to Artemisia, Apiaceae undift., Valeriana officinalis-
type, Taraxacum-type, Anthemis-type, Aster-type and Helianthemum. There is also a noticeable drop in values and
the disappearance of Filipendula pollen. Among aquatic plants group, a noticeable rise in the Potamogeton pollen
curve is visible, with a maximum value of 3.4%. In the upper part of this zone the Menyanthes trifoliata pollen
curve starts to rise. Also a growth in relative abundance of Pediastrum cenobia up to 29.3% is confined within the
boundaries of this zone.

KT- P4
(327.5-297.5 cm)
Cyperaceae-Betula-
Pinus

The average AP pollen frequencies show a rise from 39.72% (zone KT-P3) to 48.85% in the current zone. Pollen
record of Pinus sylvestris-type is continuous and show fluctuating values, the lowest ca. 15.6%, to the maximum
value of 40.1% (avg. 25.72%). Betula undiff. curve shows continuous occurrence and increased values oscillating
around 10%, however in the uppermost sample (a depth of 300 cm) it exclusively shows a peak of 67.4%, the
highest value in the entire Koton pollen record of this taxon. Simultaneously, values of the Betula nana-type curve
rise, from 0.6% to 2.0%. Salix undiff. curve shows low but continuous values up to 2.0%. There are some
appearances of Juniperus up to 1.3%. There is some trace amount of Dryas octopetala pollen.

The mean percentage of NAP shows a decrease from 60.26 (the previous zone) to 51.13%. Cyperaceae undiff.
pollen curve strongly fluctuates between 6.5% and 53.2%, average: 31.63%. A drop in Poaceae undiff. and
Ranunculus pollen abundance can be noticed, from a maximum 22.1% to a minimum 3.5% and from a maximum
4.1% to a minimum 0.5%, respectively. Taraxacum-type and Apiaceae undiff. also show some drop in their relative
abundances. Artemisia pollen percentage remains on a level similar to the previous zone, the same as the other
herbaceous taxa. In this zone, a gradual ceasing of pollen of Valeriana officinalis-type is visible.

Among spore-producing, algae and aquatic plants, there is a noticeable disappearance of Potamogeton, Sphagnum
and Pediastrum whereas Menyanthes trifoliata pollen appears in significant proportion (up to 8.5%).
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KT-P5
(297.5-267.5 cm)
Pinus-Betula

The average AP pollen share show a further growth, this time up to 66.8% in the current zone. Pollen curve of Pinus
sylvestris-type shows further rise, oscillating between 57.6 and 37.9%, (mean 47.65%). Betula undiff. curve also
shows slightly increased values, minimum 9.1 and maximum 23.9% (mean 16.23%). Values of the Betula nana-
type curve and Salix undiff. reach maximum 2.9 and 1.3%, respectively. There is again some appearance of
Juniperus and Dryas octopetala pollen in several samples.

The mean frequency of NAP pollen shows a decrease from 51.1 (the previous zone) to 33.2%. Cyperaceae undiff.
pollen curve shows a distinct peak with a value of 30.9%. A further decrease in Poaceae undiff. pollen share is
visible, whereas Filipendula pollen frequency is slightly more pronounced. The curves of other herbaceous taxa as
well as taxa in the spore-producing plants, aquatic plants and algae show trends similar to the previous zone.

KT-P6
(267.5-182.5 cm)
Pinus

The AP pollen percentages lie between 63.8% and 86.6% (mean 79.76%) and the pollen curve of Pinus sylvestris-
type rises further, oscillating in a range 55.3—79.1%. There is also almost a continuous presence of Pinus cembra/P.
haploxylon-type, however in a small amount. Continuous pollen curve of Befula undiff. slightly decreases and
shows some minor fluctuations, approaching max. 15.4%. Continuous pollen curve of Betula nana-type stays at a
level similar to the previous zone, oscillating between 0.8 and 3.0%. Picea abies pollen appears in low amount,
oscillating around ca. 1%.

The NAP pollen percentages decrease and are confined within a range 13.4-36.1% (mean 20.24%). Cyperaceae
undiff. pollen curve shows a decrease in abundance, fluctuating between 1.4% and 19.5%, on average: 9.08%.
Filipendula show a continuous pollen curve amounting to a few percent, with a peak up to 17.4% at a depth of 211
cm. A further slight reduction in Poaceae undiff. pollen abundance is visible (maximum 4.6%). Artemisia,
Chenopodiaceae and Galium-type also show continuous pollen curves with values up to ca. 1.5-3.5%. Thalictrum,
Apiaceae undiff., Ranunculus show discontinuous pollen curves with very low relative abundances. Valeriana
officinalis-type shows a slight increase in abundance only in the upper part of this zone, whereas Taraxacum-type
shows up to 2.6% only in the lower part of this zone.

Among the remaining groups, Menyanthes trifoliata pollen is still present, however discontinuously and in a very
small amount (up to 2.1%). Indeterminable pollen reaches 4.7%.

KT-P7
(182.5-152.5 cm)
Pinus-NAP

The AP pollen shares decrease compared to the previous zone and range between 59.1 and 67.2% (mean 63.55%).
A slight drop in the share of the Pinus sylvestris pollen can be observed. Betula undiff. pollen frequency is
maintained at the level similar to the previous zone (avgerage 6.31%). Pollen of Pinus cembra/P. haploxylon-type
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and Betula nana-type is present in a low relative abundance (1.0-3.2%. and 0.1-1.4%, respectively). Picea abies
pollen frequency is below 1.0%. Salix undiff. pollen curve slightly rise to the maximum 1.3%.

The mean value of NAP pollen frequencies in this zone increases to 36.48%. Share of Poaceae undiff. pollen rise
and oscillates between 4.6 and 7.8% (mean 6.18%). Cyperaceae undiff. pollen curve rises distinctively and
oscillates in a range 10.7-18.9% (mean 15.10%). Similar growth can be observed for Artemisia and Apiaceae
undiff. pollen curves (mean 5.17 and 1.97%, respectively). A slight increase in pollen relative abundance occurs
also for Taraxacum-type and Valeriana officinalis-type. Filipendula pollen curve is continuous and stay at a similar
level as previously, ranging from 1.2 to 2.6%. Small share of Polygonum bistorta reappears in this level. Among the
other groups, a lack of Menyanthes trifoliata pollen is noticeable. Indeterminable pollen curve shows similar values
as previously.

KT-P8
(152.5-117.5 cm)
NAP-Pinus-Betula

The AP pollen relative abundances continue to fall, ranging between 44.2 and 58.8% (mean 51.25%). A further
decrease in the share of the Pinus sylvestris pollen is visible (mean 36.75%). Betula undiff. pollen frequency is
slightly higher than in the previous zone (mean 8.90%). Pinus cembra/P. haploxylon-type and Betula nana-type
pollen frequencies remain at a similar level as previously. Picea abies and Salix undiff pollen frequencies are below
1.0%.

NAP pollen shares show mean of 51.25%. Frequency of Poaceae undiff. pollen increase noticeably and oscillates
between 7.1 and 13.8% (mean 10.22%). Cyperaceae undiff. pollen curve rises distinctively and varies between 17.6
and 36.2% (mean 26.57%). Artemisia and Apiaceae undiff. pollen curves show peaks with maximum values of 7.5
and 7.0%, respectively. A slight increase in relative abundance occurs also for Taraxacum-type, Filipendula,
Valeriana officinalis-type, Thalictrum and Chenopodiaceae pollen curves continue to occur at the similar level as in
the previous zone.

Among other groups, beside the indeterminable pollen curve remaining at the similar level as previously, there is an
absence of other taxa pollen/spores.

KT-P9
(117.5-85 cm)
Pinus-Picea

The AP pollen frequencies, in comparison to the previous zone, show a large increase to 74.7-88.1% (mean
81.20%). After a short initial rise to a maximum 61.7%, the Pinus sylvestris-type curve starts to fall. Pollen
frequency of Betula undiff. remains at the level of a few percents (2.1-7.2%). Betula nana-type pollen curve is
ceasing towards the end of the zone. Several arboreal pollen curves show continuity and distinctive increase in
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values: Alnus undiff. to 1.5%, Picea abies to 17.8%, Tilia undiff. to 1.5%, Ulmus to 7.6% and Corylus avellana to
4.6%.

The proportion of NAP pollen is much lower than for the previous LPAZ and equals 18.78%. Most pollen curves of
the herbs show decreasing trend, only Taraxacum-type and Filipendula show some noticeable values, with a
maximum 4.7 and 7.6%, respectively. Among spore-producing plants, there is a distinctive increase in the
proportion of Filicales monolete spores (values varies between 4.6 and 29.9%).

KT-P10
(85-62.5 cm)
Picea-Corylus

The AP pollen percentage rises further and reaches 94.8%. Pinus sylvestris-type curve falls to 16.1%. Pollen
frequency of Betula undiff. is low (0.5-2.0%) and the curve is disrupted. Several arboreal pollen curves further
show regularity and rising frequencies: Alnus undiff. to 10.1%, Picea abies to 30.4%, Tilia undiff. to 9.4%, Ulmus
to 6.9% and Corylus avellana to 21.2%. An almost continuous pollen curve (however of values below 1%) can be
noticed also for Quercus and Populus.

The NAP pollen frequency shows a further huge decrease in comparison to the previous zone, 5.16% on average.
Among spore-producing plants, Filicales monolete spores share remains on high level (17.3% on average).

KT-P11
(62.5-25 cm)
Abies-Picea

The AP values remain on a high level at the beginning of this zone (maximum 93.7%, avg. 74.41%), but later they
gradually decrease to 76.9%. Pinus sylvestris-type pollen curve remains constant around the mean value of 13.18%.

Betula undiff. pollen curve stays at the level of a few percent. Picea abies pollen curve decreases from 15.1 to 3.3%.

Alnus undiff. pollen curve reaches maximum of 10.1%. Populus, Corylus avellana, Ulmus and Tilia undiff. show
continuous pollen curve, however the drop above the depth of 62.5 cm in their pollen relative abundances is visible.
Quercus and Carpinus betulus have continuous pollen curves, with maximum values at 1.9 and 0.9% respectively.
Fagus sylvatica and Abies alba show a prominent rise in their pollen frequency, with maximum values at 3.9 and
44.4%, respectively.

Mean relative frequencies of NAP pollen increase to 11.4% in this zone. Pollen curves of Apiaceae undiff. and
Ranunculus show a slight rise in values, Filipendula curve also but in the upper part of this zone. Filicales monolete
continue to predominate.

KT-P12
(250 cm)
NAP-Fagus-Betula

The AP pollen relative frequencies decrease in this zone, yielding 55.5% on average. Pinus sylvestris-type and
Betula undift. pollen curves show some peaks (25.1 and 14.0%, respectively). Alnus undiff. curve remains on the
similar level as previously, whereas Picea abies show value ca. 5.7%. Populus, Corylus avellana, Ulmus and Tilia
undiff. relative frequencies are ceasing. Quercus and Carpinus betulus curves rise slightly only in the uppermost
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samples. Fagus sylvatica pollen share show culmination of 8.6%, whereas previously high pollen share of Abies
alba decreases from 21.6 to 0.2% in the uppermost sample.

Comparing to the previous zone, the NAP pollen frequencies increase further, up to 59.0% in the uppermost sample.
Poaceae undiff. and Cyperaceae undiff. pollen curves rise simultaneously. Among other herb taxa, Aster-type,
Plantago lancelota and Triticum-type, Potentilla-type and Rosaceae undiff. pollen relative abundances also show an

oNOYTULT D WN =

10 increase. Share of Filicales monolete spores decreases from 32.5 to 1.0%.
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Palaeoecological stages of the Klaklowo landslide fen development from ca. 13,900 to ca.
10,000 cal BP

Stages of palacoecological development of the Klaklowo fen are presented in Figure 4 and
Figure 6. Additionally, the selected representative plant taxa in time domain are shown in

Figure 7.

Stage KK-3a and 3b (307.5-267.5 cm, from ca. 13,870 + 54 to ca. 13,620 + 39 cal BP, ca.
250 years) Colonization and overgrowing of waterbody 11/ Betula-dominated boreal forest
A detail palacoecological interpretation of this stage was presented in Pilch et al. (2025b).
Klaklowo waterbody II was characterized by minerogenic sedimentation (clayey silt, Figure 3
C and Figure 6, zone KK-L1) and the co-occurrence of macrophytes predominated by
Characeae meadows and intense precipitation of calcium carbonate resulting from alkaline
conditions (Figure 4 and Figure 6). Aquatic vegetation succession in waterbody was followed
by the expansion of Betula sect. Albae and Betula sect. Nanae species in the surrounding area.
This phenomenon can be also observed in the pollen data. Although the lower part of this
stage covers the deposits poor in pollen (SM Figure S5 and Figure 6, LPAZ KK-P2, see in
Pilch et al. (2025b) for explanation of pollen depletion), the upper part (LPAZ KK-P3) is
characterized by predominance of pollen of pioneering arboreal taxa (decreased curve of
Pinus sylvestris-type and increased curve of Betula undiff.) and noticeable contribution of
NAP pollen (Cyperaceae undiff., Poaceae undiff. and Artemisia). Therefore, a transition from
more open-land to Betula-dominated boreal forest succession and overgrowing of the
Klaklowo waterbody II, presumably associated with climatic warming of GI-1¢/ Allered, was

recorded during the stage KK-3.
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Stage KK-4 (267.5-217.5 m, from ca. 13,620 = 39 to ca. 13,200 = 82 cal BP, ca. 420 years)
Long-lasting fen - wetter conditions and moss fen peat accumulation /Pinus-Larix-Betula
boreal forest

This stage lasted ca. 420 years and documents the formation of the long-lasting Klaklowo fen,
during which the accumulation of moss fen peat replaces the earlier minerogenic
sedimentation, yielding up to ca. 80% values on the LOI curve (the highest in the entire
Klaklowo sequence, Figure 3 C, zone KK-L2). The most striking feature of this zone is the
local presence and expansion of arboreal taxa, reflected in abundant macrofossils of Pinus
sylvestris, Larix decidua and Coniferae, as well as Betula pubescens (however the number of
the latter one is declining in the upper part of this zone) (Figure 4 and Figure 6). Dwarf shrubs
and shrubs of Betula sect. Nanae could be, therefore, outcompeted for light access, and
declined in number. Moreover, macrofossils of Populus tremula and Sorbus aucuparia
indicate the growing diversity of woody taxa. Abundant leaves fragments (undiff.) confirm
the development of trees and shrubs in the Klaklowo fen area. The observed changes in
macrofossil composition are in agreement with the pollen data: there is a dominance of Pinus
sylvestris-type pollen and decreasing share of Betula undiff. pollen at the beginning of stage
KK-4 (SM Figure S5, LPAZ KK-P4) and further increase in Pinus sylvestris-type pollen
percentage in the LPAZ KK-P5. Climate warming should be considered as an important
factor enhancing pollen productivity (Feurdean et al., 2007). The so-far dominant mire plants
are still present, however, reduced in number (Carex rostrata, Carex diandra, Bryopsida)
(Figure 4 and Figure 6). This is also reflected in the decline in Cyperaceae undiff. pollen
curve (SM Figure S5, LPAZ KK-P5). Wet conditions in the fen, possibly in the form of small
water pools and fluctuating water level, are indicated by the presence of aquatic taxa

(Characeae, Hippuris vulgaris, Ostracoda, Daphnia sp., Porifera etc.).
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During the stage KK-4, at a depth of ca. 240-242.5 cm, a thin minerogenic intercalation
could be noticed (moreover, in the sediment core intended for LOI analysis a huge piece of
wood occurred in this sample), whereas at a depth of 245 cm (the uppermost sample of LPAZ
KK-P4) there is a total lack of pollen, which could be explained by pre-depositional oxidation
of pollen and later redeposition of such pollen-sterile sediment into the Klaklowo fen (Carrion

et al., 2009).

Stage KK-5a (217.5-167.5 cm, from ca. 13,200 £+ 82 to ca. 12,320 = 122 cal BP, ca. 880
years) Long-lasting fen — less wet conditions and more minerogenic delivery/ Pinus-Larix-
Betula boreal forest

Stage KK-5a lasted ca. 880 years and constitutes a record of the further development of the
long-lasting Klaklowo fen, this time characterized by a noticeable and continuous delivery of
minerogenic material accompanying the peat accumulation in a somewhat less wet conditions
in the fen, mainly woody osier peat and later also moss fen peat (LOI curve values of ca. 45—
65%, Figure 3 C, zone KK-L3). At the beginning of the stage KK-5a there is a noticeable
minerogenic insert resulting in a drop to ca. 7% on the LOI curve between 217.5 and 207.5
cm. It corresponds to a decreased share of needle fragments of Pinus sylvestris and Coniferae
bud scales, however, Larix decidua macrofossils are present abundantly (Figure 4 and Figure
6). Fruits and fruit scales of Betula nana are almost absent, whereas of Betula pubescens and
Betula sect. Albae are smaller in number. Several bud scales of Populus tremula appear in this
interval. Among other plant taxa there is a singe occurrence of Carex rostrata, some
Bryopsida stems and Filipendula ulmaria fruits. Among animal remains, Ostracoda, Oribatid
mites and Trichoptera larval cases are present. This mineral horizon is also reflected in the
pollen data. At the end of the LPAZ KK-P5 (SM Figure S5), at a depth of 212.5 cm, a rapid

reversal in relative pollen abundances of Pinus sylvestris-type (a drop to 11.7%) and Betula
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undiff (a rise to 74.4%), along with an increased amount of corroded pollen, may signalize
some short climatic event.

Above the mineral horizon, macrofossil data suggests that the area of the fen and its
surroundings continued to be covered with trees and shrubs, dominated by (with some
fluctuations) Pinus sylvestris, Larix decidua, Coniferae and to a lesser extent by Betula
pubescens and Betula sect. Albae. Betula nana appears less commonly. Fragments of leaves
(undiff.) are numerous. A significant change can be noticed in the mire plant compositions:
Bryopsida stems are continuously present throughout the zone, whereas there is an almost
total lack of Carex rostrata macrofossils along with the other taxa of sedges, indicating less
wet conditions within the fen during this stage. Continued presence of Caltha palustris seeds
and Filipendula ulmaria fruits together with the absence of aquatic organisms (except for the

marginal number of Ostracoda shells) seem to confirm this interpretation.

Similar signal can be found in the pollen data of this zone, encompassing LPAZ KK-
P6 and a part of KK-P7 (SM Figure S5). LPAZ KK-P6 was distinguished as a ‘transition
zone’. It is characterized by small fluctuations of Pinus sylvestris-type and Betula undiff.
curves, likely reflecting some short-term climatic event. Besides the continued apparent local
presence (or redeposition?) of Corylus avellana, also Quercus pollen curve shows an increase
in values, whereas A/nus undiff. pollen relative abundance is noticeably decreased. The latter
two taxa may imply a slight drying of the surrounding habitats. These processes can be also
suggested by a more abundant pollen of Artemisia and other herbs, as well as disappearance
of spore-producing plants and some of NPPs taxa. In the zone KK-P7 some features of the
previous transition zones are continued. Definitely, Pinus-dominated boreal forest was locally
present, although some fluctuations of Pinus sylvestris-type curve is visible. There is only a
slight rise in the values of NAP curve, however the continuous curve and elevated values of

the pollen relative abundance of Artemisia can be noticed.
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Stage KK-5b (167.5-127.5 cm, from ca. 12,320 + 122 to ca. 11,240 £ 92 cal BP, ca. 1080
years): Long lasting fen — Wetter conditions (moss fen peat accumulation) and later less
wet conditions (total disappearance of Bryopsida)/ Larix-Pinus-Betula boreal forest

Stage KK-5b lasted ca. 1080 years, and shows a distinct division into two substages, reflected
in lithological (Figure 3 C and Figure 6, zones KK-L4 and KK-L5) and macrofossil data
(Figure 4 and Figure 6, LMAZ KK-M13 and KK-M14). Zone KK-L4 is represented by pure
moss fen peat accumulation showing reduced contamination by minerogenic matter and high
LOI values, up to ca. 75 %. LMAZ KK-M13 is characterized by a decreasing number of
needles fragments of Pinus sylvestris, abundant needles of Larix decidua, marginal amount of
Coniferae bud scales and single occurrences of macrofossils of Betula pubescens and Betula
nana. Mire plants are represented by the numerous macroremains of Bryopsida, and there is
some reappearance of fruits and urticles of Carex rostrata.

In the KK-L5 zone, moss fen peat continues to occur, however, on the LOI curve a
gradual decrease from ca. 55% to ca. 35% can be noticed, reflecting an increasing
minerogenic delivery. The corresponding LMAZ KK-M14 shows traits similar to the previous
LMAZ, with a difference in a higher number of Betula pubescens fruits, several leaf
fragments of Salix sp. determined in the uppermost sample and abundant undeterminable leaf
fragments (also of Salix sp.?). Further discrepancy concerns the number of macrofossils of
Carex rostrata and Bryopsida stems diminished to trace amounts. There is also some small
signal of aquatic conditions (Batrachium sp., Ostracoda).

Stage KK-5b corresponds to the upper part of the above-mentioned LPAZ KK-P7 (SM
Figure S5) which is interpreted as Pinus-dominated boreal forest but with some influence
from the open-space herbaceous taxa and some small part of the LPAZ KK-P8 (described in

detail in the next palaeoecological stage).
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Stage KK-6 (127.5-80 cm, from ca. 11,240 = 92 to ca. 11,120 = 99 cal BP, ca. 120 years)
Sedge peat, minerogenic layer and woody birch peat accumulation — at a rate of ca. 4.20

mm year~'/ open space with Pinus-Betula-Larix tree stands

Stage KK-6 is characterized by the highest sedimentation rate within the whole analysed
sequence of the Klaklowo fen, amounting to ca. 4.20 mm year ! — almost 50 cm of deposits of
this interval was accumulated within a time period of only ca. 120 years. Despite that fact,
these deposits vary throughout the stage. Within the zone KK-L6 (Figure 3 C), first sedge peat
contaminated with minerogenic material was deposited, yielding the decrease in LOI values
from 50% to ca. 30% and later it was overlaid by a minerogenic layer (clayey silt, 112.5-97.5
cm) resulting in a drop to ca. 15% on the LOI curve.

In the macrofossil data, stage KK-6 is expressed as the many prominent changes in
taxa abundance and composition (Figure 4 and Figure 6). There is almost a total
disappearance of Pinus sylvestris and a great reduction of the number of Larix decidua
needles and Coniferae bud scales to sporadic occurrences. Macrofossils of Betula nana,
Betula sect. Nanae, Betula sect. Albae and Betula sp. are present in small amounts in some
samples of this interval, whereas macrofossils of Betula pubescens are recorded continuously,
mostly also in small quantities. Leaf scars are continuously present throughout this zone.
Sedges are represented by the new-coming taxa: Carex nigra and Carex canescens. Within
the minerogenic layer, there are numerous sclerotia of Cenococcum geophilum.

Above the minerogenic layer, woody birch peat is accumulated (values on LOI curve
grow from around 20% to ca. 30%, Figure 3 C, lower part of the zone KK-L7). Organic
accumulation is also expressed in more diverse composition of plant macrofossils of the
corresponding LMAZ KK-M16 (Figure 4 and Figure 6), in both trees, shrubs and dwarf

shrubs group (Pinus sylvestris, Larix decidua, Abies alba, Coniferae, Betula nana, Betula
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pubescens; Populus tremula, leaf scars) and in the mire plants group (Valeriana
simplicifolialdioica; Thelypteris palustris, Phragmites australis, Filipendula ulmaria, Carex
canescens, Carex nigra).

Pollen spectrum in this stage shows only minor changes (SM Figure S5, LPAZ KK-P8).
Pinus sylvestris-type pollen remains prevailing, however there is a slight fall of relative
frequency of Betula undiff. pollen. Quercus and Corylus avellana, and to a lesser degree also
Picea abies, Salix undiff. and Alnus undiff., tend to show an apparent regional and/or local
presence. As the NAP composition slightly changes to be Cyperaceae-dominated, possible
reduction in dry and open-space area took place, whereas locally more wet environment

developed.

A part of the stage KK-7 (80—68.5 cm, from ca. 11,120 £ 99 cal BP to ca. 10,005 = 283 cal
BP: The beginning of accumulation of minerogenic cover on the woody birch peat

Stage KK-7 shows the lowest sedimentation rate of the whole investigated depth section: 0.10
mm year . The deposits of this part of the stage KK-7 are composed of woody birch peat
with the contamination of minerogenic material increasing from the depth 80 to 65 cm (values
on LOI curve show maximum around 35% and later diminishes to ca. 20%) and signalizing
the beginning of accumulation of minerogenic cover (Figure 3 C, upper part of the zone KK-
L7). In the macrofossil data the further great compositional changes take place (Figure 4 and
Figure 6). There is a noticeable presence of Sambucus racemosa and Rubus idaeus and trace
amount of Betula pubescens and Betula sp. There is also a large number of macrofossils of
Scirpus sylvaticus (also redeposited?) and sclerotia of Cenococcum geophilum. This stage
coincides also with LPAZ KK-P9, separated from the previous LPAZ by the supposed hiatus
at a depth of ca. 85 cm (SM Figure S5 and Figure 6). The possible corresponding hiatus could

be also interpreted from the macrofossil data at 80 cm (Figure 4), its occurrence cannot be,
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however, entirely confirmed due to the insufficient number of radiocarbon dates at this depth
level.

At the depth of the supposed hiatus, pollen data shows fundamental changes in plant
formations. Firstly, pollen curve of Pinus sylvestris-type steeply decreases (from ca. 85-95%
to 38—48%). Simultaneously, relative abundances of several arboreal taxa start to rise and
develop into continuous curves: Picea abies (dominating), Ulmus, Alnus undiff. and later also
Tilia undiff. These changes in pollen record reflect the disappearance of boreal forest in the
warming climate of the Holocene, and expansion of coniferous and deciduous trees forming
mixed forest. In the Klaklowo sedimentary basin, this climatic change is also reflected in
enhanced input of corroded pollen (within the depth extent of minerogenic cover of the

Klaklowo sediment sequence).

Palaeoecological stages of the Koton landslide fen development from ca. 13,900 to ca.
10,000 cal BP
Stages of palacoecological development of the Koton fen are presented in Figure 5 and Figure

6. Additionally, the selected representative plant taxa in time domain are shown in Figure 7.

Stage KT-3 (367.5-345 cm, from ca. 13,900 £ 56 to ca. 13,820 = 68 cal BP, ca. 80 years)
Calcareous extremely rich fen /steppe-tundra

A detail palacoecological interpretation of this stage can be found in Pilch et al. (2025a). The
stage KT-3 documents a transition from the oligo-mesotrophic lake to the (calcareous)
extremely rich fen (Hajek et al., 2006) as a result of autogenic succession. The dominant plant
taxa are Bryopsida and sedges (Figure 5), what results in the moss fen peat accumulation and
a rise of the LOI curve values from ca. 20 to 65% (Figure 3 C, zone KT-L4). Stage KT-3

corresponds to the upper part of the LPAZ KT-P3 (SM Figure S6) which is characterized by

http://mc.manuscriptcentral.com/holocene



oNOYTULT D WN =

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

HOLOCENE Page 100 of 113

predominance of NAP pollen (Poaceae undiff., Cyperaceae undiff., Ranunculus and others),
suggesting more open-space habitats (e.g. steppe-tundra), and only secondarily by Pinus
sylvestris-type and Betula undiff. pollen which represent arboreal taxa. There is also a
noticeable share of pollen/cenobia from aquatic organisms (Potamogeton, Menyathes
trifoliata and Pediastrum) confirming the existence of some water pools and waterlogged

conditions locally in the Koton fen depression.

Stage KT-4a and b (345-300 cm, from ca. 13,820 = 68 to ca. 13,500 = 115, ca. 320 years)

Moderately rich fen/ Betula boreal forest

A detail palacoecological interpretation of the stages KT-4a and b, which in total lasted ca.
320 years, is presented in Pilch et al. (2025a). The lower part of this interval shows LOI
values at first decreasing from ca. 65% to ca. 30% in a result of minerogenic matter admixture
to the woody alder peat, whereas in the upper part, LOI curve starts rising again reaching
values slightly over 85% as a result of almost pure uncontaminated moss fen peat
accumulation (Figure 3 C, zone KT-L5). The vegetation of the Koton moderately rich fen
(Hajek et al., 2006) is dominated by Bryopsida, increased share of sedges (mostly Carex
diandra and Carex rostrata), Menyanthes trifoliata, and sporadically by other mire plant
species (Figure 5 and Figure 7). Furthermore, during this stage Betula pubescens (and to a
lesser extent also Betula nana) start to spread in the fen area, likely in response to the
warming climate. In the substage KT-4b it is followed by the appearance of Pinus sylvestris
and possibly other Coniferae species, however, due to a low number of their macrofossils the
in situ presence of the well-developed birch-pine boreal forest at that time should be
interpreted with some caution. On the other hand, macrofossils of species presently growing
in the shrub layer of the Pinus sylvestris light taiga, Juniperus communis and Rubus saxatilis,

were also identified in the substage KT-4b and may support such an interpretation.
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Stage KT-4a and 4b corresponds to the ending of LPAZ KT-P3 and to the entire LPAZ
KT-P4 which is characterized by a slight increase of the mean AP pollen frequencies,
represented by Pinus sylvestris-type and Betula undiff. (SM Figure S6). The latter taxon in the
uppermost sample (a depth of 300 cm) exclusively shows a peak of 67.4%, the highest value
in the entire Koton pollen record. Diminished proportion of NAP pollen is dominated by
strongly fluctuating share of Cyperaceae undiff. pollen, what stay in agreement with the
abundance of Carex sp. fruits and urticles observed in the macrofossil data. Moreover, a slight
reduction in the relative frequencies of Poaceae undiff. and Ranunculus can be observed,
probably signalizing recession of more open-space habitats in favor of woodland expansion.
Except for the Menyanthes trifoliata pollen, the other aquatic taxa withdrew during this stage,
indicating the development of some less wet local conditions in the fen comparing to the

previous stages and substages.

Stage KT-5a (300-185 cm, from ca. 13,500 + 115 to ca. 11,890 + 104 cal BP, ca. 1610
years) Long-lasting fen — less dry conditions and more minerogenic delivery/ Betula-Pinus
boreal forest

Stage KT-5a documents the ongoing development of the long-lasting Koton fen (at this point
a term ‘rich-fen’ is not used anymore due to the lack of detail analysis of Bryopsida
composition for the depth section 300—0 cm) and resulting accumulation of ca. 125 cm peat
sequence (moss fen peat, sedge peat and woody osier peat) accompanied by enhanced
minerogenic material delivery (Figure 3 C, zones KT-L6, L7 and L8). The sedimentation rate
of this interval is low, ca. 1.01 and ca. 0.64 mm year !, and the overall duration of the stage
can be estimated at ca. 1610 years. The characteristic feature of this stage is an almost
continuous record of the needle fragments of Pinus sylvestris and Coniferae bud scales and

numerous macrofossils of Betula pubescens, presumably indicating the establishment of the
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Betula-Pinus boreal forest in the fen vicinity (Figure 5 and Figure 6). This is also reflected in
the pollen data within the LPAZ KT-P5 and KT-P6 (SM Figure S6), which shows the
increasing relative abundance of AP pollen, dominated by Betula undiff. and Pinus sylvestris-
type (KT-P5) and reflecting even further expansion of Pinus sylvestris-type, reaching
maximum pollen abundance of the entire Koton sequence (KT-P6). Other arboreal species
constituting the components of the trees, shrubs and dwarf shrubs cover includes single
macrofossils occurrences of Picea abies, Salix sp., Rubus cf. sulcatus and Betula nana.
Correspondingly, during LPAZ KT-P6 some noticeable pollen record (however of small or
marginal values) of Betula nana-type, Picea abies and Salix undiff. can be observed. In the
LPAZ KT-P6 also the continuous pollen record of Pinus cembra/P. haploxylon-type appears.
Furthermore, in the upper part of the stage KK-5a trace amount of Larix decidua needles
occur (Figure 5).

Mire plants are represented by a high amount of Bryopsida stems (only in the
uppermost part of the LMAZ KT-M9 they disappear) and numerous macrofossils of Carex
diandra, Carex nigra and later also of Carex canescens (Figure 5). Number of Carex rostrata
macrofossils is strongly reduced. In the lower part of this stage there are also frequent seeds of
Stellaria palustris and some seeds of Menyanthes trifoliata, indicating fluctuating water level
(in contrast to the drier upper part of this stage). Moreover, at some depths macrofossils of
Scirpus sylvaticus and Caltha palustris occur sporadically. Numerous larval cases of
Trichoptera are also characteristic for this zone.

Among plants of fresh and moist habitats, there is a single fruit of Potentilla cf. crantzii,
possibly suggesting some arctic/alpine conditions of the surrounding habitats, however,
judging by the lowered relative frequency of herbs pollen during LPAZ KT-P6, the open-

space landscape was highly reduced during the KT-5a stage in favour of the forested area.
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Stage KT-5b (185-125 cm, from ca. 11,890 = 104 cal BP to ca. 11,260 £ 263, ca. 630 years)
Long lasting fen — Wetter conditions (moss fen peat accumulation) and later drier
conditions (total disappearance of Bryopsida)/ Pinus-Larix boreal forest, later open space
with tree stands

Stage KT-5b lasted ca. 630 years (sedimentation rate mostly ca. 0.98 mm year !, Figure 2)
and shows a distinct division into two parts reflected in corresponding lithological (Figure 3
C, KT-L9 and KT-L10), macrofossil (Figure 5, KT-M10, KT-M11) and pollen (SM Figure
S6, KT-P7, KT-P8) units. The lower part coincides with the almost pure moss fen peat
accumulation yielding very high LOI values, up to 70%, however, above the depth of ca. 170
cm it starts to decrease (at first to ca. 50%.) due to delivery of minerogenic matter (Figure 3
C, zone KT-L9). There is a visible change in macrofossils abundances (LMAZ KT-M10): the
number of Larix decidua needle fragments rises significantly, whereas fragments of leaves
(undiff.) disappear totally and macrofossils of Betula pubescens are strongly reduced. These
changes can signalize some opening of the forest and reduction of vegetation cover and - what
is also expressed in the pollen data (LPAZ KT-P7, SM Figure S6) - as an increase of NAP
pollen relative abundance (Poaceae undiff., Artemisia, Apiaceae undiff. and others) and
decrease of Pinus sylvestris-type pollen share. Furthermore, there is a single seed of Picea
abies and a single fruit of Juniperus communis found in LMAZ, confirming the occurrence of
this species in the Koton fen vicinity. The accumulation of almost pure moss fen peat is also
reflected in the composition of mire plants (a high amount of Bryopsida stems as well as
Carex rostrata and Carex canescens macrofossils) (Figure 5). Some traces of aquatic
conditions can be inferred from the presence of Daphnia sp. ephippia, whereas yet another
finding of the arctic/alpine Potentilla cf. crantzii fruit somehow stay in accordance with the

expansion of herbs observed in the pollen record.
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The upper part of the stage KT-5b is characterized by continuation of minerogenic
material input into the sedge-moss fen peat (LOI values remain fluctuating around ca. 35—
45%, Figure 3 C, zone KT-L10). Plant macrofossil data shows decline of many of so-far
present taxa (LMAZ KT-M11, Figure 5): Pinus sylvestris, Coniferae, Bryopsida and Larix
decidua, whereas others are reduced in number and reappear only shortly (Betula pubescens,
Carex rostrata). Apparently undisturbed species is Carex canescens. This substage coincides
with the LPAZ KT-P8 (SM Figure 5), in which the further growing share of NAP pollen
(Poaceae undiff., Artemisia, Apiaceae undiff.) can be noticed, whereas pollen relative
frequency of Pinus sylvestris-type continues to fall. Moreover, Betula undiff. curve shows a
slight rise, whereas increased pollen share of Cyperaceae undiff. stay in accordance with plant

macrofossils findings.

Stage KT-6 (125-117.5 cm, from ca. 11, 260 £ 263 to ca. 10,990 + 432 cal BP, ca. 270
years) Minerogenic material delivery

This stage consists of a thin interval within which LOI values show one of the most abrupt
decreases in entire profile, slightly below ca. 20%, due to greatly enhanced minerogenic
matter delivery (Figure 3 C, zone KT-L11). It lasts ca. 270 years and was distinguished as a
separate interval in the CONISS analysis of macrofossil data. It contains single macrofossils
of Betula sect. Nanae and Betula pubescens, numerous fruits and urticles of Carex rostrata
and the most abundant in the entire profile fruits of Scirpus sylvaticus. There is also a single
finding of Filipendula ulmaria fruit. Stage KT-6 also corresponds to LMAZ KT-PS,
signalizing the more open-space conditions with domination of herbs and shrinkage of

woodlands.
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A part of the stage KT-7 (117.5-106.5 cm, from ca. 10,990 £+ 432 to ca. 10,033 + 707 cal BP,
ca. 957 years) Fen with Scirpus sylvaticus (drier conditions) and mineral material delivery
Stage KT-7 exhibits the lowest sedimentation rate of the whole analysed Koton depth section:
0.12 mm year ! (Figure 2). In this subzone LOI values rise slightly close to 30% due to
organic matter accumulation (sedge-moss fen peat) but still with strong minerogenic
contamination (Figure 3 C, zone KT-L12). Macrofossils of trees, shrubs and dwarf shrubs are
represented by a fruit of Rubus idaeus, and higher in the profile also by needles of Picea abies
and fruits of Sambucus racemosa (Figure 5). Within the investigated part of the stage KT-7
there are abundant fruits of Scirpus sylvaticus and some sclerotia of Cenococcum geophilum.
The corresponding LPAZ KT-P9 (SM Figure S6) shows substantial vegetation changes: NAP
pollen percentage decreases, whereas several arboreal pollen curves show distinctive increase
in values and continuity: Pinus sylvestris-type, Alnus, Picea abies (confirming the local
presence inferred from plant macrofossils), Ulmus, Corylus avellana and Tilia undiff. These
set of observations indicate the expansion of mixed temperate forest in the warming climate

of the Holocene.
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Table S9. Distinguishable similarities and differences recognized in the vegetation and lithological records of the Koton and Klaklowo landslide

Record of vegetation/habitat changes

Lithological record (minerogenic sediment delivery)

Ca. 13,610 cal BP (with the onset of the GI-1c2 phase) - local
habitats become unified in both sites as a long-lasting fens (ca.
13,900 £ 56 cal BP — the long-lasting fen stage was reached in
Koton, ca. 13,610 cal BP — long-lasting fen stage was reached in
Klaklowo).

2

Local establishment of Betula woodlands: first at the Koton site,
ca. 13,810 £+ 70 cal BP, and subsequently in the the Klaklowo site,
ca. 13,710 £ 53 cal BP.

3

During GI-1a—c/Allerad, GS-1/Younger Dryas and at the
beginning of the Preboreal — the similar (but asynchronous)
habitats succession (first the less wet 5a, later waterlogging of the
lower part of the stage 5b and again less wet upper part of the
stage 5b).

4

At the onset of the supposed Preboreal/Boreal period (ca. 10,990 +
432 for Koton and ca. 11,120 £ 99 cal BP for Klaklowo)
corresponding composition of macrofossils (Scirpus sylvaticus,

Similarities: Similarities:
Asynchronous: 1

The beginning of the Holocene is manifested by a gradual intensification
1: of the supply of minerogenic material to the Koton (since ca. 11,720 +

123 cal BP) and Klaklowo (ca. 11,720 + 178 cal BP).

2

The supposed Preboreal/Boreal period - the lowest sedimentation rate of
the whole profiles was determined, 0.12 mm year ! for Koton and ca.
0.10 mm year ! for Klaklowo deposits (in both cases minerogenic-
organic deposits).
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Cenococcum geophilum) and pollen (Picea abies, Ulmus, Alnus
etc.), temperate mixed forests expansion.

Synchronous:

1

The local presence/establishment of pine woodlands (ca. 13,650 +
103 cal BP in the Koton site and ca. 13,630 + 43 in the Klaklowo
site).

2

Toward the end of Allerad/beginning of Younger Dryas, the trend
of increasing/dominating of Pinus pollen/macrofossils, expansion
of pine forest.

3
GI-1cl/Allered - since around 13,450 cal BP the tree birch
recession (pollen, macrofossils) at both sites.

4
During the GS-1/Younger Dryas - the maximum percentage of
Pinus sylvestris-type pollen of the entire pollen sequences was
registered in both Koton (KT-P6-Pinus) and Klaklowo (KK-P7-
Pinus-NAP) sites. Pinus sylvestris macrofossils also numerous.

5

At the beginning of the Holocene - an ultimate almost
synchronous decline of Bryopsida at a time of 11,510 = 161 in
Koton and 11,560 + 177 in Klaklowo.

Differences

Differences

1

1
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GI-la—c/Allered - First appearance (>14,630 =+ 349 cal BP) and
expansion (13,540 + 28 cal BP) of Larix decidua macrofossils in
Klaklowo. In Koton much later: GS-1/Younger Dryas cooling -
trace occurrences of Larix decidua in Koton site can be dated to
ca. 12,560 + 198, increased abundance of Larix decidua
macrofossils around 11,850 + 82.

2
GS-1/Younger Dryas cooling — weak NAP/Artemisia pollen signal
only in the Klaklowo landslide fen.

3

The beginning of the Holocene/Preboreal period - decline of Pinus
sylvestris (11,670 + 142 cal BP), Coniferae (11,610 = 160) and
Larix decidua (11,460 + 208 cal BP) in Koton, earlier than in
Klaklowo.

4

Preboreal period/Preboreal oscillation (KT-P8: NAP-Betula-
Pinus) - increase in NAP/Artemisia pollen visible only in the
Koton fen.

5

Onset of the Preboreal oscillation — in Klaklowo temporal
recession of Pinus sylvestris and Larix decidua (11,260 + 263 cal
BP).

6

Ending of the Preboreal oscillation — in Klaklowo an ultimate
recession of all Carex species (11,140 = 88 cal BP), an almost
total disappearance of Pinus sylvestris and a total decline of Larix

GI-1cl/ Allered - A thin minerogenic intercalation devoid of pollen (ca.
13,490 £ 25 cal BP) in Klaklowo record, not registered in Koton.

2
A cold climatic GI-1b/Gerzensee oscillation reflected only in LOI (ca.
13,170 £ 81) and pollen data of the Klaklowo site (ca. 13,140+ 79 cal BP).

3

Cold Preboreal oscillation expressed in abrupt and huge minerogenic
input in the Koton fen (from ca. 11,260 & 263 to ca. 10,990 + 432 cal BP,
ca. 270 years) - only 7.5 cm thickness of minerogenic layer, and in
Klaklowo (ca. 11,240 =92 to ca. 11,120 + 99 cal BP, ca. 120 years) ca.
47.5 cm thickness of minerogenic layer (very high sedimentation rate:
4.20 mm year ™).
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decidua and Betula sect. Albae (all three taxa disappearances are
dated to ca. 11,120 £+ 99 cal BP).
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Abstract Aquatic ecosystems developed within
landslide depressions are common in the region of the
Outer Western Carpathi, and they frequently record
detailed pond-to-fen vegetation successions initiated
by the warming climate of the Bglling-Allergd period.
In the Klaklowo landslide fen (the Beskid Makowski
Mountains, S Poland) the late glacial deposits are
represented by a long (approximately 2.5 m) miner-
ogenic-organic sequence with a distinct section cor-
responding to the Older Dryas cooling. Here, we
applied a high-resolution multi-proxy study (grain
size, geochemical, pollen and macrofossil analyses,
radiocarbon dating), and we reconstructed vegetation,
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hydrological and climate changes recorded in the
bottom part of the Klaklowo fen sequence (depth
range of 250-367 cm). A special emphasis was put
on investigating the conditions affecting develop-
ment of Characeae-dominated vegetation succession
and possible reasons behind the discontinuous pol-
len record. Multi-proxy results revealed that the late
glacial sequence (ca. 14,600—-13,500 mod. cal yrs BP)
of the Klaklowo fen consisted of five palaeoecologi-
cal stages of development which correspond to the
Greenland ice core and Gerzensee chronologies. Dur-
ing the first stage, presumably dry and cold conditions
of steppe-tundra prevailed in the surroundings of a
poor-in-vegetation Klaklowo waterbody I, matching
the Oldest Dryas and Bglling climatic phases. Deteri-
oration of the pollen record observed within this stage
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most probably resulted from the post-depositional
oxidation due to periodical water-level changes of the
waterbody I. During the second stage, palaco-pond
was transformed into a short-lasting fen likely with
a more wide-spread steppe-tundra vegetation in the
catchment area reflecting the dry and cold climate of
the Older Dryas. Further two sub-stages of the Klak-
lowo waterbody II were characterized by aquatic veg-
etation and boreal forest succession signalizing the
Allergd warming. The co-occurrence of macrophytes
dominated by wide-spread Characeae meadows and
intense precipitation of calcium carbonate indicate
that alkaline conditions prevailed in the Klaklowo
waterbody II at that time. Carbonate formation prob-
ably resulted from leaching of carbonate-bearing bed-
rock in the catchment area and calcium-rich ground-
water supply to the pond intensified by increased
precipitation. The last stage is characterized by the
disappearance of Characeae meadows which may be
attributed to multiple factors including the transition
of the palaeo-pond into a fen and related acidification.

Keywords Landslide fen - Macrofossil analysis -
Discontinuous pollen record - Bglling - Older Dryas -
Allergd

Introduction

For the late glacial period, Bglling and Allergd
climate warmings were separated by a short (ca.
100-200 years) climate cooling called Older Dryas
that is observed within the climate-biostratigraphic
division for Scandinavia (Iversen 1954). Among
deposits of peatlands and lakes from various
hypsometrical settings, the Bglling-Older Dryas-
Allergd sequence is often distinctively expressed
in palaeo-records of mountainous sites due to the
possible proximity of vegetation ecotones and
favourable local environmental features, e.g. altitude,
exposure, topography and hydrology (Feurdean
et al. 2007; Ammann et al. 2013; Margielewski
et al. 2022a). Previous research conducted in
the Outer Western Carpathians has proven that
landslide fens, small peatlands developed within
landslide depressions, are sensitive indicators of
palaeoenvironmental and palaeoclimatic changes
(Margielewski 2018). In the Klaklowo landslide

@ Springer

fen, as well as in the neighbouring Kotonl landslide
fen (Beskid Makowski Mountains, Outer Western
Carpathians, S Poland), multi-proxy analysis of the
fen deposits revealed a long (ca. 2.5 m and 3.5 m,
respectively) minerogenic-organic  sequence  of
the late glacial (Margielewski 2001; Margielewski
et al. 2003). Based on the plant-macrofossil analysis
previously conducted for the Koton site, lacustrine
clastic deposits of the Bglling Interstadial showed
some evidence of a warmer climate only within a
thin organic horizon with seeds of Viola palustris
(Margielewski et al. 2003). During the Older Dryas
cooling the Kotonn waterbody was shallow and
eutrophic, surrounded by reeds and inhabited by
Chara sp. and other macrophytes (Margielewski et al.
2003). With the onset of Allergd warming, the share
of sedges increased and became dominant, in this
way causing overgrowing of the palaeo-waterbody
by vegetation (Margielewski et al. 2003). As a result,
the Bglling-Older Dryas-Allergd climatic oscillations
were well-documented by the local aquatic and boggy
plant succession of the Koton landslide fen.

In modern freshwater ecosystems, which
constitute analogues to ancient lakes and peatlands,
the dynamics of Characeae macroalgae and other
macrophytes have been thoroughly studied from the
perspective of the ongoing climate change (Hargeby
et al. 2004; Rip et al. 2007; Sleith et al. 2018). Growth
and stability of Characeae phytocenosis depends on
many environmental factors: low turbidity of water,
favourable depth of waterbody, oligo- to mesotrophic
conditions, basic pH and buffering capacity of
water, temperature (including interannual changes
influencing the length of a spring clear-water phase),
salinity and others (Kufel and Kufel 2002; Hargeby
et al. 2004; Petechaty et al. 2013; Choudhury et al.
2019). These in-situ factors are, in turn, modified
by different external drivers, mostly related to
characteristics of the lake catchment (e.g. nutrient and
solid material delivery) and climate (Hargeby et al.
2004).

Water-level fluctuations in palaeo-lakes and
mires were frequently triggered by climate
changes, thus, they may be effectively correlated
with changes in the pollen sequences (Stowiniski
et al. 2016; Margielewski et al. 2022b, 2024).
Water-table lowering may also, however, result
in aerobic conditions, which in turn can cause
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the decomposition of pollen grains. Deteriorated
pollen records, either in a form of entirely sterile
or partially depleted sequences (sterile horizons),
frequently hamper a detailed reconstruction
of past vegetation (Carrién et al. 2007, 2009).
Among 221 study sites in the Iberian Peninsula
investigated in terms of discontinuous pollen
records, 36 localities concerned lakes/palaeo-
lakes and peat bogs (Carrién et al. 2009). On the
other hand, discontinuous pollen records and
other proxies may indicate prolonged exposure
to subaerial conditions. For instance, as iron
oxidizes faster than manganese, low Fe/Mn ratios
determined by geochemical analysis indicate good
oxygenation of bottom water and can be used for
palaeo-reconstructions of redox conditions (Naeher
et al. 2013). Furthermore, geochemical indicators
usually used in soil research can be applied: high
levels of oxygenation cause mineralization of
ammonium nitrogen to nitrate nitrogen, resulting
in NO;/NH, ratios higher than 1 (Gotkiewicz 1973,
1996). Additionally, water-table fluctuations can
be indirectly interpreted from changing contents
of soil organic carbon (SOC) and total nitrogen
(TN), as well as SOC/TN ratios. These parameters
allow for determining increased biomass input and
terrestrial vs aquatic sources of organic matter in
lacustrine/peatland sediments (Zeng et al. 2017).
Here, we present results of a new multi-proxy
study of recently collected sediment cores from
the Klaklowo landslide fen, including grain size,
geochemical (SOC, TN, N-NH,, N-NO,, P-PO,,
CaCOs;, and selected results of ICP-MS analysis: Mn
and Fe), palynological and non-pollen palynomorphs,
and—particularly—plant macrofossil analyses with
the addition of determinable taxa of animal remains
(e.g. Ostracoda, Porifera, Chironomidae), and radio-
carbon dating. The main research objective was to
reconstruct past vegetation, climate and hydrological
changes recorded in the bottom part of the late glacial
sedimentary sequence (depth section of 250-367 cm;
Bglling, Older Dryas and the beginning of Allergd).
A special attention was paid to the development of
a well-pronounced Characeae-dominated aquatic
plant succession revealed—similarly to the neigh-
bouring Kotori site—by plant-macrofossil analysis
in the supposed Older Dryas deposits. Furthermore,

the possible reasons behind the discontinuous pol-
len record were investigated for the Klaklowo fen
deposits.

Site description
Geological and geomorphological setting

The study site is located in the Beskid Makowski
Mountains, which is part of the Outer Western Car-
pathians in the south of Poland (Fig. 1 A and B).
Geologically, it is situated within the Siary Subunit of
the Magura Unit (Ksiazkiewicz et al. 2016), which is
one of the overthrust tectonic units (nappes) that form
the Outer Western Carpathians. The Carpathian oro-
gen is built of flysch rocks comprising siliciclastic-
clayey turbidites (occasionally also of carbonate and
siliceous rocks) of the age ranging from Late Jurassic
to Early Miocene (Ksigzkiewicz 1972). The investi-
gated Klaklowo landslide (centre at 450 m a.s.l.) and
the subsequently formed peatland is embedded in the
northern slope of Mt. Pekaléwka (839 m a.s.l.), open-
ing toward the valley of one of the Raba River tribu-
taries (Fig. 1 D). Details on the landslide geometry
and geological description are given in the Electronic
Supplementary Material (ESM). The depression of
the Klaklowo fen is elongated latitudinally (about
100 m long), shorter longitudinally (40 m wide) with
a shape that is slightly bent southward due to the
semicircular head scarp of the landslide (70 m high)
encompassing it from the south (Fig. 1 E-H). From
the north the depression is dammed with colluvial
rampart, on the right of which a stream is flowing out
from the fen into the valley (Fig. 1 E-H). At present,
the Klaklowo landslide’s sub-scarp depression is a
mire of minerogenic type (a fen) (Fig. 1 F and G).

Climate, hydrology and vegetation

The mean annual precipitation for the Beskid
Makowski Mountains is 800-1000 mm and mean
annual temperature ranges from 8.0 to 8.5 °C (Tom-
czyk and Bednorz 2022). With respect to surface
waters, there are small watercourses (some of them
periodical) flowing down from the head scarp, mix-
ing within the basin of the fen and flowing out as
one stream along the eastern boundary of the land-
slide (Fig. 1 E). Regional and local topography, cli-
mate and hydrology influence the vegetation patterns
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«Fig. 1 Location of the Klaklowo landslide fen (purple circle)
in Europe (A), the region of the Outer Western Carpathian (B)
and the Beskid Makowski Mountains (C), dashed line in part
C—boundary between foothills and Beskids’ relief zones; D
Klaklowo landslide zone (outlined with the dashed line) with
the position of the Klaklowo landslide fen (area in green), E
present-day area (green solid line) of the fen with A-B cross-
section (see H); F and G present-day Klaklowo fen (photo by
Jolanta Pilch); H A, B cross-section through fen (see E) with
the position of the cores collected for the purpose of the cur-
rent study; I on the left—selected results from the previous
study of the Klaklowo landslide fen (Margielewski 2001; Mar-
gielewski et al. 2022b): lithology/peat type description, loss
on ignition curve, chronozones and local pollen assemblages
zones (LPAZ) (by V. Zernitskaya); on the right—new analyses
carried out in the present study—Ilength of a grey bar shows
the extent of the analysis along the core, dashed bar—sections
with analysis in progress; investigated depth section—section
of the deposits presented in this paper. Sources of basemaps
used in Fig. 1 are given in ESM

(Fig. 1 F and G): nowadays the slopes of the Beskid
Makowski Mountains are located within submontane
(<550 m a.s.l.) and the lower montane vegetation belt
(550-870 m a.s.l.) and are overgrown mainly with
mixed forest with predominance of beech (Fagus syl-
vatica) and fir (Abies alba) and some occurrence of
spruce (Picea sp.). Birch (Betula sp.) appears locally
on the landslide surfaces and it is also present in the
Klaklowo fen vicinity. Willow (Salix sp.) shrubs are
present at the swampy sites, whereas wet margins
of streams are covered by alder (Alnus sp.) (Mirek
2013).

Materials and methods
Coring and sampling

Sediment cores were collected from the central
(deepest) part of the Klaklowo fen depression (N 49°
46.772°: E 19° 55.383’; 466 m a.s.l.; Fig. 1 H) using
INSTOREF Russian peat sampler (diameter: 8 cm). The
drilling site was repeated at the same location which
was probed during an earlier study (Margielewski
2001) to enable comparison between the profiles.
Bedrock of the fen was reached at the maximum
depth of 367 cm (Fig. 1 H and I). Subsequently, cores
were sampled for multi-proxy analyses: pollen and
NPPs, plant macrofossils, radiocarbon dating, grain
size and geochemistry (Fig. 1 I). To investigate the

targeted late glacial climatic oscillations, the depth
section of 250-367 cm was selected as the primary
area of subsampling. Sampling interval was 2.5 cm
except for the pollen analysis in which it was 5 cm
(Fig. 1). However, the sampling interval was modified
at some depth points of the profile according to
requirements of a given analysis (e.g. excluding
samples made of pure organics in granulometric
analysis), what resulted in a slightly changing number
of samples per proxy. All maps, 3D views and cross-
sections presenting localization of the study area and
drilling site (Fig. 1) were compiled in QGIS 3.10.8.

Radiocarbon dating and age-depth model

In total, ten radiocarbon dates were obtained from a
depth section of 140-367 cm of the sediment core
at sampling spots corresponding to stratigraphic
boundaries or significant changes in lithology
(Table 1). Organic material (mostly plant fruits
and aerial parts of moss stems) was selected
during macrofossil analysis for Acceleration Mass
Spectrometry (AMS) dating. Obtained “C age
data were further calibrated using the OxCal v. 4.4
software (Bronk Ramsey 2009) and the IntCal20
calibration curve (Reimer et al. 2020) (Table 1).
The chronology of the Klaklowo sediment sequence
was derived by constructing the Bayesian age-
depth model based on eight '“C AMS dates. Two
dates, MKL-A5610 and MKL-A5462, which
constituted the two first attempts of dating the
beginning of the accumulation of the peat sequence
at a depth of approx. 260-270 cm, were excluded
from the calculations due to their distinctively
overestimated ages. The modelling of the age-depth
curve was performed in the OxCal software using
the P_sequence function, interpolation=2 (0.5 cm),
parameters kO=1 and loglO(k/k0)=U(-1,1), and
by applying the IntCal 20 calibration curve. The
modelled age (p values rounded to tens) expressed
as mod. cal yrs BP and sedimentation rate expressed
in mm year~! were determined for the sediment
sequence.

Grain-size analysis
The grain-size analysis was carried out using laser

diffraction with the Mastersizer 3000 granulometer
(Malvern Panalytical, United Kingdom). Content
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Table 1 Results of radiocarbon dating of the Klaklowo landslide fen deposits

No Depth (cm) Material Macrofossil ~ Lab code* Age '“C (yrs  Calibrated Mean Sigmaoc Context of dating
type BP) age 26 95.4% p(cal  (cal yrs)
(cal yrs BP)  yrs
BP)
1 140.0-142.5 Moss-fen Needles MKL-A6288 9860+33 11,390- 11,261 38 Within the
peat of Larix 11,379 Younger Dryas
decidua (1.9%), chronozone
11,326-
11,202
(93.6%)
2 160.0-162.5 Moss-fen Needles MKL-A6289 10,395+30 12,479- 12,279 119 Allergd and
peat of Pinus 12,096 Younger Dryas
sylvestris (92.9%), boundary
12,086~
12,058
(2.6%)

3 200.0-202.5 Peat Needles MKL-A6290 11,080+29  13,092- 13,009 52 Gerzensee
intercalated  of Pinus 12,918 oscillation
with silt sylvestris (95.4%)

4 239.5-241.5 Peat Needles MKL-A6291 11,678 +£30  13,596- 13,539 37 Allergd-1 and
intercalated  of Pinus 13,475 Allergd-2
with silt sylvestris (95.4%) boundary

5  260.0-262.5 Organic- Needles MKL-A6130 11,700+31  13,604— 13,549 39 Beginning of
clastic of Pinus 13,481 accumulation
sediment sylvestris (95.4%) of peat

sequence

6  262.5-265.0 Organic- Stems of MKL-A5610 12,253+37 14,761- 14,190 127 Beginning of
clastic mosses 14,746 accumulation
sediment (0.8%) of peat

14,324~ sequence
14,061
(94.6%)

7 270.0-272.5 Clastic- Needles MKL-A5462 13,353+37 16,228- 16,068 79 Beginning of
organic of Pinus 15,906 accumulation
sediment sylvestris, (95.4%) of peat

stems of sequence
mosses

8  319.0-322.5 Decomposed Fruits of MKL-A5463 11,981+35 14,024- 13,898 75 Centre of the
peat Eleocharis 13,906 second organic

palustris, (48.2%), horizon
stems of 13,894—
mosses 13,785

(47.2%)

9  347.5-350.0 Decomposed Stems of MKL-A5464 12,238 +34 14,309 14,160 100 Top of the first
peat mosses 14,059 organic horizon

(95.4%)

10 355.0-357.5 Decomposed Stems of MKL-A5465 12,422+42 14,896 14,568 176 Bottom of the

peat mosses 14,277 first organic
(95.4%) horizon

“Laboratory of Absolute Dating in Krakéw, Poland, in collaboration with the Center For Applied Isotope Studies, University of

Georgia, US.A
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of sediment fractions, sediment type and statistical
parameters of the grain-size distribution according to
Folk and Ward’s (1957) graphical method were calcu-
lated in GRADISTAT software (Blott and Pye 2001).
Transport and deposition mechanisms of sediments
were determined based on C-M diagram (Passega
and Byramjee 1969). The peat-type description was
adopted from a previous study (Margielewski 2001),
in which it was determined based on plant-tissue
analysis and the classification of Totpa et al. (1967)
(Fig. 1 1).

Geochemical analyses

The carbonate content (equivalent of CaCO,
obtained from CO, concentration released in the
reaction with 10% HCl) was determined using
Scheibler’s volumetric method (Loeppert and
Suarez 1996). Further, a set of geochemical proxies
usually applied in soil research (Wang et al. 2022)
was employed. Total carbon and total nitrogen
content (TN) were determined by dry combustion
using a Vario Micro Cube CHN elemental analyser
with TCD detection (Elementar Analysensysteme
GmbH, Langenselbold, Germany) (Nelson and
Sommers 1996). For most samples (due to the
absence of carbonates), the total carbon content
was assumed to correspond to the SOC content.
However, if carbonates were present, the SOC
content was calculated by subtracting the inorganic
carbon content (eqCaCO;x0.12) from the total
carbon content. The content of labile forms of
mineral phosphorus (P-PO,), soluble in deionized
water, was measured using a spectrophotometric
method at a wavelength of 550 nm (Levy and
Schlesinger 1999). The content of nitrate nitrogen
(N-NO,) in 1% K,SO, solutions was determined
using phenyldisulfonic acid and measuring the
absorbance at a wavelength of 410 nm (Gotkiewicz
1983). The content of ammonium nitrogen
(N-NH,) in 1% K,SO, solutions was determined
using direct Nesslerization and measuring the
absorbance at a wavelength of 436 nm (Gotkiewicz
1983). The contents of P-PO,, N-NO; and N-NH,
were determined for the solid material of the
sample (pore water was not investigated). Although
the content of P and N fractions in peatland deposits
is subjected to various syn— and post-depositional
processes (Salmon et al. 2021), the potential

relationship with other palaeoecological data was
qualitatively investigated. N-NO3;/N-NH, ratios
were calculated to reconstruct level of oxygenation
(Gotkiewicz 1973). Additionally, a set of elements
were measured (Ca, Mg, K, Na, Fe, Mn, Ni, Cu,
Zn, Pb) using an Agilent 8900 Triple Quadrupole
ICP-MS (Agilent Technologies, USA) instrument
(details in ESM; results of the whole analysis will
be presented in separate paper), and Fe/Mn ratios
were determined to reconstruct redox conditions
(Naeher et al. 2013).

Pollen and non-pollen palynomorphs (NPPs) analysis

A standard chemical preparation for palynological
analysis (Erdtman 1960; Fagri and Iversen 1989)
was applied to each sample (approx. 1 cm?® of
sediment volume). Quantitative analysis of pollen
and NPPs included counting pollen grains of trees
and shrubs up to at least 600 per sample under a
light microscope. Pollen and NPP identification
was based on available keys and the reference
collection of modern pollen slides (full list in
ESM). Percentage pollen data for each given taxon
was determined from the sum of arboreal (AP—
trees, shrubs and dwarf shrubs) and non-arboreal
(NAP—terrestrial herbs) plant pollen given as
YAP+XNAP=XP. Taxa of spore-producing plants,
non-pollen palynomorphs and corroded pollen were
excluded from this sum. Percentage data for taxa
of these groups were calculated from the XP + sum
of grains from a corresponding group=100%. All
calculations and data plotting were done using Tilia
software (Grimm 1991).

Macrofossil analysis

The sediment samples, after disaggregration
and elimination of humic substances by boiling
in water with detergent and KOH, were mildly
washed through a 200 um mesh sieve. Macrofossil
examination was performed with a ZEISS Stemi
508 stereomicroscope at 10-16 X magnifications.
Fruits, seeds, plant vegetative fragments and other
macrofossil types were identified according to
various keys and publications (full list in ESM).
The collection of modern diaspores and specimens
of fossil flora from the National Biodiversity
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Collection of Recent and Fossil Organisms stored
at W. Szafer Institute of Botany PAS in Krakéw
(herbarium KRAM) were also used for comparison.
A full list of references for the macrofossil
identification (including animal remains of e.g.
Ostracoda, Porifera, Chironomidae), botanical
nomenclature, phytosociological nomenclature
and palaeoecological indicators is given in ESM.
Identified plant and animal taxa were grouped
according to specific habitats and plotted on the
macrofossil diagram using Tilia software (Grimm
1991) as absolute macrofossil counts per sample
volume.

Statistical methods and zonation
Cluster analysis was conducted separately for
macrofossil and geochemical data to derive two sets
of zonation. Pollen data were not possible to analyse
due to the depth interval with lack or scarcity of
pollen. Plant macrofossil counts were converted
to concentrations (per 20 cm’), and subsequently,
both macrofossil and geochemical data (SOC, TN,
N-NH,, N-NO;, P-PO,, CaCO;) were transformed
by loglO(x+1) function, in which x is a data value
(Birks 2014). Constrained incremental sum of squares

cluster analysis (CONISS, Grimm 1987) was applied
and the number of statistically significant zones was
determined using the broken stick model (Bennett
1996). Moreover, in case of plant macrofossil data
CONISS zonation was also established separately for
each habitat group of taxa to capture changes within
different parts of the basin, and then compiled together
into local macrofossil assemblage zones (LMAZ). All
calculations were carried out in R version 4.2.2 (R
Core Team 2022) and using package Rioja (Juggins
2022). Eventually, the established geochemical and
macrofossil zonations were compiled together by
qualitative interpretation into five units which reflect
the main palaeoecological stages of the Klaklowo
landslide-fen development.

Results
Absolute chronology and sedimentation rate

The calculated age-depth model (Fig. 2—here pre-
sented only the 250-370 cm depth section of the entire
model) is reliable due to the agreement index A, 4
equal to 66%, which exceeds the recommended mini-
mum of 60% for the model robustness (Bronk Ramsey

oy o
o Qm
i _ e S
P o E T > E
§ 5 ¢ S 38 58
< o o £ Age-depth model S5 £ =
5 2 5 % =g 3
a 5 3 a ' E %)
5 g 11678430+ MKL-A6291 [A:68] + 13500
250 — | posé tehy 250
. i -A6130 [A:104
1170031 MKL-AB130 [A:104] Vi 13600
13700
300 300k 13800
13900
MKL-A5463 [A:97 =
1198135 7 [A:97] oo 14000
14100
350 12238434 » 350 MKL-A5464 [A:68] - f 14200
12422442 MKL-A5465 [A:101 2 Amodel:66% 14800

i~

Peat Decomposed Peat with
peat mineral inserts

1
18000 17000 16000 15000 14000 13000 12000 11000

Modelled date (cal yrs BP)

1.2 3

(mm yr’)
(analysed by J. Pilch and K. Buczek)

Fig. 2 From the left: lithological column of the Klaklowo fen deposits, uncalibrated '4C ages of sediment samples, section of the
age-depth model presented in this paper (250-370 cm), modelled '*C age and sedimentation rate
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Fig. 3 Sediment-grain size, deposition mechanism and geochemical data of the depth section of 250-350 cm of the Klaklowo land-

slide-fen deposits

2009). According to the model and AMS dates, the
accumulation of organic-minerogenic deposits of
the Klaklowo landslide fen began some time before
14,896-14,277 cal yrs BP (the lowermost AMS date).
Taking the timeframes between 14,600 mod. cal yrs
BP (approximated u value of the lowermost AMS
date) and 13,500 mod. cal yrs BP (approximated p
value from the age-depth model for the depth 250 cm),
the accumulation lasted around 1100 mod. years. The
sedimentation rate varied throughout the profile, from
low: 0.2 mm yr~' (347-360 cm), through medium:
12-1.5 mm yr~' (261-347 cm), to the highest:
2.5 mm yr~! above a depth of 261 cm, at which moss
fen peat accumulation begun.

Grain-size data

Grain-size results show that the minerogenic sedi-
ment of the Klaklowo fen sequence can be classified
as silt varying from fine to coarse, with noticeable
admixture of very fine to medium and coarse sand
occurring at a depth of 327.5-345.0 cm and of very
fine sand at a depth of 310.0-317.5 cm (Fig. 3). Due
to the small variability, a detailed description of sedi-
ment types along the profile according to Folk and
Ward’s (1957) (ESM-Fig. 2) parameters and inter-
pretation of deposition mechanisms based on C-M

diagram (Passega and Byramjee 1969) (ESM-Fig. 3)
are given in the ESM.

Geochemical data

CONISS analysis of the geochemical data
allowed to distinguish five geochemical zones
corresponding to five palaeoecological stages
(Fig. 3; CONISS dendrogram in ESM-Fig. 4).
Stage KK-1 (322.5-340.0 cm) was characterized
by a relative increase in the content of organic
matter and a trace amount of carbonates and a
clear dominance of nitrate N over ammonium
N, expressed by NO,/NH, values higher than 1,
with an average of 2.17. P concentrations in the
lowermost zone were characterized by the lowest
average value among all analysed zones, amounting
to 67.7 mg kg~!. Fe/Mn ratios were also among the
lowest (22.4-109.5) of all stages, however, from
around 330.0-332.5 cm they started to increase
noticeably. Stage KK-2 (302.5-322.5 cm) was
characterized by an organic-rich insert (up to 23.9%
SOC, 1.1% TN) occurring in the uppermost part,
while in the lower part of this zone both SOC and
TN showed a gradual decrease with values ranging
from 1.3 to 2.2% and from 0.1 to 0.3%, respectively.
The upper boundary of the stage KK-2 displayed a
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clear decrease in P concentration compared to the
stage KK-3, along with a relative increase in P-PO,
with depth, ranging from 15.5 to 291.2 mg kg~
Moreover, at a depth of 315.0-317.5 cm,
the highest concentration of ammonium N
(105.93 mg kg™!) in the entire profile was recorded.
Fe/Mn values, with some fluctuations, kept on
a high level (average value 95.0) and decreased
gradually in the upper part of the zone to 50.7.
Stage KK-3a (292.5-302.5 cm) was characterized
by trace amounts of carbonates (up to 2.1%
eqCaCO;) occurring in the uppermost part, while
the content of other analysed elements was aligned
through the whole depth. Similarly to KK-1, Fe/
Mn values were low (43.8 on average). Stage
KK-3b (267.5-292.5 cm) contained carbonate-
rich material (5.4-29.9% eqCaCO;) which in
its upper part showed relatively high content of
organic matter (3.8-5.2% SOC and 0.4-0.5% TN).
The interval 280.0-285.5 cm showed a relative
decrease in N-NH, to N-NO; concentrations (with
an average NO;/NH, ratio of 1.03), coinciding with
notably higher concentrations of P-PO,. Fe/Mn
ratio was increasing with decreasing depth (from
26.7 to 102.1), with a sudden rise to the highest
value (174.9) in the entire investigated section at a
sample depth of 280.0-282.5 cm and a subsequent

drop to lower values. Stage KK-4 (250.0-267.5 cm)
was characterized by the highest contents of SOC
(7.0-38.5%) and TN (0.6-1.7%). Both elements
increased gradually with the decreasing depth.
The ratio of N-NO; to N-NH, was low (0.16 on
average), indicating a predominance of ammonium
N over nitrate N. The P-PO, content was in a
range from 110.7 to 133.4 mg kg~!. Fe/Mn ratios
continued to increase in the lower part up to the
ratio of 132.3, but then started to decrease (to 42.2
in the uppermost sample).

Pollen and NPP data

The conducted pollen analysis showed the absence
or strong scarcity of pollen grains along with up to
55% share of corroded pollen in the lowermost part
(287.5—367.0 cm) of the investigated Klaklowo
sediment sequence. Therefore, distinguishing local
pollen assemblage zones (LPAZ) and chronozones
was not possible for this depth interval (Fig. 4).
Instead, based only on a number of pollen grains
found in sediment, three pollen zones were estab-
lished for the depth section of 250-367 cm (Fig. 4):
zone P1 (332.5-367.0 cm)—lack of pollen, zone
P2 (287.5-332.5 cm)—poor in pollen, and zone
P3 (250.0-287.5 cm)—abundant amount of pollen.
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Fig. 4 Pollen-percentage diagram of the depth section 250-
367 cm of the Klaklowo landslide-fen deposits. Zonation is
represented by three pollen zones and five palaeoecological
stages of development. See ESM-Table 1 for detailed descrip-
tion of the zones. Notice that for convenience pollen data from
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zone P2 are expressed as percentage data, but it is not inter-
pretable due to pollen scarcity. *occurrence of pollen of Larix,
Pinus cembra and Betula nana distinguished in the previous
study (Margielewski 2001):4+— 1-8 pollen grains;+ +— 9-36
pollen grains
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Table 2 Palaeoenvironmental reconstruction of stages of the Klaklowo fen development (see also Fig. 6 for summary interpretation)

Palaeoecological stage of the Klaklowo fen
development

Description

Stage KK-1 (ca. 14,040—> 14,790 mod. cal
yrs BP, ca.> 750 mod. years):

Development of the waterbody I after
formation of the Klaklowo landslide and
sub-scarp depression

Stage KK-2 (ca. 13,870-14,040 mod. cal yrs
BP, ca. 170 mod. years):

Basin drainage and formation of a short-
lasting fen

Existence of a waterbody during the stage KK-1 is mainly confirmed by the nature of

sedimentation of detrital particles from a complex uniform suspension in water and
possibly also with some elements of graded suspension (sorting by bottom current)
(Fig. 3)—both mechanisms are characteristic for low turbulence conditions. Clastic
sedimentation and reduction in biomass input is also reflected in the very low
contents of SOC and TN (Fig. 3) (Zeng et al. 2017). Low redox conditions in this
zone are indicated by low Fe/Mn ratios and N-NO;/N-NH, ratios higher than 1
(Fig. 3) (Gotkiewicz 1973; Naeher et al. 2013). Sand and debris material from

the bottom part of the fen deposits reflect the dynamic slope processes around the
Klaklowo sub-scarp depression possibly intensified by the lack of vegetation cover
within the freshly formed landslide colluvium (Fig. 3)

The Klaklowo waterbody I was oligo- to mesotrophic, only sparsely inhabited by

aquatic plants, and it underwent a process of shallowing with development of a
fen (decomposed peat containing Bryales sp. — according to Margielewski 2001;
macrofossils were dominated by Juncus sp.) and some drainage and desiccation
event at a depth of ca. 350 cm (Figs. 5 and 6). This zone is devoid of pollen (zone
P1) (Figs. 4 and 6)

Arctic/alpine plant species (Dianthus glacialis, Arabis alpina) redeposited to

the Klaklowo basin during the stage KK-1 are characteristic for dry and cold
conditions of steppe-tundra, within which some tree-shrub stands (Larix decidua,
Pinus sylvestris, Betula humilis) probably occurred (Fig. 5). Based on abundant
charcoal fragments found, events of palaeo-fires were also common

In the lowest part of KK-2 a layer of noticeably coarser sediment (Fig. 3) and a

high abundance of sclerotia of Cenococcum geophilum (Fig. 5), again suggest the
intensification of slope processes. Within this depth interval of elevated turbulence,
an insert of exceptionally high concentrations of N-NH, occurs (Fig. 3, 315.0-
317.5 cm), suggesting that this N fraction may have allochthonous origin and
might be re-reposited to the palaeo-pond from catchment area, e.g. with enhanced
surficial flow

Plant macrofossils redeposited to the basin during stage KK-2 (Dryas octopetala,

Poa cf. alpina, Androsace cf. chamaejasme, to lesser degree: Parnassia palustris
and Melandrium rubrum) are again representative for cold and dry habitat of
steppe-tundra (Fig. 5). The peat horizon occurring in the zone KK-2 is expressed

as an increase in SOC and TN values (Fig. 3) suggesting the enhanced biological
production and biomass input (Zeng et al. 2017). Peat-forming plant taxa (Bryales
sp. and Carex sp.—according to Margielewski 2001) entered the shallowing
Klaklowo waterbody I creating a short-lasting fen. A high decomposition degree of
plant macro-remains is evidence for further basin drainage and peat rotting (Fig. 5).
Enhanced input from boggy and terrestrial plants is also reflected in slightly higher
SOC/TN ratios (Fig. 3). Decomposed peat layer is also characterized by the lowered
values of N-NH, and P-PO,, suggesting a decrease rather than intensification of
mineralization processes, which would be expected in conditions of a lowered water
table (Zeng et al. 2017). According to Gotkiewicz (1996), moisture content above
75-80% significantly inhibits mineralization and reduces especially the release of
nitrates

The dominating occurrence of the boggy taxa Valeriana simplicifolia, Carex rostrata,

Carex diandra, Eleocharis palustris and Phragmites australis suggests water depth
less than 1 m with the interannual fluctuations of 1 m (Gaillard and Birks 2007) and
perhaps some pools with standing water (Characeae) (Fig. 5). plant-taxa composition
suggests that conditions in the fen were mostly eutrophic (with trend to mesotrophic)
and neutral to alkaline (for Carex sp. with trend to acidic). As indicated by Fe/Mn
ratios, during stage KK-2, low redox conditions prevailed, decreasing toward the
upper boundary. This zone is poor in pollen (zone P2) (Figs. 4 and 6)
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Table 2 (continued)

Palaeoecological stage of the Klaklowo fen

development

Description

Stage KK-3a (ca. 13,790-13,870 mod. cal yrs

BP, ca. 80 mod. years):
Colonization of waterbody I

Stage KK-3b (ca. 13,620-13,790 mod. cal yrs

BP, ca. 170 mod. years):
Waterbody II overgrowing

Abundant presence of aquatic plants (Fig. 5) and sedimentation of coarse silt from
uniform suspension (no sorting by bottom current) (Fig. 3) indicate that during this
stage, a waterbody developed once again and was subsequently colonized mostly
by Characeae and other macrophytes. Palaco-pond probably possessed a (eulittoral)
zone with boggy plant taxa (Carex sp. and Scirpus sylvaticus but with Bryopsida
mosses withdrawal) and was surrounded by some tree patches of Larix decidua,
Pinus sylvestris and Betula sp. The expansion of Characeae implies alkaline and
oligo- to mesotrophic conditions. In this zone, elevated contents of P-PO, and N—
NH, correspond to elevated oxygenation of the environment (Fig. 3). This stage is
also poor in pollen (zone P2) (Figs. 4 and 6)

Accumulation of coarse silt continued in the Klaklowo waterbody II throughout the
stage KK-3b. The prominent feature of this zone is precipitation of carbonates:
CaCO; content increases gradually from the lower boundary of KK-3b to a
maximum carbonate concentration at a depth of 277.5-280.0 cm, and then it
decreases at slower pace upward to the upper boundary of KK-3b at which it
sharply ends (Figs. 3, 5 and 6). Parallel, the oxygenation level is decreasing. In
the same depth interval, vast submerged Characeae meadows spread at the bottom
of the waterbody (Figs. 5 and 6). Carbonate precipitation was also expressed in
the form of calcified oospores (gyrogonites) (Apolinarska et al. 2011) abundantly
found in this sediment interval. Characeae presence and precipitation of carbonates
indicate that the local aquatic environment was alkaline. Moreover,presumably
water was also well-transparent and oligo- to mesotrophic. Other macrophyte
representatives (Potamogeton pusillus, Myriophyllum verticillatum and Hippuris
vulgaris) confirm the alkaline conditions, however, they can thrive also in more
eutrophic waterbodies

Clastic sedimentation in the palaeco-pond II is also expressed in low values of SOC
and TN, however, they slightly increase with the decreasing depth. This increase
may signalize the beginning of organic matter accumulation in situ by vegetation
overgrowing the pond as well as possibly from external delivery of terrestrial
organic material to the pond (Zeng et al. 2017). A growing number of macrofossils
of Betula nana, Betula pubescens, Carex rostrata, Carex diandra and Bryopsida
mosses during this stage also reflects the terrestrial plants succession (Betula-
dominated boreal forest). These plant taxa point at oligotrophic-mesotrophic
conditions and moderately acidic soils around palaeo-pond (in case of Betula nana
even highly acidic)

Moreover, during this stage the abundant amount of pollen is finally recorded
(Fig. 4), probably coupled with vegetation development. It is characterized
by predominance of AP vs NAP vegetation, with highest percentage of Pinus
sylvestris (ca. 40—80%) and Betula undiff. (ca. 25—40%). The pollen curves of
these taxa stay in agreement with macrofossil results: in the 267.5-287.5 cm
interval the progression of Betula undiff. can be observed, whereas Pinus sylvestris
slightly declines. Among pollen curves of herbs, Cyperaceae also show an increase.
Among NPP Pediastrum is present, confirming the aquatic conditions

Apart from the occurrence of Dryas octopetala, Asteraceae and some minor amounts
of Poaceae, non-arboreal indicators of dry and cold conditions are absent in this
zone, but some areas of dry open-land habitat probably still occurred in the vicinity
of the Klaklowo waterbody (Fig. 5)
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Table 2 (continued)

Palaeoecological stage of the Klaklowo fen
development

Description

Stage KK-4 (<13,530-13,620 mod. cal yrs
BP, ca.>90 mod. years):
Waterbody II transition to a long-lasting fen

This stage documents a transition from Klaklowo palaco-pond II into a long-lasting
Klaklowo fen, which is also confirmed by results of previous plant-tissue analysis
of the Klaklowo sediment core, indicating the formation of moss-fen peat (Bryalo-
Parvocariconi bryalet consisting of Phragmites australis and Bryales mosses—
according to Margielewski 2001). Organic material accumulation is also expressed
as gradually increasing SOC and TN values and other geochemical data (Fig. 3).
Increasing SOC/TN ratios indicate the increased input from boggy and terrestrial
plants (Meyers and Ishiwatari 1993)

In the catchment of the Klaklowo fen a boreal forest dominated by Pinus sylvestris

started prevailing at that time (probably outcompeting Betula nana and Betula
pubescens) (Figs. 5 and 6). The fen was water-logged (decreasing oxygenation
indicated by increasing Fe/Mn ratios, Fig. 3) and probably mesotrophic, however,
in the upper part of the zone sedges (Carex sp.) and Bryopsida mosses were also
gradually diminishing (Figs. 5 and 6). Instead, plant taxa of slightly different
conditions started to occur sporadically (Taraxacum officinale, Caltha palustris,
Glyceria maxima) perhaps suggesting another change to more alkaline and
eutrophic conditions in the Klaklowo fen

Detailed description of these zones can be found in
ESM-Table 1. Results essential for interpretation are
summarized in Table 2 and Fig. 6.

Macrofossil data

CONISS analysis performed separately for each
plant ecological group allowed to eventually compile
eleven LMAZ units (CONISS dendrograms in ESM-
Fig. Sa—e). A detailed description of LMAZ and local
palaeoecological interpretation, divided into five
palaeoecological stages is given in ESM-Table 2. A
macrofossil diagram divided into stages from KK-1 to
KK-4 is presented in Fig. 5. Data essential for inter-
pretation are summarized in Table 2 and Fig. 6.

Discussion

Palaeoecological development stages of the Klaklowo
fen in the light of palaeoclimatic interpretation and
correlation with extraregional chronologies

Based on the result of multi-proxy analysis and zona-
tion of geochemical and macrofossil data derived
from cluster analysis, five palaeoecological stages of
the Klaklowo landslide-fen development were ulti-
mately distinguished for the investigated late glacial
deposits of the fen (a depth interval of 250—367 cm,
time span: ca. 14,600 and 13,500 mod. cal yrs BP).

Detailed palaeoenvironmental reconstruction of these
stages is given in Table 2, whereas an interpretation
summary and the most essential proxies are shown in
Fig. 6.

Palaeoclimatic ~ conditions inferred  from
established palaeoecological stages revealed a general
change from colder to warmer climate. As indicated
by macrofossils of Arctic/alpine plant species
(Dianthus glacialis, Arabis alpina; Fig. 5) during
stage KK-1, dry and cold conditions of steppe-tundra
prevailed in the surroundings of the presumably
periodical and oligotrophic Klaklowo waterbody I
(Fig. 6). Occurrence of Parnassia palustris suggests
minimum mean July temperatures around 7 °C
(Aalbersberg and Litt 1998).

Stage KK-2 is also characterized by cold and dry
climate (macrofossils of: Dryas octopetala, Poa cf.
alpina, Androsace cf. chamaejasme), and moreover—
as a number of determined taxa specific to these
conditions is higher than for the stage KK-1—
steppe-tundra was probably even more wide-spread
around the Klaklowo basin (Figs. 5 and 6). Plant
taxa associated with formation of a short-lasting
fen (Parnassia palustris, Eriophorum vaginatum,
Eleocharis palustris) point at minimum mean July
temperatures around 7—10 °C (Aalbersberg and Litt
1998).

Characeae and other macrophytes colonised the
Klaklowo waterbody II during the stages of KK-3a
and KK-3b prior to the terrestrial plant succession
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recorded during stages KK-3b and KK-4 (Figs. 5
and 6). Taxa of aquatic plants found in this zone
include Batrachium sp., Potamogeton pusillus,
Myriophyllum verticillatum and Hippuris vulgaris
suggesting minimum mean July temperatures > 10 °C
(optimum: > 13 °C) (Aalbersberg and Litt 1998§;
Gaillard and Birks 2007). Soon after, the birch-
dominated boreal forest developed in the Klaklowo
waterbody catchment, with Betula nana indicating
the minimum mean July temperatures 7 °C and Carex
rostrata—around 8 °C (Aalbersberg and Litt 1998).
Pioneering aquatic and subsequent terrestrial plant
succession (boreal forest) signalizes warming and
moistening of the climate (Iversen 1954).

During stage KK-4, the Klaklowo palaeo-pond
was transformed into a minerogenic fen dominated by
Bryidae mosses (moss fen peat Bryalo-Parvocariconi
bryalet consisting of Phragmites australis and
Bryales pl. sp. — according to Margielewski 2001),
whereas the boreal forest became predominated by
Pinus sylvestris. The abundant presence of pioneering
species Pinus and Betula reflects their expansion and
rising production of pollen and fruits due to elevated
temperatures (Feurdean et al. 2007), confirming the
ongoing climatic warming (Figs. 4, 5 and 6).

Vegetation changes of the stages KK-3 and KK-4
observed consistently both in macrofossil (Figs. 5 and
6) and pollen data (Figs. 4 and 6) seem to correspond
to the climate warming of Alleréd—then this climatic
amelioration took place earlier than established by
previous pollen-based chronozones (Margielewski
2001) (Figs. 1 I and 6). Based on the obtained
Klaklowo radiocarbon absolute chronology (Fig. 2) in
reference to different extraregional chronologies, the
late glacial sequence of the Klaklowo fen in a greater
can be correlated in a greater extent with the Greenland
ice core record (Rasmussen et al. 2014) and the
Gerzensee Lake deposits, Switzerland (Ammann et al.
2013), than with the Meerfelder Maar deposits, Eifel
region, Germany (Litt et al. 2001) (Fig. 6). According
to NGRIP and Gerzensee chronologies, stage KK-1
corresponds to the Oldest Dryas climate cooling and
Bglling climate warming, stage KK-2 to the Older
Dryas cooling, whereas stages KK-3a, KK-3b and
KK-4 correspond to the Allergd warming. In the light
of data collected in the current research, previous
stratigraphic position of the supposed Older Dryas
deposits (Margielewski 2001) cannot be confirmed,
however, attribution of the stage KK-2 to the Older
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Dryas climate cooling should be done with caution
(Rasmussen et al. 2014).

Characeae-dominated aquatic organisms’ response
to alkalinity changes, boreal forest development and
pond overgrowing

Characeae meadows development

A high content of calcium carbonate (5.4-29.9%
eqCaCO;) in the Klaklowo deposits during the
stage KK-3b (267.5-295.0 cm) correlates with
the abundant macrofossils of Characeae meadows
(around 2000 estimated oospores per sample) as
well as with the presence of other macrophytes
(Potamogeton pusillus; Myriophyllum verticillatum
and Hippuris vulgaris, Figs. 5 and 6). This
co-occurrence indicates that alkaline conditions and
intense autochthonous precipitation of carbonates
prevailed in the water of the Klaklowo palaeo-pond
II at that time (Kufel and Kufel 2002; Petechaty et al.
2013). In lakes, autochthonous production of CaCO;
by phytoplankton and macrophytes results from their
photosynthetic activity, i.e. the assimilation of CO,
from inorganic carbon source—the bicarbonates
dissolved in water. Moreover, calcium concentration
was found as one of the most essential variable
affecting the distribution of Characeae habitats in
the area of present-day Europe and USA (Sleith
et al. 2018). Carbonate ions are also utilized by
Ostracoda (aquatic crustaceans) to build their shells
and their presence in the Klaklowo sedimentary
record also corresponds to the depth range of CaCO;
and Characeae occurrence (Fig. 6). It is, however,
important to notice that although most freshwater
species of ostracods thrive in alkaline or slightly
acidic waters, some of them show a wide range of pH
tolerance (Ruiz et al. 2013).

Research on lakes of various age formed in
recently deglaciated areas showed that with a lake
development, a decline of pH, alkalinity and rise
in dissolved organic carbon can be observed, as a
result of hydrologic change, vegetational succession
and soil formation in the catchment area (Engstrom
et al. 2000). Calcium and bicarbonate ions can be
available for carbonate precipitation from leaching
of bedrock in the catchment area. Within geologic
formations occurring in the Klaklowo fen basin,
sandstones, mudstones and shales with calcareous
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Fig. 5 A and B Macrofossil diagram of the depth section 250-367 cm of the Klaklowo landslide-fen deposits divided into parts
according to ecological groups (habitats). Values are absolute counts per sample (sample volumes presented on the left)

cements as well as marls (Ksiazkiewicz et al. 2016)
may constitute a possible source of these ions
(ESM Fig. 1). Moreover, rising temperatures and
precipitation of the Allergd climatic phase possibly
triggered changes in water circulation and chemistry
(Margielewski et al. 2022b), and intensified leaching
processes. The access to carbonate ions likely
resulted from the groundwater supply, because the
Klaklowo palaco-pond was probably (similarly to the
subsequently formed Klaklowo fen) characterized
by complex recharge system including surface flow,
subsurface storm flow and direct influx to landslide
depression from shallow aquifer (Margielewski
2001). Additional factors that influenced the
water chemistry of tundra lakes possibly included

permafrost degradation in the catchment area, which
led to elevated ion concentrations and improved
water transparency, and subsequently allowed for
colonization by characean algae and other aquatic
plants (Mesquita et al. 2010).

Decline of Characeae meadows and other aquatic
organisms

In the middle of the stage KK-3b (at a depth of
277.5-280.0 cm) a peak of calcium carbonate
content was observed, with concentrations gradually
diminishing further upward in the sediment profile. At
a depth of ca. 267.5 cm carbonate precipitation ended,
whereas Characeae oospores abruptly drop in number
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and soon after this macroalgae group, along with
other macrophytes, disappeared from the Klaklowo
palaeo-pond II (Fig. 6). Furthermore, withdrawal
of aquatic plants coincided with the spreading of
boggy and terrestrial plants (development of boreal
forest dominated by birch) and the overgrowing of
palaeo-pond II revealed by macrofossil and pollen
data (Figs. 4, 5 and 6). Presence of plant taxa
including Betula nana, Betula pubescens, Carex
rostrata and Carex diandra points at an occurrence
of moderately acidic soils (in case of Betula nana
even highly acidic). The immigration of trees to the
Klaklowo catchment, especially conifers during the
stage KK-4, probably resulted in enhanced delivery
of (acidic) organic substances to the palaco-pond II
which, in turn, affected water chemistry and led to
the decline of Characeae meadows and other aquatic
organisms (Fallu et al. 2005). Beside acidification
caused by vegetation and soil development, another
driver which affected the change in carbonate-ion
availability and water pH in the Klaklowo palaeo-
pond was probably related to a shift in water supply
from calcium-rich (high-alkalinity) groundwater
inflows to dominance of calcium-depleted (low-
alkalinity) overland flow and precipitation (Engstrom
et al. 2000). Engstrom et al. (2000) stated that even
with a moderate but constant groundwater flow to
the lake, water chemistry and buffering capacity
remained resistant to the influence of the terrestrial
plant succession.

Additional  stressors  which  executed the
disappearance of Characeae meadows possibly
included some other phenomena: (1) change from
oligo-mesotrophic to eutrophic conditions as indicated
by some sporadic plant taxa in the zone KK-4 (Fig. 5,
Table 2); development of low-oxygenated conditions
confirmed by increasing Fe/Mn ratios throughout
the stage KK-3b (Fig. 3); increasing shade from
terrestrial plants caused by plant primary succession
(Figs. 5 and 6); and shallowing of the waterbody
due to mineral material/peat accumulation and/or
water-level fluctuations (Fig. 6). Characeae retreat
was probably also associated with increasing water
turbidity due to climatically-driven eutrophication
and brownification (Rip et al. 2007; Choudhury et al.
2019).

Discontinuity of the pollen record—possible
causes and significance for palacoenvironmental
reconstruction of the Klaklowo waterbody I

Pollen analysis of the Klaklowo fen deposits revealed
partial absence and depletion in pollen grains
hindering from development of reliable LPAZ and
climate-vegetation zonation for the lowest part of
the sediment sequence (pollen zones: lack of pollen,
poor in pollen and abundant pollen in Figs. 4 and
6). According to a previous study of the Klaklowo
landslide fen (Margielewski 2001) in which LPAZ/
chronozones were distinguished, the new pollen
spectrum has only a slightly greater depth range (ca.
8 cm, to a depth 340 cm), whereas pollen grains are
also scarce (ca. 100-200 grains in bottom parts).
Generally, factors controlling pollen content and
distribution in aquatic environments include primary
productivity of the terrestrial plants, transport to and
spreading over the basin, and subsequent degrada-
tion. The primary factor influencing pollen decay
might be oxidation occurring in different forms at
pre-, syn- and post-depositional stages (Carrion et al.
2009). Lacustrine and peatland deposits are usually
pollen-bearing, however, pollen-sterile horizons may
intercalate the sedimentary sequence as a result of
inwash of soil and sandy material already depleted
in pollen due to oxidation at pre-depositional stage.
This process relates to intensified erosion in the lake/
fen surroundings and may be especially valid for the
Klaklowo fen deposits during stage KK-1 and the
beginning of KK-2 (Fig. 3). For the Tarnowiec site
in the Central Western Carpathians, the deposits of
the Older Dryas climatic cooling were characterized
by low pollen concentration due to high content of
minerogenic materials (Harmata 1987). Pollen deple-
tion in such clastic layers may be additionally coupled
with decreased primary pollen productivity by plants
and sparse vegetation cover during climate deterio-
ration (Fallu et al. 2005). Moreover, in the Pleisto-
cene and Holocene sediment sequences in Europe
and North America, decay of pollen grains was
commonly observed to be also caused by mechani-
cal damage and oxidizing conditions during fluvial
transport (Delcourt and Delcourt 1980; Carridn et al.
2009). Therefore, the pollen-depleted sandy horizon
accumulated at the beginning of stage KK-2 (Figs. 3
and 6) could be also attributed to the delivery of high-
energy fluvial sediments at the syn-depositional stage.
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At post-depositional stage, pollen decomposition
may be connected with fluctuations of lake/fen-
water level, including the number of wet-dry
cycles (oxidation—reduction cycles) and timespan
of exposure to sub-aerial conditions (Campbell
1994; Carrion et al. 2009). For the first stage of the
Klaklowo landslide-fen development (KK-1), low Fe/
Mn ratios and N-NO;/N-NH, ratios above 1 (Fig. 3)
point to occurrence of aerobic conditions (Gotkiewicz
1973; Naeher et al. 2013), suggesting that Klaklowo
waterbody I was characterized by strong fluctuations
of water level. Two horizons of decomposed peat
(within stage KK-1 and KK-2) resulted from drainage
and desiccation events, and are also evidence of a
decreasing water table of the Klaklowo palaeo-pond
I. Interseasonal and/or interannual periodicity in the
palaeco-pond occurrence cannot be excluded as a
factor conditioning repetitive oxidation—reduction and
subsequent pollen decomposition. Periodical water-
level fluctuations were observed, for instance, in the
case of a thermokarst lake in the Swiss Alps, which
experienced water drainage due to the unfreezing of
the lake bottom every year during late spring (Kéab
and Haeberli 2001). Therefore, hydrological changes
in Klaklowo waterbody were probable also influenced
by permafrost. Moreover, interpreting depletion
in pollen as a result of water-level fluctuations
may become an asset to the palacoenvironmental
reconstruction of the stage KK-1, giving the possible
explanation to poor aquatic life determined by
macrofossil analysis for the Klaklowo waterbody I.

Conclusions

Presented high-resolution multi-proxy analysis of
the Klaklowo fen-sediment sequence allowed us to
reconstruct past vegetation, climate and hydrological
changes during the late glacial (ca. 14,600-13,500
mod. cal yrs BP). We inferred that:

1. The development of the Klaklowo palaeo-pond
was multi-staged (five palaeoecological stages)
and included: waterbody I (KK-1), short-lasting
fen (KK-2), waterbody II (divided into two sub-
stages KK-3a and KK-3b) and a long-lasting fen
(KK-4). These stages corresponded to phases
of climate-vegetation changes in the palaeo-
pond catchment: from steppe-tundra (KK-1

@ Springer

and KK-2) to Betula-dominated (KK-3a and
KK-3b) and later Pinus-dominated boreal forest
(KK-4). Based on the Klaklowo radiocarbon
absolute chronology correlated with the records
of Greenland ice cores and Gerzensee Lake
deposits, stage of waterbody I corresponds to the
Oldest Dryas climate cooling and Bglling climate
warming, the short-lasting fen stage documents
the Older Dryas cooling, whereas the aquatic
and terrestrial vegetation succession observed for
the stages of waterbody II and a long-lasting fen
reflect the climate warming of the Allergd.

2. The co-occurrence of macrophytes dominated
by wide-spread Characeae meadows and intense
precipitation of CaCO; indicate that alkaline
conditions prevailed in the Klaklowo waterbody 11
at the beginning of the Allergd climate warming.
Bicarbonate ions may have derived from
(climatically intensified) leaching of carbonate-
bearing bedrock in the catchment area which
also provided calcium-rich groundwater to the
pond. With time, similarly to present-day lakes of
tundra and boreal regions, Klaklowo palaeo-pond
IT probably experienced a reduction of water
alkalinity and increased input of (acidic) organic
substances as a result of the boggy and terrestrial
vegetation succession (especially conifers), soil
formation and change of hydrological regime. In
addition to acidification, some other phenomena
related to the palaeo-pond transition into a fen
possibly affected the basin too. Therefore, the
disappearance of the Characeae meadows should
be attributed to multiple factors.

3. Frequent fluctuations of the water Ilevel,
characteristic  for waterbodies and fens
developed within landslide depressions, and
resulting oxidation conditions (as inferred from
geochemical proxies) were probably one of the
most prominent causes of the pollen deterioration
during the development of the Klaklowo palaeo-
pond I. Other pre-, syn- and post-depositional
processes should be also considered. However,
the issue of the discontinuous pollen record
requires further studies.
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Introduction

Study site — Klaklowo landslide geometry and geological description

The area of the Klaklowo landslide is covered mainly with forest in the upper part of
the hill, and with agricultural land at the foothill. Inhabited areas belong to the nearby
Stroza village. The Klaklowo landslide occupies an area which is 700 m long and 300
m wide, has an amphitheatre shape and its central point lies at 450 m a.s.l. (Fig. 1

D). Based on radiocarbon dating of organic sediments filling the numerous
depressions occurring within the landslide area it represents a type of multiple
rotational landslide which on the course of its development experienced several
rejuvenations (Margielewski 2001). The upper part of the landslide (ESM-Fig. 1 A and
B), comprising head scarp and sub-scarp depression (filled with deposits of the
Klaklowo fen) developed within flysch rocks of the Eocene age (Ksigzkiewicz et al.

2016; Wojcik and Raczkowski 1994): shales, green shales and thin-bedded



26

27

28

29

30

31

32

33
34

35

36

37

38

39

40

41

42

43

sandstones of Hieroglyphic beds, variegated shales and thick-bedded sandstones
and conglomerates and shales of Lower Pasierbiec Sandstones and Osielec
Sandstones. The lower part of the Klaklowo landslide cuts through the Ciezkowice
Sandstones (Eocene), variegated shales (Eocene, Palaeocene) and Inoceramian
beds (sandstones and shales, Maastrichtian and Palaeocene). The uppermost zones
of the mountain range, to which belongs Pekaléwka Mt., are built of the sandstones

of Magura beds.

Mt. Pekalowka
A ’5‘7‘?@39 mas.) B
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ESM-Fig. 1 — A) 3D view of DTM (digital terrain model,
https://mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID1/WCS/Digital TerrainMo
delFormatTIFF.) of the Klaklowo landslide zone (outline with dotted line) with the
position of the Klaklowo landslide fen (area in green), draped with geological map
(Ksigzkiewicz et al. 2016,
https://cbdgmapa.pgi.gov.pl/arcgis/services/kartografia/smgp50k/MapServer/WMSSe
rver; see for explanation to numbers below); B) close-up on the DTM from ESM-Fig.
2 A, showing Klaklowo landslide fen and its closest vicinity.

Explanation to geological map — numbers correspond to geological units: 1 — Gravel,

sands and clay of river terraces (erosion-accumulation and accumulation) 0.5-3.0 m

2
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above river level, Holocene; 2 — Clay, debris and blocks (blocks of flysh), colluvial,
Pleistocene and Holocene; Carpathian Flysch Rock of Magura Unit: 3 — Thick-
bedded sandstones and shales (glauconitic facies), Magura beds, Eocene; 4 —
Shales, green shales and thin-bedded sandstones, Hieroglyphic beds, Eocene; 5 —
Variegated shales, Eocene; 6 — Thick-bedded sandstones and conglomerates and
shales (Lower Pasierbiec Sandstones and Osielec Sandstones), Eocene; 7 — Thick-
bedded sandstones and shales (Ciezkowice Sandstones), Eocene; 8 — Variegated
shales, Palaeocene and Eocene unseparated; 9 — Variegated shales, Palaeocene;
10 — Sandstones and shales, Inoceramian beds, Maastrichtian and Palaeocene;
black solid line — certain faults; black dotted line — presumable faults; black squares —
sites with deposits dated with radiocarbon method; flower symbol — sites with
deposits where palaeo-flora was found; black solid-dotted line — extent of Klaklowo

landslide.

Materials and methods

Sources of basemaps

Sources of basemaps used in Fig. 1 of the manuscript — part A)

https://www.naturalearthdata.com/downloads/10m-cross-blend-hypso/cross-blended-

hypso-with-relief-water-drains-and-ocean-bottom/); part B) digital terrain model DTM

https://download.gebco.net/ draped with the basemap of the part A); part C) DTM

from WCS service

https://mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID1/WCS/Digital TerrainMo

delFormatTIFF.). Maps A, B and C are projected in ETRS89 Lambert Conformal
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Conic; latitude and longitude according to geographic coordinate reference system

ETRS89.

Geochemical determinations of Ca, Mg, K, Na, Fe, Mn, Ni, Cu, Zn, Pb

Samples were dried at 105 + 5 °C in a vacuum dryer (Alpina EG40, Poland) for 24
hours and then placed in a muffle furnace to be ashed at a temperature of 600°C for
another 6 hours. Accurately weighted ca. 200 mg of the material was dissolved using
concentrated acids (HF and HNO3) at 180°C in closed PTFE containers in the
microwave digestion system (PreeKem M6). After cooling, the samples were filtered
to avoid blocking of sample introduction system and diluted to the final volume
(50mL). An Agilent 8900 Triple Quadrupole ICP-MS (Agilent Technologies, USA)
instrument was used for the elemental determination (Ca, Mg, K, Na, Fe, Mn, Ni, Cu,
Zn, Pb) of geochemical analyses. The isobaric interferences were reduced using the

integrated collision/reaction cell in helium as the collision gas mode.

Pollen and non-pollen palynomorph (NPPs) analysis

Pollen identification was based on available keys (Moore et al. 1991; Reille 1992;

Beug 2004) and the reference collection of modern pollen slides. Non-pollen

palynomorphs were recognized on the basis of van Geel (1978) and van Geel et al.

(1980, 2003, 2007).

Macrofossil analysis
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Plant macrofossil (fruits, seeds, needles, urticles, oospores and others) were
recognized according to appropriate atlases, keys and publications (Korber-Grohne
1964, 1991; Kats et al. 1965; Berggren 1969, 1981; Aalto 1970; Anderberg 1994;
Velichkevich and Zastawniak 2006, 2008; Mauquoy and van Geel 2007; Cappers et
al. 2012; Birks 2013; Kowalewski 2014) and compared with a reference collection of
modern diaspores as well as with specimens of fossil flora from the National
Biodiversity Collection of Recent and Fossil Organisms stored at W. Szafer Institute
of Botany PAS in Krakow (herbarium KRAM). Some animal remains (ephippia,
statoblasts, gemmules and others) were identified to the lowest possible rank (family
or genus) based on Mauquoy and van Geel (2007) and Kowalewski (2014). Botanical
nomenclature was adopted after (Mirek et al. 2020), whereas phytosociological
nomenclature after Matuszkiewicz (2017). Local palaeoecological interpretation of

identified taxa was mostly based on Zarzycki (2002) and other cited sources.

Results

Grain-size analysis — detailed description of sediment type along the profile and Folk

and Ward (1957) parameters

Sediment in the lower part of the stage KK-1 (ESM-Fig. 2) is composed of coarse silt
with an admixture of very fine sand, poorly and very poorly sorted. In the upper part
sediment is poorly sorted and exhibits finer grain size (medium silt) devoid of sandy
component. It is also expressed as a slight but noticeable drop in Mz (from coarse to
fine silt). In the lowest part of stage KK-2 sedimentation of poorly sorted medium silt

still prevails. Upward the sediment profile, an addition of very fine sand occurs,
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whereas silt becomes coarser. In stage KK-3a sedimentation of silt fine- and
medium-grained poorly sorted silt took place. It is also expressed as a slight but
noticeable drop in Mz (from medium to fine silt). Stage KK-3b is dominated by
sedimentation of poorly sorted coarse silt with trace amount of sand fraction. In stage
KK-4 moss fen peat accumulation starts. Among parameters of Folk and Ward
(1957), mean grain size (Mz) varies between 5.20 and 20.09 ym, what corresponds
to silt according to classification based on Udden (1914) and Wentworth (1922).
Standard deviation (o1) of grain size, expressing the degree of sorting, show values
2.81-4.89 what implies mostly the poorly sorted, and at some depth very poorly
sorted material. Skewness (Sk1) values range from -0.3 to 0.1 what corresponds to
fine skewed and symmetrical distribution of the grain size in samples. Values of
kurtosis (Kg) vary from 0.85 to 1.06 pointing at platykurtic and mesokurtic data

distribution.
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133 ESM-Fig. 2 — Sediment grain-size and geochemical data of the depth section 250-350 cm of the Klaklowo landslide fen deposits.
134  Grain size content: a determine percentage of particles of each size fraction according to modified scale from Udden (1914) and
135 Wentworth (1922) with a physical description of the textural group of the sample and the sediment type according to Folk (1954);
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137  skewness (Sk1) and kurtosis (Kg); deposition mechanism according to C-M diagram (ESM-Fig. 3). See main text for explanation of

138 zonation.
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Pollen analysis — detailed description of pollen zones

Pollen zones description divided into 5 palaeoecological stages of the Klaklowo

landslide fen development is given in ESM-Table 1.



143 ESM-Table 1 Results of pollen analysis divided into 5 palaeoecological stages of the Klaklowo landslide fen development (see

144  pollen diagram in Fig. 4)

Palaeoecological stage of the
Klaklowo fen development

Description of pollen zones

Stage KK-1 (ca. 14,040— >14,790
mod. cal yrs BP, ca. >750 mod.
years):

Development of the waterbody |
after formation of the Klaklowo
landslide and sub-scarp depression

The entire pollen zone P1 (depth interval: 332.5-367.0 cm) is comprised within stage KK-1.
It is entirely devoid of pollen grains.

Stage KK-2 (ca. 13,870-14,040
mod. cal yrs BP, ca. 170 mod.
years):

Basin drainage and formation of a
short-lasting fen

Stage KK-2 corresponds to the lower part of the pollen zone P2 (287.5-332.5 cm), which is
poor in pollen and rather not interpretable. The number of pollen grains reaches the
“highest” values for the horizon of decomposed peat at 315.0-322.5 cm (Fig. 4). The slight
increase in Pinus sylvestris and Betula (undiff.) pollen occurs here, as well as there is a
noticeable presence of Poaceae and Artemisia pollen. There is also some trace amount of
pollen from Corylus avellana, Quercus and Picea abies. Among spore plants Equisetum
pollen make a distinctive part. In some parts of this zone corroded grains constitute almost
half of the entire amount of pollen.

Stage KK-3a (13,790-13,870 mod.
cal yrs BP, ca. 80 mod. years):
Colonization of waterbody I

Stage KK-3a (295.0-307.5 cm) corresponds to the upper part of the pollen zone P2
(287.5-332.5 cm), which is poor in pollen and rather not interpretable.

Stage KK-3b (13,620-13,790 mod.
cal yrs BP, ca. 170 mod. years):
Waterbody Il overgrowing

Stage KK-3b corresponds to the lower part of interpretable pollen zone P3 (600—700 pollen
grains). Within the depth range of clastic sedimentation (267.5-287.5 cm, Fig. 4) it is
characterized by predominance of AP vs NAP vegetation, with highest percentage of Pinus
sylvestris (ca. 40-80%), Betula undiff. (ca. 25-40%), presence of Salix undiff. up to 5%,
and occurrence of thermophilous plant taxa: a distinct share of Corylus avellana (up to 5%)
and trace amounts of Quercus, Carpinus betulus and Ulmus. Admixture of Fagus sylvatica
and Abies alba is also noticeable. Among the herbs group Poaceae, Cyperaceae and
Artemisia pollen prevails (up to 5%). From NPPs mainly Pediastrum, Arcella
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arenaria/catinus and Endophlyctis lobata T13 were identified. Number of corroded pollen
grain (up to 200) is also distinctive.

Stage KK-4 (<13,530-13,620 mod.
cal yrs BP, ca. >90 mod. years):
Waterbody Il transition to a long-

lasting fen

Stage KK-4 corresponds to the upper part of the interpretable pollen zone P3 (600-700
pollen grains). In the depth range of 250.0-267.5 cm (Fig. 4), the beginning of peat
accumulation coincides with a slight increase of share of Betula pollen and its further
decline. On the contrary, share of Pinus sylvestris pollen slightly declines to 40% and rises
to 80% from depth 265 cm. Most herb taxa (Cyperaceae, Poaceae and Artemisia) also
show an initial decrease and further rise. Also, some new NPPs taxa are present in this
interval.

10
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Macrofossil analysis — detailed description of LMAZ

Detailed LMAZ description and interpretation divided into 5 palaeoecological stages

of the Klaklowo landslide fen development is given in ESM-Table 2.

11
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ESM-Table 2 Results of the macrofossil analysis divided into 11 LMAZ and 5 palaeoecological stages of the Klaklowo landslide fen

development).

LMAZ ‘ Results of plant macrofossil analysis Macrofossil-based local palaeoecological interpretation
Stage KK-1 (330-367 cm, ca. 14,040— >14,790 mod. cal yrs BP, ca. >750 mod. years):
Development of the waterbody | after formation of the Klaklowo landslide and sub-scarp depression
M1 Fragments of needles of Larix decidua; small but noticeable number of | Few macroremains indicate that cold climate, oligotrophic, open-space
(357.5— | Juncus sp. seeds; single remain of Typha sp. fruit and trace amounts conditions with only single tree stands (Larix decidua) and moist/wet or
367.0 | of Bryopsida mosses; some amounts of oospores of aquatic aquatic habitat (Juncus sp. seeds, Characeae oospores, Ostracoda)
cm) Characeae; a few sclerotia of Cenococcum geophilum and Ostracoda; | probably prevailed in the Klaklowo basin after its formation. Judging by
abundant charcoal fragments. a great number of charcoal fragments, intense palaeo-fires seem to
take place in the basin surrounding during that time.
M2 Some fragments of Larix decidua needles; single fruits of birch shrubs | The occurrence of the first organic horizon, which intercalates the
(350.0— | (Betula humilis, Betula nana); an increasing number of Juncus sp. minerogenic sequence, signalizes that local environment became
357.5 | seeds; a single seed of Parnassia palustris; small amounts of definitely more boggy at that time. The plant taxa are more abundant
cm) Bryopsida mosses; single fruit of biconvex Carex sp.; a trace, but and diverse here, dominated by Juncus sp. and Bryopsida mosses,
continuous occurrence of Characeae oospores. Charcoal fragments what can reflect the process of waterbody shallowing and vegetation
sharply disappear in this zone, animal remains drops to trace encroachment. Some representatives of Larix decidua and Betula
quantities. humilis could occur as tree-shrub patches in the surrounding steppe-
tundra.
M3 Trace amounts of larch needle fragments and Betula humilis fruits; Although similar in plant taxa composition to M2, this LMAZ was
(347.5— | single seeds of Dianthus sp.; several Poaceae fruits and single seeds | distinguished due to appearance of a high number of Poaceae fruits,
350.0 | of Juncus sp.; a fruit of Valeriana simplicifolia; several Bryopsida withdrawal of Juncus sp., appearance of macroremains of Dianthus sp.
cm) mosses stems; a few sclerotia of Cenococcum geophilum; a and Valeriana simplicifolia and re-appearance of abundant charcoal
noticeable number of Oribatid mites. Charcoal fragments suddenly fragments. This noticeable change in phytocenosis in the developed
reappear in significant amount. short-lasting fen could be related to some drainage and desiccation
event at the M2 and M3 boundary.
M4 Interval is quite thick comparing to the other subzones, but a number In a thick interval of medium silt of the LMAZ M4 the local conditions
(330.0— | of plant macrofossils is rather small: some fragments of Pinus seem to be cold, aquatic and poor in vegetation, what is confirmed by
347.5 | sylvestris needles in the bottom part; single seeds of Dianthus occasionally identified macrofossils of Juncus sp. and Scirpus sylvaticus
cm) glacialis, Arabis alpina and Poaceae. In the top part: fruits and seeds (moist-wet habitat) or Characeae, Batrachium sp. and Zannichellia

12




of Scirpus sylvaticus; Bryopsida mosses present in trace amounts;
fruits of Batrachium sp. and Zannichelia palustris; a disappearance of
Characeae oospores. From the middle part of this interval the amount
of Cenococcum geophilum sclerotia starts increasing upward. Also: a
single occurrence of Ostracoda and Daphnia sp.; animal remains
appear in rather small number.

palustris (aquatic habitat). Remnants of plant taxa specific for drier
habitats (Poaceae) and related to low temperatures (Dianthus glacialis,
Arabis alpina) were probably transported to the basin from the
surrounding area.

Stage KK-2 (307.5-330.0 cm, ca. 13,870-14,040 mod. cal yrs BP, ca. 170 mod. years):

Basin drainage and formation

of a short-lasting fen

M5 Scarce quantities of Larix decidua needle fragments; some Poaceae Judging by the numerous sclerotia of Cenococcum geophilum the
(322.5— | fruits and Juncus sp. seeds; numerous fruits of Scirpus sylvaticus; a intensified redeposition of material from the vegetation-depleted
330.0 | single Eleocharis palustris fruit; numerous sclerotia of Cenococcum surrounding to the basin centre probably took place in this zone. The
cm) geophilum. onset of the fen development is signalized by the presence of
Characeae oospores (aquatic conditions) as wells as by macrofossils of
eulittoral zone taxa: Juncus sp., Scirpus sylvaticus and Eleocharis
palustris (growing in situ or re-redeposited).
M6 Zone rich in different plant taxa: a few Pinus sylvestris macrofossils; a | This LMAZ records the further vegetation encroachment at more
(315.0— | single occurrence of Betula humilis fruit; Larix decidua fragments advanced stage of fen development what is reflected in the dominating
322.5 | present in small amount; a noticeable amount of Poaceae fruits; some | occurrence of the boggy taxa: Valeriana simplicifolia, Carex rostrata,
cm) new-coming species: single fruits of Dryas octopetala and Poa cf. Carex diandra, Eleocharis palustris and Phragmites australis,

alpina, single seed of Androsace cf. chamaejasme., Melandrium
rubrum, Epilobum cf. parviflorum and Parnassia palustris. Also:
reappearance of some fruits of Valeriana simplicifolia and a large
increase in number of Eleocharis palustris fruits; for the first-time
appearance of a large number of Carex rostrata and minor quantity of
Carex diandra macrofossils; a spindle of Eriophorum vaginatum; some
fruits of Phragmites australis. The occurrence of Bryopsida mosses
was impossible to determine due to a high degree of decomposition of
plant remnants. Moreover: a noticeable rise in a number of Characeae
oospores; a noticeable presence of Ostracoda, Oribatid mites and
larval cases of Trichoptera; abundant sclerotia of Cenococcum
geophilum ceasing toward the subzone top; in the topmost sample
short reappearance of abundant charcoal fragments.

suggesting water depth less than 1 m with the interannual fluctuations
of 1 m (Gaillard and Birks 2007) and perhaps some pools with standing
water (Characeae). The establishment of alliances Magnocaricion Koch
1926 and Phragmition Koch 1926 was probable, whereas trophy was
mostly medium, locally even low (Eriophorum vaginatum). Along with
Poaceae, the newcoming heliophilous taxa: Dryas octopetala, Poa cf.
alpina, Androsace cf. chamaejasme imply an open-space and dry/fresh
habitat existing in the fen surrounding. Presently, these plant taxa are
typical for mountain and upland alpine meadow grass, therefore it can
be concluded that a cold steppe-tundra conditions (with some single
stands of Scots pine, larch and shrubby birch) could prevail in the
region of the Beskid Makowski Mountains. Furthermore, Androsace cf.

13



chamaejasme and Dryas octopetala are indicators of calcareous
substrate.

M7 It is distinguished due to occurrence of well-preserved and quite LMAZ KK-M7 seems to be a continuation of a boggy habitat (constant
(307.5— | numerous fragments of Bryopsida mosses occurring along with some presence of Carex sp. and reappearance of Scirpus sylvaticus),
315.0 | Carex sp. and Scirpus sylvaticus macrofossils. Moreover; some however, the number of taxa from dry to boggy ecological groups is
cm) sporangia of Thelypteris palustris and fruits of Urtica dioica; a single noticeably reduced. Furthermore, the well-preserved and quite
fruits of Betula nana and Betula sp.; single macrofossils of Lamiaceae, | numerous fragments of Bryopsida mosses are contrastive to highly
Poaceae and Juncus sp.; several Characeae oospores; a further decomposed organic remnants from KK-M6, probably suggesting some
increase in a number of Ostracoda; rising occurrence of Daphnia sp.; drainage event and rotting of the exposed soil. The first symptoms of
first appearance of Ceriodaphnia sp. and Chironomidae in minor the transition to fully aquatic conditions are recorded (abundant
amount in the topmost sample. presence of Ostracoda and ephippia of Daphnia sp., also Ceriodaphnia
sp. in the topmost sample), perhaps with some more nutrient-rich
supply by groundwater, as it is indicated by the presence of eutrophic
Urtica dioica and Thelypteris palustris.
Stage KK-3a (295.0-307.5 cm, 13,790-13,870 mod. cal yrs BP, ca. 80 mod. years):
Colonization of waterbody II
M8 A noticeable number of fragments of Larix decidua needles; few A great increase in a number of macrofossils of aquatic plant and
(295.0— | macrofossils of Pinus sylvestris and Betula sp.; minor number of fruits | animal taxa (abundant Characeae oospores, the first appearance of
307.5 | of Carex sp. and Scirpus sylvaticus; Bryopsida mosses again less Batrachium sp. and Potamogeton sp., a rising number of ostracods and
cm) common. Moreover: a great increase in a number of Characeae Daphnia sp. ephippia, Simocephalus sp. ephippia, Porifera gemmules,
oospores (from tens to almost nine hundreds) in the uppermost Plumatella statoblasts, as well as Chironomidae remains) documents
sample; first appearance of fruits of Batrachium sp. and fragments of development of the Klaklowo waterbody Il and its subsequent
endocarps of Potamogeton sp.; a rising trend in a number of ostracods | colonization by plants. Palaeo-pond probably possessed a (eulittoral)
and Daphnia sp. ephippia; small or trace amounts of Simocephalus sp. | zone with boggy plant taxa (Carex sp. and Scirpus sylvaticus but with
ephippia; Porifera gemmules; Plumatella statoblasts; Chironomidae Bryopsida mosses withdrawal) and was surrounded by some tree
remnants. patches of Larix decidua, Pinus sylvestris and Betula sp.
Stage KK-3b (267.5-295.0 cm, 13,620-13,790 mod. cal yrs BP, ca. 170 mod. years):
Waterbody Il overgrowing
M9 It is characterized by the greatest number of plant and animal taxa LMAZ KK-M9 is the most abundant in macrofossils of both plant and
(267.5— | which show high abundances and very consistent trends: a number of | animal origin comparing to the other LMAZ units. The constant
295.0 | macrofossils of Betula sect. Albae and Betula sect. Nanae growing occurrence of representatives of aquatic plants indicates the permanent
cm) with decreasing depth (from the middle part of this LMAZ upward the existence of the Klaklowo waterbody Il. Moreover, the very consistent
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profile a great increase in shares of Betula nana and Betula
pubescens). Moreover: a continuous presence of Conifere bud scales;
scarce occurrences of Dryas octopetala, Asteraceae, Thalictrum sp.
and some minor amounts of Poaceae; growing and later decreasing
trend in a number of fruits and urticles of Carex rostrata and in a lesser
degree of Carex diandra; number of Bryopsida mosses macro-remains
significantly growing upward the interval; single appearance of Rumex
hydrolapathum fruit.

Among aquatic taxa there are abundant Characeae oospores, quickly
growing from the lowermost samples and soon reaching the highest
number (>2000 oospores) which is maintained until the end of the
interval. Moreover: a gradual growth and later a gradual decrease
(toward the upper limit of the zone) in a number of Batrachium sp.
fruits synchronously with the occurrence of fragments of endocarps of
Potamogeton sp; irregularly present single endocarps of Potamogeton
pusillus along with fruits of Myriophyllum verticillatum and Hippuris
vulgaris; a growing trend (and in some cases later also decreasing) in
a number of animal macro-remains: Ostracoda, Daphnia sp.,
Simocephalus sp., Porifera, Plumatella sp., Oribatid mites and
Chironomidae.

trends of changes in abundance of the occurring taxa (among plants:
Characeae oospores and Batrachium sp. fruits, among animal
macrofossils: Ostracoda, Daphnia sp., Chironomidae), document the
progress of aquatic plant succession of the Klaklowo palaeo-pond Il.
Concentration of Characeae oospores exceeds approximately 5 times
the documented concentration (more than 100 oospores/100 cm3)
characteristic for the in situ occurrence of Characeae plant communities
(Szymczyk 2015 and references therein), what suggest that the vast
submerged Characeae meadows, class Charetea (Fukarek 1961 n.n.)
Krausch 1964, spread at the bottom of the waterbody. Their presence
confirms that the water conditions were well-transparent and oligo- to
mesotrophic. The continuous presence of the macrofossils of
Batrachium sp. and Potamogeton sp. along with the changing presence
of Myriophyllum spicatum, Hippuris vulgaris and Potamogeton pusillus,
being typical of the alliance Potamion Koch 1926 em. Oberd. 1957,
suggests that these taxa could occur in a form of single patches among
Charophyte meadows. A growing number of macrofossils of Betula
nana, Betula pubescens, Carex rostrata, Carex diandra and Bryopsida
mosses signalize the terrestrial plants succession (birch boreal forest)
and together with representatives of Potamion plant community,
contributed to the waterbody overgrowing. Taxa of dry, fresh and moist
habitats, apart from a single occurrence of Dryas octopetala,
Asteraceae and some minor amounts of Poaceae, were not recorded in
this zone.

Stage KK-4 (250.0-267.5 cm, <13,530-13,620

mod. cal yrs BP, ca. >90 mod. years):

Waterbody Il transition to a long-lasting fen

M10
(260.0—
267.5
cm)

Remains of trees and shrubs of this LMAZ are the most abundant for
the entire 250-367 cm depth section: there are tens of fruits and fruit
scales of Betula nana, Betula pubescens and Betula sp. predominating
at the bottom boundary of this zone and further declining to the LMAZ
top. Moreover: first appearance of large amount of Pinus sylvestris
needles rising upward to the subzone’s top; presence of Larix decidua

It can be concluded that in the catchment of the Klaklowo palaeo-pond
Il swampy forest dominated by Pinus sylvestris started developing at
that time, probably outcompeting Betula nana and Betula pubescens
which tolerate rather only moderate shade. Locally, the reservoir could
be heavily overgrown with Carex rostrata, Carex diandra and Bryopsida
mosses, what also could cause retreat of aquatic plants and animals.
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macrofossils in minor amounts; high quantities of Carex rostrata and
Carex diandra macrofossils rising throughout this interval; high number
of Bryopsida mosses macro-remains; a sharp decline in number of
Characeae oospores from >2000, through 350, to ca. 20—40 within a 5
cm depth interval; a disappearance of fruits of Batrachium sp. and
Potamogeton sp.; a continuing presence of Hippuris vulgaris; decline
and/or disappearance of animal remains.

M11
(250—
260
cm)

A further declining trend in a number of Betula nana and Betula
pubescens macrofossils; after the initial drop, a rising trend in a
number of Pinus sylvestris needles; a noticeable decrease in a number
of Carex diandra fruit and urticles; an initial rise of Carex rostrata and
its further ceasing; a sharp reduction in a number of Bryopsida mosses
remnants; appearance of small amounts of fruits of Glyceria maxima,
absence of remains of all aquatic and animal taxa except for Oribatid
mites, which further starts to decrease in number.

Both LMAZ M10 and M11 document a transition from Klaklowo palaeo-
pond Il into a long-lasting Klaklowo fen. The ultimate disappearance of
aquatic plants and animals reflects that the conditions for their survival
were no longer favourable, but it cannot be excluded that some larger
pools with stagnant water persisted. The fen was certainly water-logged
and meso-/eutrophic, however in the zone M11 also sedges and
Bryopsida mosses are gradually diminishing in number.
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Additional interpretation

Grain-size analysis — C-M diagram

According to C-M diagram (ESM-Fig. 3), more than 80% of the analysed samples
were placed in the VIII area of the diagram that implies the finest uniform suspension
as a deposition mechanism — the sediment was settled from the deposition of
particles and was not sorted by bottom current (Passega and Byramjee 1969).
Among remaining samples, several of the bottommost depth interval (327.5-345.0
cm) lied in or close to the VII area which corresponds to deposition mechanism by
uniform suspension with more complex deposition. Another 2 samples (310.0-312.5
and 315.0-317.5) were placed in the VI area which is related to graded suspension
transported in low turbulent conditions. It must be stressed, however, that the C-M
diagram is not sufficient to make a clear distinction between VI and VIl type of
deposition mechanism (Passega and Byramjee 1969). In general, all the samples lied
in some proximity to the area VI-VII pointing that some influence from the bottom

currents occurred.
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ESM-Fig. 3 — Klaklowo grain-size analysis results (samples) on C-M diagram, where
C — the one-percentile and M — the median of the grain-size distribution (Passega
and Byramjee 1969). Fields in the diagram correspond to conditions of
sedimentation: |, Il, Ill, X — dominant deposition by traction with small share of
suspension; IV — graded suspension transported in highly turbulent conditions; V —
graded suspension transported in moderately turbulent conditions; VI, VIl — graded
suspension transported in low turbulent conditions, uniform suspension with more
complex deposition, respectively; VIII — finest uniform suspension and pelagic

suspension.
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ESM-Fig. 5a — CONISS dendrogram based on selected plant macrofossil data —
trees and shrubs habitats. Vertical axis: sample depth, horizontal axis: total

dispersion. Rectangles and differentiated colours of branches refer to five zones
suggested by broken stick model. Dendrogram was used for compilation of final

macrofossil zonation together with other dendrograms.
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ESM-Fig. 5b — CONISS dendrogram based on selected plant macrofossil data — dry,
fresh and moist habitats. Vertical axis: sample depth, horizontal axis: total dispersion.
Rectangles and differentiated colours of branches refer to five zones suggested by
broken stick model. Dendrogram was used for compilation of final macrofossil

zonation together with other dendrograms.
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ESM-Fig. 5¢c — CONISS dendrogram based on selected plant macrofossil — boggy
and reedswamp habitats. Vertical axis: sample depth, horizontal axis: total
dispersion. Rectangles and differentiated colours of branches refer to five zones
suggested by broken stick model. Dendrogram was used for compilation of final

macrofossil zonation together with other dendrograms.
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ESM-Fig. 5d — CONISS dendrogram based on selected plant macrofossil data —
aquatic habitats. Vertical axis: sample depth, horizontal axis: total dispersion.
Rectangles and differentiated colours of branches refer to five zones suggested by
broken stick model. Dendrogram was used for compilation of final macrofossil

zonation together with other dendrograms.
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Abstract

In this paper a part of a new multi-proxy results obtained from the Kotori landslide fen deposits (the Beskid Makowski
Mountains, the Outer Western Carpathians, S Poland), including loss on ignition analysis, plant macrofossil analysis
and radiocarbon dating is presented. The aim of the study was to verify whether the reconstructed local
palaeoecological stages of the Kotonl fen development could be correlated with the Bglling-Older Dryas-Allergd
sequence and to verify whether the rarely recognised short GI-1d/Older Dryas climate cooling affected the regional
and local palaeoecological record of the Koton deposits. Results showed that four palacoecological stages of
development (poor-in-vegetation waterbody, waterbody with aquatic succession, calcareous extremely rich fen and
moderately rich fen) determined for the Kotoni landslide fen deposits between ca. 14,600-13,500 cal BP stay in
agreement with the earlier pollen division of the Kotori deposits and with the extraregional chronology of the
Greenland ice cores. The influence of GI-1d/Older Dryas climate cooling on the surrounding and regional vegetation
was recognised for the deposits of Koton and other localities in a form of open-space habitats with herbs, shrubs and
sparse tree stands, e.g. steppe-tundra, reflecting the cold and dry climatic conditions. In case of local vegetation and
palaeohydrological changes, the Older Dyas climatic oscillation was recorded as a shallowing of the existing palaeo-
waterbodies. Although for other localities this process was attributed to the dry climatic conditions, in case of Kotor
site more detail multi-proxy research is necessary to distinguish the climatic impact from the autogenic succession.

Introduction

In the region of the Beskid Makowski Mountains, the Outer Western Carpathians, S Poland, biogenic
archives of the landslide fens, small mires formed within landslide depressions, contain exceptionally
long late glacial minerogenic-organic sequences, reaching up to 2.5-3.5 m of thickness (Margielewski
et al. 2022a). In the Koton landslide fen, lithological, pollen, plant tissue and carpological analyses and
radiocarbon dating carried out during the previous studies revealed a distinct lacustrine-mire record of
the Bglling-Older Dryas-Allergd transition (Margielewski 2001; Margielewski et al. 2003).
Palynologically-determined local chronozones could not be, however, validated due to the lack of a
detailed calibrated age scale. The importance of accurate age-depth model for the palynological profiles
in the Carpathians is thoroughly recognized (Michczyiiski et al. 2013), also in respect to the possibility
of conducting more extensive extraregional correlations (Margielewski et al. 2022b).

© The Author(s), 2025. Published by Cambridge University Press on behalf of University of Arizona. This is an Open Access article, distributed
under the terms of the Creative Commons Attribution licence (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the original article is properly cited.

Check f
https://doi.org/10.1017/RDC.2025.10122 Published online by Cambridge University Press Updates.


https://orcid.org/0000-0003-4033-1122
https://orcid.org/0000-0002-6327-1217
https://orcid.org/0000-0002-0802-0570
https://orcid.org/0000-0001-9501-0567
mailto:pilch@iop.krakow.pl
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1017/RDC.2025.10122
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/RDC.2025.10122&domain=pdf
https://doi.org/10.1017/RDC.2025.10122

2 J. Pilch et al.

Traditionally, for the late glacial period Bglling and Allergd climate warmings are separated by a
short (ca. 100-200 years) climate cooling of the Older Dryas, a succession based on biostratigraphic
record of the Scandinavia region (Iversen 1954). Later these phases were also adopted as formal
chronozones for this part of Europe, assigning to the Bglling Chronozone (including the Oldest Dryas
interval) time boundaries from 13.0 to 12.0 k uncal BP, to the Older Dryas Chronozone from 12.0to 11.8
k uncal BP and to the Allergd Chronozone from 11.8 to 11.0 k uncal BP (Mangerud et al. 1974). The
classical stratigraphic subdivision of the late glacial across different regions of Europe seems to be,
however, strongly diverse and problematic (De Klerk 2004; Van Raden et al. 2013). For example, the
Older Dryas climatic deterioration is very weak or absent in the palaeo-records from the British Isles,
therefore Bglling and Allergd are considered there as a single interstadial whereas separation of the
Older Dryas is questioned (Watts 1980). Similar problem with the Older Dryas distinction was
recognized for the Alps, where it could often only be registered at higher altitudes closer to ecotone
(Lotter et al. 1992; Welten 1982).

For the North Atlantic region, GRIP Greenland ice core (event stratigraphy based on the oxygen
isotope record) was suggested as a stratotype for the 22.0 to 11.5 k GRIP yr BP (ca. 19.0-10.0 k BP),
with recommendation for replacing the classical terminology: “Bglling,” “Older Dryas,” “Allergd,” and
“Younger Dryas” with a new scheme (Bjorck et al. 1998). In this scheme, the Bglling-Allergd interval
seemed to correspond to the Greenland Interstadial 1 (GI-1), dated to 12.65-14.7 k GRIP yr BP,
subdivided into three warmer episodes, GI-1a, 1c and le, separated by the colder ones, GI-1b and 1d.
On the other hand, it was stressed that Greenland ice core chronology should not replace the regional
terrestrial stratigraphic divisions but to be used as extraregional reference for them (Litt et al. 2001;
Lowe et al. 2008; Van Raden et al. 2013). Although the risk of potential miscorrelation with some other
short-lasting late glacial climatic events of the high-resolution oxygen-isotope records from the
Greenland ice cores is clearly emphasized (Rasmussen et al. 2014), commonly the Bglling climatic
oscillation is correlated with GI-1e episode, Older Dryas with GI-1d, and early Allergd with GI-1c
(Van Raden et al. 2013). The requirement for such correlation between terrestrial records and Greenland
ice core stratigraphy is an independent absolute chronology derived from radiocarbon dates (Lowe et al.
2008), as well as from other dating method e.g. varve chronology (Litt et al. 2001). There is a growing
number of the late glacial studies investigating sequences which contain the Bglling-Older Dryas-
Allergd transition and attempting to correlate these sequences with the Greenland event stratigraphy
(Ammann et al. 2013; Bos et al. 2013, 2017; Dzieduszyriska and Forysiak 2019; Feurdean and Bennike
2004; Kolaczek et al. 2015; Litt et al. 2001; Moska et al. 2022).

Palaeo-records with the Older Dryas climatic oscillation distinguished as a traditional
biostratigraphic zone or chronozone (Iversen 1954; Mangerud et al. 1974) based on pollen data are
more numerous than those in which Older Dryas is correlated with GI-1d episode of the Greenland
event stratigraphy based on absolute chronology. Frequently, in the flat areas of Europe, a former
foreland of retreating ice-sheet, some distinct Older Dryas deposits were recorded at localities connected
with late glacial aeolian activity, e.g. dunes, sand covers, loess areas (Wasylikowa 1964). It was
suggested that vegetation growing on these types of unstable ground may be more prone to climate
deterioration (Burdukiewicz et al. 2007; Latalowa and Nalepka 1987) e.g. intense winds and give more
pronounced response in palynological profiles.

Older Dryas deposits have been also documented in the lacustrine late glacial-Holocene sequences of
the Polish Lowlands. In the Lake Goscigz, Older Dryas was marked (however not very distinctively) as
a short-lasting cooling phase during which the opening of forest habitats occurred, probably intensifying
a shore slumping process and sand deposition (Goslar et al. 1998; Ralska-Jasiewiczowa et al. 1998).
Older Dryas climatic oscillation was readily pronounced in palynological profiles of Ostonki palaeo-
lake, both as a drop in abundance of tree pollen, an increase in abundance of shrubs and herbaceous
plants, as well as a rising number of plant taxa representing wet and aquatic habitats (Nalepka 2005).

Further toward the East European Plain, the Older Dryas deposits were identified in the bottom of the
lacustrine sequences of a few Belarusian lakes (Novik et al. 2010; Zernitskaya 1997). In the eastern parts
of Poland, in the area of today Puszcza Knyszynska during the Older Dryas climatic phase high water
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table conditions prevailed, facilitating the onset of Taboty mire organic succession (Drzymulska 2010).
For the Wolbrom peatland site located in the Silesian-Cracovian Upland, the influence of Older Dryas
climate cooling was recognized, however, the interpretation of the resulting vegetation changes was
ambiguous (Latalowa and Nalepka 1987). In the adjacent region of the Sandomierz Basin, sites with
peatland and alluvial deposits revealed only a few mm thick horizon of the Older Dryas phase,
characterized by tundra vegetation with sparse tree stands (Nalepka 1994).

Older Dryas was found in intermontane depressions of the Outer Western Carpathians. In Tarnowiec
site (Jasto-Sanok Depression, SE Poland) it comprised several cm of sand-organic sediments, with low
concentration of pollen in a bottom part and pollen diagrams suggesting the predominance of a park-
woodland landscape and abundance of shrubs and herbs at that time (Harmata 1987). In the Nowy Targ
Basin (S Poland), Older Dryas deposits were found within the profile of the raised bog Na Grelu
(Koperowa 1961). Here, it is represented by ca. 35 cm of mineral deposits with pollen assemblage
interpreted as the treeless shrub tundra conditions.

Palacoenvironmental studies of the landslide fen deposits of Klaklowo and Koton sites, located in the
mid-altitudes of the Beskid Makowski Mountains (the Outer Western Carpathians) revealed the
exceptionally thick, ca. 0.5 m, sequence of mineral deposits attributed to the Older Drays climatic phase
(Margielewski 2001; Margielewski et al. 2003, 2022b). In the High Tatras (the Outer Carpathians,
S Poland) sedimentological studies from Czarny Staw Gasienicowy lakes revealed that the pre-Allergd
mineral deposits characterized by a massive type of bedding may be attributed to the cooling phases of
the Oldest Dryas and the Older Dryas stadials (Baumgart-Kotarba and Kotarba 1993). The pre-Allergd
section of the palynological diagrams exhibits an increase in non-arboreal pollen values connected with
open, steppe-tundra conditions and probable occurrence of timberline below the altitude of the Czarny
Staw Gasienicowy lake at that time. With some uncertainty this section was interpreted as the Older
Dryas Stadial (Obidowicz 1993, 1996). More ambiguous are pre-Allergd deposits from Zabie Oko
(Baumgart-Kotarba et al. 1994), although pollen data also suggest the Older Dryas cooling as a probable
time of their accumulation (Obidowicz 1993, 1996).

In this paper a part of a new multi-proxy results obtained from the Koton landslide fen deposits (the
Beskid Makowski Mountains, the Outer Western Carpathians, S Poland), including loss on ignition
analysis (LOI), plant macrofossil analysis and radiocarbon dating is presented. The aim of the study is:

1. to verify whether there is an agreement between reconstructed local palacoecological stages of the
Kotoni fen development (500-300 cm depth interval of the Kotoni sediment sequence) and the
Bglling, Older Dryas and the Allergd climatic oscillations defined according to the previous pollen
division of the Kotori fen deposits (Margielewski et al. 2003) and extraregional absolute
chronology of the Greenland ice cores (Rasmussen et al. 2014).

2. to verify whether the short GI-1d/Older Dryas climate cooling occurring 13,904-14,025 yr BP
(Rasmussen et al. 2014), being rarely recognised in late glacial sequences across Europe, affected
also the regional and local palaeoecological record of the Kotoni landslide fen deposits. If
confirmed, Koton locality would be considered as a unique and rare occurrence of the Older Dryas
deposits not only in a scale of the Carpathians and Poland but also in the scale of Europe,
contributing to the better understanding of the short climatic oscillations occurring throughout the
late glacial period.

Materials and methods
Site description

Geological and geomorphological setting

The study site is located in the south of Poland, in the Outer Western Carpathians, a mountain group
built of the Late Jurassic-Early Miocene flysch rocks (Ksiazkiewicz 1972) (Figure 1A and 1B). The
Koton landslide and the peatland filling the landslide’s sub-scarp depression, are situated in the southern
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Figure 1. Location of the Koton landslide fen (purple circle) in Europe (A), the region of the Outer
Western Carpathian (B) and the Beskid Makowski Mountains (C); (D) Koton landslide zone (outlined
with the dotted line) with the position of the Koton landslide fen (green solid line), (E) present-day area
(green solid line) of the fen with a drilling site (red star); (F) and (G) present-day vicinity of the Koton
fen (photo by Wiodzimierz Margielewski). Sources of basemaps: part (A) https://www.naturalearthdata.
com/downloads/10m-cross-blend-hypso/cross-blended-hypso-with-relief-water-drains-and-ocean-bottom/);
part (B) digital terrain model DTM https://download.gebco.net/ draped with the basemap of the part
(A); part (C) DTM from WCS service https.//mapy.geoportal.gov.pl/wss/service/PZGIK/NMT/GRID1/
WCS/DigitalTerrainModelFormatTIFF.).

slope of the Kotori massif, belonging to the Beskid Makowski Mountains (Figure 1C). The entire
landslide zone developed within the thick-bedded Magura sandstones of the Siary Subunit, Magura Unit
(Ksiazkiewicz et al. 2016; Wéjcik and Raczkowski 1994). The landslide lies close to the massif crest
(the pass between the Mt. Kotori, 857 m a.s.l., and the Mt. Pekalowka, 835 m a.s.l.) and formed as a
result of the development of the upper part of the Rusnakéw stream (left tributary of the Krzczonéwka
stream) (Figure 1C and 1D) (Margielewski 2001; Margielewski et al. 2003). Landslide form has a shape
of a broad wedge with two linear main scarps (ca. 15-30 m high) and a flat area of the landslide
colluvium in between them (Figure 1D and 1E). A longitudinal depression formed at the foot of the
western scarp of the Kotori lanslide (Figure 1D and 1E), limited from the east by elongated colluvial
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rampart (Figure 1F and 1G). The depression is about 50 m wide, 100 m long and up to 5 m deep, filled
up with organic-minerogenic sediments of the Kotor landslide fen.

Climate, hydrology and vegetation

Climate of the Beskid Makowski Mountains is moderately warm (mean air temperature: 8.0-8.5°C)
with significant amount of precipitation (mean annual sum: 800—1000 mm), influenced by mountainous
land relief (Tomczyk and Bednorz 2022). Prevailing winds blow from the west to the east and the Koton
site is located on the leeward slope. Similarly to the adjacent regions, temperature inversions occur in
the river valleys. Beside the Rusnakdw stream originating in the lower part of the Kotoii landslide, there
are no permanent streams flowing down from the head scarp and slopes, although the temporary ones
are likely (Figure 1E). Two altitudinal-climatic vegetation belts occur in this region: submontane (< 550 m
a.s.l.), with the indicator forest community being the colline form of the Tilio-Carpinetum association,
and nowadays covered by secondary grass-rich communities, the so-called oak-hornbeam meadows
(Arrhenatherion alliance), and the lower montane vegetation belt (550-870 m a.s.l.), represented by the
fertile Carpathian beech forest Dentario glandulosae-Fagetum and by the montane acidophilous beech
forest, Luzulo luzuloides-Fagetum with secondary communities of seminatural meadows and pastures
(Polygono-Trisetion alliance) (Mirek 2013). Mean annual growing season lasts 220-230 days
(Tomczyk and Bednorz 2022).

Coring and sampling

Sediment core was probed with the INSTORF Russian peat sampler (diameter: 8 cm) from the axial part
of the Koton sub-scarp depression (49°46'5.12"N; 19°54'12.96"E, 739 m a.s.1., Fig. 1E). Drilling spot
was close (0.5 m) to the site which was examined during earlier study (Margielewski 2001;
Margielewski et al. 2003), however, this time the maximum reached length of the core was greater:
500 cm comparing to the previous 450 cm. Furtherly, the core was sliced into samples in the following
scheme: 2.5 cm for the 500-300 cm depth interval and 5 cm for the 300-0 cm depth interval. Samples
were subjected to the loss on ignition and plant macrofossil analyses and radiocarbon dating (other
multi-proxy analyses will be presented in a separate paper). For the purpose of this study, the depth
section of 500-300 cm comprising the Bglling-Older Dryas-Allergd transition was selected.

Radiocarbon dating and age-depth model

Material for Acceleration Mass Spectrometry (AMS) dating was collected during the plant macrofossil
analysis from a depth section of 440-77 cm of the sediment core at sampling depths representative for
changes in lithology. Below 440 cm botanical remains were insufficient for AMS dating, whereas the
depth section above 77 cm (Holocene sediment) was not a target of the current study. For the depth
range 440-77 cm well-preserved plant material was identified to species level and multiple macrofossil
types were selected for dating, including plant fruits, seeds, leaves and needles.

In total, six radiocarbon dates were obtained: five samples were submitted to the Laboratory of
Absolute Dating in Krakéw, Poland, in collaboration with the Center For Applied Isotope Studies,
University of Georgia, U.S.A, whereas one sample of the smallest weight was submitted to Beta
Analytic, Inc. Miami, Florida, U.S.A (sample 435-431 cm, Beta-692394). To standardize the calibrated
results, the obtained '*C dates BP were further calibrated using the OxCal v. 4.4.4 software (Bronk
Ramsey 2009, 2021) and the IntCal20 calibration curve (Reimer et al. 2020).

Based on six '“C AMS dates the Bayesian age-depth model was constructed for the Kotori sediment
sequence. The modelling of age-depth curve was conducted in the OxCal v. 4.4.4 software (Bronk
Ramsey 2009, 2021) using the P_sequence function, interpolation = 2 (0.5 cm), parameters kO = 1 and
log10(k/k0) = U(—1,1), with the IntCal20 calibration curve. At a depth of 120 cm a Boundary command
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was introduced to reflect a significant change in lithology (there is a sudden reduction in values on the
loss on ignition curve associated with admixture of silt to sedge-moss fen peat accumulation) and plant
macrofossil assemblages (macrofossil data from 300-0 cm are not presented in this paper). A mean ()
value of the modelled age (values rounded to tens) expressed in cal BP and sedimentation rate expressed
in mm year~!, were obtained.

Loss on ignition and peat type

During the loss on ignition analysis (LOI) sediment slices (2.5 cm thick) underwent the ignition process
in a muffle furnace at 550°C according to the standard procedure of Heiri et al. (2001). After burning,
samples were weighed again in order to determine the loss in organic matter content and the loss on
ignition curve (weight loss expressed in %) was plotted. Peat type description was based on the earlier
study (Margielewski 2001; Margielewski et al. 2003), in which it was carried out by plant tissue analysis
and classification of Totpa et al. (1967).

Macrofossil analysis and zonation

Disintegrated material was mildly washed with running water through mesh sieve of 200 pm diameter.
Macrofossils identification was performed with ZEISS Stemi 508 stereomicroscope at 10-16x
magnifications. Macrofossils of plants (fruits, seeds, needles, oospores etc.) and animals (ephippia,
statoblasts, gemmules etc.) were recognized according to appropriate atlases, keys and publications
(Aalto 1970; Anderberg 1994; Berggren 1969, 1981; Birks 2013; Cappers et al. 2012; Kats et al. 1965;
Korber-Grohne 1964, 1991; Kowalewski 2014; Mauquoy and van Geel 2007; Velichkevich and
Zastawniak 2006, 2008). Collection of modern diaspores and specimens of fossil flora from the National
Biodiversity Collection of Recent and Fossil Organisms stored at W. Szafer Institute of Botany PAS in
Krakéw (herbarium KRAM) was also used for this purpose. Botanical nomenclature for vascular plants
was based on Mirek et al. (2020) and for mosses (Bryopsida) on Liith (2019), phytosociological
nomenclature was adopted after Pladias — Database of the Czech Flora and Vegetation, whereas
ecological requirements of plants were based mostly on Zarzycki (2002) and other references. Plant taxa
representing trees, shrubs and dwarf shrubs were gathered into one group, whereas other vascular plants,
Bryopsida and Characeae were grouped according to habitat moisture level (dry, fresh and moist, mire
and aquatic), also in order to better present the terrestrial and aquatic vegetation successions. Taxa of
animal and other remains were put into group named Others. All data were plotted on the macrofossil
diagram using Tilia software (Grimm 1991) as absolute macrofossil counts per sample volume
(8.0—24.0 cm®, mean: 15.80 cm?). In case of Bryopsida, relative abundances of identified species were
expressed as percentage of the total amount of well-preserved moss stems and presented as Bryopsida
composition in the sub-section of the macrofossil diagram.

Zonation of the Kotonn sediment sequence was carried out for macrofossil data (absolute counts
standardized to the same volume 16 cm?®, excluding Bryopsida species expressed in percentages), using
constrained incremental sum of squares cluster analysis (CONISS, Grimm 1987). The broken stick
model (Bennett 1996) was used to establish the number of statistically significant zones. Cluster
analysis was conducted in R version 4.2.2 (R Core Team 2022) and using package Rioja (Juggins 2022).
The final depth ranges of the palacoecological stages of development were determined based on cluster
analysis results and visual inspection of the macrofossil diagram.

Results and discussion
Absolute chronology and sedimentation rate

The obtained uncalibrated and calibrated AMS radiocarbon dates are presented in Table 1. The
agreement index A,oqe; Of the Kotoni age-depth model equals 91% and it is greater than the recommended

https://doi.org/10.1017/RDC.2025.10122 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2025.10122

ssaud Aissanun abpliquied Aq auiuo paysiiand zz 101’520z day/£ 101 01/61010p//:5dny

Table 1. Results of radiocarbon dating of the Koton landslide fen deposits. ¥ — MKL: Laboratory of Absolute Dating in Krakow, Poland, in collaboration
with the Center For Applied Isotope Studies, University of Georgia, U.S.A.; Beta: Beta Analytic, Inc. Miami, Florida, U.S.A. Calibration conducted in
OxCal v4.4.4 Bronk Ramsey (2021) with IntCal20 calibration curve (Reimer et al. 2020). Selection and identification of plant macrofossils for AMS dating

was done by Jolanta Pilch and Renata Stachowicz-Rybka

Mean Sigma
Material Age '*C  Calibrated age 26 p (cal o (cal
No. Depth (cm) (macrofossil type) Lab code* (uncal BP) 95.4% (cal BP) BP)  years) Context of dating
1 77.5-80 Sambucus racemosa fruits, MKL-A6645 6805 + 28 7682-7587 7639 26  Minerogenic cover
Rubus idaeus fruits (95.4%)
2 180-182.5  Carex rostrata fruits MKL-A6591 10,159 + 31 11,935-11,698 11,804 72  Sedge-moss fen peat
(92.9%),
11,665-11,650
(2.5%)
3 262.5-265  Pinus sylvestris needles, leaves MKL-A6590 11,242 + 34 13,226-13,218 13,140 28 Moss fen peat
fragments (not identified) (1.4%), 13,180—
13,093 (94.0%)
4 325-327.5  Carex rostrata fruits MKIL-A6589 11,967 + 33 14,021-13914 13,890 80  Moss fen peat/Alder
(45.8%), peat
13,884-13,766
(49.6%)
5 390-392.5  Alchemilla sp. fruits, Carex rostrata MKL-A6588 11,981 + 33 14,023-13,906 13,899 75  Organic-minerogenic
fruits, Valeriana simplicifolia/ (48.3%), sediment
dioica fruits, Poaceae fruit 13,892-13,785
(47.1%)
6 431-435 Alchemilla sp. fruits, Carex rostrata Beta-692394 12,300 = 40 14,440-14,083 14,302 195 Horizon with
fruits, Carex sp. trigonus fruits (83.5%), numerous
14,805-14,710 macrofossils within
(12.0%) silt sequence
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Figure 2. From left: core photo and lithological column of the Koton fen deposits, loss on ignition
curve, uncalibrated '*C ages of sediment samples, age-depth model, mean (1) value of the modeled '*C
age and sedimentation rate. The shaded area shows time range of the GI-1d/Older Dryas (OD) climatic
oscillation.

minimum of 60% for the model robustness (Bronk Ramsey 2009), therefore the calculated age-depth
model can be regarded as reliable (Figure 2). According to the obtained chronology, the accumulation of
the Kotoni fen sediment sequence could begin some time before 12,300 + 40 uncal BP or 14,805-14,083
cal BP (20)—this AMS date corresponds to the depth of 435-431 cm, whereas the age of the underlying
deposits (down to 500 cm) cannot be established due to the lack of organic material for dating. The
uppermost AMS sample is dated to 6805 =+ 28 uncal BP or 7682-7587 cal BP (26), however, as in the
current paper the investigated depth section is 500-300 cm, the “shallowest” considered sample is 325—
327.5 cmand it is dated to 11,967 & 33 uncal BP or 14,021-13,766 cal BP (25). Modelled mean date for a
depth of ca. 432 cm (approximately the lowermost AMS date) is 14,240 = 103 cal BP, whereas the
modelled mean date for the depth 300 cm is 13,450 + 115 cal BP. Taking these timeframes into
consideration, the accumulation of deposits representing 500-300 cm depth interval lasted more than ca.
800 cal years. Uncertainty (o) values of the Koton age-depth model are the following: 127-39 cal years
in the lowest part (440-391 cm, clastic material accumulation), 38—76 cal years in the middle part (391-
326 cm, moss fen peat accumulation) and 76—115 cal years in the uppermost part (326-300 cm, moss
fen peat accumulation). The sedimentation rate varies throughout the abovementioned depth intervals
from the medium 1.2-1.6 mm yr~! in the lowest part, through the highest: 2.8-3.0 mm yr~! in the
middle part, to the lowest: ca. 1.0 mm yr~! in the uppermost part (Figure 2).
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Loss on ignition and peat type

The results of the loss on ignition analysis and peat type descriptions are given in Figure 2 and
Supplementary Material-Table 1. In general, the investigated section of the Kotoni profile consists of
minerogenic material (silt with different admixtures) showing low LOI values (ca. <10%) in a depth
interval of 500-405 cm and organic deposits (mostly moss fen peat) with LOI values growing up to ca.
85% in the 405-300 cm depth interval. The detail interpretation of the LOI and peat type results along
with other proxies is given in Table 2 and Figure 4.

Macrofossil data and palaeoecological stages of the Kotoii landslide fen development

Four palaeoecological stages KT-1 to KT-4 (with two substages for stage 1 and 4) for the depth interval
500-300 cm of the Kotori sediment sequence were eventually determined. Detail description of
macrofossil assemblages of these zones is given in Supplementary Material-Table 1, whereas
macrofossil diagram is presented in Figure 3. The detail palacoecological interpretation of the stages is
given in Table 2 and Figure 4.

Older dryas (GI-1d) in the Kotoiri and other palaeo-records possessing absolute chronologies

In general, the Older Dryas climatic oscillation was related to the reappearance of cold and dry
continental climate. In the Kotori sediment sequence, during the stage KT-2 the inferred climatic
conditions around the Kotoni waterbody seem to be arctic/alpine (Figure 3, Table 2). Within the Koton
waterbody itself, development of the aquatic organisms’ successions with Bryopsida dominated by
Sarmentypnum trichophyllum is indicative for the occurrence of littoral zone presumably resulting from
the shallowing of the lake existing during the stage KT-1 (GI-1e/Bglling). On the other hand, if no
deeper lake existed during the stage KT-1, the aquatic conditions of the stage KT-2 could be explained
by low temperatures and related low evapotranspiration occurring under cold and dry conditions (low
precipitation), which allowed a shallow waterbody to persist.

Stage KT-2 lasted from ca. 14,070 % 72 to ca. 13,900 * 56 cal BP (ca. 170 years), what also
correspond well to a short GI-1d/Older Dryas climate cooling occurring 14,025-13,904 yr BP according
to the Greenland ice cores event stratigraphy (Rasmussen et al. 2014). Plant formations of the Koton fen
surrounding inferred for each of the palacoecological stages (with some exception for KT-1 which
probably records the local conditions of the landslide) stay in agreement with the earlier pollen-based
chronozones (Margielewski et al. 2003) (Figure 4): Bglling characterized by park tundra with Betula
and Pinus corresponds to KT-1a and 1b, Older Dryas represented by grass-shrub tundra is related to
KT-2 and KT-3, and Allerod-1 characterized by the immigration of Pinus and Betula forest corresponds
to KT-4a and 4b. A slight discrepancy in the depth extent between pollen-based Older Dryas
chronozone and macrofossil-based stage KT-2 (GI-1d/Older Dryas climate cooling according to NGRIP
event stratigraphy) could be explained by the fact, that these two datasets were obtained from two
different sediment cores, located however close to each other (0.5 m between drilling spots). Moreover,
the specificity of macrofossil and pollen method must be taken into consideration, as they reflect the
local and regional vegetation changes, respectively (Birks 2013). In case of differences in time range
between previously determined pollen-based chronozones for Kotonn (Margielewski et al. 2003) and
Greendland ices cores event stratigraphy (Rasmussen et al. 2014), it is important to stress that GI-1d /
Older Drays climate cooling is clearly defined in term of time range (14,025-13,904 yr BP), whereas for
many palaeo-records (including Koton site) the Older Drays climate cooling was recognized as based
solely on pollen diagrams, without a reference to specific time boundaries defined within extraregional
chronologies (Bjorck et al. 1998; Mangerud et al. 1974; Rasmussen et al. 2014). Therefore, the
discrepancies in the depth extent between pollen-based and chronology-based divisions of the sediment
sequence are possible (Margielewski et al. 2022a).
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Table 2. Palaeoecological stages of the Koton landslide fen development

Depth and age range of the Description

stage (see also Figures 2—4)
Stage KT-1a (500-431 cm, Sedimentation of minerogenic material (silt with sand and debris
> ca. 14,240, + 103 cal admixtures) and a few aquatic organisms (Characeae, Ostracoda,

BP) corresponding to GI-  Daphnia sp., Simocephalus sp., Chironomidae) at different depths of

le/Bglling and possibly the 500-431 cm interval, indicate that during the stage KT-1a a

also to GS-2/ Oldest waterbody developed in the Kotori subscarp depression (Figure 3).

Dryas A general scarcity of macroremains could suggest unfavorable living
conditions in the waterbody, absence of surrounding vegetation or a
lack of plant remains transport to the waterbody due to limited
precipitation. The proximity of the eulittoral zone is signalized by
macrofossils of Carex rostrata, Scirpus sylvaticus and Juncus sp.
An episode of waterbody shallowing and vegetation encroachment
is recorded in the upper part of this zone (at a depth of 435-431 cm)
with plants of minerotrophic fens and fen meadows represented by
Carex rostrata and Valeriana simplicifolialdioica. The most abundant
fruits of this layer belong to Alchemilla sp. which implies mesic to
wet stands within the different types of grasslands. Debris material
found in the zone KT-1b indicates that dynamic slope processes
occurred around the Kotor sub-scarp depression probably enhanced
by the lack of vegetation cover. As these phenomena could results
from the local conditions of the freshly formed landslide colluvium,
their interpretation in term of regional climatic changes should be
done with caution (e.g. lack of vegetation due to severe climatic
conditions) (Margielewski 2018).

Stage KT-1b (431405 cm, Stage KT-1b is characterized by continuing aquatic conditions
from ca. 14,240 = 103 to (Characeae, Batrachium sp., Ostracoda, Daphnia sp.), however,

ca. 14,070 = 72 cal BP, there is a noticeable change in the character of accumulated

ca. 170 years) minerogenic material from silt with sand and debris admixtures to
corresponding to GI-1e/ more clayey homogenous silt (Figures 2 and 3). Carex magellanica
Bolling is the most abundant and common among the mire plants,

possessing more preference toward cold conditions than other
sedges present in the zone KT-1: Carex rostrata and Carex diandra.
Nowadays, Carex magellanica subsp. irrigua has optimum in boreal
zone, it is found at high altitudes (subalpine and alpine) of Alps as
well as more rarely it is present in other localities of Central
Europe, e.g. Orava region in Slovakia (Dité and Pukajovd 2003 and
reference therein). In the latter site, it occupies less waterlogged
hummocks occurring in acidic habitat of floating fen. It is also
classified among glacial relict species of the Western Carpathians as
the highest-ranked species diagnostic for the acidic peatlands (Dité
et al. 2018). Continued occurrence of Alchemilla sp., confirm open-
space conditions, whereas fruit of Solidago virgaurea could be
transported from some drier stand.

Stage KT-2 (405-367.5 cm, In the KT-2 zone, judging by the continuous occurrences and the

from ca. 14,070 + 72 to highest abundance of aquatic organisms in the entire 500-300 cm
ca. 13,900 + 56 cal BP, section (Characeae, Batrachium sp., Potamogeton alpinus,
ca. 170 years) Ostracoda, Daphnia sp., Simocephalus sp., Ceriodaphnia sp.,
Porifera, Plumatella, Oribatid mites, Chironomidae), vegetation
(Continued)
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Table 2. (Continued)

Depth and age range of the Description

stage (see also Figures 2—4)
corresponding to the GI- succession has progressed in the Koton waterbody and a change to
1d/Older Dryas more gyttja-like sedimentation with increasing amount of organic

matter occurred (Figure 2 and 3). Macrophytes represented by
Characeae, Batrachium sp. and Potamogeton alpinus are often
found in the late-glacial limnic records as pioneering species
colonizing lakes (Gatka and Sznel 2013; Kotaczek et al. 2015;
Lewandowska et al. 2023). Studies showed that concentration of
Characeae oospores amounting for more than 100 oospores per
100 cm? is characteristic for the in situ occurrence of Characeae
plant community class Charetea Fukarek ex Krausch 1964,
commonly described as Characeae meadows (Szymczyk 2015 and
reference therein). In the Kotoni palaeo-waterbody deposits
concentration of Characeae oospores is many times greater than the
abovementioned value what implies that the submerged Characeae
meadows could spread at the bottom of the Kotori waterbody at that
time. Characeae presence suggests that the water conditions were
well-transparent, oligo- to mesotrophic and mildly acidic-alkaline
(Petechaty et al. 2007). Endocarps of Potamogeton alpinus are
characteristic for the onset and ending of interglacials and
interstadials, whereas at present day it is more a glacial relict with
distribution restricted mostly to boreal and mountain zones
(Velichkevich and Zastawniak 2006). Potamogeton alpinus confirms
clear-water and rather nutrient-poor conditions, indicating also
slightly acidic to moderately alkaline environment and a distinct
fine-grained substrate rich in organic matter (Borsukevych 2013;
Hrivnék et al. 2011). Aquatic conditions are also confirmed by the
composition of Bryopsida group dominated by Sarmentypnum
trichophyllum (more than 90% of all Bryopsida) which could grow
in the shallower part of the water pool. Moreover, Hygrohypnum
ochraceum and H. molle s. lat. are species indicative of a flowing
water and stony substrate, therefore the occurrence of the stony
stream inflow to the waterbody should be taken into consideration.
Also species related to mire in waterbody littoral were present in
small abundances, either regularly throughout the zone (Philonotis
calcarea, Sarmentypnum exannulatum, Aulacomnium palustre) or as
sporadic occurrences (Scurio-hypnum reflexum, Kindbergia cf.
praelonga, Rhizomnium punctatum, Plagmonium cf. ellipticum and
Palustriella decipiens).

During the KT-2 stage, the Characeae-dominated Koton waterbody
was fringed with mire habitats represented mostly by Bryopsida and
sedges (Carex) (Figure 3). Vascular plants were dominated by small
sedges Carex nigra and sporadically by Carex diandra and tall
sedges Carex rostrata and Carex magellanica and could form a
plant community resembling the alliance Caricion canescenti-nigrae
Nordhagen 1937. This plant community is characteristic for
emmersive vegetation of moderately rich fen (Hajek et al. 2006)
with developed moss layer, constantly waterlogged, where it can

(Continued)
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Table 2. (Continued)

Depth and age range of the Description
stage (see also Figures 2—4)

form initial mats fringing waterbodies. The mosaic habitats around
the Kotori waterbody were differentiated according to water level
conditions and characterized by the development of some productive
tall-herb stands. In the prolonged water-logged conditions Epilobium
palustre and Valeriana simplicifolial/dioica could thrive, whereas at
more elevated wet meadow-like patches characterized by fluctuating
water level, Ranunculus repens, Alchemilla sp. and Melandrium
rubrum used to grow, indicating also that trophy and access to light
varied locally. Nutrient-demanding Urtica dioica and Heracleum
sphondylium may represent fresh/ moist conditions.

In the further distance from the Kotori waterbody, or at the slopes
rising around the basin, open, dry/fresh and base-rich habitats
occurred, as indicated by a distinct presence of heliophilous taxa
Dryas octopetala, Androsace cf. chamaejasme and Caryophyllaceae.
Dryas octopetala is an arctic-alpine dwarf-shrub, presently growing
in the arctic tundra and rocky meadows of the Carpathians, Alps
and other mountainous areas (Elkington 1971). It is common in
fossil records during the glaciation periods (Velichkevich and
Zastawniak 2008), confirming the cold climatic conditions for the
zone KT-2. Androsace cf. chamaejasme is also an arctic-alpine
species, nowadays occurring in calcareous grasslands of the alpine
belt of the Carpathians (Mirek 2013), together with a slightly more
moisture-preferring Potentilla cf. crantzii. Therefore, during the
stage KT-2 the environment around Kotori basin could resemble
arctic steppe-tundra and/or alpine rocky meadows. Moreover, some
tree stands or single tree individuals could grow in this open
landscape during the zone KT-2, as macrofossils of Coniferae and
Betula species start to occur sporadically.

Stage KT-3 (367.5-345 cm, The oligo-mesotrophic lake, which developed during the stage KT-2,

from ca. 13,900 + 56 to seems to be shallowing/overgrowing and transforming into

ca. 13,820 + 68 cal BP, (calcareous) extremely rich fen (Héjek et al. 2006) during the stage
ca. 80 years) KT-3. This process can be connected to the natural autogenic
corresponding to the succession. A change into fen is reflected in an almost total
transition from the GI-1d/  disappearance of Characeae oospores, Batrachium sp. and

Older Dryas to GI-1c/ Potamogeton alpinus and significantly lowered abundance of
Allergd Daphnia sp., Porifera and other animal remains. Bryopsida

composition also shows a prominent change: it becomes dominated
by calciphilous Calliergon giganteum (up to 90% of the total
Bryopsida abundance) which at some depths decline at the expense
of the other calciphilous species: Philonotis calcarea and
Palustriella decipiens. Calcareous character of the fen is also
suggested by the minor presence of Ptychostomum
pseudotriquetrum and Drepanocladus trifarius. A process of top-to-
bottom overgrowing with floating mats cannot be excluded as the
terrestrialization mechanism of the Koton palaeo-lake. During the
stage KT-3 peat-forming plants became more wide-spread and
thrived in continuous water-logged conditions (Figure 3). Therefore,

(Continued)
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Table 2. (Continued)

Radiocarbon 13

Depth and age range of the
stage

Description
(see also Figures 2-4)

Stage KT-4a and b (345-
300 cm, from ca. 13,820
+ 68 to ca. 13,500 £ 115,
ca. 320 years)
corresponding to the GI-
Ic/Allergd

moss fen peat accumulation could take place what is also expressed
in a rise of the LOI curve values (Figure 2). Macrofossils of sedges
become noticeably more abundant (especially Carex nigra), except
for Carex magellanica, which declines (possibly due to the warming
climatic conditions) supporting an increase in productivity and
stronger competition of other sedges. Vegetational composition and
moisture-dependant habitat diversity at the margins of the Koton
mire is similar to the zone KT-2, with some signal of possible
reedbed development (Glyceria cf. maxima) and episodes of
exposed wet mud of the lake bottom (Eleocharis ovata), at least at
some marginal parts of the waterbody.

Pure arctic-alpine flora becomes absent in this depth interval probably

because of the warming climatic conditions and/or competition for
light, however, some indicators of dry and open habitats around the
Kotofi basin continue to occur sporadically (Picris hieracioides).
At the very beginning of the KT-4 stage, a short disappearance of
Bryopsida can be noticed, but soon they grow back in number
showing also a distinct change in composition: previously
predominating Calliergon giganteum becomes replaced by
Sarmentypnum exanullatum (up to 100% of Bryopsida abundance)
(Figure 3). A presence of this acidophilus moss species may suggest
the transition of the Kotori mire towards the moderately rich fen
(Hajek et al. 2006). Additionally, in the upper part of the substage
KT-4b, there is a growing proportion of Aulacomnium palustre and
Helodium blandowii, which may reflect the occurrence of some
drier (elevated) stands like small hummocks within the fen. Changes
in Bryopsida composition could be caused by the autogenic
succession and blocking of income of calcium-rich groundwater by
increasing thickness of peat layer. A process of autogenic
succession is also reflected by occurrences of species growing in
waterlogged conditions as Carex rostrata and Menyanthes trifoliata,
The occurrence of trees and shrubs in the fen vicinity, at the
beginning represented by Betula nana and Betula pubescens in the
zone KT-4a and later also by Pinus sylvestris and Salix sp. in zone
KT-4b, could be related to the warming climate. Additionally,
increased heterogeneity of water-logged conditions could enhance
the spreading of Betula nana and Betula pubescens deeper into the
fen area (Brock et al. 1989; Ejankowski 2008). In the substage
KT-4a some more heliophilous representatives of fresh and moist
habitats (Linaria sp., Taraxacum sp.) occurred only sporadically,
whereas in the subzone KT-4b open-spaces and tundra presence
around Koton fen were not signalized anymore. On the other hand,
the absence of heliophilous plants in the macrofossil record at this
stage can be attributed to the lack of water transport to the fen, not
the direct disappearance of dry habitats around the Kotonl fen. A
similar explanation should be considered in case of a complete

(Continued)
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Table 2. (Continued)

Depth and age range of the Description
stage (see also Figures 2—4)

decline of Alchemilla sp. In the KT-4 zone, Hieracium cf. murorum
again co-occurred with spreading of trees.

Further climate amelioration and/or decrease of water level in the
Kotori mire during the stage KT-4b allowed for expansion of Pinus
sylvestris and possibly other Coniferae species, although the number
of their macrofossils found is small and it is not clear whether well-
developed birch-pine boreal forest spread widely in the mire’s
surroundings. Macrofossils of Juniperus communis and Rubus
saxatilis, species nowadays occurring in the shrub layer of the Pinus
sylvestris light taiga of boreal zone, were also found. The vegetation
of the moderately rich fen was continuously composed of
Bryopsida, sedges (predominating Carex diandra and Carex
rostrata), Menyanthes trifoliata as well as Betula nana and
sporadically Epilobium palustre. In the vicinity of the fen, Urtica
dioica and Salix sp. used to grow.

Despite their rarity across Europe, localities with the late glacial deposits in which GI-1d/Older Dryas
was distinguished based on absolute chronology and reflected in pollen and/or plant macrofossil data
represent various topographical settings and palaecoenvironmental conditions. In the central-western part
of the Polish Lowlands, GI-1d/Older Dryas was recognized as a time of the main dune formation stage,
replacing the earlier pedogenic processes of GI-1e/ Bglling climate amelioration (Moska et al. 2022)
(Figure 4). In the sediments of small depressions developed within cover sand ridge near Rieme (NW
Belgium), the GI-1d /Older Dryas was characterized by ceasing of organic material deposition and
inserts of sand overblown to the depressions by wind as a result of surface erosion in an open landscape
(Bos et al. 2013) (Figure 4). On the contrary, during GI-le /Bglling and GI-1c /Allergd climatic
oscillations these depressions experienced increase in the groundwater level probably related to
permafrost thawing.

Bglling-Older Dryas-Allergd sequence (corresponding to GI-1e, GI-1d and GI-1c, respectively) was
also distinctively recorded in the other NW Belgium site, Moervaart palaco-lake (Bos et al. 2017)
(Figure 4). In this sequence, Bglling was characterized by a development (due to rise in the groundwater
level) of a calcareous and mesotrophic shallow lake fringed with swamps and surrounded by a dwarf
shrub tundra. Older Dryas deposits revealed shallowing of the lake and a transition to a swamp,
surrounded by a grass-steppe tundra landscape. Early Allergd lacustrine sediments of Moervaart lake
documented a lake deepening, boreal birch forests development, soil formation and occurrence of more
diverse vegetation and habitats.

In case of deposits of Gerzensee lake (603 m a.s.l.) located in the Swiss Plateau region, the
chronology was based on the correlation of oxygen isotope record with those of NGRIP (Van Raden
et al. 2013) and assigned ages according to GICC-05 time scale, as years BP (Ammann et al. 2013). The
Older Dryas (GI-1d) was reflected only as a minor increase on herb curves in pollen profiles, related to
re-expansion of steppic conditions, and it was identified as the Aegelsee Oscillation (Ammann
et al. 2013).

In the Carpathians in Romania, sites with calibrated age scales, pollen and macrofossil data have
been available for correlation with the GRIP oxygen isotope profile (Feurdean et al. 2007; Feurdean and
Bennike 2004). For example, in Preluca Tiganului (730 m a.s.l.) (Feurdean and Bennike 2004), a small
infilled former volcanic crater lake, during ca. 14,100-13,800 cal BP an episode of drying and cooling
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Figure 3. Macrofossil diagram of the depth section 500-300 cm of the Koton landslide fen deposits
divided into two lines. Values are absolute counts per sample (sample volumes presented on the left),
except for the Bryopsida composition (percents). In case of Bryopsida stems fragments and Characeae
oospores, due to their great abundancies, the total number presented in the diagram is a sum a number
of stems/oospores counted in the uniform part of a sample and a number of stems/oospores estimated
visually in remaining part of the sample. The shaded area shows time range of the GI-1d/Older Dryas
(OD) climatic oscillation.

of the climate was recognised (Figure 4). At the beginning of this short oscillation, deposition of gyttja
peat and later also peat (rise in organic matter content) and scarcity of telmatic plants macrofossils
indicate a decrease in water table. Around ca. 14,000 cal BP, over the peat layer gyttja peat and later also
peaty gyttja was accumulated, suggesting gradual re-flooding of the lake. Again, however, at ca. 13,900
cal BP the waterbody shallowed and became overgrown, resulting in carr peat formation (drier climatic
conditions). In case of regional vegetation changes, during ca. 14,100—13,800 cal BP amount of arboreal
pollen decreased, whereas non-arboreal increased, implying opening of the woodland and cooler
climatic conditions (Figure 4). For the proceeding time interval, 13,800—12,900 cal BP (corresponding
to the warm episode GI 1c-1a/Allergd), open boreal forests predominated, whereas locally, in Preluca
Tiganului site, carr peat accumulation continued in the mire environment, however with developed open
water pools (Feurdean and Bennike 2004).

The observed vegetation, palacoclimatic and palaeohydrological changes recorded both in the Kotoni
sediment sequence and the other sites of Europe possessing Bglling-Older Dryas-Allergd transition well

https://doi.org/10.1017/RDC.2025.10122 Published online by Cambridge University Press


https://doi.org/10.1017/RDC.2025.10122

16 J. Pilch et al.

PALAEOECOLOGICAL
STAGES AT KOTON

ol al al 3013)

| Depth (cm)

Local and Local [Sumounding| | Local | 9 Local alo
Surrounding Opon buch
1 oncs

20

1 115 Age (cal BP)

3 KT- Logal Surrounding
pe. 3003 13500- Max_ dopth lake 13500
largd-1: 3 ) e o ) s
e . Ponds wih L doup ko .
Pinusand 1" Al 4b Moderately rich fen boreal farest foatng-leaved| Open birch
Betula forest 3207 5] or
330 13750 4a Moderately rich fen | boreal forest
Older Dryas: 350}

=

[

1

Aookan
depasition

13750

Gl-163 L g

I pouRlly Ape3

grass-shrub 37— ] (Ca) extremely rich fen |steppe-tundra

tundra Waterbody - aquatic
succession

3
2 Loke ransiion | Gfass
2 to swamp

edo]
lepio
(a0} Pirio

300
———— 00
Balling: park d"’g_
tundra with !
Betulaand 120
us 0

8

(ag) pirin

Waterbody - organic -
ialae ) open-space? mesaliophic
shallow laka

Landslide and Gpen-space?

1a waterbody (due to local
formation- clastic conditions

sediment and/or cold sy

climate) .

Gl-1e

Bueg

? ? ?

i
BopIQ

Figure 4. Stages of the palaeoecological development inferred for the Koton landslide fen deposits
(500-300 cm depth interval) in correlation with previous pollen-based chronozones of Koton,
Greenland ice cores event stratigraphy and stages of local and regional palaeoenvironmental
development from various localities across Europe in which correlation with Greenland ice cores was
used. The shaded area shows time range of the GI-1d/Older Dryas (OD) climatic oscillation.

correlated with Greenland ice cores, show distinct similarities but also differences. In case of all
presented sites, during GI-1d/Older Dryas climatic oscillation vegetation of the surrounding areas was
characterized by open-space habitats with herbs, shrubs and sparse tree stands, e.g. steppe-tundra,
reflecting the cold and dry climatic conditions (Figure 4). There is also a consistency in occurrence of a
shallowing process of the palaeo-lakes: during the Kotori palaeoecological stage KT-2 an overgrowing
of the waterbody was recognised, similarly to Moervaart palaeo-lake (transition to swamp) and Preluca
Tiganului crater lake (decreasing water level, however with some episode of re-flooding) (Figure 4).
Although for the other localities this process was attributed to the dry climatic conditions, in case of
Koton site, the role of autogenic succession has to be considered as a main factor of the waterbody
terrestralization. Another difference is that no influence from the aeolian activity was detected in the
Kotoni deposits as it was established for the Leszczyca or Rieme sites (Figure 4), possibly due to
substantially different depositional environments (dunes/sand ridges of the lowlands vs landslide lake/
fen of the mountains). During the proceeding Allergd climatic warming (GI-1c) and establishment of the
boreal forest dominated by Betula and conifers (Pinus, Larix, Picea), the evolution of the mentioned
sites differs according to the local hydrological regime (Figure 4). In case of Rieme and Moervaart the
stage of a deeper waterbody reappears, whereas in case of Kotoni and Preluca Tiganului the shallow
waterbodies of the Older Dryas stage overgrow further with vegetation and turn into the mires, possibly
with some open-water pools preserved.

To sum up, despite the fact that the influence of GI-1d/Older Dryas climate cooling on the
surrounding and regional vegetation was recognised for the Kotoi KT-2 deposits, in case of local
vegetation and palacohydrological changes more detail multi-proxy research is necessary to distinguish
the climatic impact from the autogenic succession.

Conclusions

1. Four palaeoecological stages of development were determined for the Kotori landslide fen
deposits between ca. 14,600-13,500 cal BP showing the agreement with the earlier pollen division
of the Kotoni deposits and with the extraregional chronology of the Greenland ice cores. Stage
KT-1 (from ca. 14,240 + 103 to > ca. 14,070 £+ 72 cal BP, > ca. 170 years; GI-1e/Bglling and
possibly the GS-2/Oldest Dryas) was characterized by the occurrence of a poor-in-vegetation
waterbody with prevailing clastic sedimentation in the presumably open-space surrounding
(caused by local landslide conditions and/or cold climate). Stage KT-2 (from ca. 14,070 + 72 to
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ca. 13,900 * 56 cal BP, >ca. 170 years, the GI-1d/Older Dryas) was represented by a gyttja-like
deposits of oligo-mesotrophic waterbody with vegetation dominated by Characeae meadows,
Sarmentypnum trichophyllum and sedges, probably surrounded by the steppe-tundra habitats.
Stage KT-3 (from ca. 13,900 % 56 to ca. 13,820 * 68 cal BP, ca. 80 years; the transition from the
GI-1d /Older Dryas to GI-1c/Allergd) documented waterbody overgrowing as a result of natural
autogenic succession and a change into (calcareous) extremely rich fen predominated by
calciphilous Bryopsida species. Stage KT-4 (from ca. 13,820 * 68 to ca. 13,500 + 115, ca. 320
years; GI-1c/Allergd) documented the birch-pine boreal forest development caused by climate
warming and the transition to the moderately rich fen probably due to moss fen peat accumulation
(reduced access to the calcium-rich groundwater).

2. Despite their rarity across Europe, localities with the late glacial deposits in which GI-1d/Older
Dryas was distinguished based on absolute chronology and reflected in pollen and/or plant
macrofossil data represent various topographical settings and palacoenvironmental conditions. In
all presented sites, during the Older Dryas climatic oscillation vegetation of the surrounding areas
was characterized by open-space habitats with herbs, shrubs and sparse tree stands, e.g. steppe-
tundra, reflecting the cold and dry climatic conditions. Locally, some of the sites (including
Koton) experienced a shallowing of the existing palaco-waterbodies. Although for the other
localities this process was attributed to the dry climatic conditions, in case of Koton site the role of
autogenic succession has to be considered as a main factor of the waterbody terrestralization. Even
though the influence of GI-1d/Older Dryas climate cooling on the surrounding and regional
vegetation was recognised for the Koton KT-2 deposits, in case of local vegetation and
palaeohydrological changes more detail multi-proxy research is necessary to distinguish the
climatic impact from the autogenic succession.
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SI-Table 1 Detailed description of the loss on ignition, peat type, plant and animal macrofossils data from a depth 500-300 cm divided into four

palaecoecological stages of the Koton fen development.

Depth and Results of the loss on Results of the plant macrofossil analysis (Figure 3)
age range of ignition analysis and peat
the stage type description (Figure
2)
KT-1a Minerogenic sediment: A single seed of Juncus sp. and a fruit of Alchemilla sp. Several fruits and urticles of Carex rostrata,
500-431  silt with sand and debris ~ which are present closer to the upper boundary of this zone. A few fruits and seeds of Scirpus
cm, admixtures, showing low  sylvaticus at similar depth to Carex rostrata. Almost continuous presence of a few leaves from
> ca. values of LOI <5%. Bryopsida mosses. Single occurrences of Characeae oospores at different depths, along with
14,240, = macrofossils of Ostracoda, Daphnia sp., Simocephalus sp., Oribatid mites and Chironomidae.
103 cal BP The horizon at a depth of 435-431 cm is more abundant in macrofossils. Next to the numerous fruits
of Alchemilla sp., it contains single macrofossils of Valeriana simplicifolia/dioica, Carex rostrata,
Carex sp. trigonus (not presented in the macrofossil diagram), Ostracoda, Porifera and Oribatid
mites. Moreover, there is a single fragment of charcoal.

KT-1b This interval consists of a This zone is also poor in macrofossils. At the lower boundary, a single fruit of Asteraceae was
431-405  clayey silt with an found, whereas at the upper boundary a single fruit of Solidago virgaurea appears. Near the lower
cm, increasing content of and upper boundaries of this zone, some fruits of A/chemilla sp. also occur. A few diasporas of
from ca. organic matter (5-8%) Carex magellanica are present, along with single fruits of Carex diandra and Scirpus sylvaticus.

14,240+  visible on the LOI curve.  Aquatic plants are represented by one fruit of Batrachium sp. and a few Characeae oospores.

103 to ca. Ostracoda shells occur in a distinctive number, along with sporadic ephippia of Daphnia sp.,
14,070 £ 72 Simocephalus sp., Ceriodaphnia sp. and others. There is again a single fragment of charcoal.
cal BP, ca.

170 years

KT-2 Minerogenic material This zone is the most abundant in plant and animal macrofossils in the analysed 500-300 cm depth
405-367.5  (silt) still prevails inthe  section. Among trees, shrubs and dwarf shrubs, there are the first sporadic occurrences of Betula
cm, sediment of this zone, pubescens, Betula sect. Albae and Betula sp. macrofossils and a single bud scale of Coniferae




from ca.
14,070 £ 72
to ca.
13,900 £ 56
cal BP, ca.
170 years

however, the share of
organic matter continues
to increase upward (10—
20%), resulting in more
gyttja /organic mud-like
deposits.

occurs. Fragments of leaves (undifferentiated) show continuous occurrence. It is not possible to
attribute them exclusively to tree species, shrubs or dwarf shrubs.

Plants of dry habitats are represented by a single seed of Dianthus sp., one fruit and one leaf of
Dryas octopetala, a few seeds of Androsace cf. chamaejasme and Caryophyllaceae.

In the group of plants of fresh and moist habitats Poaceae fruits show continuous presence and there
are single macrofossil finds of Potentilla ct. crantzii, Melandrium rubrum and Heracleum
sphondylium. Alchemilla sp. fruits appear in a large number and show continuous presence through
the entire zone. There is a frequent presence of Urtica dioica fruits.

Plants of mire habitat are dominated by abundantly occurring Bryopsida. Besides that, there is a
large number of fruits and urticles of Carex nigra and Carex rostrata, less numerous Carex
magellanica and least abundant Carex diandra. There is a frequent presence of macrofossils of
Valeriana simplicifolia/dioica, Ranunculus repens. There are a few seeds and fruits of Epilobium
palustre and Scirpus sylvaticus.

Aquatic organisms are dominated by macrophytes represented by continuously present abundant
oospores of Characeae and numerous fruits of Batrachium sp. and Potamogeton alpinus. Along with
them, there are plenty of Ostracoda shells, Daphnia sp. and Simocephalus sp. ephippia (rarely also
of Ceriodaphnia sp.), Porifera gemmules and Plumatella statoblast. Oribatid mites, Chironomidae
and Trichoptera remains are also very abundant.

Bryopsida group is dominated by Sarmentypnum trichophyllum (more than 90% of all Bryopsida)
and secondarily there are some small abundances of Philonotis calcarea, Sarmentypnum
exannulatum, Aulacomnium palustre continuing throughout the zone. Hygrohypnum molle s. lat. is
also present in several samples, whereas Scurio-hypnum reflexum, Kindbergia cf. praelonga,
Rhizomnium punctatum, Hygrohypnum ochraceum, Plagmonium cf. ellipticum and Palustriella
decipiens show single occurrences.




KT-3 In this depth interval, a In this stage, apart from single occurrence of Betula pubescens and Betula sect. Albae, some fruits
367.5-345 share of organic matter of Betula nana appear for the first time. Among plants of dry habitats, single fruit of Hieracium cf.
cm, starts to predominate murorum and Picris hieracioides occur. Moreover, there are also single macrofossils belonging to
from ca. (20%—65%) and Poaceae, Melandrium rubrum and Heracleum sphondylium. Alchemilla sp. fruits continue to appear
13,900 £ 56 accumulated moss fen in a large number.
to ca. peat (Bryalo-
13,820 £ 68 Parvocaricioni bryaleti,  Bryopsida stem fragments grow in number furtherly, still predominating plants of mire habitat.
cal BP, ca. Margielewski et al. 2003) Diasporas of Carex rostrata and Carex diandra are also numerous, whereas those of Carex nigra
80 years  receives only some again rise in number. There are some single finds of Ranunculus repens, Valeriana
admixture of simplicifolialdioica, Caltha palustris, Eleocharis ovata and Glyceria cf. maxima.
minerogenic matter.
Characeae oospores, in this zone, abruptly fall in number to only a few, similarly to the other
aquatic organisms. Only one fruit of Potamogeton alpinus was found in this zone. Daphnia sp.,
Porifera and Oribatid mites, show almost continuous presence, but low abundance. Simocephalus
sp., Ostracoda, Plumatella and Trichoptera are less frequent.
Bryopsida composition becomes dominated by Calliergon giganteum (up to 90% of the total
Bryopsida abundance) which at some depths decline at the expense of the other species: Philonotis
calcarea and Palustriella decipiens. There is also a small proportion of Ptychostomum
pseudotriquetrum and Drepanocladus trifarius.
KT-4a The first half of this zone Trees, shrubs and dwarf shrubs in this zone are predominated by numerous fruits of Betula
345-322.5 shows LOI values at first pubescens (continuous occurrence) and less frequent Betula nana. Other macrofossils include
cm, decreasing from ca. 65%  Betula sect. Nanae, Betula sect. Albae and one Coniferae bud scale. Noticeably, fragments of leaves
from ca. to ca. 30% in aresult of  do not appear in this subzone.
13,820 + 68 minerogenic matter
to ca. admixture to the woody = There are some single representatives of plants of dry, fresh and moist habitats: Linaria sp.,
13,720+  alder peat (4/nioni aneti  Hieracium cf. murorum, Poaceae and Taraxacum sp. Fruits of Alchemilla sp. disappear in this zone.

composed of Bryales pl.

There is a single occurrence of Urtica dioica fruit.




87, ca. 100

sp. and decomposed

years Alnus sp. wood, Number of Carex rostrata macrofossils increase greatly several times, whereas Carex diandra and
Margielewski et al. Carex nigra show significantly lower number, although a constat occurrence. Stems fragments of
2003). Bryopsida are reduced in number at the beginning of the interval but later come back in a great
abundance. The new-coming species is Menyanthes trifoliata, appearing in noticeable number of
seeds and almost continuous occurrence. Moreover, there is a single occurrence of Scirpus
sylvaticus.
Among aquatic organisms, macrophytes (besides single Characeae oospore and Potamogeton
alpinus fruit) are absent. There is almost a continuous presence of Ostracoda, Daphnia sp.,
Simocephalus sp., Oribatid mites, Chironomidae, and Trichoptera and more sporadic Ceriodaphnia
sp. and Porifera, however all of them in much smaller amounts comparing to the zone KT-2.
In Bryopsida composition, Calliergon giganteum becomes replaced by Sarmentypnum exanullatum
(up to 100% of the total Bryopsida abundance).
KT-4b In the second half of the =~ The uppermost stage is characterized by a few fragments of Pinus sylvestris needles and Coniferae
322.5-300 KT-4 zone, LOI curve bud scales. Betula pubescens macroremains again grow in number, whereas those of Betula nana
cm, starts rising again keep on a similar level. At a depth of 310-312.5 cm numerous fruits of Salix sp. were found.
from ca.  reaching values slightly =~ Moreover, there is one seed of Juniperus communis and one fruit of Rubus saxatilis present.
13,720 £ 87 over 85% as a result of
to ca. almost pure Several Poaceae and Urtica dioica fruits are the only representatives of plants of fresh and moist
13,500 £  uncontaminated moss fen habitats.
115, ca. 220 peat accumulation
years (Bryalo-Parvocaricioni ~ Plants of mire habitats are still dominated by Bryopsida, and secondarily by Carex rostrata

bryaleti composed
mostly of Bryales pl. sp.,
sedges and Menyanthes

(decreasing in number) and Carex diandra (increased in number). Menyanthes trifoliata is still
noticeably present almost throughout this entire subzone. Other taxa present include Carex nigra
and Epilobium palustre. Aquatic animal taxa almost disappear in this zone. Only Oribatid mites
show continuous and abundant presence.



trifoliata, Margielewski

et al. 2003). In Bryopsida composition, apart from the predominating Sarmentypnum exanullatum (up to 100%
of the total Bryopsida abundance), in the upper part of this substage there is a growing proportion of
Aulacomnium palustre and Helodium blandowii.



