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Abstract

The first article focuses on identifying the interaction of environmental/climate factors
affecting the disappearance of the Trapa natans plant (kotewka orzech wodny) in north-eastern
Poland in the context of its ecological requirements. The main aim of the research was to
determine the interaction of paleoenvironmental factors based on the bioindicative values of
plants identified in biogenic sediments in the late glacial and holocene periods. The work
focused on tracking climatic changes affecting the evolution of reservoirs in the regional and
local context and reconstructing the succession of vegetation based on bioindicating species.
Macroremain analyses were used for the research high-resolution and palynological and
geochemical analyses of organic sediment cores, supported by radiocarbon dating by
accelerator mass spectrometry.

The first article focuses on determining the causes of the disappearance of the Trapa
natans plant (kotewka orzech wodny) in north-eastern Poland. A high-resolution analysis of
plant macroremains was carried out, supported by geochemical analysis. On this basis, the
paleoecological conditions of the development of the T. natans population were reconstructed
and the reasons for its decline in the late Holocene were investigated. In the second article, the
research focused on determining the environmental conditions indicated by the appearance of
Lobelia dortmann (lobelia jeziorna) in it, as well as the causes and time of coexistence with
Cladium mariscus (kto¢ wiechowata), a different species in terms of ecological requirements.
In the third article, the initial age of lake development was determined and, based on the
presence of bioindicating taxa, local and regional plant succession, as well as environmental

conditions at the initial stage of lake and peat bog development, were reconstructed.



Streszczenie

W niniejszej pracy zaprezentowano wyniki badan paleoekologicznych prowadzonych
na dziewieciu stanowiskach w péinocnej 1 srodkowej Polsce. Glownym celem badan byto
ustalenie interakcji czynnikdéw paleosrodowiskowych na podstawie bioindykacyjnych waloréw
ro$lin identyfikowanych w osadach biogenicznych w okresie pdzno glacjalnym i holocenskim.
W pracy koncentrowano si¢ na przesledzeniu zmian klimatycznych wptywajacych na ewolucje
zbiornikow w konteks$cie regionalnym i lokalnym oraz odtworzeniu sukcesji roslinno$ci
w oparciu o bioindykacyjne gatunki. Do badan wykorzystano analizy makroszczatkowe
w wysokiej rozdzielczo$ci i1 analizy palinologiczne i1 geochemiczne rdzeni osadoéw
organicznych, wsparte datowaniem radiowg¢glowym metoda akceleratorowej spektrometrii
mas.

W artykule pierwszym skoncentrowano si¢ na rozpoznaniu interakcji czynnikow
srodowisko/klimat majacy wptyw na zanik rosliny Trapa natans (kotewka orzech wodny)
w ponocno-wschodniej Polsce, w kontekscie jej wymagan ekologicznych. Przeprowadzono
analize makroszczatkow roslin w wysokiej rozdzielczos$ci poparta analiza geochemiczng. Na
tej podstawie zrekonstruowano paleoekologiczne uwarunkowania rozwoju populacji T. natans
i zbadano przyczyny jej spadku w poéznym holocenie. W artykule drugim badania
koncentrowaty si¢ na ustaleniu warunkow srodowiskowych wskazywanych przez pojawienie
sic w nim Lobelia dortmanna (lobelia jeziorna) oraz przyczyn i czasu wspolistnienia
z odmiennym co do wymagan ekologicznych gatunkiem Cladium mariscus (kto¢ wiechowata).
W artykule trzecim okre$lono poczatkowy wiek rozwoju jezior oraz, na podstawie obecnos$ci
taksonow bioindykacyjnych, zrekonstruowano lokalna i regionalng sukcesj¢ roslinnag, a takze

warunki §rodowiskowe w poczatkowej fazie rozwoju jezior i torfowisk.



Wstep

Roslinnos¢ definiowana jest jako ,,0g06t zbiorowisk roslinnych wystepujacych na danym
obszarze, w danym ekosystemie lub w danym okresie geologicznym” (Falinska 1997).
,Poszczegdlne zbiorowiska natomiast, sktadaja si¢ ze specyficznej kompozycji roéznych,
wspotwystepujacych ze soba gatunkow, ktére w znacznym stopniu wplywaja na srodowisko
swojego wystepowania” (Petechaty, Pronin 2015).

Jeziora stodkowodne dynamicznie reaguja na wszelkie zmiany s$rodowiskowe
i klimatyczne. Dzigki badaniom nagromadzonych w zbiornikach osadow mozliwa jest
rekonstrukcja zmian zachodzacych w jeziorach i w ich otoczeniu, a takze zmian klimatycznych
(Szeroczynska, Zawisza 2007). Na przetomie tysigcleci to klimat byl glownym czynnikiem
ksztattujacym zmiany w srodowisku naturalnym. Dzieki cyklicznym wahaniom fal globalnego
ochlodzenia i ocieplenia przez tysigclecia ksztattowala si¢ powierzchnia Ziemi (Bradley 1999;
Dzieduszynska 2013). Zmiany klimatyczne w okresie pdzno glacjalnym 1 wczesno
holocenskim zostaty szeroko oméwione na podstawie licznych badan w zachodniej i srodkowe;j
Europie (m.in. Iversen 1973; Haas i in. 1998; Wick 2000, Ralska-Jasiewiczowa i in. 2003;
Tuner i in. 2013).

Wigkszos¢ polskich jezior powstalta w okresie poznego glacjatu, a ich charakter
warunkowato potozenie geograficzne oraz powierzchnia i gleboko$¢, za$§ ksztalt biocenoz
uzalezniony byt przede wszystkim od wahan temperatury (Choinski 2007; Szeroczynska,
Zawisza 2007). Zdeponowane w osadach makroszczatki roslinne posiadajg istotne walory
bioindykacyjne jako wskazniki zmian klimatycznych i hydrologicznych zachodzacych
w ekosystemie.

Definicje bioindykacji sformutowat Gérny (1996) wskazujac, ze ,,bioindykacja to
metoda za pomoca ktorej, dzigki stosowanym Zywym organizmom, na roznych poziomach ich
organizacji, okresla si¢ kierunek 1 stopien nasilenia zmian w §rodowisku ich zycia”.

Zimny (2006) uwaza, ze ,bioindykacja jest to proces, w ktéorym na podstawie
ilo§ciowych 1 jakosciowych zmian jednego obiektu indykatora, okresla si¢ stan innego obiektu
lub catego systemu ekologicznego, wlaczajac substancje i oddzialywania antropogeniczne”.

Falinska (1997) zaproponowata definicj¢ bioindykatora wskazujac, ze ,,s3 to organizmy
roslinne i zwierzece cechujace sie zroznicowang wrazliwos$cig i charakterystyczng reakcjg na
dziatanie czynnikéw srodowiska”. Najczesciej stosuje si¢ gatunki o waskim zakresie tolerancji
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na okreslone czynniki lub zmiany zachodzgce w ich srodowisku (Petechaty, Pronin 2015) i na
tej podstawie mozliwe jest dokonanie oceny dynamiki rozwoju badanego uktadu (Sadowska
2012).

Teoretyczne podstawy bioindykacji opieraja si¢ na prawie minimum Liebiga
stwierdzajacego, ze rozwdj rosliny ograniczony jest przez jeden czynnik siedliskowy (ciepto,
swiatto, klimat, sktadniki odzywcze), ktorego jest najmniej w srodowisku czyli stanowigcego
minimum potrzeb danego organizmu, poza ktérymi funkcje zyciowe ustajg. Dla prawidtowego
rozwoju ro$liny niezbedne jest zachowanie rownowagi wszystkich czynnikow. Wedtug zasady
tolerancji sformutowanej przez Shelforda, nadmiar jednego ze sktadnikow pokarmowych jak
i jego niedostatek skutkuje ograniczeniem wzrostu, sukces populacji jest wigc uzalezniony od
dostepnych czynnikéw limitujacych (Sadowska 2012; Biesiadka 2013).

Czynniki wptywajace na rozwoj populacji roslin sa zréznicowane, zakres tolerancji dla
wielu z nich jest szeroki, w przypadku innych ograniczony do konkretnych zasobow,
obejmujacych fizyko-chemiczne wiasciwosci wody i1 podtoza (Ktosowski, Ktosowski 2006;
Szmeja 2006).

Do bioidentyfikacji $rodowisk wodnych chetnie wykorzystywane sa makrofity.
Przydatne sa do ustalenia zmian zachodzacych w ekosystemie i oddziatywania na inne gatunki,
a takze z uwagi na ich zdolno$¢ do wchtaniania mikroelementow ze srodowiska (Rabajczyk,
Jozwiak 2008). Ilosciowa, jako$ciowa i mieszana charakterystyka bioindykatorow umozliwia
ocen¢ zmiennych srodowiskowych. Bioindykatory jakosciowe okreslaja ogodlny stan jakoSci
srodowiska. Sa to organizmy wskazujace na okreslonej wyjatkowej jakosci czynniki
wystepujace w Srodowisku lub na czynniki, ktére mimo ze wystgpuja powszechnie, to w danym
momencie przyjmujg nat¢zenie inne niz w panujacych zazwyczaj warunkach (Biesiadka 2013).
Bioindykatory ilosciowe informuja o ilosci osobnikoéw, biomasy lub zajmowanej powierzchni.
Bioindykatory mieszane, laczace cechy obu poprzednich, wskazuja na okreslone zjawisko,
a nastgpnie umozliwiajg okreslenie jego natezenia (Nagorska-Socha 2021).

Bioindykacyjne wiasciwosci roslin umozliwiaja stwierdzenie wplywu rdéznych
czynnikow $rodowiskowych na rodzaj i wielkos¢ populacji zasiedlajacej jezioro. Na ich
postawie mozliwe jest m.in. ustalenie typu troficznego jeziora (Sadowska 2012). Dla jezior
oligotroficznych, ubogich w sktadniki biogenne charakterystycznymi gatunkami sa lobelia
jeziorna (Lobelia dortmanna), poryblin jeziorny (Isoétes lacustris L.) oraz brzezyca
jednokwiatowa (Litorella uniflora L.). Sa to bioindykatory ilosciowe (Podbielkowski,

Tomaszewicz 1996; Klosowski 2006.). Na typ jeziora eutroficznego wskazuje obecnosc
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zbiorowiska kotewki orzecha wodnego (Trapa natans), a takze rogatka sztywnego
(Ceratophyllum demersum L.), klasyfikowanego jako bioindykator ilosciowy. Rdestnice
(Potamogeton L.) toleruja rozne typy jezior, zasiedlajg rowniez Srodowisko eutroficzne.
Waznym bioindykatorem sg ramienice (Characeae) zasiedlajace jeziora oligo- i mezotroficzne.
Zaliczane sg do bioindykatorow mieszanych. Wywlocznik okotkowy (Myriophyllum
verticillatum L.) wystepujacy w niewielkich grupach lub pojedynczo wskazuje na srodowisko
mezotroficzne, za$ wywlocznik klosowy (Myriophyllum spicatum L.) tworzy zwarte
jednogatunkowe zbiorowiska w zbiornikach eutroficznych. Odnotowuje si¢ tez jego obecnos¢
W jeziorach mezotroficznych jako gatunek wspotistniejgcy z innymi zbiorowiskami roslinnosci
zanurzonej (Podbielkowski, Tomaszewicz 1996; Petechaty, Pronin 2015).

Roslinno$¢ jest bardzo istotnym elementem $rodowiska. Badajac gatunki wskaznikowe
uzyskujemy informacje o zachodzacych w ekosystemie powigzaniach i zaleznosciach majacych

miejsce w przesztosci.

Cel i metody badan

Gléwnym celem badan bylo ustalenie interakcji czynnikoéw paleosrodowiskowych na
podstawie bioindykacyjnych walorow roslin identyfikowanych w osadach biogenicznych
w okresie pdzno glacjalnym i holocenskim.

W ramach celu glownego okreslono cele szczegdtowe:

- przesledzenie sukcesji ro§linnosci w oparciu o bioindykacyjne gatunki;

- odtworzenie historii jezior 1 zmian hydrologicznych na poszczegdlnych etapach ich rozwoju;
- rekonstrukcja zmian klimatu w konteks$cie regionalnym 1 lokalnym;

- rekonstrukcja paleohydrologicznych i geochemicznych zmian wplywajacych na rozwdj
gatunkowy flory.

Wyniki badan przedstawione w artykutach stanowigcych podstawe rozprawy
doktorskiej oparte zostaty na badaniach makroszczatkéw roslinnych w rozdzielczosci 1 cm.,
analizie palinologicznej i geochemicznej oraz datowan radioweglowych prowadzonych na
dziewigciu stanowiskach w pdéinocno-wschodniej 1 srodkowej Polsce. Badania uzupetnione
zostaly (w artykule 2) analiza map sporzadzonych przez Nienartowicza (2012) w celu

porownania zmian hydrologicznych 1 uzytkowania gruntdw na przestrzeni ostatnich 200 lat.
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Ryc. 2. Metody badawcze
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Wielowskaznikowa strategia badan pozwolita na zrozumienie ewolucji ekosystemow,
skutkéw cyklicznie zachodzacych zmian klimatycznych i okreslenie elementow wptywajacych

na jego funkcjonowanie w okreslonej skali czasowe;.

Wyniki badan

Artykut 1.

W artykule przedstawiono charakterystyke dwoch nowych stanowisk Trapa natans,
potozonych w pdéinocnej Polsce, obecnie zajmowanych przez baltyckie torfowiska wysokie
Mechacz Wielki (MW) i Bagno Kusowo (BK). Stanowiska te zlokalizowane sa poza jej
terazniejszym wystgpowaniem.

W artykule skoncentrowano si¢ na ustaleniu przyczyn zaniku rosliny Trapa natans
(kotewka orzech wodny) w potnocno-wschodniej Polsce. Trapa natans jest rosling wodna,
cieplolubng, ktérej wymieranie obserwuje si¢ na wielu stanowiskach w centralnej Europie
w ostatnich dziesiecioleciach (Zetter, Ferguson 2001; Pigkos-Mirkowa, Mirek 2003;
Olszewski, Markowski 2014; Bryl i in. 2016). Przeprowadzono analiz¢ makroszczatkow ro$lin
w wysokiej rozdzielczo$ci popartg analizag geochemiczng. Na tej podstawie zrekonstruowano
paleoekologiczne siedliska i zbadano przyczyny spadku populacji T. natans w pdéznym
holocenie.

Badania wykazaly, ze wymieranie populacji T. natans nastapito ok. 3440-3240 cal. yr
BP w Mechaczu Wielkim i ok. 4090-3890 cal. yr BP w Bagnie Kusowo. Przyczyna zaniku
T. natans w Mechaczu Wielkim moglo by¢ ochtodzenie klimatu pod koniec okresu
subborealnego, poniewaz rozwoj tego gatunku jest Scisle uzalezniony od czynnikoéw
ekologicznych, zwlaszcza od temperatury.

Obecnos¢ roslin  szuwarowych, np. Eleocharis sp., Carex rostrata i Carex
pseudocyperus dokumentujg splycenie jeziora w Bagnie Kusowo za$§ szybkie
rozprzestrzenianie si¢ Nuphar sp. i Nymphaea candida wyeliminowaty T. natans w Mechaczu
Wielkim. Dodatkowo, masowe pojawienie si¢ Potamogeton natans przyczynito si¢ do
produkcji duzych ilosci biomasy osiadlej na dnie, powodujac spltycenie jeziora i rozwoj
ro$linnosci szuwarowe;.

Analizy geochemiczne prowadzone w MW I, BK I i BK II wykazaly dominujgcg role
Ca?", A" i Fe*" we wszystkich osadach. Najwyzsze stezenia Ca®" i Fe** odnotowano w MW I.

Jednak nie bylo mozliwe skorelowanie wysokich wartosci tych pierwiastkdéw z rozwojem
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T. natans, poniewaz poziom ich koncentracji nie zbiegal si¢ z maksymalnym rozwojem jej
populacji.

Analiza paleobotaniczna wskazuje, ze oba jeziora byly ptytkimi, eutroficznymi
zbiornikami poro$nietymi przez rdézne makrofity. W obu jeziorach, w okresie swojego
wystepowania, dominowat T. natans w towarzystwie kilku gatunkéw Nymphaea candida,
Potamogeton obtusifolius, Stratiotes aloides (MW 1I), Potamogeton crispus (BK 1)
i Nymphaea alba (BK II). Odnotowano wspotwystepowanie T. natans z Nuphar pumila (BK
IT), co jest rzadkim zjawiskiem, poniewaz rosliny te maja odmienne wymagania ekologiczne

(Pieko$-Mirkowa i Mirek 2003).

Artykut 2.

W artykule drugim badaniami objeto jezioro Krzywce Wielkie, potozone w potnocne;j
czesci Boréow Tucholskich (Park Narodowy Bory Tucholskie PNBT) koncentrujac si¢ na
ustaleniu  warunkow S$rodowiskowych przeszlych i obecnych, panujacych w jeziorze,
sprzyjajacych pojawienia si¢ w nim Lobelia dortmanna oraz przyczyn i czasu wspotistnienia
z odmiennym co do wymagan ekologicznych Cladium mariscus.

Lobelia dortmanna L. (rodzina Lobeliaceae) jest gatunkiem wskaznikowym jezior
oligotroficznych 1 kwasnych (Szmeja 1997). Wystepuje gltéwnie w poinocno-zachodniej
Europie (Sculthorpe 1985; Szmeja 2014a,b). Jej wystepowanie w Polsce jest zagrozone
czynnikami antropogenicznymi i eutrofizacja srodowiska. W ostatnich kilkudziesigciu latach
odkryto nowe stanowiska L. dortmanna, np. w potozonym w Borach jeziorze Krzywce Wielkie
w Parku Narodowym Bory Tucholskie. Istnienie L. dortmanna w tym jeziorze byto
nieoczekiwane, poniewaz w jeziorze tym stwierdzono obecnos¢ Cladium mariscus, ktory ma
odmienne wymagania ekologiczne i przez niektorych autorow jest uwazany za gatunek typowy
dla siedlisk wapiennych (Ktosowski 1986; Brande 2008; Karcz 2008).

Aby wyjasni¢ wspotistnienie obu gatunkow w Krzywcach Wielkich przeprowadzono
analize pytkowa osadow organicznych dla czterech pobranych krotkich rdzeni ze strefy
litoralnej jeziora i jednego dlugiego rdzenia gl¢bokowodnego. Dodatkowo przeprowadzono
analize makroszczatkow dla wszystkich krotkich rdzeni.

Wyniki badan wykazaty wystgpowanie w jeziorze C. mariscus od wczesnego holocenu
do chwili obecnej. Natomiast obecnos¢ pytku i nasion L. dortmanna stwierdzono od poczatku
XX wieku. Rozwoj populacji L. dortmanna i Myriophyllum alterniflorum oraz spadek udziatu

makrofitow preferujacych siedlisko eutroficzne, wskazuja na oligotrofizacje wody. Analiza
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starych map wskazata zmian¢ zagospodarowania okolic jeziora w drugiej potowie XIX wieku,
mianowicie zanik pdél uprawnych i wprowadzenie zbiorowisk lesnych. W konsekwencji
doprowadzito to do ograniczenia doptywu substancji biogennych do jeziora. Budowa kanatu
odwadniajagcego spowodowata obnizenie poziomu wody, poszerzenie strefy litoralnej co
utatwito rozwoj populacji lobelii. Zagospodarowanie okolic jeziora lasem sosnowym oraz
utrzymanie torfowisk zaowocowato spadkiem doptywu substancji biogennych i oligotrofizacja
jeziora (Tobolski 2003; Szmeja 2014a). Od konca XX wieku taki stan jest wspomagany

utworzeniem parku narodowego.

Artykut 3.

Artykul prezentuje histori¢ rozwoju szeSciu paleo-jezior, obecnie wypelnionych
osadami, na obszarze wydmowym w centralnej Polsce. Badania przeprowadzono w oparciu
o analizy makroszczatkow roslinnych, analize pytkowa osadow i1 datowanie radiowegglowe
metoda akceleratorowej spektrometrii mas. Celem badan paleoekologicznych bylo okreslenie
poczatku funkcjonowania jezior oraz odtworzenie lokalnej i regionalnej sukcesji roslinnej,
a takze warunkoéw srodowiskowych w poczatkowej fazie rozwoju jezior i torfowisk.

Uzyskane wyniki, wsparte datowaniem 4C wskazuja, ze zbiorniki powstaly miedzy
14686 + 60 cal. yr BP 1 13421 + 60 cal. yr BP. Ocieplenie klimatu w Belling doprowadzito do
rozwoju gestszej szaty roslinnej, zahamowania transportu piasku i powstania zbiornikow
srodwydmowych z akumulacja osadow organicznych (Niewiarowski, Kot 2010). Wyniki
analizy paleobotanicznej sugerowaly, ze =zbiorniki byly ptytkie, oligo-mezotroficzne
i zasiedlane przez pionierskie wapniolubne gatunki roslin naczyniowych, takie jak: Chara sp.,
Hippuris vulgaris, Potamogeton natans, Potamogeton friesii, Potamogeton alpinus,
Potamogeton filiformis oraz mchy takie jak: Pseudocalliergon trifarium, Calliergon sp.
i Calliergonella cordifolium. Okolice zbiornikéw porastaty rzadkie bory sosnowe potgczone
z brzoza, co jest charakterystyczne dla cieplejszych faz pdznego glacjatu. Na terenach
otwartych dominowata roslinno§¢ psammofilna i stepowa, w tym Poaceae, Artemisia sp.
i Hippophae rhamnoidesa.

Analiza geochemiczna wykazata, ze Ca®" i Fe3* wystgpowaly w wysokich stezeniach,
co mogto mie¢ wptyw na wystepowanie taksonéw preferujacych gleby o wysokiej zawartosci
Ca?*. Nagromadzenie wapnia w osadach potwierdza, Ze zbiorniki byly zasilane wodami

podziemnymi pochodzgcymi z postepujacej degradacji wiecznej zmarzliny zwigzanej ze
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zmianami termicznymi (Rotnicki, Tobolski 1969; Kloss, Wilpiszewska 1994; Balwierz,
Gozdzik, 1997).

Podsumowanie i wnioskKi

Glownym celem rozprawy doktorskiej bylo wykazanie wysokich walorow
bioindykacyjnych szczatkow roslin zdeponowanych w osadach biogenicznych oraz
odtworzenie na ich podstawie historii zbiornikéw w okresie pdzno glacjalnym i holocenskim.
Do badan wybrano grupe roslin o duzej warto$ci wskaznikowej, zasiedlajace stanowiska
o roznym charakterze. Zastosowanie analizy makroszczatkow 1 analizy pytkowe] wspartej
badaniami geochemicznymii datowaniem *C pozwolito na dokonanie rekonstrukcji
srodowiska przyrodniczego zaro6wno w samych zbiornikach jak i w ich bezposrednim
otoczeniu. Umozliwity okreslenie sktadu gatunkowego zbiorowisk ro$linnych, zmian
i kierunkow w dostawie materii i wahan poziomu wody w jeziorach. Przesledzono fazy
wilgotne i suche skorelowane z okresami ochtodzenia i ocieplenia klimatu. Okre$lenie tych
czynnikow pozwolilo na wyciagniecie wnioskow dotyczacych funkcjonowania catych
ekosystemow w przesztosci i zagrozen wynikajacych z dziatalno$ci cztowieka obecnie.

Badania wykazaly, Ze istnieje zwigzek miedzy cyklicznie zachodzacymi zmianami
klimatu (Iversen 1973; Bradley 1999) a wlasciwosciami geochemicznymi badanych jezior co
posrednio i bezposrednio wptywato na sukcesj¢ roslin (Cedro 2012). Brak dostgpu do
optymalnych czynnikow warunkujacych przetrwanie (m.in. temperatura, $wiatto, sktadniki
odzywcze) prowadzito do wytworzenia si¢ konkurencji pomiedzy gatunkami (Jusik,
Szoszkiewicz 2009). Gatunki eurytopowe posiadajace szerokg amplitude ekologiczng
opanowaty zbiorniki wypierajac rosliny stenotopowe, nie radzace sobie w zmieniajagcych
si¢ warunkach (Biesiadka 2013). Niektore rosliny posiadaja jednak duze zdolnosci
adaptacyjne, m.in. wspotwystgpowanie L. dortmanna jednoczesnie z C. mariscus (artykut
2.) czy T. natans z Nuphar pumila (artykut 1), co jest zjawiskiem rzadkim, gdyz rosliny te
maj3 odmienne wymagania ekologiczne.

Rozwoj roslinnosci ekspansywnej, Nnp. masowe pojawienie si¢ Potamogeton natans

przyczynito si¢ do powstania duzych ilosci biomasy odkladanej na dnie, co powodowato
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splycenie jeziora i rozwdj roslinnosci szuwarowej (np. Eleocharis sp., Carex rostrata i Carex
pseudocyperus) i w konsekwencji zarastanie jezior, co zostato opisane w artykutach 1.1 3.
Nie mniej wazne w procesie ksztaltowania siedlisk sa czynniki wynikajace z dostaw materii
organicznej zwigzanej z rolnictwem wplywajace na eutrofizacje jezior czy nadmierna
eksploatacja zbiornika prowadzaca do jego splycenia. Nie zawsze jednak czynniki
antropogeniczne maja niekorzystny wptyw na stan ekosystemu. W artykule 2. przedstawiono
taki przyktad. Prace hydrotechniczne (budowa rowu melioracyjnego) doprowadzity do zmian
W poziomie jeziora, obnizenia stanu wody, co umozliwilo rozwoj populacji L. dortmanna
w XX w. Jest to o tyle wazne, ze jest to roslina kwitngca, ktorej kwiat rozwija si¢ ponad
powierzchnig wody gdzie dochodzi do zapylenia przez owady, totez im wigksza glebokosé
wody, tym kwitnienie ubozsze (Dabska, 1965; Moeller, 1978).

Rozw¢j strefy litoralnej umozliwia zatem rozmnazanie generatywne populacji. Nadto
rezygnacja z rolnictwa, zatrzymanie doptywu substancji biogennych i rozw9j laséw sosnowych
w okolicy jeziora oraz utworzenie PNBT pozwolily na powstrzymanie eutrofizacji, pojawienie
si¢ gatunkow o niewielkich wymaganiach troficznych i zachowanie jeziora o charakterze

oligotroficznym.
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Tab.1. Przyktadowe ro$liny wskaznikowe rozpoznane w badanych zbiornikach.

Lobelia dortmanna

seed

jest rosling wodna, $wiattolubna,
jej kwiat wyrasta ponad
powierzchni¢ wody i jest
zapylany przez owady. W
glebszej wodzie kwitnienie jest
ubozsze. Liscie zanurzonej cze¢sci
fodygi nieliczne, drobne.
Wystepuje

w strefie przybrzeznej jezior
oligotroficznych ubogich

w sktadniki odzywcze, o
czystych, stojacych wodach, z
matg zawartoscig zwiazkow
mineralnych .

Jest gatunkiem wskaznikowym
dla jezior oligotroficznych.

0 oospore

Chara sp.

jest rosling wodnag, $wiattolubna.
Wystepuje gtownie w plytkich,
nieduzych zbiornikach ale dobrze
toleruje zmienny poziom wody.
Czgsto jest zbiorowiskiem
pionierskim w osadach we
wczesnej fazie rozwoju jezior, jego
obecnos¢ notowana jest czgsto

w okresie pdznego glacjatu.
Wykorzystywane sg jako
bioindykatory, obecnos¢ tych
gatunkoéw $wiadczy o srodowisku
oligo-mezotroficznym.

chestnut
Trapa natans

jest rosling wodng zakorzeniong
na dnie zbiornika, z li$¢mi
unoszacymi si¢ nad powierzchnia
zaliczang do gatunkow
$wiatlolubnych i cieptolubnych.
Rosnie glownie w ptytkich,
eutroficznych zbiornikach
wodnych oraz w wodach
stojacych i wolno ptynacych,

0 dnie gliniasto-mutowym lub
mutowym, o odczynie obojetnym
lub lekko zasadowym i znacznej
zawartosci azotu. Jest gatunkiem
wskaznikowym cieplejszych
stadiow klimatycznych.

Wyniki badan opisane w prezentowanych publikacjach, potwierdzaja warto$¢

bioindykacyjng roslin zdeponowanych w osadach biogenicznych. Stanowig wiarygodne zrodto

wiedzy w rekonstrukcjach paleoklimatycznych i paleosrodowiskowych.
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Abstract: Trapa mntars (water chestraat) is an aquatic, thermogphilic plant whose decline has been observed in many localities in central
Eurcpe during the last decades. In this paper, we pressnt a description of ten new T matars subfossil sites located cuatside its present
rarthern distribution in Poland. High-resolution analysis of plant macrofossils sapported by geochemical analysis were undertaken to
reconstruct the ogical hahitat and examine the cause of the late Holocene decline of T. matans that took place ca. 4000 calibrated
years before AD 1950 [l yr BP) in a paleclake, presemtly the Bagno Kusowo bog. Its disappearance was a2 consequence of terrestrialisation
and the development of peatland. In palzolake sediments covered by the peat hyer in the Mechacz Widki bog, T. matams macrofossls
were found from befiore @. 3300 cal yr BE. The dedine of T. metars could have resulted from the changes and devdopment of other plant
oommumnities where the dominant role was played by Sratiotes aloides and Nymphoea sp. In our siudy sites, T2 netans occurred ingether with

Polamopefon crispus, Pofamopeton ohtusifolius, Mymphasa alha, and Nuphar sp. in estrophic water dominated by Ca®, Pe®, and A1 jons.
Crur palienbotanical and geochemical nesalts align with the contemporary conditions of T. matens habitat

Key words: water chestnut, plant macrofossils, palasoecology, geochemical sediment analysis

Introduction

Orver the last several thousand years, many aquatic
ants have changed their range of distribution in Europe
Fl:l'lue to dimate change and h?fnmn activity, e.g. the in-
flow of pollutants into water reservoirs causing changes
in the water quality and eutrophication (Pidrecki 1980;
Bradshaw and McHeilly 1991; Zajac and Zajac 2001;
Nienhuis et al. 2002; Berglund et al. 2008; Yang 2008;
Martin-Closas 2013; Valiranta et al. 2015; Marquer et al.
2017). Moreover, for several centuries, with the increase
in human migration and the development of commu-
nication routes, the number of invasive alien agquatic
plant species such as, Elodea canadensis, has increased
in European freshwater ecosystems, with an ecological
and economic impact (Hussner et al. 2017). Autogenous
processes such as natural succession and competition
among plants are also important factors in aguatic eco-
systems (Fetter and Ferguson 2001; Kaminski 2002). All
s factors contribute to @ decreasing natural macro-

phyte community and a withdrawal of rare and valusble
aquatic species (Zetter and 2001; Kaminski
2012; Hussner et al. 2017). In many cases, changes in the
plant communities are so advanced that it is difficult to
determine what is native for some ecosystems. For this
reason, it is important to know the time of the appear-
ance and disappearance of various plants and the impact
of autogenous and allogeneic factors that have triggered
changes in aquatic ecosysterns. Palaeoecological stud-
ies and ma.nirqmedwds 5:lr-.l.ranmcl in this research, e.g, plant
macrofossils, pollen and geochemical 5is, ide
AN OVEr view n]’ﬁ:]anl cover chan andmﬂ’:gr nuIE?l:un
routes, and they help determine past environmental con-
ditions {Lang 1994; Davidson et al. 2005; Mormand et al.
2011; Martin-Closas 2013; Gatka et al. 2014; Kotaczek et
al. 2017). Apart from this approach, detailed studies of
accumulated lake deposits are important sources of pro-
fessional knowledge that can be applied during manage-
ment and environmental protection and restoration of
highly changed and damaged aquatic ecosystems { Tor-
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nadore et al. 2000; Baldantoni et al. 2004; Staniszewski
and Zielnica 2008; Herbichowa et al. 2007; Smieja and
Ledwos 2013; Petrovic et al. 2016; Eawicld et al. 2017).
At t. many rare aquatic species are endangered
or declining and are protected by law. One of these plants
is Trapa natams L. (water chestnut), for which a dedline
has been recorded over several decades in Morthern and
Central Europe (Kaimiercrakowa and Zarzycki 2001;
D‘IIE]..IIE':I etal 2012). T .li.mi.ris is &n aﬂuat'u: plant that
is considered a th species, and its distribution
area in the past was mu::h Larger (Zetter and Ferguson
2001; Pichoé-Mirkowa and Mirek 2003; Olszewskd and
Markowski 2014; Bryl et al. 2018). In palseoecological
reconstructions T, nafans plays an i rtant role as an
indicator of warmer climatic stages because its fossil
presence (nut remains and pollen) is wsually recorded
ingr the Holocene Climate irmum {ca. W0-5000
cal. yr BP) in Europe (Samuelson 1934; Szafer 1954;
Godwin 1975; FlEI:'IJE:r et al. 1975, Lang 1904; Korhola
and Tikkanen 1997; Magyari et al. 2008; Miotk-5zpi-

4”@

Legend

area of T Notan: oooerenoe
W sibe fossi of T astons
I site of MV and BE

'mmhmgsdemlnﬂdi’q

Fig. 1. Setting of the study site and the location of pabzoecological
and contemporary records af T nmdans presence mentioned in the
text BE - Bagno Kusowa [Poland), MW - Mechace Wislks (Po-
bind). Location of the sites mentionad in the text: | - Pyymo Lake
{Finland), 2 - Burtnisks Lake [Labvia), 3 - Pedersee Lake (Germa-
nyl, 4 - Molino Casarotto (Ealy), 5 - plain Bereg (Hungary), 6 -
Spumirad Lake (Peland), 7 - Opatkowickie Lake {Polind)

ganowice and Gatka 2009). Presently, T natams ocours
in southern, central and eastern Europe, and its range
in the north covers northern France and stretches to
57°N in Central Russia (Fig. 1) (Zajac and Zajac 2001;
Olspewski and Markowski 2014). In Poland, T natans
is found in the upper and central stretches of the Vis-
tula, Oder and San rivers (Pighoé-Mirkowa and Mirek
2003; Jakubowska and Karun 2005 Krechowski et al.
200%; Bryl et al. 2016). In the XIX and XX centuries, the
northern limit of distribution of T. matans moved signif-
icantly south in Poland (Pidreckd 19800, It is e*:tunated
that approximately 180 plant sites disappeared

this period (Pigkos-Mirkowa and Mirek 2003).

T. natans belongs to the Trapaceae family. It is an
annual aquatic plant, rooted at the bottom of a water
body, with leaves floating over the surface (Pidreck
1980 Fetter and Ferguson 2001; Krechowski et al
20049). The plant predominantly grows in shallow, eu-
trophic water bodies as well as in stagnant and slow-
mioving water, usually 120-200 cm deep, with clay-silt
or mud bottoms, neutral or slightly alkaline pH, and
significant nitrogen content (Kiosowski and Tomasze-
wicz 1996). T. natans is a photophilic and thermophilic
species (Fidrecki 1980; Kostrakiewicz and Fozak 2009).
Because of their high nutrient content, T natans nuts
have been used as food by both humans and animals for
centuries {Kunes ef al. 2008; Eucraj 2008; Karg 2013). In
folk medicine, it is considered a medicinal plant (Arima
et al. 1999; Ali and Javed 2014; Bharthi et al. 2015).

It is typical for T. matans to form monospecies com-
munities. It can also be found with other plants, eg.,
Pur.nmngﬂﬂﬂ sp.. Ceratophyllum spp., Myriophyllum
spicatum, Nuphar lutea, Nymphaea alba, Salvinia na-
tans, .S‘jwmd polyrhiza, and Lermna sp. These plants
develop rap1dl':.r in shallow water and compete with T.
.ri.ﬂr.ﬁns. ing them into deeper water unfavourable

viupmml ghove 200 cm (Fetter and Ferguson
EIIIII}I However, in smaller and shallower reservoirs, T,
natans may become the dominant plant (Fidrecki 1980;
Perranowska 2002).

In this paper we present the results of high-resolu-

l.mn contiguous plant macrofossil analysis of four cores

m hemical ana]]-'su of three cores taken from

located in northern Poland with the follow-

m.g gims: {f) to determine the age and reasons for the

decline of T. natans; and (i) to reconstruct the palaeo-
ecological habitat of T. natarns.

Material and methods

Coring and subsampling. chronology of the core
Coring and sampling were undertaken in 2011 ws-

ing a Russian peat corer (Instorf type), with a 7 cm di-

ameter and 100 cm length. The sediments including
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Table I. Radiccarbon dates from Mechace Wielki {MW) and Bagreo Ensowo (BE) bogs (after Lamenbowice et al. 2005 Gallea et al 2017)

Depth A2
o Materia Laboratory Mr. | AMS date .y B
MW 518 |10 frulis of Carex pseunocyperus, 2 Tulls of Befula PUBESCENS Poz-44430 [ 1875 2 36 BP| 18851720
WA 4TS |5 fruits of Carex rostrats, 1 Uit of Carex psaudocyperus, 2 fulls of Belua Poz-44431 |2005z 30 BP| 20381833
pubescens, 1 uts of Spargankim
MWW 571 | Flcea aokes seed wing's and paricenm Poz-52354 31252 3E BR[| 34433038
BKI 795 |25 frubis of Carex rostrate Poz-44407 | 3565 2 35 BP[ 40003801
BKII T35 | Sphagnum stems Poz-48351 | 30102 30 BR[| 33353077

t and gyttia layers were placed in PVC tubes and
Pﬂwn.pped iﬁ%ﬁh’aﬁuﬂ. In ﬂuE]abural-::r:.r. the sediment
was unpacked, deaned and sliced into 1 cm slices using
a scalpel The core chronology was based on AMS (ac-
celerator mass spectrometry). Radiocarbon dating was
carried out at the Poznan Radiocarbon Laboratory. The
calibration of the radiocarbon dates and the construc-
tion of the age-depth models was performed with Ox-
Cal 4.1 software { Bronk-Ramsey 2009) and the IntCal13
curve (Reimer et al 2013). Five samples from four cores
were used to determine the time of deposit accumula-
tion (Lamentowicz et al. 2015; Gatka et al. 2017).

In this paper, we present the results of the analysis of
the bottom parts of the cores covering lake deposits. The
tests of cores in MW were investigated at a depth of 470
cm to 6800 cm and in BE at a depth of 790-900 cm. The
results of the detailed multi-proxy palaeoecological stud-
ies covering the entire peat layer sand sequence and most
of the upper part of the lake sediments in MW as well as
the ayers in BE, have already been published: MW
(Gatka et al. 2017) and BK (Lamentowicz et al. 2013).

Study sites

The studied paleclakes are located in northern Po-
land where the Mechacz Wielki (MW) and Bagno Ku-
sowo (BE) Baltic raised bogs are presently developed
(Fig. 1.

EJ'hne MW bog is situated in north-eastern Poland in
the Romnicka Forest (54°19'57"M; 22°26'46°E) (Fig. 1).
This bog is situated in a basin with a surface area of 174
ha and J'_;s_hiewatered thro ﬂ.:Esaﬂa]] river, &Lf:éiza:nﬂa
Struga eastern o eat is e
ﬂ?ﬂﬁtﬂ by water Emrﬂaae @PETEE‘Q;C;EN'IE' ﬂitqcatchj-r
ment. The central part is characterized by lower fertility
and higher acidification (Zurek and Kloss 2012).

The present-day vegetation covering the peat
has vanzd character. ﬁa central pmg[nm'krdlp ¥ E;E
lifted) is characterized by lower nutrient concentration
habitat overgrown with dwarf pine. Communities of
Sphagnum magellanicum, 5. ru-!:'eﬁ:::n and 5. fuscum pre-
dominate in the peat bog. Empetrum nigrum and Rebus
chamaemoris occur less frequently, and in the hollows,
8. cuspidatum and 5. balticeom (Galka et al. 2017).

During summer, the temperature system is influ-
enced by the proximity of the Baltic Sea (average July

temperature of 16-17°C). In winter, the influence of the
continental systemn (meaning January -5°C) is notice-
able in MW. The average annual temperature is +6.4°C.
The vegetation period is 190 days, and annual rainfall
reaches 700 mm. The winters are relatively long and
frosty (Wos 1993).

The Baltic raised bog BE, located in north-central
Poland (53°48'41"N; 16734'597E) (Fig. 1), is part of the
Bagno Kusowo nature reserve. Sphagnum spp. and
Eriophorum mgf!r.:m.lmLﬁ]:}' a dominant role (Lamen-

towicz et al. 2015). On the edge of the raised bog there
is a swampy pine forest of Vaccinio wliginesi-Pinetum
(Ciaciura Wilhelm 2005).

The BK bog lies at the intersection of the Atlantic
and continental climates. The climate is characterized
by a relatively cool summer (average temperature in
July 17-18°C) and a rather mild winter (average tem-
perature in January 0-2°C) (Kondracki 2009; Cedro
and Sotek 2016). The dimatic conditions are temperate
and mostly conditioned by the influence of polar and
polar-continental air masses (Woé 1993).

The average annual air temperature is &
+8°C. The growing season is approxi
and rainfall reaches 700 mm.

Palaeoecological analysis

Plant macrofossils were analysed for 1 cm intervals
in contiguous samples in four cores. The number of
macroremains was calculated on the basis of the same
sample volume, which was 25 cm®. The samples were
rinsed under a warm-water current over 0.20 mesh
screens. The vascular plant composition was deter-
mined on the basis of carpological remains and veg-
etative fr nts (leaves, rootlets, epidermis) using
the available identification keys (Tobolski 2000; Veli-
chkevich and Fastawniak 2006, 2008). The macrofos-
sils were identified with a Nikon SMA 800 sterecscopic
microscope under 10-2004 and an Olympus CX 41
light microscope. A total of 197 samples were analysed.

¢ names of the plant species were adopted following
Mirek et al. (2002).

Geochemical analysis

For the determination of selected elements, a 5110
ICP-OES (Agilent, USA) inductively coupled plasma

roximately
¥ 200 days,
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with optical emission spectrometry was used. For mul-
ti-elemental determination, the common conditions
were as follows: radio frequency (RF) power, 1.2 kW,

nebulizer gas flow, 0.7 L min™, auxiliary gas flow, 1.0
L min', plasma gas flow, 12.0 L min', viewing height
for radial plasma observation, 8 mm, detector CCD

(charge coupled device) te ure, —40°C, and signal
acquisition time, 5 s for 3 replicates. The detection limits
were 0.01 mg kg™ dry weight (DW) for all elements (as
3-sigma criteria). The uncertainty for the total analyti-
cal procedure (including sample preparation) was 20%.
The traceahility was checked using reference materi-
als: CRM S-1-loess soil; CRM NCSDC (73349)-bush
branches and leaves; CRM 2709-s0il; CRM 405-estua-
rine sediments; and CRM 667 -estuarine sediments. The
recovery (80-120%) was acceptable for most elements.
For uncertified elements, TEE;F:;'}' with the standard
addition method was defined.

Plant macrofossils and geochemical data are pre-
sented in diagrams and plotted using C2 software (Jug-
gins 2003).

Results

Lithology and chronology

Fine detritus olive gyttja was analysed in cores MW
I. MW II and BK L. The core BE II lake sediment con-
sisted of fine detritus olive gyttja at a depth of 800.5-
#09.5 cm and fine detritus brown gyttja at 809.5-849.5
cm. Olive gyttja with visible T. natans chestnuts oc-
curred at 819.5 cm, 828.5 cm and 838.5 cm.

Based on the radiocarbon dates and the age-depth
model, the analysed sediments containing T. matans
macrofossils accumulated before ca. 3440-3240 cal. yr
BP for MW and 4090-3890 cal. yr BP for BE.

Macrofossil analysis

1. Mechacz Wielki

Two zones of local vegetation development at MW
I (Fig. 2A) and four zones at MW II were visually de-
limited (Fig. 2B). The core of MW [ was analysed for T.
natans macroremains (comparison of species of plants
MW I with plants in MW II core). In the MW I core, T.
natans remains were not recorded.

In zone MWI-ma-1 (599.5-586.5 cm), Nifeila sp.
oospores ocourred most numerously and the individual
remains of Nuphar sp. seeds.

The zone MWI-ma-2 (586.5-550.5 cm) was charac-
terized by dominant aquatic plants, e.g.. Pofamogeton
natans and Nymphaea alba, at a depth from 5825 to
551.5 cm. At L‘Ll;mdspih of 576.5-550.5 cm, the remains
of trees Alnus glutinosa, Populus tremula, Betula pube-
scens (maximum of amount}, Pirmus sylvestris and Picea

abies were also found.

In zone MWII-ma-1 (600-587.5 cm), macroremains
of aquatic plants e.g. T_ natans, Stratiotes aloides, Nitella
sp.. Potamogeton obtusifolius and Nymphaea candida
were recorded.

In zone MWII-ma-2 (587.5-550.5 cm), the domi-
nant aguatic plants were Nitella sp., Nymphaea sp., and
Stratiotes aloides also ocourred.

The third zone MWII-ma-3 (550.5-485 cm) was
characterized by the lack of T. natans and abundant spe-
cies of aquatic plants: Nuphar sp., Cicufa virosa, Nym-
phaea candida and Potamogeton natans {numerous).

In zone MWII-ma-4 (485-470 cm), there was a
lack of T. natans remains and the presence of Comar-
um palusire, Calliergon cordifolium (numerous), Carex
pseudocyperus, Carex rostrata (numerous), Sparganium
minimum and Scheuchzeria palustris. The remains of
trees were found all over the analysed gyttja sequence:
Pinus sylvestris, Picea abies and Betula pubescens.

2. Bagno Kusowo

Three rones at BK I (Fig. 3A) and two zones at BK 11
{Fig. 3B) in local vegetation development were visually
delimited.

In the first zone, BKI-ma-1 (899.5-837.5 cm), aguat-
ic plants such as T. natans, Nuphar sp., Nymphaea alba,
Potam n crispus, Myriophyllum spicatum, Cerato-
pﬁﬂhﬂwmﬁm}&uﬁ futea ﬂrere recorded.

The second zone, BKI-ma-2 (837.5-802.5 cm), was
characterized by an abundance of T. natans and single
seeds of Nymphaea alba.

In zone BEI-ma-3 (802.5-790.5 cm), macrofossils of
Carex pseudocyperus (numerous), Eleocharis palustris,
Bidens tripartita, Scheuchzeria palistris, Carex rostrata,
and Cicuta virosa were documented.

In the first zone, BKII-ma-1 (850-808.5 cm), T na-
tans was the dominant species. Twenty pieces of chest-
nuts and 66 pieces of harpoons were found (Fig. 3B).
At the same depth, single remains of N) _p'»ﬁrzz—.ﬁm alba,
Nuphar pumila and Nuphar sp. were identi

In zone BEII-ma-2 (B08.5-795 cm), T. natans and
other aquatic plants dis At a depth of 804.5
cm, the remains of Andromeda polifolia seeds were
found. The remains of the trees occurred throughout

the entire core, most numerous was Pinus sylvestris.

Geochemical analyses
1. Mechacz Wielki

Five zones at MW [ were visually delimited for pre-
sent chemical elements (Fig. 4).

In zone MWI-gm-1 (600-577.5 cm), the dominance
of Ca* {H-EII{I mg kg '), Fe* (8516 mg kg') and AP
{IIZI: mg kg') was recorded. Other elements had low

ium values. The depth (585.5-551.5 cm) con-
Eld.E!’ah]’]-' elevated Ca* concentrations (13289 mg kg'),
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very high Fe* (7773 mg kg') and AP (2228 mg kg ')
levels, and fairly high values of other elements.

The zone MWI-gm-2 (577.5.5-572.5 cm) had the
lowest concentrations, including a layer in which Ca®,
and AP were not recorded, and the remaining were
only trace elements.

In zone MWI-gm-3 (572.5-557.5 cm), the elements
w arranged in layers. At a depth of 5705 cm, they
reached the highest concentration values: Ca* (13201

1), Fe* (6451 mg kgr), and AP (1373 mg ke ).
Slightly lower values were found at 5605 cm: Ca*
{12921 ), AP (2835 "), and Fe" (2385
m kg"?gﬂiglﬂghen Mg™ (1982 Egkg“]' and K* (486
mg kg ') levels in the entire core were noted.

Fone MWI-gm-4 (557 5-552.5 cm) was alawrwrﬂu
lower concentration values: Ca** (8010 mg In:g"}l,
3101 (mg kg'), a 51-::5 decline of AP (918 mg kg').
and the lowest Mg* level in the entire core (847 myg kg—).

Fone MWI-gm-5 (552.5-550 cm) was dominated
by Ca® (9642 mg Lq; '}, Fe* (8002 mg kg) and AP
I;EH? k%'}l Attention was drawn to a high concen-

n“ﬁ' (1075 mg kg ). This layer was charac-
Len.ted by periodic increases in most elements. Their
highest concentration values were recorded at depths of
550.5 cm and 560.5 cm.

It follows that the dominant roles in MW 1 sedi-
ments at all levels were played by Ca®, Fe* and AP In
the vertical arrangement, Ca** was 52.42% of all the ele-
ments contained in the sediment, followed by the oth-
ers: Fe*, 25.42%; Al*, 7.89%; Mg*, 6.208%; Pb**, 1.8%;
Ba™, 1.58%:; K°, 1.28%; £n™, 1.25%; Mn™, 1.05%; and
the remaining elements < 1.00%.

2. Bagno Kusowo
Geochemical analysis for BE I sediments was per-
formed for 21 chemical elements. Four zones at BK I
and BE 11 were visually delimited for elements present
(Figs 5A and 5B).

In the first zone, BKI-gm-1 (899.5-885.5 cm), the
chemical concentrations in the upper part were low,
but in the bottom, these values increased significantly.
Ca* (7370 mg kg '), AP* (5170 mg kg ') and Fe* (2699
mg kg™') predominated. There was also increased Mg™
(1827 mg kg') and Mn™ (144 mg kg*) (Fig. SA).

Zone BKI-gm-2 (885.5-875.5 cm) was character-
ized by the dominance of Ca* (7991 mg kg'). Fe*
(7151mg kg ') and Al* (2734 mg k). The concentra-
tion of other elements was low.

In zone BEI-gm-3 (875.5-865_5 cm), the concentra-
tions of all elements were clearly increased in the mid-
dle part of the layer, dominated by Ca® (8813 mg kg,
AP (4913 mg kg™ and Fe* (3586 mg kg ™).

In zone BKI-gm-4 (865.5-851.5 cm),
concentrations ufg {12250 mg kg), Fe* (6602 mg

kg*), Pb** (605 mg kg'), 5i* (273 mg kg') and Na*
(153 mg kg ") were recorded at a depth of 860.5 cm. In
the upper layer, Ca* (9205 mg kg ') and Al* (3024 mg
kg ) predominated. There was a clear reduction in Fe*
concentration (1540 mg kg), with relatively high Pb
(764 mg kg ') and Mn** (149 mg kg*) levels.

Based on our results, the dominant elements in the
BE I sediments at all levels were Ca®, Fe* and Al*. In
the vertical ent, Ca** represents 44.05% of the
compaosition, followed by all the elements contained in
the sediment: Fe*, 19.84%; AP*, 14.04%; Nb*, 6.44%;
Mg", 6.14%; K', 2.73%; Pb™, 1.15%; Ba®, 1.57%; Si*,
1.01%:; and the remaining elements < 1.00%.

In zone BEII-gm-1 (B50-835 cm), all the elements
reached very high concentrations, especially Ca® (6768
mg k?‘]l. Fe* (5262 mg kg ™), and Al** (2096 mg kg™'),

well as Nb* (1120 mg kg') and Mg* (950 mg kg ')
(Fig. 5B).

In zone BKII-gm-2 (835-815 cm) in the lower layer,
the elements did not reach high concentrations: Ca®
(3961 mg kg'), Fe* (1947 m . and AI* (1231 m
kg'). In the upper layer at a of 820 cm, we foun
Ca* (4564 mg kg), Fe* (2714 mg kg'), and AP (1674
mg kg ). An increased Nb* (1025 mg kg ") concentra-
tion was noteworthy.

In zone BKII-gm-3 (815-808.5 cm), the elements
hau:l small concentration values: Ca® (3591 mg kg'),

Fe** (1581 mg kg™), and AP (912 mg kg'). T. natans
harpoons were found in this layer.

The fourth zone BEII-gm-4 (808.5-785.5 cm) was
characterized by the highest Ca™ concentration. In the
bottom part, Ca* (8152 mg kg), Fe* (3333 mg kg ')

Mg™ (B48 ') prevailed. The ceiling was dom-
inated by Ca™ {HIIE'E-;EE mEPIEE'l}. Fe* (3142 nn% '), and
Mg (986 mg kg'), with a relatively high Pb** (615 mg
kg '} level. Other elements occurred in small amounts
in this zone.

This result indicates a dominant role in the BE I
sediments (similarly to BK I} at all levels for Ca®, Fe*
and AI* in the vertical system. Ca™ represented 48.85%
of all chemical elements in the sediments, followed by
the others: Fe*, 21.a0%; AP, 9.23%; Ba™, 1.93%; K*,
1.88%; Pb™, 1.B1%: 51", 1.56%; Mg™, 1.03% and the re-
maining elements < 1.00%.

Discussion
Reasons for the disappearance of Trapa natans

1. Climate change
ur palaeoec ical studies carried out for MW

and BK confirmed the occurrence of T. natans in these

mﬂ:ﬁ during the Subboreal period. An interesti
ing in BE 11 is the occurrence of Nuphar pumila

together with T. matams macroremains. The com-
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mon presence of these two plants is very rare becanse
iJr::fhﬂr pumila, in contrast to T natams, prefers cool

calcium-free waters (Pigkos-Mirkowa and Mirek
2003). A periodic presence of Nuphar pumila may indi-
cate short-term climate cooling. However, T. natans still
occurmed and declined later than Nuphar pumila. Based
on radiocarbon dating, T. matans disappeared before
4000 years ago on both sites (MW & BEK), in what might
be partly linked to the dimate cooling documented af-
ter ca. 4500 cal. yr BP in this part of Europe (Seppa and
Poska 2004; Gaktka et al. 2014). Moreover, inEE;Fvla case
of MWII, T. natans disappeared long before the disap-
pearance of the lake, so one can exclude the cause of
lake terrestrialisation.

The fossil presence of T. natans has been documented
in Holocene its in many countries le.g.,
Samuelson 1934; Szafer 1954; Godwin 1975; Lang 1994
and papers cited there). In Germany, T. natans fruits
have been identified in a few archaeological sites around
Lake Federsee. The fossil fruits of T. natans were found
in sediment at the bottom of the old lake and along its
shoreline. T. natans macrofossils occurred in the layer
accumulated from 6019 to 3000 BP. The presence of
charred fruits may indicate that they were used for food
(Karg 2013). The charred remains of . natans nuts dated
to the beginning of the Subatlantic (approximately 2500
cal. yr BP) were found in Lake Burtnieks in northern
Latvia (Ozola et al. 2010). Excavations at a study site in
Molino Casarotto in subalpine Italy revealed remnants
of water chestnut fruits that date their consumption as
far back as ca 5900 BP (Hummel and Kiviat 2004).

T. natans remains have been found in Holocene de-
posits in Poland- (e.g., Pidrecki 1980; Miotk-Szpigano-
wicz and Galka 2009; Krechowski et al. 2009; Olszewski
and Markowski 2014; Bryl et al. 2014). T. natans came
to Poland through the Morawska Gate from southern
Europe in the Early Holocene and its distribution was
connected to a warmer climate (Kostuch and Misztal
2007; Kowalczyk 2009).

Many authors suggest that the main reason for the
disappearance of T. natans coincides with cold climatic
stages. Deteriorating climatic conditions at the end of
the Subboreal and beginning of Subatlantic peri
caused the gradual Esau;pn:alfmce of water dum
from Finland, northern Russia, and the east Baltic
(Hummel and Kiviat 2004; Ozola et al. 2010; Thompson
2014). Climate changes and temperature reduction also
had an impact on T. natans germination. The optimal
temiperature to start germination is 15-23°C (Cozza et
al. 1994; Bryl et al. 2014).

2. Terrestrialisation in the lake
Based on our results at the BK site, we suggest that
the decline of T. natans is a consequence of peatland de-

velopment The results of the plant macrofossil analysis
that T. matans was a dominant plant in the paleo-
ake at the BK sites and that its disappearance coincided
with the arance of Carex psesdocyperus, Eleocharis
palustris and Bidens tripartita ma-:m?um]s These three
plants are common in the transitional zone between
lakes and peatland. The development of the peatland
with Sp.hugﬁirm species can lead to gradual acidification
and further aggravate the T. matans growth conditions.
This phenomenon led to the disappearance of Najas
flexilis in the Romincka Forest (Gatka et al. 2012). Cur-
rently, these s£5 Are ongoing. Szumirad reservoir
{SSW Polska) is decreasing as a result of being filled
with sediments deposited by the River Byst and
as a re*sultufnar.t:rlﬁﬁauccezun c-fwgeta}l;m:?“alﬂdug
to shallowing and ove :ﬁmwl (Bryl et al 2014), and
this effect Eﬂﬁlﬂ. have i uencrrg ll]'?::l];a'mdlc reduction
of T natans in this reservoir. In Lake Opatkowickie
{central Poland), due to a reduction in water depth and
overgrowing, T. natans is at risk. T natans coexists with
Stratiotes aloides and Spirodela polyrhiza (Krechowslki
et al. 2009). Small populations of the water chestnut
occur in Lake Kozienickie (central Poland). The main
danger for T. nafans is a strong shallowing of the bay
Vich the pnpu]atlc-n occurs and competition from
other plant ies, such as Ceratophyllum demersum
and Stratiofes aloides (Krechowski et al. 2009).
~ Other authors indicate the natural process of lake
rance as one reason for T matans decline (Al-
honen 1964; Korhola and Tikkanen 1997). For instance,
in 8W Finland, T. natans macroremains were found in
deposits accumulated ca. 3500 cal yr BP in Pyysuo Lake,
a small, shallow; eutrophic lake (Korhola and Tikkanen
1997). The lake, rich in ation, turned into a peat
bog approximately 2500 cal yr BP as a consequence of
overgrowing ( Alhonen 1964). In Hungary's Bereg plain,
l]}tpresmcs of remains of T. Hﬂ'l‘ﬂ'mm'if ﬂﬂmenlfﬂ the
period from 900 to approximately 4550 cal. yr BP was
recorded (Magyari et al. 2008). The gradual shallowing
of the reservoir and development of vegetation such as
Polygormum persicaria and Carex pm\;?:ec}'pems led to
the gradual formation of peatland in the period from
2000 to 1000 cal. yr BE:

3. Competition with other plants

The optimal conditions for water chestnut develop-
ment are warm, shallow, eutrophic reservoirs (Kowal-
cryk 2009). Average annual temperatures, excessively
low water temperatures and flow rates may cause T. na-
tans to retreat and encourage the development of other
macrophytes. The reduction in the T. nafans popula-
tion is also observed as a consequence of organic sedi-
ment deposition in eutrophic reservoirs, in which water
exchange takes place every few years. (Pidrecki 1980;
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Staniszewski and Zielnica 2006). T natams can cover
the surface of the water reservoir for several vegetation
seasons, hindering the heating water. The plant alsu
contributes to shallowing by the ticn of larg
quantities of biomass fa]]mg to the {Kuwa]cn'i:
2009).

T. natans requires an open water reservoir for de-
velopment and is not able to compete with heliotropes
(Zetter and Ferguson 2001). Adverse species for the de-
velopment of T. natans are Stratiotes aloides, Nymphaea
alba, and Nuphar sp., characterized by strong growth
and competition with T. natans (Klosowski and To-
maszewicz 1996), pushing it to deeper places (Zetter
and Ferguson 2001; Kaminski 2012).

In BE L. at a depth of 883.5-857.5 cm, the remains of
a single T. natans were found with other water species
such as Nuphar sp. mphaea alba that frequently
co-oocur and species S-LH.'ﬂ as Potamogeton crispus and
Ceratopfipllum demersum that compete with T. natans.

In the zone from 838.5-801.5 cm, T. natans domi-
nated the aquatic flora. Only single remains of Nym-
phaea alba survived. The rapid development of rush
plants Carex pseudocyperus, Eleocharis pafustris, and
Carex rostrata at approximately 3670 cal. yr BP led toa
superseding of T. natans.

The remains of plants in the sediments of MW I also
confirm the coexistence of T. natans with other plants
such as Nitella sp. and Nymphaea candida. The decline
of T. natans falls in the period of Stratiotes aloides de-
velopment, a very expansive thermophilic plant. In the
MW I reservoir, we observe the initial dev ent of
Nitella sp. and Nuphar sp. followed by Nymphaea alba
and Potamogeton natans preventing the development of
T. natans.

4. Other reasons for the Trapa natans decline in Po-

land in the last two centuries

In the vicinity of Szczecin (53°26'17°N; 14°32'32°E),
T. matans was present until AD 1870, in Gdansk Po-
merania until 1862, and it disappeared from north-
eastern Poland after 1872 (Pidrecki 1980; Olszewski
and Markowski 2014). In the northern part of the
country, the vicinity of Szczecin was the last place of
T. matans occurrence in the 19% century (Olszewski
and Markowski 2014). In the same period, T. natans
also occurred in Gdaisk Pomerania (Olszewski and
Markowski 2014). Until 1862, T natans was present in
Lake Mirachowskie (S4°24'40°M, 17°59°11"E) (Olsze-
wiki and Markowski 2014). The work of draining water
from the lake led to the disappearance of the species at
the above mentioned sites. l%e presence of T. matans in
the vicinity of Mirachdw is evidence of the species oc-
currence throughout the northern part of the country
until the mid-19* century.

The first information about the occurrence of T. ma-
tans was in Szumirad reservoir (50°50'14°N; 18°14'59"E)
dating back to 1887 (Bryl et al. 2016). In this lake, the

ecies di arance has been recorded since 1950,
pite the fact that its population could have as many
as 20 000 rosettes. In the years 1976-1977, there were
no more rosettes. The reason for the disappearance of T.
natans was the shallowing and excessive exploitation of
the reservoir by a local, now non-existent recreational
centre (Bryl et al. 2014). A catastrophic consequence
of the disappearance of T. natans in some lakes is also
related to the herbivorous white amur fish introduced
in the 20% century (Piorecki 1980; Pighos-Mirkowa and
Mirek 2003; Walusiak et al. 2011; Bryl et al 2014).

Floods can wash off T natans fruits located at the
bottom of the research area and remove them to an area
not very favourable for the development of the plant
{(Kaminski 2012).

Water chestnut does not tolerate salinity and does
not exist in reservoirs where the sodium chloride con-
centration exceeds 0.1%. Changes in nutrient content,
dehumidification of wetlands and dredging of reser-
voirs contribute to its extinction. From the analysed lit-
erature, T. natans has a high tendency to fluctuate. This
observation confirms the extinction of many stations in
the San River basin and the Upper Oder, Vistula and
the Lusatian Neisse. In the 19 century, T. natans sur-
vived in the vicinity of Gdansk and Greater Poland. Be-
tween 1970 and 1980, 82% of the T. natans known in

Poland disappeared.

Geochemical parameters of the fossil habitat of
Trapa natans

I matans is a plant that requires a ific habitat
and chemical conditions (Kiosowski and Tomaszewicz
1996). Ecological studies indicate that optimal develop-
ment ocours in shallow water with high organic matter
content that is rich in Ca®, total Fe*, and PO,* and
low in NH* and Mpg** concentrations (Kic-sl:-ws'ku and
Tomaszewicz 1996; Szankowski and Klosowski 1999).

Geochemical analysis conducted in MW I, BK I and
BK I1 show the dominant role of Ca*, AP and Fe* in
all sediments. In MW 1, the highest concentrations of
Ca* and Fe* were recorded, preventing T. natans de-
velopment.

In BK I sediments, Ca*, Fe** and Al** sustained a
high level. There was also significantly elevated Mg
and Ma“ content. Slight traces of T. natans were found
in layers with a ed level of these elements at a

th of 883.5-855.5 cm. Nuphar sp. Nymphaea alba
ﬁﬂ Potamogeton crispus weTbettEr aﬁpted the
environmental changes (Klosowski and Tomaszewicz
1996). Rapid development of T. natans took place at
depth 836.5-802.5 cm, dominating the vegetation and
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almost completely displacing other aquatic species. BE
IT has similar geochemical parameters to those of BK L
T. matans ocourred in the layer with the lowest levels of
Ca*, Mg"* and Na' without high A" and K" In relation
to MW I and BE I, the lowest level was also reached by
Fe*. T. natans was a-:cmnpmued by only a few Nym-
phaea alba and Nuphar s a wider ecological
amplitede of occurrence E{ i and Tomaszewicz
199a).

Present ecological studies also confirm that T. na-
tans populations are well developed in areas with el-
evated calcium levels (Pidrecki 1980; Klosowski and
Tomaszewicz 1996; Szankowski and Kbosowski 1999,
Pighoé-Mirkowa and Mirek 2003). Our research con-
firms the dominance of calcium in sediments, although
its maximum incidence does mot coincide with the
maximum development of T natams. In the investi-
gated sediments, Zn** occurs at different levels. In BE
II, Zn* is predominantly located at greater depths as
well as in MW I and E-E{:I; in higher Ima Ad:fr}' o
content of heavy metals such as Cr*, Ni**, and Cu™ in-
dicates that a:zmpogtnic factors did not play a role in
the analysed lakes. This result, however, leads to a high
level of Pb*, reaching 1050 mg kg’ in MW I and 780
mg kg in BK L Pb* is a heavy metal, poorly migrat-
ing, therefore its natural content in the soil reflects its
content in content in host rocks. T natans in the BE I1
core occurs at depths of 308.5-849.5 cm. The highest
values of cally all the elements were observed in
this core; however, they cannot be correlated with the
occurrence of T. natans because the layers with elevated
values are beyond the reach of T. natans macroremains
(805.5 cm).

Conclusions

Our palaeoecological studies (plant macrofossils
and geochemical analysis) allowed us to determine the
age and causes of T natans decline as well as to recon-
struct its subfossil habitat in two formed lakes in north-
ern Poland presently occupied by the Baltic raised bogs
Mechacz Wiellki (MW) and Bagno Kusowo (BE).

1. The decline of T. natans took place approximately
3440-3240 cal. yr BP at MW and approximately
40903890 cal. yr BP at BE.

2. The climate cu-::']r:-ng at the end of the Subboreal
riod could be the reason for the disappearance of T.
nalans at MW.

3. In BK I and MW, lake transformation took place.
The presence of rush plants, eg.. Eleocharis sp.,
Carex rostrata, and Carex pseudocyperus, docu-
ments the shallowing of the lake at Bagno Kusowo.
A rapid spread of Nuphar sp. and Nymphaea can-
dida eliminated T matans in MW. itionally, the

massive appearance of Pofamogeton natans contrib-
uted to the production of large amounts of hiomass
deposited to the bottom, resﬁsm.g in a shallowing of
the lake and the development of rush vegetation.

4. Geochemical analyses conducted in MW I, BK T and
BE II showed the dominant role of Ca®, AP and
Fe'' in all sediments. The highest concentrations of
Ca* and Fe* were recorded in MW L However, it
is not possible to correlate the high values of these
chemical elements with the d t of T. na-
fans because the level of their concentration does not
coincide with its maximum devel t In BEIL
T. natans reached the peak of development at a Ca™
concentration of 4000-5000 mg kg™’ Ata veryl
Ca* concentration, T. natans did not occur as it did
in the case of high Fe*, AI"* and Mg", and, what is
interesting, almost all the aquatic plants died.

5. Palaeobotanical analysis indicates that both lakes
were shallow, e hic reservoirs
various macmphmm I natans was m:ﬁ
plant in both lakes during its prevalence accompa-
nied by a few Nymphaea candida, Potamogeton ob-
fusifolis, Smirrﬂnrs alpides (MW II), Hﬁmﬂgﬂm
crispus (B I) and N aea alba (BE IT). The com-
musﬁ“ucm:rence af}'IrFP:.r::mns with Nuphar pumila
(BE II) was also recorded, which is a rare phenom-
enon because these plants have different ecological

requirements.
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ABETRACT. Lobelin dormanna L. (Lobeliaceas family) is an indicator species that is predominantly foumd in
olizotrophic and acidic lakes. They are mainly distriboted in nerthvestern Europe. Their ccomrrence in Poland
5 highdy threatened by the increasing grade of human sctivity and ervirenmental extrophication: howesver mewr
sites of Lobelia vere discovered in the last fesw decades, for example in Lake Ergmece Wiellde sinated in Bory
Tucholskde MNational Park (BTINE), Paland The existence of Lobelix in this lake was unexpected becamnse Clo-
dinm mariseis was alse found in the lake Clodinm has different ecologicsl demands and is regarded as 8 species
tvpical of calcarects habitats where caloium is found in abundance in the sobsirate. To explain the coedstence
of bath species in Erzywee Wiellde, pollen anabysis of organic sediments was performed for fonr shert cores eol-
lected from the littoral zone of the lake and for ene long deep-water core. Additionally macrefessil analysis was
done for all the shart cores. Pnﬂmmmhwsmvuluﬂﬂmmshmmiﬂndlumﬂmlﬂmuﬂ}*ﬂu]mpﬂmdu;
to the present time. Pollen and seeds of Dobella were foumd to be present sinee the besinning of the 206h centary.
Development of L. dortmarna and Myrophyllnm altermforum populations and a derresse in the number of
aquatic maophytes in the entrophic water indicate cligotrophication of water. This process started folleving
the construction of drainese cansl and the consegoent vwater level decrease This sitnation can be attributed to
the abandonment of the agriculiural sress adjoining the lake which canses & derrease in the infloey of rntrients
inba the lake. Development of pine forest and establishment of BTMF enabled the profection and eonsersvation of
the srrounding catchment areas, thms resiricting the petental entrophication of the habitats.

KEYWORTDS: Lobelia dortruanna, Cladivm mariscus, Late Halocene, land wse, trophy changes, Tochala Ferest

INTRODUTCTION

Ongoing climate and environmental changes
result in the shift of the peographical distri-
bution of numerons plant and animal species
(Pecl et al., 2017). However, varions environ-
mental factors, such as temperatore, nutrient
availability and homidity, and interactions
armong them (e.g., feedback efects) affect the

" Correspanding acthar

nature of habitat Therefore, the resulting
response of o species to an ecological habitat
may be highly wvariable. For instonce it was
found that in lake environments an increase in
water ternperatore may fovor the growth of an
ecologically dominant invasive species (Deiuba
et al. 2020 whereas in other conditions lecal
bt so for endangered species may be predor-
inant (Howalewski et ol 2013; Brzosowskd
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et al, 2021) Several features of the habitat
contribute to the type of species living in it. For
instonce, in o loke environment, factors like
an inerease in water temperature a drop in
water level (Kornijow et al., 2016), a reduction
in the period of ice cover, or changes in catch-
ment management (Poraj-Gorska 2017} may
play a crurial role in determining the nature
of the species living in the lake. To interpret
the future response of a particular species to
the ecological changes, it is benefleial to obtain
the information provided in sedimentary poale-
orecords (Davidson et al. 2013}

Lake environments are in constant danger
of undergoing rapid changes in the near finture,
and this situation is particularly expected to
be observed in the case of lokes dominated by
species that hawve reached the limits of their
modern distribution range. A good example of
such lakes is the so-called Lobelion lakes that
are characterized by the presence of Lobelic
dorfmanna L. (Lobelincese family), which is an
indicator species and predominantly found in
oligotrophic and acidic lakes with low comduoe-
tivity (Szmeja, 1997). Other species that com-
monly inhabit these lakes are Isoftes locustris,
I echinospora, Lifforella unifiora and Myrio-
phyilum alterniflorum_ and these plants have
similar environmental demands (Szmeja
15592; Hannon and Gaillard 1997 Heegaard
et al., Z2001). The secgraphical distribution of
these lakes correlates with the spatinl hmdts
of the above-mentioned species. They are dis-
tributed meinly in the boreal zone of north-
western Europe (Goulthorpe 1385, Szmeja,
20142, b}, extending forther to the northern
boreal zone (MMoen, 1939 and eastern Lithm-
anis (Gostynska-Jakuszewska and Lelavicins,
1554 Thus they ocour in regions with cool
and wet temperate climates, with catchments
frequently dominated by pine forests (Szmeja,
2014a). In Poland, 1535 Lobelian lakes were
identifted (Szmeja, 1997); however, only 131 of
them were inhabited by populations of L. dort-
manna, which grow in the northwestern part
of the country (Szmeja et al., 1995).

Extensive studies foerusing on Lobelian
lakes were conducted during the second half
of the 20th century (Sand-Jensen  1978; Sond-
Jensen ond Borom 1934; Rerslett, 15991;
Szmeja et al., 1998). Hence, the environmen-
tal conditions that influence the developrment
of izoetids (Lobelig Ieoffes, and Littorella) are
well known. In addition, the structure of these

specific populations was analyvzed (Szmeja
1987; Chmera et al. 2014, 2015a; Ronowrski
et ml. 2020). However, their responses to mod-
ern land use and human activities are poorly
understeod, especially in the context of politi-
col changes in Centrol and Eastern Europe at
the end of the 20th century and following the
development of nature conservation meas-
ures. It turns out, in spite of many threats
related to anthropogenic pressure, that many
of these lake ecosystems are in good condi-
tion due to the protection provided by law and
stable environrnental conditions in the cateh-
ments dominated by pine forest acidic beech
forest and peatlands (Kraska et al., 2013;
Szmeja, 2014a).

Lobelian lakes constitute the most precions
resource of Bory Tocholskie Mational Park
(BTHNPF), which is also inhabited by lichen-rich
Seotts pine forests and mires. There are six
Lobelion lakes in the park (Fig. 1i: Gocno Wiel-
ke, Gocno Male Niervbne, Ghuche Erzpwes
Wielkie and Erzywee Male but L. dorfmanna
was not noticed in the last lake in recent vears
iErolikowska et gl 2012). The Lobelian lakes
are often surrounded by patches of mires along
the shore, which provide additional protection
against entrophication, as thev restrict the
transfer of nutrients from the catchment area
(Tobolski, 2003; Szmeja, 2014a).

Erzyece Wielkie Loke has been recently
incloded in the group of Lobelion lakes. Infor-
mation regarding the development of L. dort-
manng population in this lake was flrst pub-
lished by Hochanowski and Tobolskd (20000
and forther confirmed by Kochanowska et al.
(2013). This eeourrence seems to be interesting
beconse o few clhusters of Cladium marizcus
L. Pohl (Cyperaceae family) were also found
in this lake (Herbichown and Wolejko, 2004:
Mroz 200100, This species has guite different
ecolegical demands and usually grows in fer-
tile, coleareonis hobitats. Both L. dorfmanna
and €. marizcus are used as indicotor species
in Habitats Directive’s Matura 2000 network
(Council Dhrective SXANEEC). However they
are choracterized by different tvpes of habi-
tats: code 2110 includes Lobelin lakes with
Lifforelletalia uniflorae and code 7210 includes
caleareons fens with Cladietum marisci, Cari-
cetum buxbaumi and Schoenetum nigricantis.

The phenomenon of the opexistence of
L. dorfmanna and C. mariscus in the some
lake was studied by adopting o palesecological
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approach, which provided wsefol informa-
tion in a preliminary investigation carried
out by Milecks and Tobolski (2015). In this
study, pollen snd macrofossil analyses were
performed for the upper 314 cm of the deep-
woter core of sediments rich in orgonic matter
(FEW2014) sorummlated since about 2200 cal
vr BP. These snalyvses revealed the presence
of pollen grains of Cladinm but the absence of
Cladinm froits and also the absence of pollen
and seeds of Lobelia. Lobelic species produce
small amounts of pollen that are poorly trans-
ported through the lake bottom (Milecks and
Obrernska, 2002}, which could he the Lkely
reason for the lack of Lobelia fossils. The quan-
tity of Cladium pollen increased at -350 cal yT
BP and was concurrent with the scourrence of
high trophy indicators (e.g., Rumex accfozella,
Filanfago lanceolafa, Pediasirum boryanum
F. duplex); however, at ~200 cal vr BP, water
trophy decreased resulting in the development
of Chara population in the lake (Mileckn and
Tobolski 20015). All these Aindings help to draw
clear conclusions regarding the emergence of
the Lobelic population and the durstion of
the coexistence between Lobelic and Cladium.
MMoreover, some guestions alse arise: (1) From

when did Lebelia and Cladium start to occur
together in the lake? (2) What conditions infln-
enced their presence and what was the reason
for the recent spread of Lobelia? (3) How did
land use, human pressure and protection by
lawr influence this recent spread? (4) What are
the general conditions for the modern exist-
ence of Lobelion lakes and what may e their
future?

To trace the development of the recent pop-
ulation of Lobeliz in Lake Erzmmwee Wielkie,
a detailed palesecolegical analysis of the lake's
sediments was conducted. The evaluation was
hased mainly on high-resolntion pollen records
and macrofossil analyses of MC-, YPh- and
W Cs-dated sediment cores, and was supple-
mented with the analysis of old maps that
shior the hydrological and land-use changes
during the last 200 years, prepared by MNienor-
toevicz (3012). To determine the indtial exdst-
ence of Lobelio populations in Lake Er=mwee
Wielkie, four cores of sediments from the lit-
toral zone of the lake were taken. To trace the
development of Cladium and Lebelio popuala-
tions_ the pollen analysis of the clder poart of
the long core from the central part of the loke
(EWI2014) was done.

B

Fig. 1. Soady area. A — locafion af lake FErzpweoe Wiellde in BTNP. Inset map shews location tn Peland Det-dached Hme —
barder of BIIP. bladk drede — fossil site of Cledinm marisous accerding te Galka and Tebelskd (3006), wellew Lake — sifes
of Lobelic dortmanng and C menisous, red lakes — sites of L. dorfmanra, green lakes — site of C. mamisous; B — locations of
sediment cores in Lake Erzywoe Wiellie. Issbaths after Blontarz et al. (2006) in metres
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STUDY AREA

Tuchola Forest is o large forest locoted
on an oubwash plain formed during the last
glaciation (Dhysarz, 1998; Eowalewslkd, 2002
Wos (1999 deflned the modern climate of
the region as temperate cool and wet. The
mean temperature in Jannary is —3.2°C and
in July it is 19°C, the annual average roinfall
iz 3723 mm_ and the vegetative period losts of
180200 days.

BTNP (Fig. 1), established in 1996 is located
adjacent to the previonsly established five land-
scope parks covering the entire ares of Tuchola
Forest. The area of BTINP is alout 5000 ha,
which comprises only & small portion of the
whole complex. The park is almost completely
covered by dry and fresh pine forest commmnni-
ties with many lakes (Tobolskd, 19%8; Matusz-
Kewicz et al., 2012). Lake Erzmywee Wiellde is
located in the northern part of BTNE. Its sur-
foce orea is 23 ho hes o mexinoom depth of
15.1 m and & mean depth of 9.0 m (Blondarz
et al. 2016). Direct catchment of this endorheic
lake is 1624 kan® [ Bajldiewicz-Grobowsloa 2004).
The poor sandy soils and prevailing pine forest
cover of the catchment lmit the supply of nutri-
ents to the lake (Bajldewicz-Grabowska, S004).

In BTINP, two water courses connect sorme
lakes (Fig. 1) the stresm Stuga Siedmin
Jezor and an artificial canal called Erzywee-
Blotko. O marizcus is found in three lokes
locoted along the upper course of Struga Sied-
min Jezior (Solon and Matoszldewiez Z0012);
howrever, fossil moacroremains were found in
recent sediments along the whole course of
this stream (Galka and Tobolski 2006). The
growth of Lobelio was detected in some endor-
heic lokes of the central part of BTIWNP and in
the Erzywoe-Blotkoe cananl. Both species co-
ocour only in Erzvwee Wielkie along the west-
ermn and eastern shores of the lake. The coex-
istenece of C. marizcus and L. dorfmanng was
also derumented in three lakes of Tuchola For-
est (outside of BTNP): Nawionek, Ghoche and
an unnarmed one in West Pomerania (Milecka,
2005; Eochanowskn et al. | 2013).

L. dortmanna, M. alterniflorum , and Juncus
bulbosus were identiffed in Krzyeree Wielkie dur-
ing the botanical analysis of two cross-sections
iraversing the eastern part of the lake (Borige.
2011). Polygonum amphibium and Potamogeton
nafans were also recorded. That resesrch waos
conducted to monitor the protection eflciency

of the park in retaining the notural ecosystem.
Lobelia occurred down o 1 m of waoter depth.
The patches of M. alterniflorum were abundont
and clear down to 4 m of water depth. C. mar-
iscus, Typha angustifolia, ond Carex species
developed along the lake shores.

METHODS

FIELD WORE AND SAMPTIMNG

On May 18, 2020, four cores (EOW20VL, EOWNDOE,
EW203 and EWI0Y) of sediments rich in organic
matier were collected from the littoral zone of Lake
Erzpeme Wiellde using a gravity oorer (UWITEC Co,
Ansiria). The mmer diameter of the corer liner was
836 mm. The cores were sampled in the laboratory of
the Farulty of Geographical and Geological Scences,
Adam Micdewicz University Poonmen The upper-
mast layers of the sediments (1-10 cm), characterized
brr high water content, were sectioned in Z-om-thick
intervals in erder to ensure thet sofficient solume of
the sediment is sempled for macrofossil enelysis amnd
dating. The deeper parts (10-33 cm) were slived into
l-cmn-thick samples Each sediment sample wwas fior-
ther subsampled for pollen analysis (1 cm'), macro-
fossil and rediometric dating. The long core
(624 cm, ETWI2014) was drilled in 3014 from a deeper
mh'alﬂnnfﬂ:elakefnr amalysis
{Fig. l}meup]erh-alf[ﬂlm}nfﬂumt
wis anelyzed and diseossed by LWfilecks and Tobolskd
{3015), while the lewer half (310 cm) was investizated
mﬂustmk.ﬁemplﬁmetakmuti-ﬂl-ﬂuﬂ:
intervals.

CHEOMOLOEY

uC dating

Fifieenn organic semples, each takem at 20 em
ntervals n 1 cm slices from the lower part of the
core FOAYZ014 were fransported fo Poman Badiocar-
bon Laboratory for “C dafing using the AMS tech-
nique (Goslar ef sl | 2004 Most of the samples were
nmnfnsmlsnszzrestmlplants[ﬁw:nmﬂ]es bud
scgles end Betule fmifts, bod scales) bui sediments
from the deepest part contained few terrestrisl mac-
mofossils, and hence bulk sediment sample swas taken
from this ares.

Ph and 705 dating

Magnﬂsﬁrﬂrmtﬂﬂﬂmm
pastmﬂn}'}nfﬂ:ehtbua]amexmnmmmd
using *°Fb and *°Cs ra Ph is A nato-
el ¢ ﬁnnaﬂmmemnfﬂ:edemynf
26T and has a half-life of 22.3 years In sediments,
total **Fh is the sum of the so-called supparted “*FPh
(P, ), which is continnoushy prodoced by the decay
of parent isotopes snd excess **Fb (*YFb, ), deli-
ered to the sediment surface mainly by atmespheric
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depesition. with the continoons scoomula-
ton of the deposits the activity of *Ph,_ decresses
with depth due to ifs decey and prevides a tool for
the assezsment of sediment age nsing models based
ON VATiouS esFumplions | and Oldfeld 15952
Sancher-Cabers and Fuiz-Fernandes 2017) The arti-
firial *Cs5 was first introduced into the environment
in measurable amomts in the early 1950s. It showed
modmmm activity in 1963 in relation to nomerous
nnclear bomb tests and alse in 15868 related to the
Chernoby] event (Ritchie and McHenty, 15500

The *Cs snd ““Pb actvites were measured
nsing gamma specirometry af the Instiie of Geol-
ogy, Adam Mhoddewicz Uniersity, Poenen Polamd
[(Gzerneinskd et gl submitted). The 2-om-thick seds-
nerd:uremp]u: were dried and hameogenized The
sctivites of Y 'Cs **Fh *1Pb and ““Bi swere measumed
for -30-70 heurs using 8 high-purity coardal wide-
enersy germaniom detector (Canberra BEJS0) with
g remote detector chamber option set far lev-enersy
background reduction. The aversge of ““Pb and ™ Bi
petivities, which are in redicaciive egquilibrimm with
=Ha_was used as 4 measure to determine the concen-
tration of *=Fh,,,. The ““Fb,, value wes calrulated &s
the difference betvesn the measured total “0Fh and
1Pk . The obiained analytical results were wsed to
develop an e=e model for the sediments deposited dur-
ing the last cenbory using the serac packase (Bruel
and Sabatier, 2000). Constant fire constant sedimnen-
IBI:I.D]II‘HIEIEFE.:- and eonstant initis] coneeniration
models were established and werified based an ¥7Cs
gctivity profiles. The resulis revealing very low 2%Fh,,
activites, mmeh smaller than the activity obtained
nsing 2-sigma somracy tests were not taken into con-

POLLEN AMATYCIS

Pellen anahysis was done for every sample collected
from four shart eores, that is, 30 samples per care, and
for T8 samples obtained from the long core EV2014
The procedure for lsboratory preparation followed
that described by Berghind and Ralska-Jasiessiczomws
{1%86). Mineral particles were removed by HF and
organic componnds by EOH. Acetalysis wes performed
for 3 minmtes. Prior to the preparation of pollen slides,
samples were stained with safranine. Samples talen
from core EVW3004 were comnbed to ab beast T00 pol-
len grains of trees and shrubs. The anabysis of the
sediments of the littoral cores revealed lovwer pollen

than observed n more consolidated sedi-
ments from the deeper part of the lake Henee the sm
of the pollen grains wwas not very high, ewceeding 400
pollen grains of trees and shmbs in almest all specira
The sum of AP (ees and shrobs) and herbs (VAP
was the basis for percentage calmlations (caleulation
sum). Aguaties, telmatophstes and selected nempol-
len palynomorphs (MPPs) vwere also coumted:; howweser,
they were not inclnded in the calenlation sum. The
pollen diagrams were initially compied nsing Tilis
gnd Tilia Graph 5 (Grimm 1352) and later
mprmedmﬂmﬂ]]rmﬂﬂﬁme

Particular attention was given to the identfication
of the pollen of Lobelic and Cladinm, which is the
main ebjectie of our research. Every pollen slide vwas

examined in detail regardless of the pollen sum to
find their grains. The pollen types of both species were
identified according to Beug ( 2004). Every pollen grain
type of Lobelin speces was earefnlhy i because
there are some mmilar types of pellen for example,
Lingrig, Dygitalls and Verbasorm. The determination
nfﬁ'mﬁumpn]lmxmmtmpleeﬂmhﬂumm
of them do not heve an elongated ending, which is
a ecritieal featore for relishle classification However,
regular presence of Clagium in the samples alleved
for the detailed observation and iten of some
additions]l indicator features which nclude resular
comical shape relatiely big size, very gentle circular
perforations at 13 of the zrein length and very clear
perforation at the base of the cone. Pollen grains “cf.
Cladium” were not classified as “Cladinm” if the ans-
Irzed grains wwere partially desiTored or crushed and
the perfect observation of all the indieator features
was not possible.

MACEOFOSSEIL. ANALYSLS

Macrofossil anabysis wes condocted for sediment
slices with 8 wvolome of &0 cm® and collected from
a depith of 1-10 cm and alse for shiees with a volume of
20 em® taken from 11-35 am. The samples vwere washed
with water and sieved using a mesh size of 0.125 mm.
The residue was examined under a
Iiloon, Japan) at 10~ 40~ and 100- mesnifications.
The resulis were presented in the diasrams of abse-
hafe frequency prepared in R (B Core Teem, 3020) in
“rinja” packase (Joggins, 20207 and modified in Corel-
Dirawr X16.

RESULTS

The results showed that the long core
EWi2014, drilled at the water depth of 546 e,
is composed of gray and flne detritus gytha
(214—604 e of sediment depth) with increased
content of mineral particles in the bottomn part
(604624 el

The four short sediment cores collected
from the littoral zone of Lake Erzywce Wiel-
ke showed very similar litholesical features at
the depth of 40—50 cm from the water surface
(Fig. 1, Table 1). The samples are composed
of dark brown detritus gyvtija with decreasing
content of mineral particles toward the upper

part.

Table 1. The location of coring sites [Fig. 1)

Hame of core Langitnde Latitade

EWia014 1T33401EE SIS02LEH
KWl 1733 35.56°E SIS0
EwWma 17-33'3085°E 3350730917
EWxa 1733 2TE S3S0a4 XN
EWia 17-3325.1FE S350 10N
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1T DATING

The *C ages of samples token from the core
KWiZ0l4 (Table 2) were calibrated agninst
the curve INTCALZ (Reimer et al., 2020),
and were used to build an age—depth model
using o free shape alsorithm (Goslar et al |
2009 For the development of models the set
of calibrated *#C dates was supplemented with
the calendar date that marked the beginning
of Holecene (11 550 cal BP, according to the
increase of hirch and decrease of juniper trees

Takle 2. UC ages of samples from the core KWIS014

Depéh - |Lab ne.| Ageug | Divdeled date
| e TR ST | (6E% cant
inderval, cal BF)
714 |Plant remains| 196617 M15:35 | 2480-2375
134 |Plant remains| 126618 2570+40 | 237602705
956 |Plant remains| 196619 2875435 |  3060-2960
174 | Plant remains| 196671 | 3055:30 |  3340-320
794  |Plant remains| 196677 3985435 | 36803575
456 |Plant remains|126625| 3025:30 | 44304310
476  |Plant remains| 196626 4165435 | 48354650
454 |Plant remains|126637| 4530440 | 51755055
514 |Plant remains| 196638 | 4610435 | 54505315
538  |Plant remains| 126629 5570+40 | 63856310
562  |Plant remains| 126631 | 6450435 | T400-7335
586 | Plant remains| 126633 9080450 | 10070-1000
630 |Bulk sediment| 196633 | 11110:60 13085-13055

Krzywoa, war 02-08-2021
Curvature weight = 71
gy DSl MEluEen 2085 am

prdiiy

W0 B0

ALR ol =

Fig. 2. Age-depth mpdel of the lower part of profle KW/2014.
Gray slhowetfes represent cabibrated dates of the
amabymed with 4T Hladk silhemette repoesents the date of the

beginming of Helorens

B0 ELE

(vilecksa, 2005; Filbrondi-Czaja, 2009), which
has been clearly indicated in the pollen profile
at the depth of 610 cmu. The age—depth miodel
(Fig. 2} indicates a rather slow (ond variable)
accurnilation rate in the lower part of the pro-
file {untl ~G000 BPF) and a distinctly faster
(and almost constant) accumulation rate in the
upper part (untl ~2500 BPL. It has to be con-
sidered however, that the **C age of the low-
ermast sample (at 620 cm) might e influencesd
by the reservoir effect of unlmown masnitude
therefore the uneertainty of dates at the lowest
30 e of the profile may ke greater than that
calelated using the algerithom.

PR AND Y05 DATING

The vertical distribution of ***Pb,, and *Cs
activities is presented in Fig. 3, while the com-
plete dataset is awailable in the supplementory
material (Supplementary file 1. The total
“'Ph and **Ph,, content was generally charac-
terized by o downward decrease although with
somne irregnlarities. The latter was likely due to
sediment mixing. The sediment scoomulation
rates for the last century according to the CECS
madel (Fig. 3) were as follows: 164 + 1036 mumy
VT in core EWEO1 105 + 019 mmfyT in core
EW22, 106 + 009 mmfvr in core KW2IVE,
and 128 + 030 moiyr in core KWL

The “Cs activity proflles (Fig. 23) showed
maximum values in the near-surfoce sedi-
ments, decreasing with the sediment depth
and reaching very low activities in the lower
parts of the investigated cores. Such **7Cs pro-
filles often result from postdepositional rernobi-
lization of the isotope_ both upward and dovwmn-
ward, as previously documented in the littoral
zones of other lakes and lagoons (Foster et al. |
2006, Woszezvk et al., 2017; Breozowskd et al.
2021). However, taking inte account the ***Ph-
boszed sediment sccumulation rates, the cal-
culated sediment depths dated to the early
19505 AD (Fig. ), correspond to o decrense
in ¥0s activities to values below 20 mBoglz.
As o consequence, generally, the presence of
moderate-to-high ¥ Cs activities in the sedi-
ments doted post-1950s AT suggests that the

! Supplemnentary file radionnclides in EWI0 cores. Fesalts of

the radiermoclide analysis of sediment cores. The tables mchade
total 2UFh, supperted Ph, excess 2P, 2E, STh, 2517 ariivi-
Hes, and the respectie 2Cpra reasurenent nncertamibies)
and metadata (oarmg year, geegraphical cosrdinates, labara-
fary name, nshrament trpe. measnremendt start and snd dates)
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Fig. 3. Shert-lved radterochde (“'Ph,, nd “'Cs) measarements in cores W20 1, KW20_2, EW30_3 and W20 4. “°Ph,,
Mmmm&usuﬂqmm}hhhuMMWzmd[nm:mm:m {SAR) calrnlabion
using constant fhew canstant sedimentation rate model The sediment depth of 25Ph-based ape of 1950 ATD is markoed sn 1°Cs
activity prefile. The vertical errer bars refer to anabm=ed sediment sample thidmess, while the horizontal bars depict 2-zigma
unoertainty. The plets were obtained wsing seroc (Broel and Sabatier, 3020

'Ph-based age model is generally accurate.
The comparison of the CFCS and CIC models
with ¥ Cs proflles is presented in supplemen-
tary flles [(Supplementary file 2%). Sinee the
cores show the evidence of sediment midng,
the sediment sccumulation rates and conse-
gquently the caloulated ages indicate approed-
mate wvales only.

! Sapplementary fle 2. Age srale te the CPCS and CIC mad-
els KW20 1-KW20 4

POLLEN AND MACROFOGSIL AMATYSES

Core KW/2014

The sediment core fom the deepest part of
the lake demonstrates the ocoourrence of vege-
tation changes from the end of the Late Glacial
period to ~2300 cal v BP (Fiz. 4). The upper
part of this core (2300 BP to the present) was
studied by MMilecka and Tobolskd (2015). As the
main objective of this paper was to troce the
history and development of Cladium and Lobe-
{ig populations, only selected results relevant
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for the reconstniction of the loral environment
are presented.

The oldest part, deposited during the Late
Glacial period, contains pollen typical for open
tundra and steppe-like vegetation with clus-
ters of Juniperus. The beginning of the Holo-
cene (11 550 cal yrs BP, Fig. 4) was marked by
the disappesrance of cold-demanding tundra
speries (Juniperus) and an inecrease of Bedula.
The phose of birch-pine forest lasted to 11 000
cal yrs BP, and was subsegquently overtaken
by the pine-birch forest until the spread of
deciduous forest (Quercus, Ulmus, Tilig,
Fraxinus) at -9830 eal vrs BP. During the
middle part of the Holorene approsdmately
between 3200 and 4150 cal vrs BP. deciduons
forest prevailed, as suggested by the presence
of nurnerois pollen grains of Quercis, LTmus,
and Corylus. The record of the older part of
the lote Holocene approximately between
4150 and 23280 eal yrs BP, showed the pres-
ence of o forest cover, but the proportion of
Ulmusz, Tilia, and Fraxyinus decreased pav-
ing the way for the development of Carpinus.
Pine forests with juniper and heather contin-
ued to e present. In the soungest lavers of

the sediments, the proportion of the pollen
of light-demanding plants inereased which
ineluded members of the Poaoceae family Arfe-
mizia sp., Rumer sp. and Carex sp. This could
ke the result of occasional human activity in
the Tuchola Forest.

The investigation of younger sediments
of the late Holocene, as reported by LMilecka
and Tobalskd (2015), revealed continued forest
cover in the areas adjocent to Lake Erzmwree
Wielkie. Pine trees with a minor proportion
of deciduous trees were found, and Corpinus
played an important role from 1500 to 750
BP. Later Pinus became dominant and some
human metivity indicators appeared [Milecka
and Tobolskd 2015).

L. dorimanna and C. mariscus
in the core EEW/2014

The pollen of Dobelia was not found in this
core. Pollen grains of O, mariscus were found
regularly from the depth of 579 e (~59560 cal
vr BF) to the uppermost layers (2380 col vr
BP), except for the climatic optimum period
(3T40-3235 cal v BP). The pollen was also
regularly identifled in the voungest part of this
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core, analyzed earlier by Milecks and Tobol-
ski (20135). Stable and consistent occurrence of
the pollen of C. marizcus through the entire
Holocene indicates that this plant was present
continuously in the reed beds of Loke Krzywoe
Wielkie.

Littoral cores {EW2IW1-EW2004)

The cores EWZN1 — EW20/4 (Figs 54 B
and &) show - 200 vears of sediment accurnula-
tion and development of vegetation in the lake
and in the catchment. This is confitmed by
simnilar time and pattern of the accummlation
of sediments indicated by isotope dates and
the general picture of vegetation succession
in Tachola Forest during the last centuries.
Regional plant cormmunities were dominated
by pine forest and a low proportion of decidu-
ons species such as Quercus, Carpinua, Cory-
lus Almus and Populus. They likely occurred as
mixtures in sorme patches of forest and reflect
the complex mosaic of habitats at these sites.
The dominanee of Pinus decreased slowly with
time (Fig. 3A Bl In contrast the proportion
of herhs, especially graosses, increased. During
the last 100 years, higher proportion of Jumni-
perie was also decumented, accompanied by
a declining contribution of deciduons species
like Quercus, Carpinus and Corylus. Percent-
ages below 1% of the caloulation sum for these
species indicate their possible disappesrance
in the areas directly adjacent to the lake; pol-
len grains were blown from distant places
(Milecka et al., 2004; Miotk-Szpiganowicz
et al., 2004; Balska-Jasiewiczowa et al., 2004,

EW2an

Cladium pollen was present in almost all
the spectra of the entire core. Moreover, sin-
gle fruits were found in the middle part of the
core, which indicate that Cladium was likels
present in this part of the lake for over 2000
vears. It was a regular constituent of reed hed
communities along with Carex Schoenoplec-
tuz, Typha latifolic and probably Phragmites
auzfraliz (comumon species at present). The
presence of Schoenoplecfus and Typha is con-
firmed by the presence of their fmits revealed
by the mocrofossil analysis (not identified to
species level). The investigotions also revealed
the presence of another species that is pre-
dominantly found in high reed bed, Eleochariz
paluatriz. Freguent ecourrence of pollen grains
and fruits of Carex species suggests that they

are common inhabitents of low reed hed cormn-

Pollen grains of Lobelia were found in sam-
ples taken from the depth of 14 cmn in the sedi-
ment towoard the upper layers. There were sin-
gular grains in a few samples, despite the fact
that the core was eollected from the area right
next to the lecation where the modern popu-
lation of Lobelia was found. Seeds of Lobelia
were found in the somples at the sediment
depth of 8§ and 10 cm. The presence of Lobelia
pollen in the sample ot the depth of 14 cm indi-
cates thet the population must have developed
before 1535 AT

Myriophyilum alferniflorum is o common
component of aguatic plants in the upper part
of the core. Its pollen grains were found in all
the samples token from the depth of 11 cm
uprrard with the masimum content beine %
horecwer, single pollen groins were found at
the depth of 14 and 23 cm. Fruits of Myrio-
phyllum sp. were found at the depths of 10,
12 pnd 14 em in the sediment. Taking into
account the exoet identification of pollen and
the modern presence of M. alfermiflorum in
the lake the fmits very likely belong to this
species. Fruits of Pofamogefon (628 cm, up
to 9 specimens) and Chara cospores (2—29 cm
up to 219 specimens) were the most abundant
in the macrofossil group. The relatively high
numhbers of subfossil Pofamogefon fuits and
Chara oospores suggest their local ecourrence.

EWan2

Pollen of Cladium were found in many
samples throughout the core; however, they
oorurred mmostly as single groins. Subfossil
frudts of Cladiuvm were found at the depths of
2 6 ond 12 cm. Few fruits of other reed bed
plants were also identifled, for example Tvpha
sp. (at the depth of 622 em) and F. palusfris
(32 em). Low reed hed plants were relatively
gbundant which comprised Corexr fuits
P. gmphibium , Ronunculus sceleratus | and JJ
bulbosus.

A single pollen grain of L. dorfmanna was
found at the depth of 14 e, The seeds were
found at 10-12 ern. Thus, according to the fios-
sil record, Lobelia wos present in this part
from the turn of the 19th and 20th centuries.

Among the aguatie macrophytes Pofomoge-
fon (2—23 em_ 1-4 specimens) and Chara sp.
(2—21 emn 1-1090 specimens) wers the rmost
gbundant. Pollen of M. alferniflorum occurred
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at the depths of 4 and 12 e The existence
of Myriophyllum fuits (at 4, 6 and 17 cm),
despite low fuit production by this plant,
sugmests the in sitn presence of this species
(M. alterniflorum).

EWala

Pollen groins of Cladium and of Clodinm
were found in the lewer port of the core, up
to 18 emn, and in the nppermost lavers of the
sediments. Singular seeds of this species weare
identified at the depths of 10, 14 and 25 cm,
and more numerons, up to 12 specimens per
sample, were found at the depths of 2 and
4 cm. Thus, the fossil records suggest almost
contimms presence of this species. They ware
accompanied by other species of high reed
beds os indicated by the seeds and pollen of

Schoenoplectus lacusiris, and seeds of Typha
sp. and Eloecharis. Low reed beds are rep-
resented by pollen of the Cyperscease family,
Carex sp., Thelypferiz palusfria, Hotfonio,
Irns peeudoacorus, and seeds of Jf. bulbosus,
P. amphibivm and R. acelerafus.

Pollen of Lobeliz was not found in the core
EW20%3. However, singular seeds of Lobelia
ocourred at sediment depths of 6, 8, 10, 12 and
22 ey, During the maerafossil analysis nammer-
ons seeds of Pofomeageton (2—33 cm, 1-12 speci-
mens) and some seeds of Mymophyllum sp.
(6, 8 20 and 22 em, singular specimen) amd
Napaz maring vwere identifled. Singular pollen
of Potfamogefon and M. alferniflorum were iden-
tifled at 12 em. Uiricnlana (8 em) and Bumex
aguaticus (4 cm) were alse found as single pol-
lem. At the depth interval of 13 cm, Chara
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oospores (1-353) were found in the sediments
The consistent presence of Pofoamoscton fmits
in most of the samples sugeests the stable exdst-
ence of a pondvesd population in the western
part of the lake.

EW2alid

Few pollen grains of Cladium were noted
in the lower and middle parts of the core but
their seeds were not found. Today, fen-sedze
does not exist in the sonthern part of the lake.
oingular grains could come from long-distance
transportation or from temporarily dewel-
oped small plant commnnitiss. The flora of
high reed bed was represented by pollen and
seeds of T lofifolia, probably T. angustifolia
(Sparganium emersum type, Typka sp.) and
Schoenoplectus. Low reed bed included Carex

(pollen and seeds) ferns (spores) and seeds of
J. bulbosus H. seeleraius and P. amphibium.

Neither pollen mor seeds of L. dorimanna
were found in this core. According to the infor-
mation provided by the manager of BTNP,
Wr. Wojciech Blonisrz, during the last few
veors_ few specimens of flowering Lobelia were
observed in this place, which prompted us to
select this site for coring. However this fact
was niot conflrmed during the field ohsarvation
condueted in July 2020,

Pollen of M. alferniflorum ocourred abun-
dantly in the sediments above 6 cm, ond
frmits were also found in the somples taken
at depths of 2 and 4 em (up to & specimens).
Pollen groins of numerous other aguatic moe-
rophytes were present in this core: R. aguafi-
cuz (3010 em), Timiculaorma (4 cm), Alisma
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plantogo-aguatica (4 cm), and Myriophylinm
apicafum (2 em). Fruits of . marina (33 cm),
Mymphaea (818 cm}, and Nuphar lutea (8 cm)
were found during mecrofossil analysis. Pola-
maogefon fossils were the most abundant (ap to
28 frmits).

DISCUSSI0ON

EVIDENCE AND TIMING OF LOBELIA AMD
CLADITTM CO-OCCTURRERCE IN THE LAEE

The investigotions revenled o low repre-
sentation of both pollen and seeds of L. dori-
manndg. The results are in agreemment with the
conclusions of earlier studies (Meeller, 1975;
Milecka and Obremska 2002; Milecka 2003).
Lobelia is an aquatic plant, ot the fowering
shoot grows above the water surface and is pol-
bnated by insects. Dombska (1965) and Kloe-
Der (1378) found that the deeper the depth of
water is, the smaller the number of fowering
plents will ke, Plants growing belosw 1.7-2 m
do not Aower at all. It has alse been proved that
some specimens do nof open their Aowvers and
undergo self-pollination (Feegri and Van der
Pijl, 1579). Spence (1982} reported that the pro-
cess of seed production requires o large amount
of lizht. The significance of adequate light con-
ditions was also stressed by Szmeja and Bocigg
(2004}, Banas et al. (2012} and Romowski et al.
(2020}, Consequently, low frequency of micro-
and macrofiessils is observed in lecustrine sedi-
ments rich in organic matter. This observation
was confirmed in the present study. Although
o cores (W21 and KWWY, were collected
from the direct neishborhooed of fowering Lobe-
lia potches, the frequency of occourrence of
that this species ocours along with other moee-
rophytic plants in the lake. The lack of Lobelia
pollen in the long sections of cores, confirmed
by the lack of fmits sugmest that Lobelia was
ohsent in the studied periods. The complete
lack of Lobelia fossils in the older parts of four
cores of sediments rich in organic matter and
also in the long deep-water core (Milecks and
Tobolski, 20135, and this research) suggests that
Lobelia is o very recent component of agquatie
vegetation in Lake Erzyeee Wiellkde It likely
appeared by the end of the 1%9th cenbury.

Smdies that aimed to determine the pres-
ence of Lobelio in the temperate climote zone
based on pollen snalysis of organic sediments

were previously carried out in Evrops. Accord-
ing to Hjelmroos-Ericsson (1951) and Milecla
(2005, L. dorimanna developed in Tuchola For-
est lakes in the late Holocene period at ~3500
yI5 BP in Gacno Wiellie and at-2000 yr= BP
in Miervhno Lale Tinowslte and Meczadio. On
Wolin Islend (W Polend) Lobelia was found
since -~ 1700 yrs BP (Latalowa, 1952). Odzaard
(1%84) identifled Lobeliz pollen ocourring from
~4000 yrs BP in northern West Jutland. In
Loke Erzwwoe Wielkie, Lobelia was documented
only in the youngest sediments and it consti-
tates very recent floral species of this lake. The
spread of Lobelio to the temperate zone of Cen-
tral Europe during the late Holocene (decline of
interglorial cooling) can he explained by its cli-
matic demands and ecological optimum related
to the cold climate of the boreal zone (Odgaard,
1994: Birks 2000). The middle Holocene cli-
matic eptirnum did not favor the existence of
this boreal species. Arcording to Farmer (19859
the tenyperature of 17°C in the month of Joky is
a limiting factor for its exxpansion. Therefore, the
ocourrence of Lobelia was doerumented in many
works mainly during the late Holocene cooling.
However, it is nof the cose of Ermrwee Wielkie,
where Lobelia presence was documented during
warming after the Little Iee Age (20th and 21st
centuries). Thus it is lileely that environmental
conditions (e.g. land use) and humsn activity
a5 well significantly influence the development
of Lobelia populations.

The pollen. profile of Erzyvee Wielkie dermn-
onsirated the consistent presence of C. mars-
cuz from the beginning of the Holocene period
(core KKWI2014; Milecka and Tobolski 2015)
and in all cores of the littoral zone Howewar
relatively hish content of fruits was found
only in core KW20K3.

DISTRIEUTION AND COMSEEVATION
I POLAND AND EUROPE

The existence of hoth species in BTME is con-
sidered to be of environmental value ecause it
is within the secgraphical limits of Poland and
hence is under striet jurisdiction (Regulation of
the Ministry of Environment of 3 Octoler 2014).
Iobelio resches the southern border of oocur-
rence in Poland (Seulthorpe 1985 Szmeja
2014a). However, there are some sites in west-
ern Europe that are situated farther south (e.g.,
in France). Many suthors (Czobinski, 1950;
Eucharceyk, 2000; Herbichowo and Wolejko,
2004 assumed that the eastern European
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border of the range of C. mariscus is in Poland.
Considering the fact that the species is found in
seattered locations south and east of the study
area, for example in Latvia (Salmina 2004)
and Czechia (Pokorny et ol 2010}, it would
e better to assume that it shows o “scattered
distribuntion” and aveid the determination of
an accurate border. As these species predomi-
nantly ooeur within the borders of their ooour-
Tence in Poland, their IUCH statos in Polamnd
differs from their global and European status.
According to Maiz-Tome (2018) L. doritmanna
globally (or in Europe) is not likely to meet
the threshold for eing included in the "Vul-
nerable” IUICI catesory and is assessed as
‘Least Concern.” But locally, in Poland, the
statis of this species was changed from wul-
nerable (Zorzycki and Szelgg, 2006) to endon-
pered (KaZfmierczakows et al., 2016). Similar
statis has been given to O mariscus in Europs
and the world (Lansdown et al.,, 2017}, but in
Poloand it is placed under the category “TNear
Threatened” (Kazmierczakows et ol 2016).
The reasons for the disappearance of Lobe-
lia sites were widely diseussed and considered
to be related to eutrophication and changes in
land use over time (Farmer, 1989 Szmeja
1997, 19095; Eraska et al., 2012). The couses
for the disappearance of Cladium sites can be
attributed to both notursl (vegetation sucoes-
sion) and anthroposenic changes of hobitats,
such os changes in water level and trophy
{Herbichowa and Wolejko, 2004; Earez, 2008).
Beport under Article 17 of the Habitats Divec-
tive Period 2007-2012 indicated the fnctors
that pose a threat to their emisting habitat
which include physical and chemical changes
in water bodies (289%) vegetation sueressiond
biscenotic evelution (16%) and other changes
related to human activities (55%). Despite
mony known thrests, new modern locali-
ties of bhoth Tobelia (Chmars, 2007; Chmara
et al., 2015b) and Cladium (Marmura-Ochalska_
2004; Golkkn 2007, Karez, 2008; Towpass and
Stachurska-Swakon, 2009; Erajewski, 2011)
are sfill being identified in Poland.
DIFFERENCES IN CONTEMPORARY

ECOLOGICAT. EEQUIEEMENTS
OF LOBELIA AND CLADITA

Lobelia dorfmanna and Cladinm mariscus
differ in their spatial ranges. Controry to the
boreal range of Lobelia, C. mariscus is an ever-
green reed bed plant widelv spread across all

the continents excapt Antarctica (Powlowsla
1972) oand is considered to be on indicator
of temperate warm climate (Tobolskd 2006
Brande, 2008). Both species are found in the
areas subjected to a strong eceanic infinencs
(Czubinski, 1950; Szmeja, 2014a). In Poland,
Cladium tend to spread towrard the nerth
(Flosowski, 1986—57) and separate sites are
found in calcoresns mires of eastern Polond
(Fijalkowski, 1959; Buczel, 2005), whereas the
present accurrence of Lobelia speries is Hmited
to northwestern Poland.

Both speries differ in their ecological
demands. Podbiellowskd and Tomaszewicz
(1994) reported that Cladium is an expan-
sive plant inhabiting eutrophic or dyvstrophic
lakes. On the contrary, Zarzyeki et al (2002
classifled it a5 o species of olisotrophic hakbi-
tat. Ellenberg ot ol {1991} present medinm
requirements with regard to nitrogen content.
Cladium species represent group 2 (indicator
of more or less infertile sites”™), while Lobelia
is inelnded in group 1 ("indieator of extrernely
infertile sites”™). The biggest difference in their
demands relates however to pH. According
to Ellenberg et ol {1991) . marizcus is an
indieator of basic conditions prevalent in cal-
careys or other high-pH soils where the moosd-
mum pH is found to be 9. In contrast, Lobe-
lig is an indicator of aridic condifions, where
pH derrepses to 2 and it exceptonally oceurs
in sediments with nearly neutral pH. Her-
bichowa and Wollejloo (2004) and Mroz (20000
regarded C. mariscus as o caleiphilons plont.
Fothmaler (1994) reported that it can grow
on basic and lime-rich substrates. However,
it is plzo known that sew-sedge is capable of
growring on habitots poor in calcium carbon-
ate (Grosse-Brouckmann 1964, Marek 1931;
Sawilskns and Dabrowska 1995; Brande 2005;
Tobolski and Gaika, 2005). According to Galka
(2007 appropricte climatic conditions sspe-
ciglly temperataore and air moistaore, are the
main foctors that contribute to the develop-
ment of a Cladium population instesd of the
abundanes of caleinm carbonate. Caleinm plays
a key role only at the sites located sdjocent
to the border of the ronge of the popualation.
In these regions_ calcium compensates for the
heat shortoge doe to the exothermic resction
of caleium oxide and water. This means that
the calcareons soil is important but only in the
cose of the eastern and northern sites of the
range. The lack of the necessity of caleiphilons
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Takle 3. Fanges of alonm content, acdity and canductiviby of water docomented in Lobelizn lakes and other lales in BTIE

Lecality and references c;j pH rarductin:
T Labelian lakes in Pamerania, W Paland, some of them are degraded Li5-236 | 46877 a2-1Th
(Kraska and Pletrowicz, 1994}

16 lakes with foof to-Lobelictum commundty frem Pemerania (Klesowsld, 1954} 6176 B.4-8 -

1B lakes with Myriopkwictum alteniflot oenmmnity from Leommcke-Wisdawslae | 52176 6.5-7.6 -
Lakeland, E Peland (Klesewrsld, 1954}

9 Lebelian lakes in Zabarska Landscape Park, Tuchala Parest (incnding lakes n 13 42560 3881
BTN (Gounet ef al, 19954

Lakes af hropeoe-Blathe channe] ( Sdamerrsid 30045 B4-104 6.9-7.7 9. 693
Lakes of Stroga Siedsnin Jesmer (Sdaneersla, 2004} 41405 B3 215233

sediments was also reported by Polormy et al.
{2010} in relaton to fens.

Lobelia otcurs in acidie to meutral wwater,
that is, pH 4-T7 (Zar=zyeki et ol 2002). Hon-
non and Gaillard (1297} reported ifs presence
in waters with pH 3.0-6.7. There is a wide
range of caleinm content in Lobelian lakes and
the lakes with Cladium (Table 3). The lakes
of the Erzrwee-Blotko canal (inelnding Kr=zy-
woe Wielkie) have Ca contents similar to that
of Lobelicn lakes while the concentration of
Ca is found toe be much higher in ofher lakes
with Cladinvm in BTNP (Fig. 1). Thus, from
this point of view the presence of Cladium in
Loke Ermmwee Wielkie is exceptional. On the
other hand, it presents a wide ecological scale
in termis of pH becanse Cladinm occurs in both
the caleium-rich Struga Siedmin Jezor stream
and the caleinm-poor Erzyvrce-Blotlho canal.

LAND-USE, HYDROLOGICAL
AND TROPHY CHANGES

Presently, Krznece Wielkie is considered to
be an endorheic lake. However, a topographic
map from 1874 AD shoews a droinsge canal
connecting it with Lake Erzwee Male. On the
yvounger maps, the droinage cansl is clearly
marked, which indicates that it existed at least
before 1900 AD. According to Mr. Bloniarz,
manager of BTINP, this drainage canal has
been dry for many years. The altitude of the
drainage thresheld is sbout 124 4 m a.5]., and
the water level of the lake as shown on topo-
grophic maps (1965 1992, 1:10)000, ses INis-
nartowicz 2012) is 123.5 m a.51. In the years
20002004, the water level was found to be
123.44 m .51 which slightly increased in the
following vears; hovever, it has not exceeded
123.8 m as 1 (Marszelewski et al., 2016). When
the thresheold was dug in the 19th century. the
water level was the same as or higher than the
altitude of the threshold (124.4 m a.s51). Thus,

the outflesr through the drainage canal eansed
a decrense in the water level of the lake by af
least 60-90 cm, and strongly influenced the 1it-
toral zone of the lake and the plant comrmu-
mities living therein. The shove is reflected in
macrofossil disgrams, and the gray bar roaghly
separate the teo periods of higher and lowner
lake water levels (Figs 64 B and 7).

Exposure of the littoral areas of the lake as
a consequence of the decreasing water level ere-
ated conditions favorable for the development
of Lobelia populations. Most of their fmits were
found in sediments deposited at the Hme of the
digging of the drainage canal or later. Pollen
of Lobeliz in core KW2IW1 appeared likely at
the time of drainage construction and in core
EW20/2 a singular grain was found shortly
before the decrease of the water level One
seed of Lobelia in core KW2IV3 at the depth
of 22 em was found probably due to disturb-
ing the sediments in the course of the drilling
(reposition from the upper layvers by the corer).
Henece, o Lobelia succession at the end of the
19th century would be possibly supported by
the decrenase of the water level MNew hohitats
in shallow waters enabled the potential dewel-
opment of new-coming species.

The analyses of old maps provide additional
supporting evidence explaining the develop-
ment of conditions favorable for Lobelia. At the
torm of the 18th and 1%th centuries Schriter’s
map showed open spaces on the eastern and
western sides of the lake (Nienartoeriez, 2012).
They were suitable for e cultivaton or pas-
tures. Fiemann's map, prepared in 1860 AD:
showed a similar distribufion. There was no
drainage canal during that time, but flelds
existed in the west and southeast of the lake.
Thus, only the areas adjacent to the northeast-
ern part of the lake {cores KW20/'1 and EKW2072)
were covered by forests. The presence of culti-
vated flelds or pastures undoubtedly influenced
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the trophy of the lake by the surfoce dischorge
of nutrients. The occurrence of Aumexr and
P. lanceolafe ond only a few pollen grains of
weeds indicates that the neighborhood oreas
around the lake shore were used as pastures
rather than as eultivation sites in the 19%th
century. Agricultural activity was abandoned
and forest comrmmunities developed af the end
of the 19th century, which is confirmed by the
presence of a unit of Prussian Forestry Acad-
emy in 1894 AD. According to the mop created
in 1920 ATy the whole area of presently esmist-
ing BTN is covered by forests (Nienartowrics
2012}, The development of forests restricted the
supply of nutrients and resulted in a decrense
of the trophy of the lake Additienally, pine for-
ests and boegy patches protected the loke and
contributed to decreasing pH and oligotrophy
(Eraska et al. 1998; Fdanowskd 2004}

The decrease of trophy at the turn of the
1%¢h smd 20th centuries is manifested by an
increase in the Lobelioa population, as well as
by the growth of M. alferniflorum _J. bulbosus
and Chara sp. Three species of Myriophylium
are found in Europe and all of them are pre-
sent in BTNP (Wrobel and Hutorowicz, 2002).
Among them M. alferniflorum adapted to the
lowr nutrient content and constitutes the typi-
cal component and indicator of olisotrophic

lakes (Butkowskd, Z004). According to Zarzy-
cki et al. (2002}, trophy of M. altermiflorum is
classifled as level 23 (oligotrophy to mesotro-
ph), while the other species are classified as
level 4 (entrophy). Juncus bulbosus grows in
oligotrophic habitats (Zarzpeki et al., 2002)
and appeared not earlier than the second half
of the Z0th century. Charg oospores were nof
identified to species level; however, species of
Characeae exist in the clear waters of olizo-
trophic or mesotrophic lakes (Pelechaty et al.,
2007, Schubert et al., 2018} and moy be nsso-
ciated with rare plants such as L. dorimanna,
L. uniflora and Tsoffes (Beririn ef al, 20013).
The decrease of trophy during the 20th century
is also indicated by the lowwer content of maero-
fossils of entrophic species, such as P. amphib-
inm, R. scelerafus, Nuphar and Nymphaea, in
the ywounger parts of all the cores. A decreas-
ing trend was observed with regard to the con-
tamination and concentration of P, K and Ca
in the selected lakes of BTWNF (Wiellde Gacno,
Zmarle, Czame i Ostrowite) as reported by
Chmara (2006). This trend is favorable for the
Lobelion lakes situated within the Park and is
considered to be the result of land-use changes
and the establishment of BTIVP.

The near-surfoce lavers of sediments were
characterized by a lower diversity of herbs due
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to the unification of the vegetation cover and
the development of a pine forest around Lake
Erzzwee Wielkie. Howesver, in cores KW2001,
EWa20'2 and EW20/4 the increased presence
of indicators related to human activities was
noted (Fig. 34, B}, mainly Rumex and Secale,
which are wind-pollinated plants and relense
large amounts of pollen (Meese and Morris,
1984; Subba-Beddi and Reddi 198&; Sugita
et al. 1999 Their presence in the upper part
of the sediments in the study area is the result
of the regional fransport. Thus, the incrensed
occurrence of Rumer and Secale is the conse-
gquence of a huge production of pollen and the
common presence of these species in the 20th
century under the strong human activity.

CONCLUSION

Palecbotanical gnalbysis of the sediments
revenled that a C. marnscus population devel-
oped during the early Holocene and has almost
continuously existed in Lake Erzyece Wielkie
since then. While I. dorimanna is o new spe-
cies that appesred in this lake at the end of
the 19th century.

In the younger part of the cores higher fre-
gquencies of oligotrophic species, other than L.
dorfmanna, such as M. alferniflorum  J. bul-
bosus and Charophytes were noted. There
was o concurrent decrease in the population
of aquatic macrophytes typical for eutrophic
water, namely P. amphibium, K. sceleraius,
Nuphar and Nvmphaesa. The spread of L. dori-
manna and other olisoirophic species was pos-
sible due to the artificial lowering of the lake
water level and the changes in the land use
of adjacent areas, which mainly ineluded the
abandonment of agrieunltural activities, graz-
ing and the development of a pine forest. The
drainage canal dug by the end of the 1%th cen-
tury resulted in o decrease of water level which
cansed changes in the littoral zone of the lake
and enahbled the rebunilding of the plant com-
munities and the developrnent of nevw species.
The changes in the suwrroundings of the lake
favored the filtering of water from the catch-
ment areas and resulted in the smaller sup-
ply of nutrients which enabled the develop-
ment of oligotrophic species communities. The
establishment of BTIME at the end of the 20th
century contributed to the complex protection
and conservation of the catchment area which

further imited the potential eutrophication of
habitats.

The recent development of L. dorfmaonna
population proves thoat the presence of this oli-
gotrophic species is generally possible under
the present environmmentsl conditions in the
temperate zone, despite a continuous supply
of nutrients to the lales in the industrial coun-
tries as a result of agricultural activities and
synanthropic changes of flors and wegetation.
The necessary conditions are related to the
catchrment. Forest cover, especially pine forest,
is an important factor becouse of the low pH
of the soil and infertile habitat. It is essential
for such lakes that the adjacent areas would e
protected by law s0 that changing the landuse
would be impossible.

Potantially, a gradusl and slow decline of
Cladium could be expected due to the oligo-
trophication of the water of a lake. Howesver,
the often econfradictorily defined ecological
demands of Cladium and its presence in vari-
ous hobitats prevent ws from drawing such
a conclusion. Perhaps, its ability to adapt to
different habitats contritutes to its persistence
in Loke Erzyeee Wielkie for a longer period
of time.
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ABSTRACT. This study investigated the history of the development of six, paleo-lakes, which are at present
filled with sediments, in a dune area in Central Poland, based on multiproxy paleoecological analyses and
accelerator mass spectrometry radiocarbon dating. The aims of the palececological studies were: i) to determine
the initial age of lakes development, ii) to reconstruct the local and regional plant succession, as well as iii) to
reconstruct the environmental conditions during the initial stage of the development of lakes and peatlands.
The obtained results indicated that: the former lakes in dune depressions were developed during the Bolling
and Allerod when sparse vegetation allowed strong aeolian activity. Climate warming in Belling led to the
development of a denser plant cover, inhibition of sand transportation and the formation of mid-dune reservoirs
with the accumulation of organic sediments. As indicated by *C dating, mid-dunes basins were formed between
14 686 £ 60 cal. yr BP and 13 421+ 60 cal. yr BP.

The results of the paleobotanical analysis suggested that the reservoirs were shallow, oligo-mesotrophic,
inhabited by pioneer calcicole vascular plant species such as: Chara sp., Hippuris vulgaris, Potamaogeton natans,
Potamogeton fresii, Potamogeton alpinus and Potamaogeton filiformis, and mosses such as: Pseudocalliergon tri-
farium, Calliergon 3p. and Calliergonella cordifolium. The area next to the reservoirs was covered with sparse
pine forests combined with birch, which is typical of the Late Glacial period. The open areas were dominated by
psammophilic and steppe vegetation, including Poaceae, Artemisia and Hippophae rhamnoides.

Geochemical analysis revealed that Ca** and Fe'* were in high concentrations, which could have influenced
the presence of taxa preferring soil with high Ca® content. The accumulation of calcium in sediments confirms
that the reservoirs were fed by groundwater originating from the progressive degradation of permafrost associ-
ated with thermal changes.

KEYWORDS: plant succession, mid-dune reservoirs, pal logy. climate change. Late Glacial

INTRODUCTION

A wide belt stretches across almost the It covers the areas that have been released
whole of Europe, known as the European sand from the ice sheet stretching from the Neth-
belt, on which aeolian sands and inland dunes erlands in the west to Ukraine and Russia in
can be found (Kobojek and Kobojek, 2021). the east. These belts are most numerous in

hollows associated with river valleys in inland

* Carresponding author dunes in Poland (Galon, 1958; Manikowska,
€ 2023 W. Szafer instiute of Botany, Polish A y of S
This is an Open Access artide, disttesied under the terms of the Creative C Altrib license (hitp:iic o foyid Q1)
which p re-use, and regr In any pr the criginal work 1s properly ciied.
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1985; Nowaczyk, 2009). Clusters of dunes are
present in the Plock Basin and Wareiansko-
Notecki Interfluve (Pilarezyk, 1976), Warsaw
Hollow (Forest of Kampinoska) (Konecka-Bet-
ley et al., 1996), Torun-Bydgoszez Hollow, Bory
Duolnoélgskie, and Sandomierz Hollow (Rurek,
2013). They ean also be found on moraine pla-
teaus (Nowaczyk, 1967), at the bottom of river
valleys (Izmailow, 2001), in subglacial gutters
(Nowaczyk, 1967) and within the plains of
postglacial uplands and valley dens in the Eadz
vorvodeship (Dylikowa, 1958; Galon, 1959;
Rotnaeki and Tobolski, 1969; Daeduszimska,
2013; Kobojek and Kobojek, 2021).

Dunes are unigque landforms. These struce-
tures are built of sands blown by wind, and are
of various shapes with considerable heights.
They were formed in the late Vistulian under
cold periglacial echmatie conditions as a result
of deflation, transport and accumulation by
wind (Dylikowa, 1958; Kobojek and RKobojek,
2021). Dunes were accompanied by a varety
of drainless melting or deflation bowls of dif-
ferent sizes and depths. In the Late Glacial
period, they mammly underwent changes due to
climate warming. Small recesses transformed
into peat bogs due to the accumulation of min-
eral and organie sediments durning the Late
Glacial period (Miewiarowski and Kot, 2010).

Based on the internal structure of dunes,
especially the presence of fossil somls, aeo-
lian series formed in successive dune-forming
phases can be distinguished (Dylikowa, 1969;
Nowaeczvk, 1976; Manikowska, 1985). Litho-
genie soils, which formed from deep aeclian
sands, favoured the development of psam-
mophilic vegetation and few trees that are
the most resistant to high temperatures and
droughts (Mocek, 1997), leading to temporary
immobilization of dunes in Balling. Due to their
high dynamics, the quick response of dunes
to external factors may provide data about
palecenvirenmental changes, ncluding eli-
mate changes, Therefore, dunes can be consid-
ered forms of the earth’s surface that are par-
ticularly sensitive to eurrent climate changes
and human activities that lead to the partial
or often complete destruction of their orginal
structure (Kobojek and Kobojelk, 2021).

The ongin, age, phases of development,
typology, chimatic conditions and vegetation
succession of inland dunes have been widely
explored as elements of lowland areas in Poland
(Galon, 1958, 1959; Kryvgowski, 1958; Kozarski,

1962; Nowacevk, 1986; Iemantow, 2001). How-
ever, there 15 a seareity of studies on mid-dune
areas, as well as fossil lakes and peatlands
developed in depressions, which were crucial
for the survival of many protected and rare
plant species. Dunes were often accompanied
by several shallow, peat-covered depressions of
irregular shapes (e.g. Wasvlikowa, 1964, 1999;
Rotnicki and Tobelski, 1969). These reservoirs
formed as a result of climate chanpes, geo-
chemical conditions and trophy. Accumulation
of organic sediments allows the development of
a record of vegetation succession which can be
revealed using paleobotanical methods (Wasy-
likowa, 1964; Tobolski, 1966; Kobendzina,
1969; Nowaczyk, 1986; Birks, 20000,

One of the dune areas, whach are poorly
studied in terms of the development of lakes
and peat bogs, is the dune area located near
the village of Plesy, Przedbordw forest inspec-
torate. Rotnicki and Tobolski (1969) carried
out geomorphological and paleobotanieal stud-
ies (pollen analysis) of dunes and peat bogs
near Weglewice (~4 km from our study sitel.
However, their research was not based on
radiocarbon dating.

In the present study, a comprehensive and
detailed analysis in the interdune area in
Central Poland is presented. This is the first
multiproxy study in this area in which plant
macrofossil analvsis, pollen analysis and geo-
chemical analysis were carried ont along with
10 radiocarbon dating of the bottom lavers of
the sediment cores.

The aims of the study were to: 1) record the
time and evolution of the mid-dune area and
plant development in the Late Glacial period,
i) understand the impact of climate changes
on local vepetation, iii) determine the paleahy-
drological changes in the Late Glacial period,
and 1v) assess the variability of physicochemi-
cal parameters and their influence on the local
plant suceession.

STUDY AREA

In this study the results of the analysis of
six mid-dune peat bogs located i Ladz Proe-
inee in Central Poland (Fig. 1) are presented.
The study area i1z situated within the Central
European Lowlands (the highest elevation of
the sampling site 15 160 m a.s.1), in the follow-
ing subregions (Kondracki, 2013} South-Baltic
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Figure 1. Location of the study sites

Lake District and Central Polish Lowland
(mesoregion: Grabowska Valley). The present
land relief occurred at the end of the Neogene
(Kondracki, 2013). At present, the site is cov-
ered with pine forest along with spruce and
oak. The Prosna River is the lowest point of
the terrain (~130 m a.s.l.). The study area has
a temperate climate and is influenced by both
maritime and continental climate (Wo§, 1999;
Kondracki, 2013). The average annual temper-
ature in the region is around 8.5°C. The high-
est temperature fluctuations occur in winter
and range from -8.1°C to 2.2°C. Strong frosts
occur rarely. The annual rainfall is estimated
at 500-550 mm (Woé, 1999). Western winds
prevail in the study area (Wo§, 1999), which
is one of the factors determining the shape of
the dunes.

MATERIALS AND METHODS

Drilling was done using a manual Instorf corer
with a diameter of 5 em and a length of 50 em. At all
investigated sites, drilling reached mineral sediments,
indicating the bottom of biogenic sediments and the
beginning of water bodies in the area. The oldest sedi-
ments of six cores (each with a length of 50 ¢m) in
the central parts of the depressions were sampled for
palececological analyses (Table 1). The study material
was placed in PVC pipes and stored in a cold room
(4°C) in Adam Mickiewicz University, Poznan.

Six Accelerator Mass Spectrometry radiocarbon
dates were measured on hand-picked plant macrofos-
sils, and the starting date of the accumulation of organic
sediment was determined (Table 2). Radiocarbon dating
was undertaken at Poznanh Radiocarbon Laboratory.

The radiocarbon dates were calibrated with OxCal
4.4.4 software (Bronk Ramsey, 2020). The modeled
ages are expressed as calendar years (cal. yr BP).

Geochemical analysis was performed for all cores
with a resolution of 3 cm, with the exception of NW I,
for which the analysis was performed with a resolu-
tion of 4 cm (in five cores — 17 samples, NW I - 12 sam-
ples). In total 97 samples were analyzed. The analysis
of the sediments was performed for 21 chemical ele-
ments. In the NW cores and in the LA core — zones
were not distinguished.

To determine the selected elements, a 5110 ICP-
OES (inductively coupled plasma with optical emis-
sion spectrometry) system (Agilent, USA) was used.
The common conditions used for multielemental deter-
mination were as follows: radiofrequency (RF) power,
1.2 kW, nebulizer gas flow, 0.7 L min!; auxiliary
gas flow, 1.0 L min*; plasma gas flow, 12.0 L min™%;
viewing height for radial plasma observation, 8 mm;
charge-coupled device detector temperature, —40°C;
and signal acquisition time, 5 s for 3 repeats. The
detection limits for all elements were 0.01 mg kg * dry
weight 3-gigma criterion). The uncertainty of the total
analytical procedure (including sample preparation)
was 20%. Traceability was verified using the following
reference materials: CRM S-1-loess soil; CRM NCSDC
(73349)-bush branches and leaves; CRM 2709-20il; CRM
405-estuarine sediments; and CRM 667-estuarine sed-
iments. Recovery (80-120%) was acceptable for most
of the elements. For uncertified elements, recovery
was defined using the standard addition method.

Analysis of plant macrofossils was carried out for
all cores with a resolution of 1 em. The macrofossils
were selected under a stream of warm, running water
on & sieve with a mesh size of 0.2 em. Plant macrore-
maing were identified using a Nicon SMA 800 stereo-
scopic microscope with the help of keys (Velichkevich
and Zastawniak, 2006, 2008). A total of 300 samples
were analyzed.

Pollen analysis was carried out with 18 samples
(volume: 2 em?) taken from six profiles.
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The samples were taken from the bottom parts of
cores. The purpose was to date the beginning of sedi-
mentation.

Briefly, the samples were treated with 10% HCI
to dissolve carbonates, heated in 10% KOH to remove
humic compounds, and soaked in 40% HF for at least
24 h to remove the mineral fraction, followed by acetol-
ysis (Berglund and Ralska-Jasiewiczowa, 1986). The
prepared pollen slides were examined under a Nicon
ECLIPSE 50i upright microscope until at least 500
arboreal pollen grains were reached. Pollen taxa were
identified as described by Beug (2004) and Moore
et al. (1991) and using the reference slide collection of
modem pollen grains, owned by the Climate Change
Ecology Research Unit, Adam Mickiewicz University,
Poznan.

RESULTS

LITHOLOGY AND CHRONOLOGY

The main components of sediment cores
were peat and gyttja with layers of sand.

The details of sediment lithostratigraphy
are presented in Table 1.

Table L. Lithology description of sediment sequences

The results of radiocarbon dating indicated
that organic sediments were accumulated dur-
ing the Belling—Allerpd period (Table 2).

GEOCHEMICAL ANALYSIS

In the NW I core (224-175 e¢m) in the bot-
tom part there is a high concentration of AI*
and much higher Ca*, Fe*™, Ba®, Mg, Na*‘.
In the middle part of the core, there was a sig-
nificant decrease in Ca** concentration with an
increase in the values of Al**, Fe™, K*, Mg*.
High values of Na*, Ti** also occurred In the
depth of 196-200 em AP** dominated. There
was also an increased level of Fe®, K*, Mg*,
Mn2*, Na*, Nd3, Ti*.

In the core of NWII/2 (400-350 ¢m) Ca*
dominated, high values of Fe*, K*, Mg* were
recorded in the bottom part. In the rest of the
core, the elements had low concentration values.

In the NWIII core (79-30 ecm), the bot-
tom part was characterized by low values of
elemental concentration values. In the central
part of the core at a depth of 45-33 c¢m, Fe’*

Site Coordinates | Depth [cm] Description of sediments
NW1 51°2533.3"N | 175-210 |Decomposed herbaceous peat
18°14'274"E | 210-214 |Gyttja with sand
214-224 | Gyttja
NWIIZ | 51°2509.2"'N | 350-397 |Brown moss peat
18°14'38.3"E | 397-400 |Decomposed herbaceous peat with sand
NWII | 51°25'58.8"N 30-42 | Very decomposed herbaceous peat
18°14'04.5"E 42-62 | Decomposed herbaceous peat
62-67 |Peat/coarse detritus gyttja
67-80 |Sand
NWIV | 51°25'49.9'N | 110-155 |Decomposed herbaceous peat
I8°14'05.9"E | 155-159 | Gyttja without sand
159160 | Gyttja with sand
NWV | 51°26'17.4"N | 500-519 |Poorly decomposed herbaceous peat
18°14'26.5"E | 519-525 |Strongly decomposed herbaceous peat
525-550 |Sand
LAl 51°25'20.4"N 50-65 | Decomposed herbaceous peat
18°13'59.8"E 65-93 Poerly decomposed herbaceous peat
93.99 | Gyttja
99-100 | Gray sand
Table 2. Results of radiocarbon dating
I e Material Lab.No. [ “Cdate |A8%o8l e BP
LAl 96-100 | Carex sp. fruits, Betula sp. fruits Poz- 104882 | 12 140+ 60 BP | 14 17413 796
Carex cf. flava fruaits, Betula sect. Alboe fruits and fruit
NwWI 218.220 | scales, Menyanthes trifoliata seeds, Pinus sylvestris nee- | Poz-104885 | 12320 =60 BP | 14 686-14 070
dles + bud scale
NW IL2 | 399-400 | Pinus sylvestris needles Poz-104881 | 12 180 =50 BP | 14 230-13 864
NW I 63-66 | Carex rostrata fruits, Betula sp. fruits Poz-104872| 11 870 =60 BP | 13 815-13 546
NW IV [155-160 P fx:"’;::nzi’”mmﬂ;w“ Betula sect-| by 104871 | 11710 260 BP [13715-13 430
NWYV  |490-530 | Carex sp. fruits, Pinus syloestris needles, brown moss stems | Poz- 104870 | 11 440260 BP | 13 42113 142
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dominated. At a depth of 39—42 em, there was
an inereased level of K+, Na*, Mn2+, Mp2+, Tits

In the NWIV (167-110 em), high concen-
tration of Ca®™ and Fe™ oeeurs throughout the
core. In the bottom part (depth of 157-152 em),
an inerease in the values of K*, Mg*, Nd** and
Ti* was recorded. In the top part of the core
the Fe®* concentration increased significantly.

In the core NW V (550-500 cm), Ca® reached
relatively low wvalues. A high concentration
was found for Ba® and Al*, however, the lat-
ter occcurred only at a depth of 539-536 cm.
In the bottom part of the core, increased Fe®
concentrations were found together with high
K*, Na*, Ti** concentrations.

In the LAT eore (100-50 em), Ca?* domi-
nated 1 the entire core with lngh concentra-
tions of Fe™, En®**. Significant concentrations
of K+, Mg?, Mn2+, Na*, Ti%* were in the bottom
part of the core. High eoncentrations of Fe®,
Mn* were measured in the topmost part.

Detanled results of the geochemical analysis
of the sediments are presented in Supplemen-
tary File 1%

PLANT MACROREMAINS

Presence and proportion of macrofossils
allowed for the differentiation of two or three
zones 1n all of the cores except LA .

NW I (Fig. 2)

NWI-1 zone (224.5-215.5 em) was char-
acterized by the presence of aguatic veg-
etation, inelading Chaore sp., Myriophyl-
lum spicatum, Potamogeton sp. and Najas
marina, as well as peatland plant species
such as Carex flava and C. rostrafa. The
fruits of Befulon seet Albaoe, B. nono and
B. pubezeens were also recorded.

NWI-2 zone (214.5-174.5 em) showed the
presence of Menvanthes trifoliata and Pota-
maogeton filiformiz, Pofamogeton sp. and C. ros-
trata. The abundance of Befulo sect. Albae
decreased. The needles of Pinus sylvesins were
also found.

NW IL2 (Fig. 2)

NWIL2-1 zone (400.56-374.5 cm) was very
poor regarding the macroremans of aguatic
plants except for Tvpha latifolia. Seeds of

! Bupplementary File 1: Results of geochemical analysis

P. gylvestris and Betuln sect. Alboe and froits
of B. pubescens were recorded.

NWIL2-2 zone (374.5-350.5 em) was char-
acterized by the presence of aquatic and rush
species: O, rozfrota, T. lafifolia, Potamogeton
ratans and M. trifoliate. N, marina appeared
at a depth of 356.5 em. Caltha palustriz and
Betula sect. Albae appeared in the uppermost
part of this zone next to Epilobium sp.

NW III (Fig. 3)

NW III-1 zone (79.5-60.5 em ) was dominated
by trees. The remains of Befula sect. Albae and
B. pubescens were found at a depth of 63.5 cm
and 68.5 em, respectively. M. #rifoliata and
C. rostrata were also present.

NWIII-2 zone (60.5-30.5 em) was repre-
sented mamly by M. fnfolicfa. For the first
time, the fruits of Nymphoea alba and Typha

sp. appeared.

NW IV (Fig. 3)

NWIV-1 zone (169.5-150.56 em) was domi-
nated by brown mosses and Cyperaceae mae-
rofossils. Among brown mosses, the remains
of Peeudocalliergon triforium, Colliergonella
cuspidate and Calliergonella cordifolium were
dorumented. The remains of H. valgaris, Chara
sp., Pofomogeton alpinus, P. fresii, Carex flava,
and C. rostrota were found.

NW IV-2 zone (150.5-135.5 em), documented
the remains of P. natans, P. fresu, N. alba,
C. rostrata, C. flave and M. frifoliata.

NW IV-3 zone (135.5-110.5 em), the remains
of brown mosses, Cyperaceae, as well as sig-
nificant amounts of Warmstorfia exannulata
were recorded. In the upper part, the remains
of Pseudocalltergon frifarium were found fol-
lowed by single fruits of agquatic Pofamaogeion
alpinus and P. fresii (1205 em). The pres-
ence of M. trifoliata was also recorded. Fruits
of B. pubescens and Betula sect. Albae were
found at a depth of 132.56 cm.

NW V (Fig. 4)

NW V-1 (550.5-532.5 cm) was poor in plants
and had a few remains of P. natans, Potamoge-
ton sp. and C. rostrata.

NW V-2 zone (532.5-500.5 em), Befulo sect.
Albae, B. pubescens and P. sylvestriz clearly
dominated among the tree species. The pres-
ence of Carexr elongate and C. flova, as well
as the abundance of C. rosfrafe, was noticed.
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The seeds of Nojosr marina were found at
depths of 513.5 and 509.5 cm.

LAT (Fig. 4)

LAT (99.5-91.5 em) — zones were not dis-
tinguished.

The lower part revealed maerofossils of
P oalpinuz, P nofans, Chara sp. and Carex sp. At
a depth of 96.56 em, Eleochars palusziris and
C. flava were found. The aquatic plants were
represented by Chara sp., H. valgaris and
P alpinus.

POLLEN ANALYSIS

Pollen analyses were done only for the bot-
tom parts of the studied eores (Fig. 5). There-
fore, the pollen record revealed regional plant
communities and local vegetation of the lakes
and adjacent areas only at the beginning of the
accumulation of organic sediments.

NWI

Ahigh percentage of P. sylvestris pollen indi-
cates the presence of sparse pine stands with
a sigmificant proportion of Befula (Ralska-
Jasiewiczowa et al, 2004). The species
B. nana was also probably present. Salix was
most hkely found near the basin shoreline.
The telmatic part of the reservoar was covered
by relatively big clusters of Cyvperaceae and
a low proportion of M. énfoliafe and T. latifo-
lig. Aguatic macrophytes were represented by
Sparganium type and Lemna type. A minor
oecurrence of coprophilous fungi (e, HAV-
b6 A Sordaria type, HdV-205 Sordariaceae,
Sporormiella) indicated the possible presence
of mega herbivores (Gill et al., 2013; Rey
et al., 2020].

NW IL2

During the Bolling period (14 050 cal. yr BP),
the wvepetation cover was dominated by
P, sylvestriz and Betula along with Salix in wet
areas. At a depth of 3995 cm, the relatively
high presence of Poaceae (10%) corresponded
with the abundance of coprophilous fung
(HdV-56 A type Sordaric, HdV-205 Sordaria-
ceae). At lower depths, the propertion of Poaceae
pollen decreased to about 3% and 4%. The pro-
gressive terrestrinhzation of the reservoir was
indicated mainly by the abundance of Cypera-
ceae (more than 45% at 397.5-392.5 cm).

NW III

The bottom sediments dated 13 700 cal. v
BP, ie. the turn of Balling and older dryas,
showed the dominance of Pinus and Befula.
At the beginning of the sedimentation pro-
cess, the dunes adjacent to the peatland were
overgrown by Hippophae rhamnoides. This
was evidenced by the relative abundance of
pollen of this species (~9%) at the depth of
G6.5 em. The presence of Poaceae at 66.56 em
corresponded with a high proportion of Cype-
raceae, as well as HAV-55 A Sordaria type and
HdV-205 Sordariaceae. At preater depths the
above-mentioned taxa showed a decrease or
even disappeared.

NWIV

Accumulation n this reservoir began at
13 500 ecal. vr BP, ie. the Bplling period. At
the early stage (159.56 cm), the vepetation was
mainly compesed of birch (most likely B, pube-
seens and B. nana), as well as willow on damp
soils. Buckthorn was the main constituent of
the dune habitat. In vounger samples, a tran-
sitton from barch to pine-dominated forests
was seen. Open vegetation was represented
by Poaceae and Arfemisia. The main species
in the more vegetation was probably B. nona;
however, due to poor preservation of pollen
grains, its pollen could not be identified 1n all
of the profiles. The high presence of Cyper-
aeeae was recorded 1n this profile. At the depth
of 159.5 em, the slight presence of Lemna and
Spirogyra imndicated stapnant water. At higher
levels, these species disappeared correspond-
ing with the emergence of M. trifolicta and
Sparganium tyvpe. In this profile, similar to oth-
ers, the presence of coprophilous fungl (mainly
HAdV-368 Podospora type) corresponded with
a high value of charcoal particles, as well as
the indicators of open areas (depth 159.5 em),
followed by a sharp decrease of these taxa
(157.5-151.5 em).

NWWV

The pollen spectra were dominated by
P. zylvestriz (=80% of pollen sum in all of
the samples). This finding is in line with the
results of radiccarbon dating. A marginal pro-
portion of birch, willow and sea buckthorn
was observed during that time. Among the
herbaceous plants, the most mmportant were
Poaceae, Arfemisia,
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LAT

Acvording to the radiocarbon dates (~14 000
cal. yr BP), sediment accumulation began dar-
ing the Bplling period. Similar to the adjacent
profile (NW I, the vegetation constituted mostly
pine, birch and willow. However, this profile
was distingumished by the high proportion of
H. rhamnoides (up to 15.56%) at a depth of
G0.5 em. A decline in Hippophae was observed.
Betula sp. pollen value increased. The pres-
ence of open area indicators, such as Poaceae,
Arternisia, Polfentilla t. or Cerastium t., was
constant throughout the profile.

DISCUSSION

BEGINNING OF THE ORGANIC SEDIMENT
ACCUMULATION AND CLIMATIC CONDITIONS

The results of this study suggest that the
reservolrs between dunes developed at the turn
of the Oldest Dryas and Belling period (before
14 700 cal. yr BP). In the subarctic chimate of
Oldest Dryas, aeolian sand carried by the wind
accumulated, favoring the formation of dunes
(Dylikowa, 1969; Konecka-Betley, 2012} At
the foot of the dunes, land depressions and
basins formed (Rotnicki and Tobolski, 1969;
Kulesza and Balaga, 2015). Asolian processes
of the Oldest Dryas have also been recorded in
Weglewice (Tobolski, 1966), which is situated
approxmately 4 km south of Plesy village. The
materials forming the dunes, with quartz and
gilicon being dominant, were poor in nutrients
(Prusinkiewicz, 1969). The area was covered
by open, tundra plant communities and Hip-
pophae shrubs, a proneer and hght-demanding
species of raw, mineral soil (Krupimnsk et al.,
2004). The aeolian processes and dune forma-
tion ended with the warming of the Balling
interstadial (Konecka-Betley, 2012), partly
due to the development of a denser vegeta-
tion cover. During the Belling period, aver-
age annual air temperatures in Europe were
~12-15°C (Wasylikowa, 19G4; Maruszezak,
1974; Klimanov, 1984, 1997; Ralska-Jasiewi-
czowa et al., 1998; Velichko et al., 2002; Bos
et al., 2006), while air temperature 1n Central
Poland was ~13-15°C (Pawlowsli et al., 2016).

Stopped sand transportation resulted in the
development of wetlands and water bodies in
mid-dune areas. Damp habitats were covered
by shallow-water vegetation such as Corex and

Cyperaceae, suggesting a minimum June tem-
perature of 13°C (Isarin and Bohncke, 1999),
and Typha sp., indicating a mean July tempera-
ture of 15°C (Iversen, 1954; Wasylikowa, 1964}
or 13-16°C depending on the species (Kolstrup,
1979). A similar pattern of vegetation succes-
sion in Balling/Allerad has been reported for the
Czech Republic (Pokorny and Jankowvska, 2000,
western Lithuania (Kisieliene et al., 2005) and
western Ukraine (Kolaczek et al, 2018).

The oldest sediments analyvzed in the pres-
ent study are dated to early Bolling (14 G236 to
~14 070 eal. yr BP), as revealed by YC apes of
the bottom sediments of the N'W I, NW II'2 and
LA T cores. During that period, the initial soil
made of dune sand gradually developed (Lacka
et al., 19958; Konecka-Betley, 2012), which led
to the emergence of Betulo forest/shrubs and
sparse population of P. sylvestris trees as indi-
cated by pine needles and bud scales (NW I,
Fig. 2). It was the initial =01l formed due to the
accumulation of mineral material as a result of
apolian processes (Dylikowa, 1969). In this soil
there 1z a thin layer of organic matter only in
the uppermost layer (Konecka-Betley, 2012).
The pollen spectra showed a sipnificant share
of pine 1n all sites (Fig. 5); however, most of
them are related to transportation from a long
distance. The landscape during this pernod
was open and pine pollen could be transported
over long distances, This is reflected in the dia-
gram. Similar results were obtained by Wasy-
Likowa (1964), Tobolski (1966), Krajewski and
Balwierz (1984), and Balwierz and Goadzik
(1997). The pericd of transition to the Balling
mmterstadial was characterized by the mogra-
tion of deciduous, pioneer trees such as Salix
and Populus fremulo (Lacks et al., 1998; Wace-
nik, 2009; Mortensen et al., 2011; Forysiak,
2012). At the end of Belling (~13 815 ecal.
yr BP), birch-pine forest was an integral part
of the environment bazed on the presence of
macroremains and the proportion of Pinus pol-
len exceeding 50% of the total sum recorded in
the sediments (Fig. 5). These results agree with
the observations of Huntley and Birks (1983),
which showed that >50% of Pinus pollen with
less than 256% of Befulo pollen indicates the
local existence of pine. Salix inhabited more
humid areas at the shores of the basins.

The lack of sand inflow and the stabaliza-
tion of dunes favored the diversity of taxa, as
suggested by the development of forest and
a relatively dense vegetation cover on dunes.
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migration series. Temperatures given after Bos et al., 2006 and authors cited in the text

Paleobotanical analyses revealed the presence
of psammophilic vegetation at ~13 800 cal
yr BP (Helianthemum and Artemisia). The con-
stantly present H. rhamnoides belongs to the
group of heliophytes, which prefers dry sites
rich in Ca* and is eminently light-demanding
forming the highest level of vegetation (Koben-
dzina, 1969; Tobolski, 2003). Dunes were the
proper habitat for Hippophae because this spe-
cies can grow even on nondurable dunes and
on irrigated soils due to its extensive root sys-
tem (Li and Schroeder, 1996). The peatland
was overgrown with B. nana, while its shores
were occupied by Salix undiff.

Similar to the Oldest Dryas, Bolling was
characterized by a high groundwater level,
resulting from the melting of dead ice blocks
(Drzymulska, 2010), which allowed the depres-
sions formed at the foot of the dunes to be fur-
ther filled with water (Rotnicki and Tobolski,
1969; Kloss and Wilpiszewska, 1994; Balwierz
and Gozdzik, 1997). The sediments accumu-
lated in the reservoirs. This led to the decrease
of the depth and surface of the reservoirs.

The location of reservoirs at a distance of
a few or several kilometers from each other
would suggest that they developed in an
analogous manner despite the fact that they
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formed at different times. They were ereated
successively, which is confirmed by the dates
of the lower part of the cores (Table 2). How-
ever, small but significant differences could
oceur in plant succession, mainly due to the
intensity of groundwater supply affecting the
depth and shape of the reservoir, the degree
of sunhght, or geochemical features (Kulesza
and Balaga, 2015). In all the reservoirs, Ca®
was the magor element in the migration series,
which indicates the advantage of ground sup-
ply (Bordwka, 1992). However, the functioning
of these reservoirs was closely influenced by
the hydrological regime of the Prosna River (ef.
Galka et al., 2019). The influx of river waters
was likely suggested by a high concentration
of Al%+, Ti%+, K* and Na* in the bottom parts
of LAT and NW ILZ (~14 000 eal. yr BP) and
NWIV, as well as NWIII (level 39—42 em,
~13 700 cal. yr BP) and NWV (level 536—
539 em, ~13 400 cal. yr BP) and the unident:-
fied remains of plants and wood.

SUCCESSION OF LOCAL
FLANT COMMUNITIES IN THE RESERVOIRS

The local flora (NW I: <14 600, LA T ~14 100
cal. yr BP) ineluded species such as Chara sp.,
Hippuriz wvulgarizs, Potamogeton sp. inclod-
ing P. filiformis and Myrophyllum spicatum.
These species prefer water reservoirs to a depth
of 56 m (Podbielkowsld and Tomaszewicz,
1996; Pawlowski et al., 2016). The communi-
ties of Chara sp. were the first to colomize the
lower layers of reservoirs, and recorded as pio-
neering plants in sediments in the early stage
of lake development in the Late Glacmal period
{Birks, 2000; Matuszkiewiez, 2001; Schubert,
2003; Kisieliene et al, 2005; Lamentowicz and
Mitehell, 2005; Mortensen et al, 2011; Galka
and Sznel, 2013). The presence of these spe-
cies indicates olipo-mesotrophic environment
{Pelechaty et al, 2007; Schubert et al., 2018)
rich in Ca®, due to the slow disappearance
of permafrost and groundwater drculation
(Boréwka, 2007; Dreymulska, 2010; Zurek and
Kloss, 2012). Palynological and geochemical
analvses revealed that a similar process took
place in NW II/2 in ~14 200 eal. yr BP. A high
concentration of Ca®*, Fe* and Mn* in the
sediments confirms the high level of groundwa-
ter, and Mn® aceumulation is typical for oligo-
mesotrophic reservoirs (Pawlowski et al., 2016).

The presence of Co™, Cr3* and MNi** was
influenced by the peological structure of the

area (postglacial formations), weathering of
postglacial material and migration of activated
components along with surface runoff (Boja-
kowska and Sokolowska, 1997).

A pattern similar to the early developmen-
tal stages of NWI and LA T was recorded for
NW IV at ~13 700 cal. yr BP, when the commu-
mities of Chara sp. developed first followed by
the appearance of H. vulgaris, brown mosses
and Potamogefon species such as P. nafans,
P, alpinus and P. filiformis, which colonized the
reservoir. The disappearance of Chara sp. In
NW IV (156.5 em) and the simultaneous devel-
opment of the Carex group, along with a larpe
proportion of Cyperaceae pollen, indicate the
gradual decrease in water levels in the bottom
part of the profile (Fig. 3). The persistent high
concentration of Ca?*, Al* and Fed* in NW IV,
as well as in NWI and LA cores influenced
the concentration of the mineral forms of phos-
phorus (Graea and Bolalek, 1998), which ecould
indirectly affect the disappearance of Chara
sp. characterized by low phosphorus tolerance
(Crawford, 1977). Pollen analvsis revealed the
presence of other maerofossils of various ori-
pins (van Geel, 2001). The presence of Spiro-
gyra palinomorphs in NW IV (Fig. 3) indicates
good water oxygenation and gradual transition
to mesotrophic environment. It also suggested
the development of fungi, or Cyancbacteria,
which 1z probably hmited the Lhght supply
into the reservoir, affecting the productivity
of submerged macrophytes (Dong et al., 2014,
Caleiphilic mosses (cf. Hedendis, 2003) inclad-
ing Pseudocalliergon frifarium, Calliergoneila
cuspidata and C. cordifolium were undoubt-
edly pioneering plants of NW IV. Scorpidium
revofvens 15 a glacial relie flora currently found
in Poland (Hedends, 2003; Krajewski, 2012).
The finding of its macroremains in NW IV
(Fig. 3) iz of sipnificance, due to the fact that
it 15 not present in Ca® -rich places, unlike
8. srorpioides and S, cossont, which prefer
a caleareous environment (Hedends, 2003;
Graham et al., 2019).

An open water surface existed within the
reservoirs during Balling, as indicated by the
presence of Ceratophyllum demersum, M. spi-
catum, P. natans and N. alba. Endocarps of
P, filiformis and P. alpinus were also found in
the bottom layers of NW I and NW IV. Their
presence in the sediments indicates a cool eli-
mate, and the macrofossils of both species are
commonly found in the sediments accumulated
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in Europe in the Late Glacial period (Szafer,
1954; Mortensen et al., 2011; Galtka and Sznel,
2013; Galka et al., 2020). Petamogefon nofansis
a cosmopolitan plant that can resist changing
conditions, and its endocarps can be found in
the deposits accumulated during the Late Gla-
cial and Holocene (Kisieliene et al., 2006; Zurek
and Kloss, 2012; Galka et al., 2017, 2020).

In ~13 B00-13 400 eal. yr BP, NW III and
NWV showed some chanpes. The concen-
tration of Al*, K+ Mg, Ti#, Fe* and Cr*
clearly decreased in NW III (depth 7880 cm)
and NWV (depth 500-503 em), which indi-
cates that both reserveirs were shallowing.
Soil erosion occurred in NW 'V, as evidenced
by an inerease in Al*, Ti**, Zn®, Fe™ and
Mn® (Lacka et al., 1998). A slight and short-
hived water space occurred in the muddle part
of NW III (Fig. 3), which allowed the develop-
ment of aquatic macrophytes such as M. zpi-
cafum and N. alba; however, plant macro-
fossil data and low pollen percentages (<1%)
confirm their hmited importance. A sharp
decline in Ca® and a low content of Mn2
in NWIII {depth 63.5-66.5 em) and NWWV
(depth 550.5-545.5 cm) suggest a minor sup-
ply of groundwater and insufficient inflow of
surface waters. The very high percentages
of ascospores of Gelasinospora earboniculus
fung together with a high concentration of
microchareoal confirm the oceurrence of loeal
fires in the vicinity of the reservoir during this
period (Shumilovskikh and Van Geel, 2020).

A short-lived local episode related to an
extreme phenomenon, perhaps a period of
aeolian activity {Wasylikowa, 1964; Dylikowa,
1969; Tobolski, 1969; Konecka-Betley, 2012)
or a change in local hydrological conditions, is
indicated by disturbances in the plant cover
system in NW III (3.5 cm), NW IV (157.5 cm)
and NWV (49.5 cm). In ~13 600 cal. yr BF,
a decrease i the pollen eurve of P. sylvesins
occurred (Fig. 5), while the proportion of Salix
and B. nana pollens inereased (Fig. 5). A num-
ber of herbaceous plants, sach as Pofentilla
and Rurmex, disappeared (NW IV — 168.5 em,
NW III - 63.5 em, NW V — 49.5 em).

The cooling of the chimate in the Old Dryas
was characterized by a decrease of the aver-
age temperature of July to 10-13°C (Wasy-
likowa, 1964; Ralska-Jasiewiczowa et al.,
1995; Pléciennik et al., 2011) which resulted
in the decrease of humidity and water level
in the reservoirs. Coneurrently the inerease

of dune-forming activity and sandy backfilling
of the initial soil was observed, which later
resulted in the disappearance of an open water
table in the reserveirs (Dezieduszyriska and
Forysiak, 2015) and the formation of peat bogs.

These changes preceded the bepinming of
Allersd interstadial which was dated in the
record of oxygen isctopes in Greenland’s ice
cores between 13610 and 13 550 cal. yr BP
(Rasmussen et al., 2014),

CONCLUSIONS

The palececological analysis of sediments
m a dune area mm Central Poland allowed
the reconstruction of the palecenvironmen-
tal changes in the Late Glacial period. Based
on the results, the following conclusions were
drawn:

1. Dunes were formed during the Oldest
Dryas, when sparse vegetation favored strong
apohan activity. Climate warming in Balling
led to the development of a denser plant cover,
ceasing sand transportation and the formation
of mid-dune reservoirs with the accumulation
of orgamic sediments.

2. The first element in the migration series
to be recorded in the sediments was Ca®. Its
presence indicates the ongoing process of per-
mafrost depradation and the slow release of
groundwater. Caleilum acenmulation in sedi-
ments confirms that the reservoirs are fed
with groundwater originating from the pro-
gressive degradation of permafrost associated
with thermal changes.

3. Palynological data confirmed that the
area around the reservoirs was covered with
sparse pine forests along with birch, which is
typical of warm periods of the Late Glacial.
The open areas were dominated by Poaceae,
H. rhamnoides and B. nana.

4, Paleobotanical analysis showed the
reservoirs to be shallow, oligo-mesotrophic
and inhabited by proneer ealeiphilic vaseular
plant species, such as Chara sp., H. vulgarns,
P. natansz, P. fresit, P. alpinus, and P. filiformis
and mosses such as P. trifarium, Calliergon
sp. and C. cordifolium.

0. The short period between Bealling and
Allerad characterized by a decrease in the
P. gylvestriz curve, an increase mn the pro-
portion of Salivx pollen, the presence of
B. nana in the NW IV profile (depth 157.5 em,
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=13 600 ecal. yr BP) and a elear decrease in
Cyperaceae suggests climate cooling related to
the episode of Older Dryas.
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