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WKD�/Ę<KtAE/A  

WƌĂŐŶħ ƐĞƌĚĞĐǌŶŝĞ ƉŽĚǌŝħŬŽǁĂđ Ěǁſŵ ŽƐŽďŽŵ, ďĞǌ ŬƚſƌǇĐŚ ŶŝŶŝĞũƐǌĂ ƉƌĂĐĂ ŶŝĞ ƉŽǁƐƚĂųĂďǇ͘ Bardzo 

ĚǌŝħŬƵũħ mojemu promotorowi prof. dr hab. Mariuszowi Lamentowiczowi za wprowadzenie mnie 

ǁ ŶŝĞǌǁǇŬųǇ ƑǁŝĂƚ ƚŽƌĨŽǁŝƐŬ ŽƌĂǌ ǌĂ ŵŽǏůŝǁŽƑđ ƌŽǌƉŽĐǌħĐŝĂ ŬĂƌŝĞƌǇ ŶĂƵŬŽǁĞũ ƉŽĚ JĞŐŽ ŽƉŝĞŬČ͘ DǌŝħŬƵũħ 

ǌĂ ŶŝĞŽĐĞŶŝŽŶČ ƉŽŵŽĐ͕ ǁƐƉĂƌĐŝĞ͕ ŐŽƚŽǁŽƑđ ĚŽ ƉƌĂĐǇ͕ ůŝĐǌŶĞ ƌŽǌŵŽǁǇ ďħĚČĐĞ ŝŶƐƉŝƌĂĐũČ ŽƌĂǌ ǌĂƌĂǏĞŶŝĞ 

ƉĂƐũČ ĚŽ ƉƌĂĐǇ ǁ ƚĞƌĞŶŝĞ. Bardzo dǌŝħŬƵũħ Ěƌ ŚĂď͘ DŝĐŚĂųŽǁŝ ^ųŽǁŝŷƐŬŝĞŵƵ͕ ƉƌŽĨ͘ /'ŝW� za ogrom 

ǁƐƉĂƌĐŝĂ ŝ ŵŽƌǌĞ ŝŶƐƉŝƌĂĐũŝ͕ ďĞǌĐĞŶŶĞ ĚǇƐŬƵƐũĞ ŽƌĂǌ ƐƉƌǌǇũĂũČĐĞ ƉƌŽŐŶŽǌǇ ŶĂ ƉƌǌǇƐǌųŽƑđ͘ DǌŝħŬƵũħ ǌĂ 

ŶŝĞŽĐĞŶŝŽŶČ ƉŽŵŽĐ͕ ǌĂƵĨĂŶŝĞ ŝ ǁŝĂƌħ ǁ ŵŽũĞ ŵŽǏůŝǁŽƑĐŝ͘ 

 

DǌŝħŬƵũħ dr hab. Katarzynie Marcisz ǌĂ ƉƌĂŬƚǇĐǌŶĞ ǁƉƌŽǁĂĚǌĞŶŝĞ ŵŶŝĞ ǁ ƑǁŝĂƚ ĂŵĞď ƐŬŽƌƵƉŬŽǁǇĐŚ 

ŝ ƉŽŵŽĐ ǁ ĐŽĚǌŝĞŶŶǇŵ ǏǇĐŝƵ ŶĂƵŬŽǁǇŵ ŽƌĂǌ Ěƌ ŚĂď͘ WŝŽƚƌŽǁŝ <ŽųĂĐǌŬŽǁŝ͕ ƉƌŽĨ͘ hAD za wsparcie, 

zrozumienie i motywacjħ ĚŽ ƉƌĂĐǇ͘ DǌŝħŬƵũħ Ěƌ DŝĐŚĂųŽǁŝ :ĂŬƵďŽǁŝĐǌŽǁŝ ŝ Ěƌ DĂƚĞƵƐǌŽǁŝ 

�ŝĞůŝŷƐŬŝĞŵƵ za bezcenne dyskusje, te mniej i bardziej naukowe podczas niezliczonej liczby lanczów. 

Dr Monice Reczudze, Gosi Suchorskiej, mgr Katarzynie KajukĂųŽ͕ Ěƌ <ƌǌǇƐǌƚŽĨŽǁŝ WůĞƐŬŽƚŽǁŝ ŽƌĂǌ ŵŐƌ 

^ĂŵďŽƌŽǁŝ CǌĞƌǁŝŷƐŬŝĞŵƵ ĚǌŝħŬƵũħ ǌĂ ǁƐƉĂƌĐŝĞ͕ ƉŽŵŽĐ ǁ ƉƌĂĐĂĐŚ ůĂďŽƌĂƚŽƌǇũŶǇĐŚ͕ ƐƚĂƚǇƐƚǇĐĞ ŽƌĂǌ 

zapewnienie przyjemnej i przyjaznej atmosfery pracy. 

 

^ŬųĂĚĂŵ ƐĞƌĚĞĐǌŶĞ ƉŽĚǌŝħŬŽǁĂŶŝĂ ǁƐǌǇƐƚŬŝŵ ǁƐƉſųĂƵƚŽƌŽŵ͗ Maria Arkhipova, Piotr Kittel, Piotr 

<ŽųĂĐǌĞŬ͕ DŽŶŝŬĂ <ĂƌƉŝŷƐŬĂ-<ŽųĂĐǌĞŬ͕ >ŝŝƐĂ <ƺƚƚŝŵ͕ DĂƌƚŝŶ <ƺƚƚŝŵ͕ DĂƌŝƵƐǌ >ĂŵĞŶƚŽǁŝĐǌ͕ EĚǇƚĂ 

BŽŬĂƐ͕ <ĂƚĂƌǌǇŶĂ DĂƌĐŝƐǌ͕ AŶĚƌĞǇ DĂǌƵƌŬĞǀŝĐŚ͕ dŽŵĂƐǌ Dƌſz, Milena Obremska, Meryt Salme, Rik 

Tjallingii, Martin Theuerkauf, Sebastian Tyszkowski͕ DŝĐŚĂų ^ųŽǁŝŷski ǌĂ ǁŬųĂĚ ǁ ƉŽǁƐƚĂŶŝĞ 

ĂƌƚǇŬƵųſǁ ŶĂƵŬŽǁǇĐŚ ŝ ƵĚŽƐƚĞƉŶŝĞŶŝĞ ĚĂŶǇĐŚ͘ 

 

DǌŝħŬƵũħ ƌſǁŶŝĞǏ Instytutowi Geoekologii i Geoinformacji UAM ǌĂ ŵŽǏůŝǁŽƑđ ƌĞĂůŝǌĂĐũŝ ƉƌĂĐǇ 

doktorskiej oraz Instytutowi Geografii i Przestrzennego Zagospodarowania PAN w Warszawie.  

 

DǌŝħŬƵũħ KŽůĞǏĂŶŬŽŵ ŝ Kolegom, którzy wspierali mnie podczas moich studiów doktoranckich. 

 

^ǌĐǌĞŐſůŶŝĞ ĚǌŝħŬƵũħ ŵŽũĞũ ƌŽĚǌŝŶŝĞ ǌĂ ǁƐƉĂƌĐŝĞ ŝ ĚŽďƌĞ ƐųŽǁŽ͕ ǁ ƐǌĐǌĞŐſůŶŽƑĐŝ Mamie Aleksandrze, 

Tacie Januszowi, siostrom Beacie i :ƵƐƚǇŶŝĞ ŽƌĂǌ BĂďĐŝ BƵĐũŝ͘ DǌŝħŬƵũħ ǌĂ ǌƌŽǌƵŵŝĞŶŝĞ ŝ ǁŝĂƌħ ǁ ŵŽũĞ 

ŵŽǏůŝǁŽƑĐŝ͘ 
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F/EAE^KtAE/E BADAF 

NŝŶŝĞũƐǌĂ ƌŽǌƉƌĂǁĂ ĚŽŬƚŽƌƐŬĂ ǌŽƐƚĂųĂ ǌƌĞĂůŝǌŽǁĂŶĂ ĚǌŝħŬŝ ǁƐƉĂƌĐŝƵ ƐƚǇƉĞŶĚŝĂůŶĞŵƵ ǌĞ ƑƌŽĚŬſǁ 

Narodowego Centrum Nauki w ramach projektu: 

x OPUS 9 ,,tƉųǇǁ ŬĂƚĂƐƚƌŽĨŝĐǌŶǇĐŚ ŽĚůĞƐŝĞŷ ŶĂ ĞŬŽƐǇƐƚĞŵ ũĞǌŝŽƌ ŝ ƚŽƌĨŽǁŝƐŬ BŽƌſǁ dƵĐŚŽůƐŬŝĐŚ͟ 

;ϮϬϭϱͬϭϳͬBͬ^dϭϬͬϬϯϰϯϬ͖ ŬŝĞƌŽǁŶŝŬ ƉƌŽũĞŬƚƵ͗ Ěƌ ŚĂď͘ MŝĐŚĂų ^ųŽǁŝŷƐŬŝ͕ ƉƌŽĨ͘ IGŝW�Ϳ͘ 
 

BĂĚĂŶŝĂ ǌŽƐƚĂųǇ ƚĂŬǏĞ ǌƌĞĂůŝǌŽǁĂŶĞ ĚǌŝħŬŝ ǁƐƉĂƌĐŝƵ ĨŝŶĂŶƐŽǁĞŵƵ ǌĞ ƑƌŽĚŬſǁ͗ 

1. Instytutu Nauk GĞŽůŽŐŝĐǌŶǇĐŚ WŽůƐŬŝĞũ AŬĂĚĞŵŝŝ NĂƵŬ ǁ ƌĂŵĂĐŚ ƉƌŽũĞŬƚƵ ͕͕GŽƌŽĚǌŝĞĐ͟ ;ŬŝĞƌŽǁŶŝŬ 
projektu: dr Milena Obremska). 

2. Narodowego Centrum Nauki w ramach projektów: 

x OPUS 9 ,,Problem ƐǇŶĐŚƌŽŶŝĐǌŶŽƑĐŝ ƉŽǏĂƌſǁ ŝ ƐƵƐǌ ǁ ŐƌĂĚŝĞŶĐŝĞ ŬŽŶƚǇŶĞŶƚĂůŝǌŵƵ ǁ WŽůƐĐĞ 

ƉſųŶŽĐŶĞũ ǁ ŽƐƚĂƚŶŝĐŚ ϰϬϬϬ ůĂƚ͗ ǁǇƐŽŬŽƌŽǌĚǌŝĞůĐǌĞ͕ ǁŝĞůŽǁƐŬĂǍŶŝŬŽǁĞ ďĂĚĂŶŝĂ ƚŽƌĨŽǁŝƐŬ 

(2015/17/B/ST10/01656; kierownik projektu: prof. dr hab. Mariusz Lamentowicz), 

x OWh^ ϭϲ ͕͕tƉųǇǁ ƉƌŽĚƵŬĐũŝ ǁħŐůĂ ĚƌǌĞǁŶĞŐŽ ŶĂ ǌŵŝĂŶǇ ƑƌŽĚŽǁŝƐŬĂ ǁ WſųŶŽĐŶĞũ WŽůƐĐĞ - 
ŶŽǁĂƚŽƌƐŬŝĞ ƉŽĚĞũƑĐŝĞ ΗŵƵůƚŝƉƌŽǆǇ͟ ;ϮϬϭϴͬϯϭͬBͬ^dϭϬͬϬϮϰϵϴ͖ ŬŝĞƌŽǁŶŝŬ ƉƌŽũĞŬƚƵ͗ Ěƌ ŚĂď͘ MŝĐŚĂų 

^ųŽǁŝŷƐŬŝ͕ ƉƌŽĨ͘ IGŝW�Ϳ͕ 

x WZELhDIhM ϭϴ ͕͕ZĞŬŽŶƐƚƌƵŬĐũĂ ƐƵƐǌ ŝ ƉŽǏĂƌſǁ ũĂŬŽ ǁƐŬĂǍŶŝŬ ǌŵŝĂŶ ŬůŝŵĂƚǇĐǌŶych w ostatnich 
ϰϮϬϬ ůĂƚĂĐŚ ;�ĂĐŚŽĚŶŝĂ ZŽƐũĂͿ͟ ;ϮϬϭϵͬϯϱͬNͬ^dϭϬͬϬϯϰϵϮ͖ ŬŝĞƌŽǁŶŝŬ ƉƌŽũĞŬƚƵ͗ ŵŐƌ DŽŵŝŶŝŬĂ 

ŁƵĐſǁͿ͘ 

ϯ͘ FƵŶĚĂĐũŝ ^ǌŬŽųǇ NĂƵŬ WƌǌǇƌŽĚŶŝĐǌǇĐŚ ŝ �ĚƌŽǁŝĂ hŶŝǁĞƌƐǇƚĞƚƵ w Tallinnie w Estonii (Foundation of 
the School of Natural Sciences and Health at Tallinn University). 

4. BĂĚĂŶŝĂ ǁ EƐƚŽŶŝŝ ďǇųǇ ŵŽǏůŝǁĞ ĚǌŝħŬŝ ŵŽǏůŝǁŽƑĐŝ ƵĚǌŝĂųƵ ĚŽŬƚŽƌĂŶƚŬŝ ǁ ƚƌǌǇ ŵŝĞƐŝħĐǌŶǇŵ ƐƚĂǏƵ 

w ramach programu Erasmus+ w Instytucie Ekologii na Uniwersytecie w Tallinie w Estonii.  
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^PI^ dRE_CI 

Lista oryginalnych aƌƚǇkƵłſǁ ŶaƵkŽǁǇch Ɛkładających Ɛię Ŷa ƌŽǌƉƌaǁę dŽkƚŽƌƐką ͙͙͙͙͘͘.͙ 6 

SƚƌeƐǌcǌeŶie ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘͘ 7 

AbƐƚƌacƚ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘..͙͙͙͙͙͙͙͙͙.͙͙͙͙ 8 

WƐƚęƉ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙..͙͙͙͙͙͙͙͙͙͙͙͙͘.͙͙ 9 

Cele i metody badaŷ ͙ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘͘͘͘ ϭ3 

WǇŶiki badaŷ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘ 17 

PŽdƐƵŵŽǁaŶie i ǁŶiŽƐki ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙ 22 

LiƚeƌaƚƵƌa ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘͘͘͘ 25 

Kopie aƌƚǇkƵłſǁ ŶaƵkŽǁǇch ǁchŽdǌącǇch ǁ Ɛkład ƌŽǌƉƌaǁǇ dŽkƚŽƌƐkiej ͙͙͙͙͙͙͙͙͙͙. 28 

ŁƵĐſǁ͕ D͕͘ LaŵeŶƚŽǁicǌ͕ M͕͘ KŽłacǌek͕ P͕͘ ŁŽkaƐ͕ E͕͘ MaƌciƐǌ͕ K͕͘ ObƌeŵƐka͕ M͕͘ TheƵeƌkaƵf, 

M͕͘ TǇƐǌkŽǁƐki͕ S͕͘ aŶd SłŽǁiŷƐki͕ M͘ ;ϮϬϮϭͿ͘ Pine forest management and disturbance in 

Northern Poland: combining high-resolution 100-year-old paleoecological and remote sensing 

data. Frontiers in Ecology and Evolution, 9:747976, doi 10.3389/fevo.2021.747976 ͙͙͙͙͘ 29 

ŁƵĐſw, D.͕ LaŵeŶƚŽǁicǌ͕ M͕͘ ObƌeŵƐka͕ M͕͘ AƌkhiƉŽǀa͕ M͕͘ Kiƚƚel͕ P͕͘ ŁŽkaƐ͕ E͕͘ MaǌƵƌkeǀich͕ 

A., Mrſǌ͕ T͕͘ TjalliŶgii͕ R͕͘ aŶd SłŽǁiŷski, M. (2020). Disturbance and resilience of a Sphagnum 

peatland in western Russia (Western Dvina Lakeland) during the last 300 years: a multiproxy, 

high-resolution study. The Holocene, 30 (11), 1552-1566, 

dŽi͘ŽƌgͬϭϬ͘ϭϭϳϳͬϬϵϱϵϲϴϯϲϮϬϵϰϭϬϲϰ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙...͙ 56 

ŁƵĐſǁ͕ D͕͘ Kƺƚƚiŵ͕ M͕͘ SłŽǁiŷƐki͕ M͕͘ KŽłacǌek͕ P͕͘ KaƌƉiŷƐka-KŽłacǌek͕ M͕͘ Kƺƚƚiŵ͕ L͕͘ Salŵe͕ 

M., and Lamentowicz, M. (2022). Searching for an ecological baseline: Long-term ecology of a 

post-extraction restored bog in Northern Estonia. Quaternary International, 607, s. 65-78, 

doi.org/10.101ϲͬj͘ƋƵaiŶƚ͘ϮϬϮϭ͘Ϭϴ͘Ϭϭϳ ͙ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙..͙͙͙͙͙͘͘ 74 

Deklaƌacje ǁƐƉſłaƵƚŽƌſǁ ͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘..͙͙͙ 90 

ZałącǌŶik Ŷƌ ϭ͘ FŽƚŽgƌafie ƐƚaŶŽǁiƐk badaǁcǌǇch ͙͙͙͙..͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙͙ ϭϮ0 

ZałącǌŶik Ŷƌ Ϯ͘ FŽƚŽgƌafie aŵeb ƐkŽƌƵƉkŽǁǇch ͙͙͙͙͙͙͙͙͙.͙͙͙͙͙͙͙͙͙͙͙͙͙͙͘͘͘ ϭ27 
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STRESZCZENIE  

Minimalizowanie skutków ǌŵŝĂŶ ŬůŝŵĂƚƵ ǁƐŬĂǌƵũĞ ŶĂ ƉŽƚƌǌĞďħ ŽĐŚƌŽŶǇ ƚŽƌĨŽǁŝƐŬ͕ Ă ƚĂŬǏĞ 

ƉƌǌǇǁƌĂĐĂŶŝĞ ǌĂďƵƌǌŽŶǇŵ ŝ ǌĚĞŐƌĂĚŽǁĂŶǇŵ ĞŬŽƐǇƐƚĞŵŽŵ ǌĚŽůŶŽƑĐŝ ĂŬƵŵƵůĂĐũŝ ǁħŐůĂ 

i odpowiednich warunków hydrologicznych. Dlatego celem rozprawy doktorskiej ďǇųĂ próba 

ŽĐĞŶǇ ŽĚƉŽƌŶŽƑĐŝ ƚŽƌĨŽǁŝƐŬ mszarnych ŶĂ ǌĂďƵƌǌĞŶŝĂ ǁ ĐŝČŐƵ ŽƐƚĂƚŶŝĐŚ ϯϬϬ ůĂƚ 

z wykorzystaniem metod paleoekologicznych. W pracy przeanalizowano ƚƌǌǇ ŐųſǁŶĞ ůŽŬĂůŶĞ 

ƌŽĚǌĂũĞ ǌĂďƵƌǌĞŷ ƚŽƌĨŽǁŝƐŬ Ž ƌſǏŶǇŵ ƐƚŽƉŶŝƵ ŝŶƚĞŶƐǇǁŶŽƑĐŝ͗ ϭͿ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ǌŝĞŵŝ͕ 

2) odwodnienie oraz 3) eksploatacje torfu wraz z efektem restytucji͘ DŽ ďĂĚĂŷ ǁǇďƌĂŶŽ ƚƌǌǇ 

obiekty torfowiskowe zlokalizowane na obszarze Polski, Rosji oraz Estonii. Wykorzystano 

wysokorozdzielcze, ǁŝĞůŽǁƐŬĂǍŶŝŬŽǁĞ analizy paleoekologiczne rdzeni torfowych wsparte 

danymi teledetekcyjnymi, monitoringowymi, historycznymi, badaniami prób 

powierzchniowych ŽƌĂǌ ĐŚƌŽŶŽůŽŐŝČ ŽƉĂƌƚČ ŶĂ ĚĂƚŽǁĂŶŝƵ ƌĂĚŝŽǁħŐůŽǁǇŵ ŝ ŽųŽǁŝŽǁǇŵ. 

W pierwszym artykule zbadano ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ǌŝĞŵŝ ǁǇǁŽųĂŶĞ ĚǌŝĂųĂůŶŽƑĐŝČ ĐǌųŽǁŝĞŬĂ 

ŽƌĂǌ ƉƌŽĐĞƐĂŵŝ ŶĂƚƵƌĂůŶǇŵŝ ;ǌƌħďǇ ǌƵƉĞųŶĞ ŽƌĂǌ ǁǇĐŝŶŬŝ ƵƐǌŬŽĚǌŽŶĞŐŽ ĚƌǌĞǁŽƐƚĂŶƵ ƉŽ 

gradacji owadów i tornadzie). Z wykorzystaniem torfu zrekonstruowano pierwszy raz w Polsce 

ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇ ǌĂƉŝƐ ǌŶŝƐǌĐǌĞŷ lasu ƐƉŽǁŽĚŽǁĂŶǇĐŚ ƉƌǌĞǌ ƚŽƌŶĂĚŽ͘ DƌƵŐŝ ĂƌƚǇŬƵų ƵŬĂǌƵũĞ 

ϯϬϬ ůĞƚŶŝČ ŚŝƐƚŽƌŝħ ƚŽƌĨŽǁŝƐŬĂ ŽƌĂǌ ǁƉųǇǁ ĚǌŝĂųĂůŶŽƑĐŝ ĐǌųŽǁŝĞŬĂ ŶĂ ƵǏǇƚŬŽǁĂŶŝĞ ziemi 

i ŵĞůŝŽƌĂĐũħ ƚŽƌĨŽǁŝƐŬĂ ŶĂ ƚĞƌĞŶŝĞ ĚǌŝƐŝĞũƐǌĞũ zachodniej Rosji. Natomiast trzecia publikacja 

dotyka problematyki przeŵǇƐųŽǁĞũ ĞŬƐƉůŽĂƚĂĐũŝ ƚŽƌĨƵ ǁƌĂǌ ǌ ĞƚĂƉĞŵ ƌĞƐƚǇƚƵĐũŝ ĞŬŽůŽŐŝĐǌŶĞũ 

ŝ ũĞũ ǁƉųǇǁĞŵ ŶĂ ƌĞŐĞŶĞƌĂĐũħ torfowiska. 

 

^ųŽǁĂ ŬůƵĐǌŽǁĞ͗  

ǌĂďƵƌǌĞŶŝĂ ƚŽƌĨŽǁŝƐŬ͕ ďĂĚĂŶŝĂ ǁŝĞůŽǁƐŬĂǍŶŝŬŽǁĞ͕ ƉĂůĞŽĞŬŽůŽŐŝĂ͕ odtwarzanie torfowisk, 

wylesienia 
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ABSTRACT 

Minimizing the effects of climate change indicates the need to protect peatlands, as well as 

restore disturbed and degraded ecosystems to the ability to accumulate carbon and 

appropriate hydrological conditions. Therefore, the aim of the PhD thesis was to attempt to 

assess the resistance of peatland to disturbances during the last 300 years using the 

palaeoecological methods. The study considers three main local types of disturbances of 

peatlands of varying intensity: 1) land use changes, 2) drainage, and 3) exploitation of peat 

with the effect of restoration. Three peatlands located in Poland, Russia and Estonia were 

selected for the study. High-resolution multi-proxy palaeoecological analyzes of peat cores 

were used, supported by remote sensing, monitoring and historical data, surface samples as 

well as chronology based on AMS14C and 210Pb dating. The first article studies changes in land 

use caused by human activity and natural drivers (clear-cutting, cutting of damaged stands 

after insect gradation and tornado). The first in Poland palaeoecological record of damage 

caused by a tornado in peat sediments was documented. The second article presents the 300-

year history of the bog and the impact of human activity on the use of the landscape and 

drainage of the peatland in Western Russia. The third publication present the industrial 

exploitation of peat along with the stage of ecological restoration and its impact on the 

regeneration of the peatland. 

 

Keywords:  

peatland disturbances, multi-proxy studies, palaeoecology, peatland restoration, 

deforestation 
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t^dĘW 

�Ğ ǁǌŐůħĚƵ ŶĂ ǌĚŽůŶŽƑđǵ ĚŽ ĂŬƵŵƵůŽǁĂŶŝĂ ŵĂƚĞƌŝŝ ŽƌŐĂŶŝĐǌŶĞũ͕ ĚǁƵƚůĞŶŬƵ ǁħŐůĂ ;CO2), 

ŵĂŐĂǌǇŶŽǁĂŶŝĂ ĚƵǏǇĐŚ ŝůŽƑĐŝ ǁŽĚǇ͕ ǌĂĐŚŽǁĂŶŝĂ ƌſǏŶŽƌŽĚŶŽƑĐŝ ďŝŽůŽŐŝĐǌŶĞũ ŽƌĂǌ ųĂŐŽĚǌĞŶŝĂ 

skutków zmian ŬůŝŵĂƚƵ͕ ƚŽƌĨŽǁŝƐŬĂ ŶĂůĞǏČ ĚŽ ŶĂũĐĞŶŶŝĞũƐǌǇĐŚ ĞŬŽƐǇƐƚĞŵſǁ EƵƌŽƉǇ (Charman, 

2002; Tobolski, 2003; Gorham, 1991; Turunen i inni, 2002). ^Č ŽŶĞ ũĞĚŶĂŬ ďĂƌĚǌŽ ǁƌĂǏůŝǁĞ ŶĂ 

ǌŵŝĂŶǇ ǌĂĐŚŽĚǌČĐĞ ǁ ƑƌŽĚŽǁŝƐŬƵ ŝ ǁƐƉſųĐǌĞƑŶŝĞ ƉŽĚůĞŐĂũČ ŝŶƚĞŶƐǇǁŶǇŵ zaburzeniom, które 

ǁ ƌſǏŶǇŵ ƐƚŽƉŶŝƵ ǁƉųǇǁĂũČ ŶĂ ŝĐŚ ŚǇĚƌŽůŽŐŝħ͕ ƐƚƌƵŬƚƵƌħ͕ ƌŽƑůŝŶŶŽƑđ͕ ŵŝŬƌŽŽƌŐĂŶŝǌŵǇ ŽƌĂǌ 

ĂŬƵŵƵůĂĐũĞ ǁħŐůĂ ;Rydin i inni, 2006͖ ^ųŽǁŝŷƐŬŝ ŝ ŝŶŶŝ͕ ϮϬϭ6; Lamentowicz i inni, 2019; Jassey  

i inni, 2015; Amesbury i inni, 2019; Loisel i inni, 2021; Loisel i inni, 2014, Tanneberger I inni, 

2021; Hugelius i inni, 2020Ϳ͘ dŽƌĨŽǁŝƐŬĂ ŶĂůĞǏČ ĚŽ ŶĂũďĂƌĚǌŝĞũ ǌĂŐƌŽǏŽŶǇĐŚ ĞŬŽƐǇƐƚĞŵſǁ  

w Europie. 

Connolly and Holdem (2013) definiuje zaburzenie torfowiska jako ͣŬĂǏĚǇ naturalny lub 

ĂŶƚƌŽƉŽŐĞŶŝĐǌŶǇ ƉƌŽĐĞƐ͕ ŬƚſƌǇ ƉƌǌĞƌǇǁĂ ŶĂƚƵƌĂůŶČ ƚƌĂũĞŬƚŽƌŝħ ǁǌƌŽƐƚƵ ƚŽƌĨŽǁŝƐŬĂ͘͟ 

�ĂďƵƌǌĞŶŝĂ ƚŽƌĨŽǁŝƐŬ ŵŽŐČ ŵŝĞđ ĐŚĂƌĂŬƚĞƌ ĂŶƚƌŽƉŽŐĞŶŝĐǌŶǇ ďČĚǍ ŶĂƚƵƌĂůŶǇ (Rycina 1), jednak 

ĐǌħƐƚŽ ƉƌŽĐĞƐǇ ƚĞ ŶĂŬųĂĚĂũČ Ɛŝħ ŶĂ ƐŝĞďŝĞ͘ AŶƚƌŽƉŽŐĞŶŝĐǌŶĞ ǌĂďƵƌǌĞŶŝĂ ƚŽƌĨŽǁŝƐŬ - 

sƉŽǁŽĚŽǁĂŶĞ ĚǌŝĞůŶŽƑĐŝČ ĐǌųŽǁŝĞŬĂ͕ ŵŽŐČ ŵŝĞđ ĐŚĂƌĂŬƚĞƌ ďĞǌƉŽƑƌĞĚŶŝ ũĂŬ ŝ ƉŽƑƌĞĚŶŝ (Ilnicki, 

2002; Connolly and Holdem, 2013). Zaburzenia ďĞǌƉŽƑƌĞĚŶŝĞ ŵĂũČ ŵŝĞũƐĐĞ ŶĂ ŽďƐǌĂƌǌĞ 

ĞŬŽƐǇƐƚĞŵƵ͘ NĂůĞǏČ ĚŽ ŶŝĐŚ ǁƐǌĞůŬŝĞŐŽ ƌŽĚǌĂũƵ ŽĚǁŽĚŶŝĞŶŝĂ (melioracje), zmiany 

ƵǏǇtkowania ziemi, zalesienia torfowisk͕ ƉŽǏĂƌǇ ƚŽƌĨŽǁŝƐŬ͕ ŽƚǁĂƌĐŝĞ ƉŽǁŝĞƌǌĐŚŶŝ ǁŽĚǇ 

;ƉƌǌĞŬƐǌƚĂųĐĂŶŝĞ ƚŽƌĨŽǁŝƐŬ ǁ ǌďŝŽƌŶŝŬŝ ƌĞƚĞŶĐǇũŶĞͿ͕ eksploatacja torfu czy globalne ocieplenie. 

�ĂďƵƌǌĞŶŝĂ ƉŽƑƌĞĚŶŝĞ ŽďĞũŵƵũČ ǌŵŝĂŶǇ ǁ ǌůĞǁŶŝ ƚŽƌĨŽǁŝƐŬĂ ŝ ũĞŐŽ ďůŝƐŬŝŵ ƐČƐŝĞĚǌƚǁŝĞ͘ ^Č ƚŽ 

ŵŝħĚǌǇ ŝŶŶǇŵŝ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ǌůĞǁŶŝ͕ odwodnienie zlewni, zmiany w gospodarce ůĞƑŶĞũ 

czy wylesieniaͬǌƌħďǇ ǌƵƉĞųŶĞ͘ � ŬŽůĞŝ ŶĂƚƵƌĂůŶĞ ǌĂďƵƌǌĞŶŝĂ ƚŽƌĨŽǁŝƐŬ ŵŽŐČ ďǇđ ǁǇǁŽųĂŶĞ 

przez ƉŽǏĂƌǇ͕ zmiany klimatu, erupcje wulkanów czy zjawiska ekstremalne - nĂůĞǏČ ĚŽ ŶŝĐŚ 

ŵŝħĚǌǇ ŝŶŶǇŵŝ͗ ƚŽƉŶŝĞŶŝĞ ǁŝĞĐǌŶĞũ ǌŵĂƌǌůŝŶǇ͕ ƉŽǏĂƌǇ przesuszonych torfowisk, odlesienia czy 

ǌŶŝƐǌĐǌĞŶŝĂ ĚƌǌĞǁŽƐƚĂŶƵ ǌůĞǁŶŝ ƚŽƌĨŽǁŝƐŬ ƐƉŽǁŽĚŽǁĂŶĞ ƉƌǌĞǌ ŶĂƚƵƌĂůŶĞ ƉŽǏĂƌǇ͕ ďƵƌǌĞ͕ ƐŝůŶĞ 

wiatry czy tornada. 
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 Rycina 1. ZŽĚǌĂũĞ ǌĂďƵƌǌĞŷ ƚŽƌĨŽǁŝƐŬ ŵƐǌĂƌŶǇĐŚ͘ 
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EƵƌŽƉĞũƐŬŝĞ ƚŽƌĨŽǁŝƐŬĂ ǌŶĂũĚƵũČ Ɛŝħ ƉŽĚ ŽůďƌǌǇŵŝČ ƉƌĞƐũČ ǌĞ ƐƚƌŽŶǇ ĐǌųŽǁŝĞŬĂ ŽƌĂǌ zmian 

ŬůŝŵĂƚƵ ;CŚĂƌŵĂŶ͕ ϮϬϬϮͿ͘ OŐƌŽŵŶĂ ŝĐŚ ĐǌħƑđ ďĞǌƉŽǁƌŽƚŶŝĞ ǌŶŝŬųĂ ǌ ƉŽǁŝĞƌǌĐŚŶŝ EƵƌŽƉǇ ŶĂ 

ƐŬƵƚĞŬ ŽƐƵƐǌĂŶŝĂ ƚŽƌĨŽǁŝƐŬ ŝ ƉƌǌĞŬƐǌƚĂųĐĞŶŝƵ ŝĐŚ ǁ ųČŬŝ͕ ƉĂƐƚǁŝƐŬĂ ĐǌǇ ƉŽůĂ ƵƉƌĂǁŶĞ ;dŽďŽůƐŬŝ͕ 

2012, Tobolski, 2003, Joosten i inni, 2017). Nieodwracalne zmiany w ƑƌŽĚŽǁŝƐŬƵ ǁǇƌǌČĚǌŝųa 

ƚĂŬǏĞ ƉƌǌĞŵǇƐųŽǁĂ ĞŬƐƉůŽĂƚĂĐũĂ ƚŽƌĨƵ͕ ŬƚſƌĂ ĚŽƉƌŽǁĂĚǌŝųĂ ĚŽ jego ƵƚƌĂƚǇ ǁƌĂǌ ǌ ůŽŬĂůŶČ ƉƵůČ 

gatunków torfotwórczych͘ �ŶĂĐǌŶĂ ĐǌħƑđ ƚŽƌĨŽǁŝƐŬ ǌŽƐƚĂųĂ ƉŽĐŝħƚa rowami melioracyjnymi  

i regularnie jest odwadniana. Zaburzenia te destrukcyjŶŝĞ ǁƉųǇŶħųǇ ŶĂ ĨƵŶŬĐũĞ ĞŬŽƐǇƐƚĞŵſǁ 

torfowiskowych w Europie (Jasnowski, 1972; Rydin i inni, 2013; Joosten, 1997; Parish i inni, 

2008). Torfowiska w strukturze krajobrazu ŶŝǏƵ europejskiego ƐƚĂŶŽǁŝČ ƐǇƐƚĞŵ ƉųĂƚſǁ  

i korytarzy ekologicznych (Richling i Solon, 1998) ƑĐŝƑůĞ ƉŽǁŝČǌĂŶǇĐŚ ǌ ĞŬŽƐǇƐƚĞŵĂŵŝ 

ƉƌǌǇůĞŐųǇŵŝ͘ DůĂƚĞŐŽ ƚĞǏ ŽďŝĞŬƚǇ ƚŽƌĨŽǁŝƐŬŽǁĞ ƐČ ďĂƌĚǌŽ ƉŽĚĂƚŶĞ ŶŝĞ ƚǇůŬŽ ŶĂ ǌĂďƵƌǌĂŶŝa 

ǌǁŝČǌĂŶĞ z ƐĂŵǇŵŝ ƚŽƌĨŽǁŝƐŬĂŵŝ ;ǁǇǏĞũ ǁǇŵŝĞŶŝŽŶĞͿ, ĂůĞ ŝ ǌĂŐƌĂǏĂũČ ŝŵ ƚĂŬǏĞ ǌŵŝĂŶǇ 

ƵǏǇƚŬŽǁĂŶŝĂ ǌŝĞŵŝ ǁ ŽďƌħďŝĞ ich zlewni. t ŽƐƚĂƚŶŝŵ ĐǌĂƐŝĞ ǌĂŽďƐĞƌǁŽǁĂŶŽ ǁǌƌŽƐƚ ǌŶŝƐǌĐǌĞŷ 

lasów spowodowanych przez wiatry ǁ EƵƌŽƉŝĞ͕ Ă ǁ ŶĂũďůŝǏƐǌĞũ ƉƌǌǇƐǌųŽƑĐŝ ƐƉŽĚǌŝĞǁĂŶǇ ũĞƐƚ 

ich dalszy wzrost (Seidl, 2014)͕ ĐŽ ŶŝĞǁČƚƉůŝǁŝĞ ŵŽǏĞ ǁƉųǇŶČđ ŶĂ rozwój ƑƌſĚůĞƑŶych 

torfowisk. CŽ ǁŝħĐĞũ͕ ĞƵƌŽƉĞũƐŬŝĞ ƚŽƌĨŽǁŝƐŬĂ ǁǇƐǇĐŚĂũČ ŽĚ ϯϬϬ ůĂƚ ;^ǁŝŶĚůĞƐ ŝ ŝŶŶŝ͕ ϮϬϭϵͿ͕ ĐŽ 

ǌǁŝħŬƐǌĂ ƌǇǌǇŬŽ ŝĐŚ ƉŽǏĂƌſǁ ŝ ĞŵŝƐũŝ ĚǁƵƚůĞŶŬƵ ǁħŐůĂ do atmosfery. Minimalizowanie 

ƐŬƵƚŬſǁ ǌŵŝĂŶ ŬůŝŵĂƚƵ ǁƐŬĂǌƵũĞ ŶĂ ƉŽƚƌǌĞďħ ŽĐŚƌŽŶǇ ƚŽƌĨŽǁŝƐŬ͕ ǌĂĐŚŽǁĂŶŝĂ ŝĐŚ ũak  

w najlepszym stanie oraz przywracanie zaburzonym i zdegradowanym ekosystemom 

ƉŽƚĞŶĐũĂųƵ ĂŬƵŵƵůĂĐũŝ ƚŽƌĨƵ͕ ďŝŽƌſǏŶŽƌŽĚŶŽƑĐŝ ŝ ŽĚƉŽǁŝĞĚŶŝĐŚ ǁĂƌƵŶŬſǁ ŚǇĚƌŽůŽŐŝĐǌŶǇĐŚ͕ 

ƚĂŬ ďǇ ǁ ĚĂůƐǌǇŵ ĐŝČŐƵ ďǇųǇ ŽŶĞ ĚůĂ ŶĂƐ ǁĂǏŶǇŵŝ ŵĂŐĂǌǇŶĂŵŝ ǁħŐůĂ͕ ŽĂǌĂŵŝ ďŝŽƌſǏŶŽƌŽĚŶŽƑĐi 

i zbiornikami wody. 

ZŽǌƉŽǌŶĂŶŝĞ ǌĂďƵƌǌĞŷ ƉŽǁŽĚƵũČĐǇĐŚ ǌŵŝĂŶǇ ǌĂĐŚŽĚǌČĐĞ ǁ ĞŬŽƐǇƐƚĞŵŝĞ ƚŽƌĨŽǁŝƐŬ ŝ ũĞŐŽ 

ŽƚŽĐǌĞŶŝƵ ǁ ƉƌǌĞƐǌųŽƑĐŝ ŽƌĂǌ ƵƐƚĂůĞŶŝĞ ƉƌǌǇĐǌǇŶǇ ƚǇĐŚ ǌŵŝĂŶ ǁǇŵĂŐĂ ŽĚƉŽǁŝĞĚŶŝĞŐŽ͕ 

ŬŽŵƉůĞŬƐŽǁĞŐŽ ƉŽĚĞũƑĐŝĂ ŽƌĂǌ ǁǇŬŽƌǌǇƐƚĂŶŝĂ ǁǇƐŽŬŽƌŽǌĚǌŝĞůĐǌǇĐŚ (high-resolution), 

ǁŝĞůŽǁƐŬĂǍŶŝŬŽwǇĐŚ ;ŵƵůƚŝ ƉƌŽǆǇͿ ďĂĚĂŷ ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇĐŚ ;LĂŵĞŶƚŽǁŝĐǌ i inni, 2015͕ GĂųŬĂ 

i inni, 2017; Forysiak i inni, 2008; Van der Knaap i inni, 2011; Dobrowolski i inni, 2019; Sillasoo 

i inni, 2007). ^ǌĐǌĞŐſůŶŝĞ ǁĂǏŶĞ ũĞƐƚ ŽĚƌſǏŶŝĞŶŝĞ ǌŵŝĂŶ ƐƉŽǁŽĚŽǁĂŶǇĐŚ ĚǌŝĂųĂůŶŽƑĐŝČ 

ĐǌųŽǁŝĞŬĂ ŽĚ ǌŵŝĂŶ ŬůŝŵĂƚǇĐǌŶǇĐŚ. t yyI ǁŝĞŬƵ ŶĂƐƚČƉŝų ǁǇƌĂǍŶǇ ǁǌƌŽƐƚ ďĂĚĂŷ 

ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇĐŚ ŽƌĂǌ ŵŽŶŝƚŽƌŝŶŐŽǁǇĐŚ͕ ĚŽƐƚĂƌĐǌĂũČĐ ƚŽ ĐŽƌĂǌ ďĂƌĚǌŝĞũ ĐĞŶŶŝĞũƐǌǇĐŚ͕ 

ĚŽŬųĂĚŶŝĞũƐǌǇĐŚ͕ ŝŶƚĞƌĚǇƐĐǇƉůŝŶĂƌŶǇĐŚ ŝ ǁŝĞůŽǁǇŵŝĂƌŽǁǇĐŚ ďĂĚĂđ ŶĂ ƚĞŵĂƚ ƐƚĂŶƵ͕ ŚŝƐƚŽƌŝŝ  
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i rozwoju torfowisk na całym świecie͘ Co więcej͕ osady torfowe stały się docenianym Ǎródłem 

informacji o zmieniającym się środowisku i klimacie͕ dlatego teǏ zostały uwzględnione w 

raporcie IPCC (Intergovernmental Panel on Climate Change) (Zhongming i inni, 2021). Badania 

paleoekologiczne i monitoringowe mogą wspierać ochronę i odbudowę torfowisk͘ Z tej 

perspektywy istotne jest poznanie odporności torfowisk na róǏnego rodzaje zaburzenia oraz 

poznanie zarówno jego przeszłości jak i aktualnego stanu͘ 
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CE>E / DEdKDz BADAF 

GųſǁŶǇŵ ĐĞůĞŵ ƌŽǌƉƌĂǁǇ ĚŽŬƚŽƌƐŬŝĞũ ũĞƐƚ ŽĐĞŶĂ ŽĚƉŽƌŶŽƑĐŝ ƚŽƌĨŽǁŝƐŬ mszarnych na 

ǌĂďƵƌǌĞŶŝĂ ǁ ĐŝČŐƵ ŽƐƚĂƚŶŝĐŚ ϯϬϬ ůĂƚ ǌ ǁǇŬŽƌǌǇƐƚĂŶŝĞŵ ŵĞƚŽĚ ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇĐŚ. W pracy 

ƌŽǌƉĂƚƌǌŽŶŽ ƚƌǌǇ ŐųſǁŶĞ͕ ůŽŬĂůŶĞ ƌŽĚǌĂũĞ ǌĂďƵƌǌĞŷ ĞƵƌŽƉĞũƐŬŝĐŚ ƚŽƌĨŽǁŝƐŬ mszarnych 

ĐŚĂƌĂŬƚĞƌǇǌƵũČĐĞ Ɛŝħ ƌſǏŶǇŵ ƐƚŽƉŶŝĞŵ ŝŶƚĞŶƐǇǁŶŽƑĐŝ. NĂůĞǏČ ĚŽ ŶŝĐŚ͗ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ 

ziemi, odwodnienie oraz eksploatacja torfu wraz z procesem restytucji (Rycina 2). Badania 

ƉƌǌĞƉƌŽǁĂĚǌŽŶŽ ŶĂ ƚƌǌĞĐŚ ƚŽƌĨŽǁŝƐŬĂĐŚ ǌůŽŬĂůŝǌŽǁĂŶǇĐŚ ŶĂ ŽďƐǌĂƌǌĞ ƑƌŽĚŬŽǁŽ-wschodniej 

EƵƌŽƉǇ͕ ŬƚſƌĞ ǁ ƉƌǌĞƐǌųŽƑĐŝ ƵůĞŐųǇ presji antropogenicznej.  

Rycina 2. ZŽĚǌĂũĞ ǌĂďƵƌǌĞŷ ƚŽƌĨŽǁŝƐŬ mszarnych rozpatrywane w rozprawie doktorskiej 

wraz ze ƐŬĂůČ ŝĐŚ ŝŶƚĞŶƐǇǁŶŽƑĐŝ. 

DŽ ďĂĚĂŷ ǁǇďƌĂŶŽ ;Rycina 3): 

1) Torfowisko Martwe (torfowisko mszarne ŽƚĂĐǌĂũČĐĞ ũĞǌŝŽƌŽ MĂƌƚǁĞ, powierzchnia: 

1,06 haͿ ƉŽųŽǏŽŶĞ ŶĂ ŽďƐǌĂƌǌĞ BŽƌſǁ dƵĐŚŽůƐŬŝĐŚ ǁ ƑƌŽĚŬŽǁŽ-ƉſųŶŽĐŶĞũ WŽůƐĐĞ͕ 

ŬƚſƌĞŐŽ ŽƚĂĐǌĂũČĐǇ ĚƌǌĞǁŽƐƚĂŶ ǁ ƉƌǌĞƐǌųŽƑĐŝ ǌŽƐƚĂų ƉƌǌĞŬƐǌƚĂųĐŽŶǇ ǁ ŵŽŶŽŬƵůƚƵƌħ 

ƐŽƐŶŽǁČ oraz ǁ ĚƵǏĞũ ĐǌħƑĐŝ ǌŽƐƚĂų ǌŶŝƐǌĐǌŽŶǇ ƉƌǌĞǌ ƚŽƌŶĂĚo w 2012 roku, 

2) Torfowisko Gorodziecky Moch (torfowisko ombrotroficzne, powierzchnia: 544 ha) 

zlokalizowane w Obwodzie Pskowskim w zachodniej Rosji, ŽĚǁŽĚŶŝŽŶĞ ǁ ƉƌǌĞƐǌųŽƑĐŝ 

na skutek wykopania rowu melioracyjnego, 

3) Obszar wydobycia torfu torfowiska Hara (powierzchnia: 107.66 ha) ƉŽĚůĞŐĂũČĐǇ 

restytucji ;ĐǌħƑđ ƚŽƌĨŽǁŝƐŬĂ ŽŵďƌŽƚƌŽĨŝĐǌŶĞŐŽ͕ powierzchnia: ϳϰϳ ŚĂͿ ƉŽųŽǏŽŶǇ  

ǁ ǌĂĐŚŽĚŶŝĞũ ĐǌħƑĐŝ WĂƌŬƵ NĂƌŽĚŽǁĞŐŽ LĂŚĞŵĂĂ ǁ WſųŶŽĐŶĞũ EƐƚŽŶŝŝ͘ 
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Rycina 3͘ ZſǏŶŽƌŽĚŶŽƑđ ƐƚĂŶŽǁŝƐŬ ďĂĚĂǁĐǌǇĐŚ ;FŽƚ͘ D͘ ŁƵĐſǁ, 2019; M͘ ^ųŽǁŝŷƐŬŝ, 2016;  

D͘ ŁƵĐſǁ, 2018). 

W trakcie badania wykorzystano archiwa torfowe, które poddano analizom 

ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇŵ ƉƌǌĞƉƌŽǁĂĚǌŽŶǇĐŚ ǌ ǁǇƐŽŬČ ƌŽǌĚǌŝĞůĐǌŽƑĐŝČ (Rycina 4). Chronologiħ 

ǁǇĚĂƌǌĞŷ ŽƉĂƌƚo o ƐǌĐǌĞŐſųŽǁĞ modele wiek-ŐųħďŽŬŽƑđ ǌďƵĚŽǁĂŶĞ w oparciu o wyniki 

modelowania datowaŷ ƌĂĚŝŽǁħŐůŽǁǇch ŝ ŽųŽǁŝŽǁǇch. W przedstawianych ĂƌƚǇŬƵųĂĐŚ 

ǁǇŬŽƌǌǇƐƚĂŶŽ ƐǌĞƌŽŬČ ŐĂŵħ ĂŶĂůŝǌ ƉĂůĞŽĞŬŽůŽŐŝĐǌŶych. NĂůĞǏČ do nich analizy: ameb 

ƐŬŽƌƵƉŬŽǁǇĐŚ͕ ŵĂŬƌŽƐǌĐǌČƚŬſǁ ƌŽƑůŝŶŶǇĐŚ͕ ƉĂůŝŶŽůŽŐŝĐǌŶĂ ǌ ƵǁǌŐůħĚŶŝĞŶŝĞŵ ŵŽĚĞůƵ 

REVEALS, ƉĂůŝŶŽŵŽƌĨ ŶŝĞƉǇųŬŽǁǇĐŚ, ǁųĂƑĐŝǁŽƑĐŝ ƚŽƌĨƵ ;ŶƉ͘ ŐħƐƚŽƑđ͕ ƐƚƌĂƚǇ ŶĂ ƉƌĂǏĞŶŝƵͿ, ǁħŐůŝ 

drzewnych oraz okrzemek. W ǌĂůĞǏŶŽƑĐŝ ŽĚ ƌŽǌƉĂƚƌǇǁĂŶĞŐŽ ƉƌŽďůĞŵƵ ŝ ƉƌǌǇũħƚĞŐŽ ƉŽĚĞũƑĐŝĂ 

analizy paleoekologiczne ǁƐƉŝĞƌĂŶĞ ďǇųǇ ƉƌǌĞǌ ĚĂŶĞ ƚĞůĞĚĞƚĞŬĐǇũŶĞ (w tym dane na temat 

ǁŝĞůŬŽƑĐŝ ŝ ůŽŬĂůŝǌĂĐũŝ ŶĂƐĂĚǌĞŷ ĚƌǌĞǁͿ, dane historyczne, dane monitoringowe czy badania 

prób powierzchniowych (Rycina 5). WŽĚĞũƑĐŝĞ ǁŝĞůŽǁƐŬĂǍŶŝŬŽǁĞ ĚŽ ďĂĚĂŷ ƚŽƌĨŽǁŝƐŬ 

ƉƌǌĞƉƌŽǁĂĚǌŽŶĞ ǁ ǁǇƐŽŬŝĞũ ƌŽǌĚǌŝĞůĐǌŽƑĐŝ ƉŽǌǁŽůŝųo ƌŽǌƉŽǌŶĂđ rodzaj zaburzenie oraz 

ƉƌǌĞƑůĞĚǌŝđ ũĞŐŽ ĐǌĂƐ trwania oraz reakcje torfowiska. 
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ZǇĐŝŶĂ ϰ͘ ^ĐŚĞŵĂƚ ƉŽƐƚħƉŽǁĂŶŝĂ ďĂĚĂǁĐǌĞŐŽ͘  

W pierwszym artykule zbadano oryginalny zapis paleoekologiczny ƵƐǌŬŽĚǌĞŷ ƐƉŽǁŽĚŽǁĂŶǇĐŚ 

przez tornado z obszaru plantacji sosny ŶĂ ƚůĞ ĚŽƚǇĐŚĐǌĂƐŽǁĞũ ŐŽƐƉŽĚĂƌŬŝ ůĞƑŶĞũ ;ǌƌħďǇ 

ǌƵƉĞųŶĞ, wycinki drzew po ogniskach gradacji ŽǁĂĚſǁͿ͘ �ĂƉŝƐ ƚĞŶ ǌŽƐƚĂų ƵĚŽŬƵŵĞŶƚŽǁĂŶǇ  

ǁ ŽƉĂƌĐŝƵ Ž ƌĞŬŽŶƐƚƌƵŬĐũħ ƌŽƑůŝŶŶŽƑĐŝ ϭϬϬ-letniego rdzeniĂ ǌ ƚŽƌĨŽǁŝƐŬĂ MĂƌƚǁĞ ƉƌǌǇ ƵǏǇĐŝƵ 
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analizy palinologicznej wraz z modelem REVEALS oraz danych teledetekcyjnych  

i historycznych. 

Drugi artykuų ĚŽƚǇŬĂ ƉƌŽďůĞŵĂƚǇŬŝ ǁƉųǇǁu ůŽŬĂůŶǇĐŚ ǌĂŬųſĐĞŷ ;ŽĚǁŽĚŶŝĞŷͿ͕ ƉŽǏĂƌſǁ ŝ ǌŵŝĂŶ 

ƵǏǇƚŬŽǁĂŶŝĂ ziemi (otwarcie krajobrazu i ŝŶƚĞŶƐǇǁŶŽƑđ ƌŽůŶŝĐƚǁĂ) na rozwój torfowiska 

GŽƌŽĚĞƚƐŬǇ MŽĐŚ ǁ ĐŝČŐƵ ŽƐƚĂƚŶŝĐŚ ϯϬϬ ůĂƚ͘ BĂĚĂŶŝĂ ƚĞ ƉƌǌĞƉƌŽǁĂĚǌŽŶŽ ƉƌǌǇ ƵǏǇĐŝƵ ĂŶĂůŝǌ 

paleoekologicznych oraz map historycznych. 

W trzecim artykule zbadano reakcje obszaru wydobycia torfu torfowiska Hara na zabiegi 

restytucji ekologicznej w oparciu o analizy paleoekologiczne, badania prób powierzchniowych 

oraz dane z monitorinŐƵ ƑƌŽĚŽǁŝƐŬĂ przyrodniczego͘ �ĂƉŝƐ ƚĞŶ ǌŽƐƚĂų ƉŽǁŝČǌĂŶǇ  

ǌ ƉŽĐǌČƚŬŽǁǇŵ͕ ŶŝĞǌĂďƵƌǌŽŶǇŵ ĞƚĂƉĞŵ ƌŽǌǁŽũƵ ƚŽƌĨŽǁŝƐŬĂ ŽƌĂǌ ĚǌŝĂųĂŶŝĂŵŝ ŽĐŚƌŽŶŶǇŵŝ  

i celami odtworzenia zdegradowanego ekosystemu. 

RyciŶĂ ϱ͘ MĞƚŽĚǇ ďĂĚĂŷ͘ 
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W�NIKI BADAQ 

AƌƚǇŬƵų nr 1 

W pierwszym artykule zbadano ƉƌǌĞƐǌųĞ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ziemi ŽƚĂĐǌĂũČĐĞŐŽ ŬƌĂũŽďƌĂǌƵ 

ƚŽƌĨŽǁŝƐŬĂ MĂƌƚǁĞ͕ ƉŽųŽǏŽŶĞŐŽ ŶĂ ŽďƐǌĂƌǌĞ BŽƌſǁ dƵĐŚŽůƐŬŝĐŚ ǁ WſųŶŽĐŶĞũ WŽůƐĐĞ ŶĂ 

przestrzeni ostatniego stulecia. Badanie oparte na danych palinologicznych rdzenia torfowego 

z torfowiska Martwe, teledetekcyjnych ;ǁ ƚǇŵ ĚĂŶǇĐŚ ŶĂ ƚĞŵĂƚ ǁŝĞůŬŽƑĐŝ ŝ ůŽŬĂůŝǌĂĐũŝ ŶĂƐĂĚǌĞŷ 

drzew) oraz historycznych ǁƐŬĂǌƵũČ ŶĂ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ziemi ǁ ŽƚĂĐǌĂũČĐǇŵ ŬƌĂũŽďƌĂǌŝĞ 

ƚŽƌĨŽǁŝƐŬĂ MĂƌƚǁĞ͕ ŬƚſƌĞ ďǇųǇ ƐƉŽǁŽĚŽǁĂŶĞ ŐŽƐƉŽĚĂƌŬĂ ůĞƑŶČ ǌǁŝČǌĂŶČ ǌ ǁǇĐŝŶŬČ plantacji 

ƐŽƐŶŽǁǇĐŚ ;ǌƌħďǇ ǌƵƉĞųŶĞͿ͕ ŐƌĂĚĂĐũČ ŽǁĂĚſǁ ŽƌĂǌ ǌŶŝƐǌĐǌĞŶŝĂŵŝ ƐƉŽǁŽĚŽǁĂŶǇŵŝ ƉƌǌĞǌ 

tornado. 

BĂĚĂŶŝĂ ǁǇŬĂǌĂųǇ͕ ǏĞ Ɛpadek ƉƌŽĐĞŶƚŽǁĞŐŽ ƵĚǌŝĂųƵ ǁ powierzchni lasu w zapisie torfowym  

ǁ ƉŝĞƌǁƐǌĞũ ƉŽųŽǁŝĞ yy ǁŝĞŬƵ ďǇų ŶĂũƉƌĂǁĚŽƉŽĚŽďŶŝĞũ ǌǁŝČǌĂŶǇ ǌe ǌƌħďĂŵŝ ǌƵƉĞųŶǇŵŝ  

i usuwaniem uszkodzonego drzewostanu po gradacjach owadów. tƐŬĂǌƵũČ ŶĂ ƚŽ ƌſǁŶŝĞǏ 

ĚƵǏĞ ŝůŽƑĐŝ ƉſǍŶŝĞũƐǌǇĐŚ ŶĂƐĂĚǌĞŷ (najprawdopodobniej ƑǁŝĂĚĐǌČce o wycince drzewostanów 

ƉŽƉƌǌĞĚǌĂũČĐǇĐŚ ŶĂƐĂĚǌĞŶŝĂͿ oraz spadek ƉƌŽĐĞŶƚŽǁĞŐŽ ƵĚǌŝĂųƵ ǁ ƉŽǁŝĞƌǌĐŚŶŝ ƑǁŝĞƌŬĂ 

(Picea), który obok sosny zwyczajnej (Pinus sylvestris) ďǇų ŶĂũďĂƌĚǌŝĞũ ŶĂƌĂǏŽŶǇ ŶĂ ŐƌĂĚĂĐũĞ 

owadów. tǇŶŝŬŝ ďĂĚĂŷ ƉŽŬĂǌĂųǇ͕ ǏĞ ǌapis tornada z 2012 roku w osadach torfowych ǌǁŝČǌĂŶǇ 

jest ze zmniejszeniem ƉƌŽĐĞŶƚŽǁĞŐŽ ƵĚǌŝĂųƵ ǁ ƉŽǁŝĞƌǌĐŚŶŝ sosny zwyczajnej (Pinus sylvestris) 

i wzrostem ƉƌŽĐĞŶƚŽǁĞŐŽ ƵĚǌŝĂųƵ ǁ ƉŽǁŝĞƌǌĐŚŶŝ brzozy (Betula spec.). Spadek procentowego 

ƵĚǌŝĂųƵ ǁ ƉŽǁŝĞƌǌĐŚŶŝ sosny zwyczajnej (Pinus sylvestris) jest rezultatem usuwania 

uszkodzonego przez tornado drzewostanu. ZĂƌĞũĞƐƚƌŽǁĂŶŽ ǌǁŝČǌĞŬ ŵŝħĚǌǇ ƐƉĂĚŬŝĞŵ 

ƉƌŽĐĞŶƚŽǁĞŐŽ ƵĚǌŝĂųƵ ǁ ƉŽǁŝĞƌǌĐŚŶŝ sosny zwyczajnej (Pinus sylvestris) w zapisie 

ƉĂůŝŶŽůŽŐŝĐǌŶǇŵ Ă ǁǌŽƌĐĂŵŝ ŶĂƐĂĚǌĞŷ lasu po tornadzie. Rekonstrukcja ƌŽƑůŝŶŶŽƑĐŝ sugeruje 

ƚĂŬǏĞ ekspansjħ brzozy (Betula spec.) ǁ ĚƌƵŐŝĞũ ƉŽųŽǁŝĞ yy ǁŝĞŬƵ ƉƌǌǇ ƌǌĞĐǌǇǁŝƐƚǇŵ ŶŝƐŬŝŵ 

ƵĚǌŝĂůĞ ƚĞŐŽ ŐĂƚƵŶŬƵ ǁ ĚƌǌĞǁŽƐƚĂŶŝĞ BŽƌſǁ dƵĐŚŽƐŬŝĐŚ ŝ ƉŽďůŝƐŬŝĞŐŽ NĂĚůĞƑŶŝĐƚǁŝĞ dƌǌĞďĐŝŶǇ͘ 

tǌƌŽƐƚ ƚĞŶ ŵſŐų ďǇđ spowodowany rozwojem brzozy na torfowisku, zmniejszeniem wypasu 

czy zaprzestaniu usuwania bƌǌŽǌǇ ũĂŬŽ ͕͕ĐŚǁĂƐƚƵ ůĞƑŶĞŐŽ͘͟  

Rekonstrukcja struktury przestrzennej ƌŽƑůŝŶŶŽƑĐŝ ŶĂ ƉŽĚƐƚĂǁŝĞ ĂŶĂůŝǌǇ palinologicznej  

i modelu REVEALS wraz z danymi teledetekcyjnymi opisana w artykule ƉŽŬĂǌĂųĂ ƉŽĚŽďŝĞŷƐƚǁĂ 
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ǁ ǌĂƉŝƐŝĞ͕ ĂůĞ ƚĂŬǏĞ ƌſǏŶŝĐĞ͕ ĐŽ wskazuje na ograniczenia obu ĂŶĂůŝǌ͘ WƌǌǇŬųĂĚĞŵ ũĞƐƚ ǁǌƌŽƐƚ 

ůĞƐŝƐƚŽƑĐŝ ĚŽ ŽŬŽųŽ ϭϵϱϬ ƌŽŬƵ ǁ ƌĞŬŽŶƐƚƌƵŬĐũŝ procentowego pokrycia ƌŽƑůŝŶŶŽƑĐŝ ZEsEALS, 

ƉŽĚĐǌĂƐ ŐĚǇ ĚĂŶĞ ĂƌĐŚŝǁĂůŶĞ ǁƐŬĂǌƵũČ ŶĂ ƐƚĂďŝůŶǇ ƵĚǌŝĂų ůĂƐƵ w tym czasie.  

Badania opisane w pierwszym artykule ǁƐŬĂǌƵũČ ƐųĂďČ ŽĚƉŽƌŶŽƑđ ƉůĂŶƚĂĐũŝ ƐŽƐŶŽǁǇĐŚ  

ǁ ŽƚŽĐǌĞŶŝƵ ƚŽƌĨŽǁŝƐŬĂ MĂƌƚǁĞ ŶĂ ƐŝůŶĞ ǁŝĂƚƌǇ ŝ ŐƌĂĚĂĐũĞ ŽǁĂĚſǁ ǁ ĐŝČŐƵ ŽƐƚĂƚŶŝĞŐŽ ƐƚƵůĞĐŝĂ. 

Na przestrzeni wieku monokultury sosnowe szybko zastħƉŽǁĂųǇ zniszczone drzewostany, co 

ƉŽǌǁĂůĂųŽ ŶĂ ƵƚƌǌǇŵĂŶŝĞ plantacji sosny i ŶŝĞ ƐƉŽǁŽĚŽǁĂųŽ ǌŵŝĂŶ ǁ ŐŽƐƉŽĚĂƌŽǁĂŶŝƵ ůĂƐƵ͘ 

DŽƉŝĞƌŽ ǁ ŽƐƚĂƚŶŝĐŚ ĚǁſĐŚ ĚĞŬĂĚĂĐŚ ǌĂŽďƐĞƌǁŽǁĂŶŽ ǌŵŝĂŶħ ƐƉŽƐŽďƵ ŐŽƐƉŽĚĂƌŽǁĂŶŝĂ  

i wprowadzanie do monokultur sosnowych ǁŝħŬƐǌĞũ ŝůŽƑĐŝ ŶĂƐĂĚǌĞŷ ĚƌǌĞǁ ůŝƑĐŝĂƐƚǇĐŚ͘ Zmiany 

ƵǏǇƚŬŽǁĂŶŝĂ ziemi ǁ ǌůĞǁŶŝ ŝ ďůŝƐŬŝŵ ŽƚŽĐǌĞŶŝƵ ƚŽƌĨŽǁŝƐŬĂ MĂƌƚǁĞ ƉƌǌĞũĂǁŝĂũČĐĞ Ɛŝħ ƉƌǌĞĚĞ 

wszystkim poprzez wycinki drzewostanu ŶŝĞǁČƚƉůŝǁŝĞ ŵŝĂųǇ ǁƉųǇǁ ŶĂ ƌŽǌǁſũ ŝ ĂŬƚƵĂůŶǇ ƐƚĂŶ 

zachowania torfowiska Martwe. 

 

AƌƚǇŬƵų nr 2 

Druga praca dotyczy problematyki ǁƉųǇǁu odwodnienia na rozwój torfowiska Gorodetsky 

MŽĐŚ ǌůŽŬĂůŝǌŽǁĂŶĞŐŽ ǁ OďǁŽĚǌŝĞ WƐŬŽǁƐŬŝŵ ŶĂ ƚĞƌĞŶŝĞ ǌĂĐŚŽĚŶŝĞũ ZŽƐũŝ͕ ũĞŐŽ ŽĚďƵĚŽǁħ 

ƉŽ ƐƚƌĞƐŝĞ ǌǁŝČǌĂŶǇŵ ǌ ŽĚǁŽĚŶŝĞŶŝĞŵ ŽƌĂǌ ƉƌǌĞƐǌųĞ ǌŵŝĂŶǇ ƵǏǇƚŬŽǁĂŶŝĂ ziemi na przestrzeni 

ostatnich 300 laƚ ǁ ũĞŐŽ ŽƚĂĐǌĂũČĐǇŵ ŬƌĂũŽďƌĂǌŝĞ͘ 

tƉųǇǁ ǌĂďƵƌǌĞŷ ŶĂ ĨƵŶŬĐũŽŶŽǁĂŶŝĞ ƚĞŐŽ ĞŬŽƐǇƐƚĞŵƵ ƉƌǌĞƉƌŽǁĂĚǌŽŶŽ ǁ ŽƉĂƌĐŝƵ Ž ĂŶĂůŝǌǇ 

ĂŵĞď ƐŬŽƌƵƉŬŽǁǇĐŚ ŝ ŵĂŬƌŽƐǌĐǌČƚŬſǁ ƌŽƑůŝŶŶǇĐŚ ƌĚǌĞŶŝĂ ƚŽƌĨŽǁĞŐŽ͘ BĂĚĂŶŝĂ ǁǇŬĂǌĂųǇ͕ ǏĞ 

ƚŽƌĨŽǁŝƐŬŽ ǌŽƐƚĂųŽ ŶĂũƉƌĂǁĚŽƉŽĚŽďŶŝĞũ ŽĚǁŽĚŶŝŽŶĞ ŶĂ skutek wykopania rowu 

ŵĞůŝŽƌĂĐǇũŶĞŐŽ ŶĂ ƚŽƌĨŽǁŝƐŬƵ ǁ ůĂƚĂĐŚ ϲϬ yy ǁŝĞŬƵ͘ ^ƚƌĞƐ ŚǇĚƌŽůŽŐŝĐǌŶǇ ƐƉŽǁŽĚŽǁĂų ǌŵŝĂŶħ 

ƐŬųĂĚƵ ƌŽƑůŝŶŶŽƑĐŝ ƚŽƌĨŽǁŝƐŬŽǁĞũ͕ ĚŽƉƌŽǁĂĚǌĂũČĐ ĚŽ ƐƉĂĚŬƵ ƵĚǌŝĂųƵ mchów torfowców 

(Sphagnum spp.) i wzrostu ŽďĨŝƚŽƑĐŝ ƌŽƑůŝŶ ŶĂĐǌǇŶŝŽǁǇĐŚ͘ ^ƉŽǁŽĚŽǁĂų ŽŶ ƚĂŬǏĞ ǌŵŝĂŶħ  

w ǌĞƐƉŽųĂĐŚ ameb skorupkowych, ĚŽƉƌŽǁĂĚǌĂũČĐ ĚŽ ƚČƉŶŝħĐŝĂ ǁ ƉŽƉƵůĂĐũŝ ŵŝŬƐŽƚƌŽĨŝĐǌŶǇĐŚ 

ameb skorupkowych, ǌĂŶŝŬƵ ůŝĐǌĞďŶŽƑĐŝ ĂŵĞď ƐŬŽƌƵƉŬŽǁǇĐŚ ƉƌĞĨĞƌƵũČĐǇĐŚ ǁŝůŐŽƚŶĞ ǁĂƌƵŶŬi 

siedliska (Archerella flavum i Hyalosphenia papilio) oraz wzrostu ƵĚǌŝĂųƵ gatunków 

ƉƌĞĨĞƌƵũČĐǇĐŚ ƐƵĐŚƐǌĞ ǁĂƌƵŶŬŝ (Alabasta militaris, Cryptodifflugia oviformis, Assulina 

muscorum i Difflugia pulex). OĚǁŽĚŶŝĞŶŝĞ ƚŽƌĨŽǁŝƐŬĂ ƐƉŽǁŽĚŽǁĂųŽ ŶŝĞƐƚĂďŝůŶŽƑđ 
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hǇdrologicǌną ǁ ekosǇstemie i ǁǇgeneroǁało noǁe ǁarunki o duǏǇch ǁahaniach 

seǌonoǁǇch͕ co spoǁodoǁało ǁǇsoką róǏnorodność gatunkoǁą ameb skorupkoǁǇch ǌ duǏą 

licǌebnością Galeripora discoides (Arcella discoides)͘ WǇniki te potǁierdǌają dotǇchcǌasoǁe 

badania (Hendon i Charman, 1997; Lamentowicz i Mitchell, 2005; Marcisz i inni 2015Ϳ͕ Ǐe 

Galeripora discoides (Arcella discoides) moǏe bǇć ǁskaǍnikiem niestabilności hǇdrologicǌnej͘ 

Torfowisko Gorodetsky Moch wykazało się silną odpornością i odbudoǁało się hydrologicznie 

po około 40 latach͕ pokaǌując͕ Ǐe umiarkowanie zaburzone (wg klasyfikacji Charman, 2002) 

torfoǁisko ǁǇsokie ǁ Europie potrafi się odbudoǁać͘ Efektem regeneracji torfoǁiska bǇł 

ǁǌrost licǌebność mchóǁ torfoǁcóǁ (Sphagnum spp.) ǁraǌ ǌ licǌebnością miksotroficznych 

ameb skorupkoǁǇch preferującǇch ǁilgotne ǁarunki ;Archerella flavum i Hyalosphenia 

papilioͿ͘ Badania te ǁspierają ǌałoǏenie o duǏej bioindǇkacǇjnej ǁartości miksotroficznych 

ameb skorupkowych dostarcǌającego wczesnego sǇgnału ostrzegawczego zaburzenia 

msǌarnego torfoǁiska͕ a ich odbudoǁę obiecującǇm sǇgnałem efektywnego odtwarzania 

ekosystemu (Jassey i inni, 2015).  

W niniejszym artykule ǁpłǇǁ prǌesǌłǇch ǌmian uǏǇtkoǁania ziemi na rozwój torfowiska 

zbadano w oparciu o analizy palinologicǌną͕ mikroskopoǁǇch i makroskopoǁǇch ǁęgli 

drzewnych rdzenia torfowego oraz map historycznych i obrazów Corona (obrazów 

satelitarnych programu CORONA). Najǁięksǌe ǌmianǇ ǁ otacǌającǇm krajobraǌie ;wylesienia, 

intensǇǁność rolnictwaͿ ǌǁiąǌane bǇłǇ głóǁnie ǌ intensǇǁnǇm roǌǁojem dǌiałalności 

cǌłoǁieka ǁ pierǁsǌej połoǁie XX ǁieku ǁ efekcie cǌego͕ kosǌtem poǁierǌchni leśnǇch ǁrosła 

poǁierǌchnia gruntóǁ rolnǇch i osad͘ Warunki ǁilgotnościoǁe na torfoǁisku bǇłǇ ǁóǁcǌas 

ǁǌględnie stabilne͘ Jednak ǌmianǇ ǁ uǏǇtkoǁaniu ziemi obserǁoǁane ǁ dłuǏsǌej 

perspektǇǁie cǌasu͕ ǁ tǇm postępujące ǁǇlesienia na prǌestrǌeni ostatnich stuleci͕ mogłǇ 

najpraǁdopodobniej prǌǇcǌǇnić się do spadkoǁego trendu poǌiomu ǁód gruntoǁǇch, co w 

reǌultacie praǁdopodobnie doproǁadǌiło do spadku licǌebności miksotroficǌnǇch gatunkóǁ 

ameb skorupkowych. Nie stwierdǌono jednak istotnǇch ǁǇraǍnǇch ǌǁiąǌkóǁ międǌǇ 

roślinnością regionalną ;ǁǇlesieniaͿ a ǌmianami hǇdrologicǌnǇmi na torfoǁiska ǁ tǇm cǌasie͘ 
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AƌƚǇŬƵų nr 3 

W trzecim artykule zbadano ǁƉųǇǁ ĞŬƐƉůŽĂƚĂĐũŝ ƚŽƌĨƵ ŽƌĂǌ restytucji ekologicznej na 

poprzednio eksploatowane torfowisko Hara, zlokalizowane w Parku Narodowym Lahema  

ǁ WſųŶŽĐŶĞũ EƐƚŽŶŝŝ͘ tƉųǇǁ ǌĂďƵƌǌĞŷ ŶĂ ĨƵŶŬĐũŽŶŽǁĂŶŝĞ ƚĞŐŽ ĞŬŽƐǇƐƚĞŵƵ ƉƌǌĞƉƌŽǁĂĚǌŽŶŽ 

w oparciu o analizy ameb skorupkŽǁǇĐŚ͕ ŽŬƌǌĞŵĞŬ͕ ŵĂŬƌŽƐǌĐǌČƚŬſǁ ƌŽƑůŝŶŶǇĐŚ͕ 

ƉĂůŝŶŽůŽŐŝĐǌŶĞũ͕ ƉĂůŝŶŽŵŽƌĨ ŶŝĞ ƉǇųŬŽǁǇĐŚ͕ ǁųĂƑĐŝǁŽƑĐŝ ƚŽƌĨƵ, ďĂĚĂŷ monitoringowych 

;ƑƌĞĚŶŝĂ ŵŝĞƐŝħĐǌŶĂ ƚĞŵƉĞƌĂƚƵƌĂ ǁŽĚǇ͕ ŐųħďŽŬŽƑđ ǌǁŝĞƌĐŝĂĚųĂ ǁŽĚǇ͕ ƌŽĐǌŶĂ ƐƵŵĂ ŽƉĂĚſǁͿ 

oraz analizy ameb skorupkowych͕ ŵĂŬƌŽƐǌĐǌČtków ƌŽƑůŝŶŶǇĐŚ i okrzemek z prób 

powierzchniowych.  

BĂĚĂŶŝĂ ǁǇŬĂǌĂųǇ͕ ǏĞ ǁ ǁǇŶŝŬƵ ƉƌǌĞŵǇƐųŽǁĞũ ĞŬƐƉůŽĂƚĂĐũŝ ƚŽƌĨƵ ƉƌŽǁĂĚǌŽŶĞũ ǁ drugiej 

ƉŽųŽǁŝĞ yy ǁŝĞŬƵ ĚŽƐǌųŽ ĚŽ ĚĞŐƌĂĚĂĐũŝ ƚŽƌĨŽǁŝƐŬĂ ŝ ƵƚƌĂƚǇ ƚŽƌĨƵ͕ ŬƚſƌǇ ĂŬƵŵƵůŽǁĂų Ɛŝħ ŶĂ 

przestrzeni ostatnich ok. 1900 lat. Zabiegi restytucji ƐƚǁŽƌǌǇųǇ ŶŽǁĞ͕ ďĂƌĚǌŽ ĚǇŶĂŵŝĐǌŶĞ 

ƑƌŽĚŽǁŝƐŬŽ͕ ǌ ĚƵǏǇŵŝ ǁĂŚĂŶŝĂ ƉŽǌŝŽŵƵ ǁŽĚǇ ;od -90 do нϯϬ ĐŵͿ͕ ŬƚſƌĞ ƉƌǌǇĐǌǇŶŝųǇ Ɛŝħ ĚŽ 

ƌŽǌǁŽũƵ ŬħƉ ǁĞųŶŝĂŶŬi pochwowatej (Eriphorum vaginatum) ŶĂ ŽĚƐųŽŶŝħƚĞũ͕ ƉŽǌďĂǁŝŽŶĞũ 

ƌŽƑůŝŶŶŽƑĐŝ ƉŽǁŝĞƌǌĐŚŶŝ ƚŽƌĨƵ, zielenic (Chlorophyta) oraz ǌĞƐƉŽųƵ ameb skorupowych silnie 

zdominowanych przez Galeripora discoides (Arcella discoides). tǇŶŝŬŝ ƚĞ ƉŽƚǁŝĞƌĚǌĂũČ 

dotychczasowe przypuszczenia (Lamentowicz i inni, 2019; Lamentowicz i inni, 2009), ǏĞ 

ŽďĞĐŶŽƑđ Galeripora discoides (Arcella discoides) ŵŽǏĞ ďǇđ ǌǁŝČǌĂŶĂ ǌ ŽŬƌĞƐŽǁǇŵŝ ǌĂůĞǁĂŵŝ 

i wysychaniem eksploatowanych powierzchni torfowisk, Ă ƚĂŬǏĞ͕ ǏĞ ŵŽǏĞ ďǇđ ƉŝŽŶŝĞƌƐŬŝŵ 

taksonem w niestabilnych, nowych siedliskach. W artykule zwrócono ƚĂŬǏĞ ƵǁĂŐħ na zielenice 

ũĂŬŽ ƉŽƚĞŶĐũĂůŶĞ ǍƌſĚųŽ ƉŽǏǇǁŝĞŶŝĂ͕ ŬƚſƌĞ ŵŽǏĞ ƌſǁŶŝĞǏ ǁƉųǇǁĂđ ŶĂ ƐŬųĂĚ ŐĂƚƵŶŬŽǁǇ ĂŵĞď 

ƐŬŽƌƵƉŬŽǁǇĐŚ ŝ ŵŽǏĞ ďǇđ ƉŽǁŝČǌĂŶǇ ǌĞ ǁǌƌŽƐƚĞŵ Galeripora discoides (Arcella discoides). 

OďŝĞĐƵũČĐČ ƉƌǌĞƐųĂŶŬČ ƌĞŐĞŶĞƌĂĐũŝ torfowiska Hara jest ǌǁŝħŬƐǌŽŶĂ ŽďĨŝƚŽƑđ miksotroficznych 

gatunków ameb skorupkowych.  

Zapis regeneracji ƚŽƌĨŽǁŝƐŬĂ ƉŽƌſǁŶĂŶŽ ǌ ƉŽĐǌČƚŬŽǁǇŵ͕ ŶŝĞǌĂďƵƌǌŽŶǇŵ ĞƚĂƉĞŵ ƌŽǌǁŽũƵ 

ƚŽƌĨŽǁŝƐŬĂ ;ŽŬŽųŽ Ϯ ƚǇƐŝħĐǇ ůĂƚ ƚĞŵƵͿ. tǇŶŝŬŝ ƵũĂǁŶŝųǇ ƵĚĞƌǌĂũČĐǇ ŬŽŶƚƌĂƐƚ ĞŬŽůŽŐŝĐǌŶǇ ƉŽĚ 

ǁǌŐůħĚĞŵ ůŽŬĂůŶĞũ ƌŽƑůŝŶŶŽƑĐŝ ŝ ǌĞƐƉŽųſǁ ameb skorupkowych. OŬŽųŽ Ϯ ƚǇƐŝħĐǇ ůĂƚ temu 

torfowisko HĂƌĂ ďǇųŽ ǁŝůŐŽƚŶǇŵ ŝ stabilnym ekosystemem, na co wskazuje dominacja 

torfowca brunatnego/czerwonawego (Sphagnum fuscum/rubellum) i Archerella flavum. 

GųſǁŶČ ƌſǏŶŝĐČ ŵŝħĚǌǇ ƉŽƌſǁŶǇǁĂŶǇŵŝ ǌĂƉŝƐĂŵŝ ũĞƐƚ ŵĂųĂ ŽďĨŝƚŽƑđ mchów torfowców 
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(Sphagnum spp.) ŽƌĂǌ ŶŝƐŬĂ ůŝĐǌĞďŶŽƑđ ŵŝŬƐŽƚƌŽĨŝĐǌŶǇĐŚ ĂŵĞď ƐŬŽƌƵƉŬŽǁǇĐŚ  

ǁ ǁƐƉſųĐǌĞƐŶǇŵ ǌĂƉŝƐŝĞ ƌĞŐĞŶĞƌƵũČĐĞŐŽ Ɛŝħ ƚŽƌĨŽǁŝƐŬĂ͘ MĂũČĐ ŶĂ ǁǌŐůħĚǌŝĞ ƉĞƌƐƉĞŬƚǇǁħ 

ĚųƵŐŽƚĞƌŵŝŶŽǁČ ƐƚĂƌĂŶŽ Ɛŝħ ŽĐĞŶŝđ ƉŽƐƚħƉ ƉƌŽĐĞƐƵ regeneracji obszaru wydobycia torfu 

torfowisko Hara, który jest ũĞƐǌĐǌĞ ǁ ƉŽĐǌČƚŬŽǁĞũ ĨĂǌŝĞ ƉƌŽĐĞƐƵ ŽĚƚǁĂƌǌĂŶŝĂ͘ NĂ ƉŽĚƐƚĂǁŝĞ 

syntezy danych paleoekologicznych ŽƌĂǌ ǁƐƉſųĐǌĞƐŶǇĐŚ ǌĞƐƉŽųſǁ ameb skorupkowych  

i okrzemek, ƐƚǁŝĞƌĚǌŽŶŽ͕ ǏĞ ǌĚƌŽǁĞ ƚŽƌĨŽǁŝƐŬŽ ǁǇƐŽŬŝĞ ƉŽǁŝŶŶŽ ƉŽƐŝĂĚĂđ ŽŬƌĞƑůŽŶǇ ǌĞƐƚĂǁ 

zųŽǏŽŶǇ ǌ miksotroficznych gatunków ameb skorupkowych. ^Č ŽŶĞ ǁƐŬĂǍŶŝŬĂŵŝ 

odpowiedniego stanu hydrologicznego ƚŽƌĨŽǁŝƐŬĂ ŵƐǌĂƌŶĞŐŽ͕ ŶĂǁĞƚ ũĞƑůŝ ƐŬųĂĚ gatunkowy 

ŵĐŚſǁ ƚŽƌĨŽǁĐſǁ ƌſǏŶŝ Ɛŝħ ŽĚ ǌƌĞŬŽŶƐƚƌƵŽǁĂŶǇĐŚ ǁĂƌƵŶŬſǁ ƌĞĨĞƌĞŶĐǇũŶǇĐŚ͘  
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PODSUMOWANIE I WNIOSKI 

GųſǁŶǇŵ ĐĞůĞŵ prezentowanej rozprawy doktorskiej ďǇųŽ ĚŽŬŽŶĂŶŝĞ ĐŚĂƌĂŬƚĞƌǇƐƚǇŬŝ͕ ĂŶĂůŝǌǇ 

Ă ŶĂƐƚħƉŶŝĞ ŝŶƚĞƌƉƌĞƚĂĐũŝ ǌĂƉŝƐƵ ǌĂďƵƌǌĞŷ w archiwach torfowych ;ƚũ͘ ǌŵŝĂŶ ƵǏǇƚŬŽǁĂŶŝĂ 

ƚĞƌĞŶƵ͕ ŽĚǁŽĚŶŝĞŶŝĂ͕ ƉƌǌĞŵǇƐųŽǁĞũ ĞŬƐƉůŽĂƚĂĐũŝ ƚŽƌĨƵ ǁƌĂǌ ǌ ĞƚĂƉĞŵ restytucji) oraz próby 

ŽŬƌĞƑůĞŶŝĂ ŽĚƉŽƌŶŽƑĐŝ ŝ ŵŽǏůŝǁŽƑĐŝ ƌĞŐĞŶĞƌĂĐũŝ torfowisk po badanych zaburzeniach. Badania 

ƚĞ ĚŽƐƚĂƌĐǌǇųǇ ŶŽǁǇĐŚ͕ ǁǇƐŽŬŽƌŽǌĚǌŝĞůĐǌǇĐŚ ŝ ǁŝĞůŽǁƐŬĂǍŶŝŬŽǁǇĐŚ ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇĐŚ 

ĚĂŶǇĐŚ ŝůŽƑĐŝŽǁǇĐŚ ŝ ũĂŬŽƑĐŝŽǁǇĐŚ͕ ŬƚſƌĞ ƉƌǌǇďůŝǏĂũČ ŶĂƐ ĚŽ ůĞƉƐǌĞŐŽ ǌƌŽǌƵŵŝĞŶŝĂ ǁƉųǇǁƵ 

ǌĂďƵƌǌĞŷ ŶĂ ĞŬŽƐǇƐƚĞŵǇ ƚŽƌĨŽǁŝƐŬ mszarnych͘ �ǁƌĂĐĂũČ ŽŶĞ ƐǌĐǌĞŐſůŶČ ƵǁĂŐħ ŶĂ ŶŝĞǌǁǇŬůĞ 

ŝƐƚŽƚŶČ ǁ ŽďĞĐŶǇŵ ĐǌĂƐŝĞ ƉŽƚƌǌĞďħ ŽĐŚƌŽŶǇ ƚŽƌĨŽǁŝƐk oraz przywracanie zniszczonym  

ŝ ǌĚĞŐƌĂĚŽǁĂŶǇŵ ĞŬŽƐǇƐƚĞŵŽŵ ǌĚŽůŶŽƑĐŝ ĂŬƵŵƵůĂĐũŝ ǁħŐůĂ͕ ďŝŽƌſǏŶŽƌŽĚŶŽƑĐŝ  

ŝ ŽĚƉŽǁŝĞĚŶŝĐŚ ǁĂƌƵŶŬſǁ ŚǇĚƌŽůŽŐŝĐǌŶǇĐŚ ǁǇŶŝŬĂũČĐĞ ǌ ƉŽƚƌǌĞďǇ ŵŝŶŝŵĂůŝǌŽǁĂŶŝĞ ƐŬƵƚŬſǁ 

globalnego ocieplenia͘ tǇŶŝŬŝ ďĂĚĂŷ ŽŵſǁŝŽŶĞ ǁ ƌŽǌƉƌĂǁŝĞ ĚŽŬƚŽƌskiej ǁǌŵĂĐŶŝĂũČ 

ŝƐƚŽƚŶŽƑđ lepszego zrozumienia ŽĚƉŽƌŶŽƑĐŝ ƚŽƌĨŽǁŝƐŬ ŶĂ ƌſǏŶĞŐŽ ƌŽĚǌĂũƵ ǌĂďƵƌǌĞŶŝĂ  

w ƌſǏŶŽƌŽĚŶǇĐŚ ƐŬĂůĂĐŚ ĐǌĂƐŽǁǇĐŚ ŝ ƉƌǌĞƐƚƌǌĞŶŶǇĐŚ ŽƌĂǌ ƉŽǌŶĂŶŝĂ ǌĂƌſǁŶŽ ũĞŐŽ ƉƌǌĞƐǌųŽƑĐŝ 

ũĂŬ ŝ ĂŬƚƵĂůŶĞŐŽ ƐƚĂŶƵ͘ CŽ ǁŝħĐĞũ͕ ƉŽƚǁŝĞƌĚǌĂũČ ŽŶĞ znaczenie ďĂĚĂŷ paleoekologicznych we 

wspieraniu restytucji zaburzonych i zdegradowanych torfowisk oraz w wyznaczaniu celów 

ochrony tych cennych ekosystemów. 

KŽŶƐĞŬǁĞŶĐũĞ ǌĂďƵƌǌĞŷ ĚůĂ ĨƵŶŬĐũŽŶŽǁĂŶŝĂ ƚŽƌĨŽǁŝƐŬ ŵƐǌĂƌŶǇĐŚ ŽƌĂǌ ŽĚƉŽƌŶŽƑđ ƚǇĐŚ 

ĞŬŽƐǇƐƚĞŵſǁ ǁ ƌŽǌƉƌĂǁŝĞ ĚŽŬƚŽƌƐŬŝĞũ ƌŽǌƉĂƚƌǇǁĂŶŽ ŶĂ ƌſǏŶǇĐŚ ƉŽǌŝŽŵĂĐŚ ǌĂďƵƌǌĞŷ 

torfowisk: niewielkie, umiarkowane ŽƌĂǌ ƉŽǁĂǏŶĞ zaburzenie (wg. klasyfikacji Charman, 2002) 

(Rycina 6). W pierwszym oraz drugim artykule ƉƌǌĞĚƐƚĂǁŝŽŶŽ ĂŶĂůŝǌǇ ƉƌǌĞƐƚƌǌĞŶŶĞ ƉƌǌĞƐǌųǇĐŚ 

ǌŵŝĂŶ ƵǏǇƚŬŽǁĂŶŝĂ ziemi (aƌƚǇŬƵų pierwszy͗ ǌƌħďǇ ǌƵƉĞųŶĞ͕ ǁǇĐŝŶŬŝ ƵƐǌŬŽĚǌŽŶĞŐŽ 

drzewostanu po gradacji owadów i tornada; aƌƚǇŬƵų drugi: otwarcie krajobrazu, ŝŶƚĞŶƐǇǁŶŽƑđ 

ƌŽůŶŝĐƚǁĂ͕ ƉŽǏĂƌǇͿ ǁ ŽƉĂƌĐŝƵ Ž ƉŽƌſǁŶĂŶŝĞ ǁǇŶŝŬſǁ ĂŶĂůŝǌǇ ƉĂůŝŶŽůŽŐŝĐǌŶĞũ ǌĞ ǌŵŝĂŶĂŵŝ 

ƉŽŬƌǇĐŝĂ ƚĞƌĞŶƵ ƉƌǌǇ ƵǏǇĐŝƵ ĚĂŶǇĐŚ ƚĞůĞĚĞƚĞŬĐǇũŶǇĐŚ ;ǁ ƚǇŵ ĚĂŶǇĐŚ ŶĂ ƚĞŵĂƚ ǁŝĞůŬŽƑĐŝ  

ŝ ůŽŬĂůŝǌĂĐũŝ ŶĂƐĂĚǌĞŷ ĚƌǌĞǁͿ ǁ artykule pierwszym oraz map historycznych, obrazów Corona  

ŝ ǁħŐůŝ ĚƌǌĞǁŶǇĐŚ ǁ artykule drugim. W pierwszym artykule udokumentowano pierwszy  

w Polsce ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇ ǌĂƉŝƐ ǌŶŝƐǌĐǌĞŷ ƐƉŽǁŽĚŽǁĂŶǇĐŚ ƉƌǌĞǌ ƚŽƌŶĂĚŽ͕ ƉŽƚǁŝĞƌĚǌĂũČĐ ƚǇŵ 

samym nieliczne do tej pory badania (Du i inni, 2019), ǏĞ ǌĂƉŝƐ ƚŽƌŶĂĚĂ ǁ ŽƐĂĚĂĐŚ torfowych 

ũĞƐƚ ŵŽǏůŝǁǇ͘ �ǁƌſĐŽŶŽ ƐǌĐǌĞŐſůŶČ ƵǁĂŐħ ŶĂ ƐǇŶƚĞǌħ ĚĂŶǇĐŚ ƉĂůĞŽĞŬŽůŽŐŝĐǌŶǇĐŚ͕ 
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teledetekcyjnych i historycznych, które ŵŽŐČ ďǇđ ƉŽŵŽĐŶĞ ǁ ŽŬƌĞƑůĞŶŝƵ ĚǇŶĂŵŝŬŝ ǌĂďƵƌǌĞŷ͕ 

takich jak ǌƌħďǇ ǌƵƉĞųŶĞ͕ ŐƌĂĚĂĐũĞ ŽǁĂĚſǁ͕ ǁŝĂƚƌ ŽƌĂǌ ǁƉųǇǁ ƚǇĐŚ ǌŵŝĂŶ ŶĂ ƉŽƐƚƌǌĞŐĂŶŝĞ 

ůĂƐſǁ ƉƌǌĞǌ ůŽŬĂůŶČ ƐƉŽųĞĐǌŶŽƑđ͘ 

W ŬŽůĞũŶǇĐŚ ĂƌƚǇŬƵųĂĐŚ ŽƉŝƐĂŶŽ ǁƉųǇǁ ĚǌŝĂųĂůŶŽƑĐŝ ĐǌųŽǁŝĞŬĂ ƚ͘ũ͘ ŽƚǁĂƌĐŝĞ ŬƌĂũŽďƌĂǌƵ oraz 

odwodnienia (wykopanie rowu melioracyjnego) w artykule drugim ŽƌĂǌ ƉƌǌĞŵǇƐųŽǁĞũ 

eksploatacji torfu wraz z etapem restytucji w artykule trzecim na rozwój torfowiska w oparciu 

Ž ĂŶĂůŝǌǇ ĂŵĞď ƐŬŽƌƵƉŬŽǁǇĐŚ͕ ŵĂŬƌŽƐǌĐǌČƚŬſǁ ƌŽƑůŝŶŶǇĐŚ͕ Ă ƚĂŬǏĞ analizy okrzemek  

ŝ ƉĂůŝŶŽŵŽƌĨ ŶŝĞƉǇųŬŽǁǇĐŚ wspieranych badaniami monitoringowymi w artykule trzecim. 

WŽŵŝŵŽ ǁǌŐůħĚŶŝĞ ƐƚĂďŝůŶǇĐŚ ǁĂƌƵŶŬów hydrologicznych na torfowisku Gorodziecky Moch, 

ǌŵŝĂŶǇ ǁ ƵǏǇƚŬŽǁĂŶŝƵ ziemi ǁ ƚǇŵ ƉŽƐƚħƉƵũČĐĞ ǁǇůĞƐŝenia na przestrzeni ostatnich stuleci 

(niewielkie zaburzenie wg. klasyfikacji Charman, 2002), najprawdopodobniej przyczynŝųǇ Ɛŝħ 

ĚŽ ƐƉĂĚŬƵ ůŝĐǌĞďŶŽƑĐŝ ŵŝŬƐŽƚƌŽĨŝĐǌŶǇĐŚ gatunków ameb skorupkowych poprzez spadek 

ƉŽǌŝŽŵƵ ǁſĚ ŐƌƵŶƚŽǁǇĐŚ͘ � ŬŽůĞŝ͕ ƉſǍŶŝĞũƐǌǇ ƐƚƌĞƐ ŚǇĚƌŽůŽŐŝĐǌŶǇ ŶĂ ƐŬƵƚĞŬ melioracji 

ŽĚǁĂĚŶŝĂũČĐǇĐŚ ĚŽƉƌŽǁĂĚǌŝų ĚŽ ƉŽǁĂǏŶǇĐŚ ǌŵŝĂŶ w ekosystemie, który wykazaų ƚĞŶĚĞŶĐũħ 

ku regeneracji. Badania opisane w artykule, ƉŽŬĂǌƵũČ͕ ǏĞ umiarkowanie zaburzone (wg. 

klasyfikacji Charman, 2002) torfowiska wysokie w Europie po silnym stresie, takim jak 

osuszenie ƉŽƐŝĂĚĂũČ ƉŽƚĞŶĐũĂų ĚŽ ƐĂŵŽĚǌŝĞůŶĞũ ƌĞŐĞŶĞƌĂĐũŝ͘ � ŽĚŵŝĞŶŶČ ƐǇƚƵĂĐũČ ŵĂŵǇ ĚŽ 

czynienia w przypadku zabiegów restytucji zdegradowanego obszaru wydobycia torfu 

torfowiska Hara (ƉŽǁĂǏŶĞ ǌĂďƵƌǌĞŶŝĞ wg. klasyfikacji Charman, 2002)͕ ŬƚſƌĞ ƐƉŽǁŽĚŽǁĂųŽ 

ƐƚǁŽƌǌĞŶŝĞ ĚǇŶĂŵŝĐǌŶĞŐŽ ƐŝĞĚůŝƐŬĂ ǌ ĚƵǏǇŵŝ ǁĂŚĂŶŝĂ ƉŽǌŝŽŵƵ ǁŽĚǇ. t ƌĞǌƵůƚĂĐŝĞ ĚŽƐǌųŽ do 

ƌŽǌǁŽũƵ ŬħƉ ǁĞųŶŝĂŶŬi pochwowatej (Eriophorum vaginatum) ŶĂ ŽĚƐųŽŶŝħƚĞũ͕ ƉŽǌďĂǁŝŽŶĞũ 

ƌŽƑůŝŶŶŽƑĐŝ ƉŽǁŝĞƌǌĐŚŶŝ ƚŽƌĨƵ, zielenic (Chlorophyta) ŽƌĂǌ ǌĞƐƉŽųſǁ ĂŵĞď ƐŬŽƌƵƉŽǁǇĐŚ 

zdominowanych przez Galeripora discoides (Arcella discoides). tǇŶŝŬŝ ďĂĚĂŷ ŽƉŝƐĂŶĞ  

w publikacji drugiej i trzeciej ǁƐƉŝĞƌĂũČ dotychczasowe ǁǇŶŝŬŝ ĚŽƚǇĐǌČĐĞ ŐĂƚƵŶŬƵ Galeripora 

discoides (Arcella discoides) jako indykatora ŶŝĞƐƚĂďŝůŶŽƑĐŝ ŚǇĚƌŽůŽŐŝĐǌŶĞũ torfowiska, a ƚĂŬǏĞ 

ŐĂƚƵŶŬƵ ƉŝŽŶŝĞƌƐŬŝĞŐŽ ŵŝŐƌƵũČĐĞŐŽ ŶĂ nowe siedliska͘ CŽ ǁŝħĐĞũ͕ ĚŽƐƚĂƌĐǌĂũČ ŬŽůĞũŶǇĐŚ 

ƉƌǌǇŬųĂĚſǁ ǁǇƐŽŬŝĞũ ǁĂƌƚŽƑĐŝ bioindykacyjnej miksotroficznych gatunków ameb 

ƐŬŽƌƵƉŬŽǁǇĐŚ͘ t ƉƌĂĐǇ ƉŽŬĂǌĂŶŽ͕ ǏĞ ŐĂƚƵŶŬŝ ƚĞ ƐČ ǁĂƌƚŽƑĐŝŽǁǇŵŝ ŝŶĚǇŬĂƚŽƌĂŵŝ ƐƚĂďŝůŶŝĞ 

uwodnionego torfowiska mszarnego, a ƐƉĂĚĞŬ ŝĐŚ ůŝĐǌĞďŶŽƑĐŝ ŵŽǏŶĂ ƚƌĂŬƚŽǁĂđ ũĂŬŽ ǁĐǌĞƐŶǇ 

ƐǇŐŶĂų ŽƐƚƌǌĞŐĂǁĐǌǇ ǌĂďƵƌǌĞŶŝĂ͕ Ă ŝĐŚ ŽĚďƵĚŽǁĂ ũĞƐƚ ŽďŝĞĐƵũČĐǇŵ ƐǇŐŶĂųĞŵ ŽĚƉŽƌŶŽƑĐŝ  

i regeneracji ekosystemu.
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Rycina 6͘ PŽdƐƵŵŽǁaŶie ǁǇŶikſǁ badaŷ. Zaburzenia torfowisk mszarnych i ich efekty ǌ ƵǁǌględŶieŶieŵ klaƐǇfikacji ŽƉƌacŽǁaŶej Ɖƌǌeǌ ChaƌŵaŶ 
(2002) - porównanie ze zdrowym ekosystemem oraz celem restytucji torfowiska ;FŽƚ͘ D͘ ŁƵcſǁ, 2016, 2019; M. Lamentowicz, 2019; D͘ ŁƵcſǁ, 
2018, 2016). Skrót ,,TA͟ Ŷa ƌǇciŶie ŽǌŶacǌa aŵeby skorupkowe.
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Global warming has compelled to strengthen the resilience of European forests. Due

to repeated droughts and heatwaves, weakened trees become vulnerable to insect

outbreaks, pathogen invasions, and strong winds. This study combines high-resolution

analysis of a 100-year-old high-resolution peat archive synthesized from the Martwe

peatland in Poland with remote sensing data. We present the first REVEALS based

vegetation reconstruction in a tornado-hit area from Poland on the background of

previous forest management in monocultural even-aged stands – Tuchola Pinewoods.

During the 20th century, the pine monocultures surrounding the peatland were affected

by clear-cutting and insect outbreaks. In 2012, a tornado, destroyed ca. 550 ha of pine

forest around the peatland. The palynological record reflects these major events of the

past 100 years as well as changes in forest practices. Our study showed the strong

relationships between the decrease of Pinus sylvestris (Scots pine) in palynological

record as well as planting patterns after the tornado. Moreover, past forestry practices

[such as domination of Pinus sylvestris, the collapse of Picea abies (Norway spruce),

low share of Betula spec. (birch) due to Pinus sylvestris promotion and probable also

to a lesser by removal of Betula as a “forest weed,” and low plant coverage of tree

species due to clear-cutting and cutting after insect outbreaks] were well identified

in the proxy record. In monocultures managed over decades, the reconstruction of

vegetation may be challenging due to changes in the age composition of the Pinus

sylvestris stands. We found that through historical, remote sensing, and paleoecological

data, the dynamics of disturbances such as insect outbreaks and tornadoes, as well as

the changing perceptions of local society about forests, can be determined.

Keywords: tornado, peatland, paleoecology, pollen analysis - REVEALS, monocultures, insect outbreaks
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INTRODUCTION

Forest disturbance by storms, including tornadoes, is a rare
but important problem that needs to be considered in the
development of forest management strategies (Dobrowolska,
2015; Szmyt and Dobrowolska, 2016). Over the past decades, the
frequency of extreme events such as storms and tornadoes has
increased across Europe (Seidl et al., 2014) and is forecasted to
increase further in the future (Senf and Seidl, 2021). Atmospheric
phenomena that can damage forests, such as strong winds and
tornadoes, are di�cult to predict. However, it is important to
understand the complex interactions between the damage caused
by extreme events, the resilience of forest communities, climate
change, and forest management due to the increased extent
of forest destruction by the wind in recent years in Europe
(Gardiner et al., 2010; Seidl et al., 2014; Gregow et al., 2017).
Moreover, observations from the last decades indicate that the
future will witness more extreme events that will not just a�ect
the forests. These events include heatwaves, which will increase
the possibility of fires (Ummenhofer and Meehl, 2017; Brando
et al., 2019). The European monocultures are expected to be
more sensitive to drought, and hence, the exposure of forests to
pathogens, insect outbreaks, and strong winds (Leuschner and
Ellenberg, 2017; Seidl et al., 2017, 2020).

Wind disturbances were more frequent in the European
forests in the last decades (Seidl et al., 2017). During 1950–2010,
more than 130 separate storms occurred, causing significant
damage to forests (Gardiner et al., 2010). Huge economic losses
resulted from cyclone Gudrun in 2005 and extratropical cyclones
in Sweden in 1969 (wood loss of 42.2 mln m3), Lothar and
Martin storm in 15 European states in 1990 (more than 240
mln m3), and cyclone Klaus in France, Spain, Portugal, and
Italy in 2009 (43.1 mln m3) (Jantz, 1971; Gardiner et al.,
2010). Furthermore, tornadoes of F2 or higher intensity can
harm and uproot trees (Fujita, 1971). Across Europe, 9,529
tornadoes have been recorded between 1800 and 2014 CE
(Groenemeijer and Kühne, 2014; European Severe Weather
Database, 2020), with the actual number predicted to be higher
(Shikhov and Chernokulsky, 2018).

Our study is focused on the Tuchola Pinewoods, which are
one of the largest forest complexes in Poland. The current forest
composition includes pine monocultures (plantations) in even-
aged stands, introduced in the second half of the 18th century by
Prussian forestry (Gietkowski, 2009). At present, Pinus sylvestris
(Scots pine) is the dominant species, occupying more than 95%
of the forest area, and is accompanied by other species such
as Betula (birch) (1.8%), Quercus (oak) (1.1%), Alnus glutinosa
(black alder) (1.0%), and Picea abies (Norway spruce) (0.5%)
(State Forests data, 2020).

Studies report that forests have been a�ected by fires, insect
outbreaks, strong winds, and tornados in the last 100 years
(Karasiewicz, 1926; Koziński, 2007; Gietkowski, 2009; S�owiński
et al., 2019). The Tuchola Pinewoods showed markedly low
resistance to insect outbreaks. The most severe outbreak in this
forest and Poland, in general, was that of Panolis flammea (pine
beauty) in 1922–1924 (Mokrzecki, 1928; Broda, 2000, 2010). Due
to the outbreak, most of the Notecka Forest and the Tuchola

Pinewoods were cut down (Koehler, 1974; Ankudo-Jankowska,
2003; Broda, 2003). During 1978–1985, weather anomalies with
cold winters and changes in water conditions triggered the
outbreak of Lymantria monacha (black arches), which was the
largest recorded in the history of the Polish State Forests (since
its founding in 1924) (Sliwa, 1989; Jablonski, 2015). This outbreak
a�ected the northern and western parts of Poland, including the
Tuchola Pinewoods.

On 14 July 2012, the Tuchola Pinewoods have been hit by
one of the most destructive tornadoes in Poland, which had an
intensity of F3 (Taszarek et al., 2016). The tornado caused one
fatality and 10 injuries, and within minutes, around 550 ha of the
Tuchola Pinewoods in the Trzebciny District and 105 buildings
were damaged. The track of the tornado was 20-km long and
800-m wide at maximum. On 11/12 August 2017, a hurricane
hit the Tuchola Pinewoods. It destroyed forests up to an area of
ca. 80,000 ha (9.8 mln m3) in 60 forest districts in northwestern
Poland (Trębski, 2019).

In Poland, about 350 tornadoes have occurred between 2000
and 2019 (European Severe Weather Database, 2020). Moreover,
37 deadly tornadoes were known from earlier periods, for
example, in Turzyn (1829), Tuchola (1871), Rowiska (1926),
and Rawa Mazowiecka (1958) (Taszarek, 2016; Taszarek and
Gromadzki, 2017). Each year, an average of 8–14 tornadoes hits
Poland. The country is also a�ected by tornadoes of very high
intensity (F4 on the Fujita scale) once every one or two decades
(Taszarek, 2016).

Martwe peatland, located within the area deforested by the
July 2012 tornado, o�ers the rare opportunity to study the
imprint of a tornado in the paleoecological (pollen) record.
We moreover use this archive to study the representation of
other forest changes during the past 100 years, including further
catastrophic events such as large-scale disasters and clear-cutting.
To this end we attempt quantitative interpretation of the pollen
record using the REVEALS model and compare the results with
archival data from the area 4 km radius around the lake.

Here, we used a Sphagnum peatland as a natural archive that
is often used to reconstruct long-term environmental and climate
changes of the past based on paleoecological research (Tobolski,
2000; Charman, 2007; S�owiński et al., 2014). Paleoecological
archives, such as peat, provide information about the past
landscape changes, regional and local vegetation, climate, fires,
and human history (Booth et al., 2004; Mitchell et al., 2007;
Lamentowicz et al., 2015; Payne et al., 2015). In particular,
pollen analysis serves as a proxy to reconstruct local- and
regional-scale vegetation (van Geel, 1978; S�owiński et al., 2015;
Ko�aczek et al., 2018) and infer the history of forest management
(S�owiński et al., 2019; Lamentowicz et al., 2020; Schafstall et al.,
2020). Pollen percentage values do not perfectly represent past
vegetation composition because pollen production and dispersal
di�er among plant taxa so strong pollen producers are over-
represented while weak pollen producers are under-represented.
We applied the REVEALSmodel (Sugita, 2007) to reduce this bias
in the pollen data.

Furthermore, peatlands have been used extensively as archives
of the past direct and indirect disturbances such as deforestation,
clear-cutting, drainage, land use, pollution, fragmentation, fire,
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floods, or storms (Ireland and Booth, 2012; Ireland et al., 2012;
Marcisz et al., 2019; Swindles et al., 2019; �uców et al., 2020).
However, they have never been used so far to explore past
tornado events. Therefore, the aim of this study, is to present the
first tornado-related paleoecological record from a monoculture
in Poland on the background of previous forest management
(clear-cutting, cutting after insect outbreaks), through vegetation
reconstruction of a 100-year-old peat core, based on pollen
analysis and the REVEALS model (Sugita, 2007) as well as on
remote sensing data. We used the pollen analysis for the better
understanding disturbances recorded in pine dominated forests
in periods that devoid of historical data.

MATERIALS AND METHODS

Study Site
The study site is the Martwe peatland in NW Poland (a partly
floating mat on the Martwe lake) and its neighboring area

within a radius of 4 km (Figure 1B). The peatland, which is
located in the middle of a Pine monoculture forest, surrounds
a small dystrophic lake. This lake is overgrown by Sphagnum
floating mat (Martwe peatland) (Figure 1C), from which the
peat core was obtained. The forest in this area has existed
continuously for centuries, however, since after the first partition
of Poland (1772 CE), a large-scale transformation of forests
to pine monocultures by Prussian forestry was recorded. It
was exactly connected with the introduction of the decree
“On the management of the Tuchola Forest” issued by King
Frederick of Prussia in 1782 (Jaszczak, 2008; Jażdżewski, 2008).
As a result, eight administrative areas were created in the
forested area of Tuchola Forest, whose first purpose was to
make a detailed map of the forest area in order to estimate
the potential for timber harvesting. The study site is located
in Trzebciny Forest District in the southern part of the
Tuchola Pinewoods (53�37007.000N, 18�12009.000E, 109.4 m a.s.l.;
Figure 1). It is situated in the outwash plain of the Wda
River, which developed during the Pomeranian phase of the

FIGURE 1 | Setting of the study site. (A) Location on the Europe and Poland maps. (B) Location of the tornado path from 2012 in the southern part of the Tuchola

Pinewoods. The Martwe peatland is in the center of map. Its neighboring area within the 4-km radius is marked in a white circle. The Martwe peatland is indicated by

blue color, and Mukrza peatland (the nearest well-dated paleoecological site) by magenta color. (C) Coring site from the Martwe peatland (Sphagnum floating mat on

the Martwe lake) and drone picture from July 2020.
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Vistulian glaciation (B�aszkiewicz et al., 2015). The Martwe lake
was formed by the melting of a buried ice block (Kordowski
et al., 2010; S�owiński, 2010; S�owiński et al., 2015). The entire
peatland as well as the lake (3.56 ha) is protected at the national
level as Nature Reserve. It is assumed that acidification of the lake
and the development of floating mat have been triggered by the
cultivation of Pinus sylvestris monoculture about 200 years ago
(Gietkowski, 2009; Kordowski et al., 2010). The maximum depth
of the lake in the central part is about 3 m, while the peat layer has
a thickness of 20–100 cm (Kordowski et al., 2010). The climate
data from the meteorological station in Chojnice (about 45 km
from the study site) obtained for the years 1951–2017 reveal that
the warmest month is July with a temperature of 17.1�C and
the coldest is January with –2.5�C (Institute of Meteorology and
Water Management - National Research Institute, 2019). The
average annual temperature of the study site is 7.3�C, and the
average annual precipitation ranges between 550 and 600 mm.

Current Forest Composition and
Potential Vegetation
In the study area, the forests are currently dominated by
Pinus sylvestris forests (Figures 2A,C). The map of potential
natural vegetation suggests a greater variety of trees species
(Figure 2B; Matuszkiewicz et al., 1995), with mixed oak-pine
forests being dominant (Querco-Pinetum), accompanied by oak-
lime-hornbeam forests (Tilio-Carpinetum, poor) and swampy
ash-alder wood forests (Frazino-Alnetum [Circaeo-Alnetum]).
Leucobryo-Pinetum, Peucedano-Pinetum, and Carici elongate-
Alnetum associations occupy a small area of the forests.

Peat Record
Four peat monoliths were extracted from the Martwe peatland
in spring 2016 using a Wardenaar sampler (chamber dimension:
10 cm ⇥ 10 cm ⇥ 100 cm) (Wardenaar, 1987). The most
representative peat core was selected for this study. For
reconstruction covering the last 100 years, we analyzed a 47-
cm-long part of one peat monolith (MAR1, 67 cm) from
the southern part of the Martwe peatland, which was a�ected
by a tornado from 2012. Pollen analysis was performed to
reconstruct changes in the composition of forests over the last
100 years. Pollen samples (1 cm3) were collected continuously
at 0.5-cm intervals (from 4 to 11 cm) and 1-cm intervals
(1–3 and 12–47 cm), and prepared using standard laboratory
procedures for palynological analysis (Berglund and Ralska-
Jasiewiczowa, 1986). Pollen grains were identified using atlases
(Moore et al., 1991; Beug, 2004) under a microscope at 400⇥ and
1,000⇥ magnifications. The figure of the simplified percentage
pollen diagram was prepared using the Tilia program (version
2.0.41) (Grimm, 1992; Supplementary Figure 1). The pollen
records from the Martwe peatland was compared with pollen
record from Mukrza peatland, which is ca. 5 km southeast of
the Martwe peatland. Original data come from the doctoral
dissertation of Milena Obremska (Obremska, 2006; Lamentowicz
and Obremska, 2010).

To extract past vegetation cover from pollen data we applied
REVEALS using the REVEALSinR function from the discover
R package (Theuerkauf et al., 2016). REVEALS is a correction
factor approach, i.e., bias in pollen data is removed by dividing
pollen counts by two corrections factors, i.e., pollen productivity
estimates (PPEs) to account for di�erential pollen production and

FIGURE 2 | Maps of the area within the 4-km radius from the Martwe peatland (Sphagnum floating mat on the Martwe lake). (A) Current forest structure. The map

was developed for the year 2020. (B) Differentiation of potential natural vegetation (Matuszkiewicz et al., 1995). (C) CORINE Land Cover. The map was developed

for the year 2018. The Martwe peatland is located in the center of each map.
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the dispersal-deposition factor K which accounts for di�erential
pollen dispersals. We selected the Lagrangian-stochastic model to
calculated K factors. As yet no PPEs are available from Poland,
we used a preliminary PPE data set, which is based on the
application of the ROPES model on a number of lake pollen
records from northern Poland and Germany (Supplementary
Table 1; Theuerkauf and Couwenberg, 2018). ROPES is a
quantitative method for translating single pollen records into
past vegetation composition without PPEs as an input parameter.
The method requires pollen counts and pollen accumulation rate
data. Besides reconstructed vegetation composition, ROPES also
estimates PPEs. Stratigraphic diagrams were prepared using C2
(Juggins, 2003).

Chronology
The six samples of Sphagnum stems were dated using 14C AMS
method in Poznań Radiocarbon Laboratory (laboratory code:
Poz;Table 1). The Bayesian age-depthmodel based on these dates
was constructed to determine the absolute chronology the age-
depth model was constructed using OxCal 4.3 software (Bronk
Ramsey, 1995, 2006), by applying the P_Sequence function,
assuming k0 = 0.9, log10(k/k0) = 1, and interpolation = 0.5 cm
(Bronk Ramsey, 2008; Ramsey and Lee, 2013). IntCal20 (Reimer
et al., 2020) and BombNH1 (Hua et al., 2013) 14C atmospheric
curves were used as the calibration sets. For better readability, µ
(mean) values are used to reflect the modeled age derived from
the age-depth model.

The topmost peat profile (53 cm) was dated using the 210Pb
method. A samples for the analysis were processed at the Institute
of Nuclear Physics, Polish Academy of Sciences, in Kraków.
The activity of 210Pb was determined as the activity of its
daughter radionuclide 210Po (half-life 138 days), which is in
radioactive equilibrium with 210Pb. A total of 52 peat samples,
weighing 0.35–0.63 g, were spiked with 208Po as a yield tracer
and digested using a concentrated mixture of HNO3, HCl, and
H2O2. Then, the solution was treated with 0.5 M HCl. Finally, a
thin alpha-spectrometric Po source was prepared by spontaneous

electrodeposition onto a silver plate after reduction of Fe3+ with
ascorbic acid (Flynn, 1968; Fernández et al., 2012; Lee et al.,
2014). The 210Po activities were measured using Alpha Duo
spectrometer with Ortec detectors.

Excess 210Pb (unsupported) was calculated as the di�erence
between the total activity concentration and supported activity
concentration of 210Pb. The supported activity was calculated
from the mean 210Pb activity concentration for the bottom layers
(56 ± 5 Bq/kg). The age–depth relationships in a part of the
peat core were estimated using two alternative dating models:
Constant Rate of Supply (CRS) and Constant Flux Constant
Sedimentation (CF/CS) (Sanchez-Cabeza and Ruiz-Fernández,
2012). The total unsupported inventory of 210Pb was calculated
to be 2,800 ± 350 Bq/m2. The value was then corrected based
on the extrapolation of the exponential equation to eliminate a
systematic deviation of CRS dates toward erroneously old ages—
the so-called “old-date error” (Binford, 1990; Tylmann et al.,
2016).

Remote Sensing Methods
The land-use changes in the study area (neighboring area
within a radius of 4 km) were reconstructed using archival
material and the following maps: (1) German topographic
maps—Messtischblatt (Meßtischblätter) in the scale of 1:25,000
[sheet: Lonsk (2375) from 1932 CE]; (2) Topographic Map of
the Military Geographical Institute—Tactical Map of Poland in
the scale of 1:100,000 (sheet P34 S26 Tuchola, released in 1933
CE, based on a photo from 1928 CE); (3) postwar topographic
maps in the scale of 1:25,000 published in the 1980s CE; (4)
overview map of the stands of the Osie Forest District, Szar�ata
area, in the scale of 1:20,000 (state on 1975); and (5) potential
natural vegetation map of Poland in the scale of 1:300,000 (sheet
A2) (Matuszkiewicz et al., 1995). All historic maps used for
the analysis were calibrated and geo-referenced. Their spatial
accuracy was ca. 30 m or better. The current state of the forest
was determined using aerial orthophotomaps. Information layers
with age, type, and tree species were obtained from the Forest

TABLE 1 | 14C dating results from the Martwe peatland with the calibration and description of the dated plant macrofossils.

Laboratory code -
number

Depth (cm) 14C date (14C BP) Calibrated dates [cal.
CE] (2s - 95.4%)

Dated material

Poz-88711 12.5 107.15 ± 0.35 pMC 1956–1957 (2.7%)

2002–2006 (92.8%)

Sphagnum stems

Poz-88710 20.5 115.36 ± 0.36 pMC 1957–1958 (12.8%)

1989–1992 (82.6%)

Sphagnum stems

Poz-88709 30.5 132.62 ± 0.4 pMC 1977–1979 (95.4%) Sphagnum stems

Poz-88714 40.5 101.78 ± 0.43 pMC 1955–1956 (95.4%) Sphagnum stems

Poz-88713 50.5 255 ± 30 1520–1587 (22.4%)

1622–1677 (54.4%)

1742–1751 (0.9%)

1764–1800 (17.8%)

Sphagnum stems

Poz-88708 56 230 ± 30 1530–1539 (1.2%)

1635–1686 (44.9%)

1732–1805 (44.1%)

1927–undefined limit (5.2%)

Sphagnum stems

pMC—the percentage of modern carbon; this unit is applied to modern dates (i.e., after 1950 CE).
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Data Bank of the Polish State Forests (pl. Bank Danych o
Lasach – Lasy Państwowe), which is part of the Numerical Forest
Map. The Forest Data Bank provides detailed information about
the modern forest. Data about open land were obtained from
CORINE Land Cover, topographic maps in the scale of 1:10,000,
and aerial photographs. Private forests were not included in
the study. At present, their share in the total forest area is
insignificant but it was considerable in the past in Tuchola
Pinewoods (Pączewski, 1924). All maps were prepared using
ArcGIS software.

RESULTS AND INTERPRETATION

Chronology
The age-depth model revealed that the model agreement (Amodel)
was 59%, which is almost equal to the recommended minimum
(60%) (Bronk Ramsey, 2008). As most of the dates showed an
individual agreement of >30% and all dates represented the
period after the year 1945, we decided to accept the model
(Figure 3 and Table 1). The fragment of the profile that was
studied (0–47 cm) spanned a period of ca. 1892–2016. For the
period after 1945, the maximum error of modeled age reached
4.3 years, whereas for the period between ca. 1891 and 1945 the
age uncertainty ranged between 10.6 and 30 years.

The results showed that 210Pb and 14C chronologies were
inconsistent for the lower part of the profile after applying the
two models (CF/CS and CRS) and correcting for the lower part
of the 210Pb date profile (Supplementary Files). For the section
between 35.5 and 25.5 cm, the chronologies did not overlap even
when maximum uncertainties were taken into account and both
models di�ered from each other by ca. 15–20 years. Finally, we
chose the absolute chronology based on 14C dates as it spans
a longer time interval. However, it must be mentioned that the
chronology for the period before the year 1945 (below 41 cm)
should be treated with caution as it is encumbered by relatively
high uncertainty.

Forest Composition Over the Last
Century
The results of the pollen analysis of the 47-cm peat core and
descriptions of the maps of plantings in 1900–2016 CE within
the 4-km radius of the Martwe peatland are presented together
for common zones (A–D) (Figures 4, 5). Zonation was based on
changes in regional vegetation between ca. 1900 CE and 2016,
data on planting areas (km2) within the 4-km radius of the
peatland, and historical events such as a tornado that occurred
on 14 July 2012 in Tuchola Pinewoods and local outbreaks of
Panolis flammea during 1922–1924 CE and Lymantria monacha
during 1979–1982 (Mokrzecki, 1928; Sliwa, 1989; Broda, 2000).

For the interval between ca. 1900 and 1922 CE (zone A,
47–44 cm), the pollen-based reconstruction suggested that the
forest covered on average ca. 52% of the surroundings of the
Martwe peatland (Figure 4). Pinus sylvestris was found to be the
most abundant taxon (ca. 29.7–34.9%), while Betula spec. was
rarer (ca. 3.8–10.8%). Picea abies had covered more than 10%
at the beginning of zone A but then its abundance declined

to almost zero. Secale cereale (11.4–19.7%) and other cereals
(5.8–12.8%) were the most abundant open land taxa, followed
by Rumex acetosa/acetosella (ca. 7.1–12.6%), Poaceae (grasses)
(ca. 3.5–5.6%), Artemisia (ca. 4.6–5.5%), and Plantago lanceolata
(ca. 2.2–4.2%). The lower forest cover (pollen data) in the
peat core accompanied with an increase in the planting area
(Figure 5A). The pollen data reflected high openness with
simultaneous a�orestation, which might be interpreted by the
lag between tree planting and the onset of pollen production.
Historical map data showed that ca. 5.6 km2 of the surface area
within the 4-km radius of the peatland (i.e., ca. 10% of the area)
was a�orested between 1900 and 1922 CE (Figure 5A). Most
plantings were made beyond 1 km from the peatland, and the
plantations included ca. 90.2% coniferous, ca. 9.1% deciduous,
and ca. 0.7% unidentified trees. The plantings probably suggests
previous clear cutting within these areas (assuming the forest
has been continuously maintained over the last 100 years in the
area) and/or a�orestation of new areas (for example, agricultural
fields) (Koziński, 2007). Tuchola Forest became the largest center
of wood production at the end of the 19th century. Therefore,
in the planting area, there may have been felling of trees for
industrial purposes in the earlier period and/or a�orestation after
clear-cutting for war (Broda, 2010).

The reconstructed plant abundances are roughly similar in
zone B (1922–1955 CE, 44–40 cm). The forest cover remained
at an average of ca. 47% (Figure 4), with Pinus sylvestris covering
ca. 31% and Betula spec. covering ca. 6–9% on average. Picea abies
clearly recovered from the decline in zone A, covering ca. 5% in
zone B. The reconstructed cover of Secale cereale is ca. 15–22%,
that of other cereals ca. 9–16%, that of Poaceae ca. 5%. Between
1922 and 1955 CE, trees were newly planted on ca. 13.3 km2

(ca. 26.5% of the study area), mainly as large plantations and
also in the vicinity of the Martwe lake (Figure 4B). Again, more
than 93.1% of the trees planted were coniferous, mainly Pinus
sylvestris, maintaining pine monocultures (ca. 6.1% deciduous
and ca. 0.8% unidentified trees). Much of the plantations likely
compensated for clear-cutting following World War II, and
especially disturbances caused by insect outbreaks from the
beginning of the 20th century (1922–1924 CE) (Stieber and Bartz,
1923; Bartz and Zió�kowski, 1924; Mokrzecki, 1928; Zió�kowski
and Bartz, 1928; Andrzejewski and Bartz, 1929; Broda, 2010;
S�owiński et al., 2019). Widespread large-scale clear-cutting in
the Tuchola Pinewoods was interspersed with insect outbreaks
in these times (Fuda�a, 1985; Sukovata and Kolk, 2000), resulting
in high economic losses. Between 1922 and 1925 CE, the
influence of the insect outbreaks was the strongest, and the
outbreaks mainly included that of Panolis flammea (moth and
its caterpillars feed on Pinus needles), and to a lesser extent
Lymantria monacha, which a�ected the Trzebciny Forest District
(forest district in which the lake is located) (Mokrzecki, 1928;
Fuda�a, 1985; Broda, 2000; Za�oga, 2014). In this case, an increase
in plantings was noted (Figure 5B). The clear-cutting caused by
insect outbreaks led to the removal of trees and reforestation,
mainly of Pinus sylvestris, in very large areas of Trzebciny Forest
District (Figure 5B).

In the period 1955 to 1980 CE (zone C, 40–28.5 cm), the
reconstructed forest cover increases from ca. 50% to ca. 80%,
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FIGURE 3 | Age–depth model of the peat core (MAR1) from the Martwe peatland.

mainly because of an increase in the cover of Betula spec. from ca.
5% to ca. 22%, particularly after 1965 CE (Figure 4). The cover
of Pinus sylvestris remains at about ca. 33%. The reconstructed
cover of Picea abies shows large variations from ca. 1.4% to
ca. 17.4%, and at least periodic higher values than before. For
most herbal taxa, including Secale cereale and other cereals, the
reconstructed cover in zone C is somewhat lower that before.
Only the cover of Poaceae is somewhat higher than before,
arriving at ca. 4.7% to ca. 8.6%. Between 1955 and 1980 CE,
ca. 5 km2 of the area was a�orested, i.e., significantly less than

during previous periods (Figure 5C). As before, most planted
trees have been coniferous (ca. 90%), mainly pine (Figure 5A).
Although archival data do not indicate prominent changes in
forest cover, our pollen-based reconstruction still suggests an
increase in forest cover, i.e., particularly a higher cover of Betula
spec. and Picea abies. We consider two likely explanations for
this mismatch. First, Betula spec. may have truly expanded within
existing, pine dominated forests, e.g., due to changes in forest
management or nutrient availability. Secondly, Betula spec. may
have expanded in the vicinity of the sample site. In this case,
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FIGURE 4 | REVEALS-reconstructed abundance of major plant taxa in the surroundings of the Martwe peatland (Sphagnum floating mat on the Martwe lake) (⇥10

magnification). The figure also includes the area of newly planted (km2) coniferous, deciduous, and unidentified trees within the 4-km radius from the peatland, major

local outbreak events (Lymantria monacha—L.m.; Panolis flammea—P.f.), and a description of the main stages.

higher pollen deposition of Betula spec. a is result of high
(extra) local pollen deposition.

Zone D (28.5–5.5 cm, 1980 and 2012 CE ± 2 years) is
characterized by the highest reconstructed forest cover (ca. 67.2–
86.7%, Figure 4). Within the zone, the cover of Betula spec. is
highest between 1980 and 2000 CE (ca. 30%) while the cover of

Pinus sylvestris is highest between 2000 and 2012 CE (ca. 50%).
Moreover, at the beginning of zone D, a peak in the cover of
Picea abies (ca. 28%) is observed. After ca. 1980, the reconstructed
cover remains much lower. This decline likely represents the
outbreak of Lymantria monacha between 1979 and 1982 in the
Trzebciny District (Sliwa, 1989; Za�oga, 2014; Jablonski, 2015).
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Our reconstruction also suggested some expansion in Alnus
glutinosa to ca. 2.6% on average. Other deciduous taxa showed
only slight changes. The cover of open taxa and, including
Cerealia type excl. Secale, Secale cereale, Plantago lanceolota, and
Rumex acetosa/acetosella, is lower than before. Between 1980
and 2012 CE, an area of ca. 3.6 km2 has been a�orested within
4 km distance from lake Martwe, i.e., a smaller area than before
(Figure 5C). Among the newly planted trees, the proportion
of deciduous trees is higher than before (>30%) whereas the
proportion of coniferous trees is lower (>60%) (Figure 5A).

Our reconstruction suggests a prominent role of Betula spec.
in the forests of the study area at least between 1980 and 2000
CE. Currently the forests in the Trzebciny District are clearly
dominated by Pinus sylvestris (ca. 91%) whereas Betula spec. plays
only a minor role (ca. 3%) (Kasprzyk, 2021). The literature/maps
indicate that the cover of Betula spec. was not substantially
higher between 1980 and 2000. The higher reconstructed cover
may be an artifact of high (extra)local pollen deposition, i.e.,
pollen deposition from Betula spec. trees growing at or close
to the core location. We cannot evaluate whether the increase
in the reconstructed cover of Betula spec. since 1965 is fully
attributable to such e�ect, or whether it represents some true
regional expansion of Betula spec. Such expansion may have
been triggered by changes in forest management and grazing
intensity. Betula could be actively removed as a “forest weed”
until the mid-20th century (our results) (Grus, 1891, 1897; Dec,
1945). Also, in the past Betula was limited by intense grazing

(Supplementary Figures 2, 3; Mokrzecki, 1928; Broda, 2000) and
insect outbreaks. In previous centuries, the forest was used more
by humans (Supplementary Figures 2, 3).

Finally, our reconstruction indicates very recent changes in
forest composition (zone E, 2012 ±1 year to 2016 CE, 5.5–1 cm,
Figure 4). The cover of Pinus sylvestris is somewhat lower (40%),
which can be mainly related to forest tornado damage in 2012
CE (Figure 1; Taszarek et al., 2016; Kaleta, 2017). For Betula
spec., a short increase to ca. 26% was observed, followed by a
steady decline to ca. 6%. For Alnus glutinosa, a distinct increase
to ca. 16% is indicated after 2014 CE. Other tree taxa showed no
prominent changes. Both the high cover of Betula spec. around
2012 CE and the high cover of Alnus glutinosa in recent years are
unrealistically high, forest inventories show much lower cover.
Hence, the high values likely are an artifact of (extra) local pollen
deposition at the coring site. Among the herbs, some increase
was noted particularly for the grasses, compared to the end of
zone D. Between 2012 and 2016 CE, ca. 2.6% of the area within
4 km from the study site was a�orested (Figure 5E), with ca.
67.3% coniferous and ca. 32.7% deciduous trees (Figure 2A).
The a�orested areas included those bordering the peatland to
the south and east. Most trees were newly planted following the
tornado in 2012 in the devastated areas (Figures 1, 4D; Stopiński,
2012; Taszarek et al., 2016). The tornado had mostly destroyed
ca. 80-year-old Pinus sylvestris trees planted after an outbreak of
Panolis flammea from 1922 and 1924 (Figure 4; Mokrzecki, 1928;
Broda, 2003).

FIGURE 5 | Maps of the subsequent plantings in 1900–2018 CE within the 4-km radius from the Martwe peatland (Sphagnum floating mat on the Martwe lake). The

peatland is located in the center of each map. The letters (A–E) correspond to the palynological zones. The term “old forest” in the map refers to an already wooded

area.
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DISCUSSION

Legacy of Forest Management
The forests of the study area (Figures 4, 5) are mainly pine
monocultures introduced by humans for timber harvesting
(Mokrzecki, 1928; Gietkowski, 2009). The current vegetation
clearly di�ers from the potential natural vegetation, which is
richer in deciduous tree taxa (Figure 5). Human impact on the
vegetation in the Tuchola region is well recognizable since the
beginning of the Middle Ages (Milecka and Szeroczyńska, 2005;
Noryśkiewicz, 2006), whereas the origin of the Pinus sylvestris
monocultures dates back to the Prussian Partition (Gietkowski,
2009; Figure 6). Large-scale transformation of forests was started
by Prussia soon after the first partition of Poland in 1772
CE (Gietkowski, 2009; S�owiński et al., 2019). Some e�ects of
this transformation were clear-cutting and introduction of pine
monocultures on poor soils developed on Wda and Brda sandy
outwash plains (Dysarz, 1998; Gietkowski, 2009; Supplementary
Figure 1). Paleoecological studies conducted on the lakes and
peatlands in the Tuchola forest have confirmed strong human-
induced changes in the composition of the forest over the last
300 years (Lamentowicz et al., 2007, 2013; Dietze et al., 2019;
S�owiński et al., 2019).

The forest management, as well as the perception of the
forest by managers and local communities, has changed through
time. This is most clearly visible in the species composition
of the forests that were managed before the last centuries in
the entire Tuchola Pinewoods (Broda, 2000). Due to changes
in the management and transformation of forests into a pine
monoculture, the perception of local people and foresters
toward pine monoculture and particular tree species has
also been a�ected (Karasiewicz, 1922, 1926; Mokrzecki, 1928;
Supplementary Figures 1, 2). The most prominent example
is Betula spec. which has been considered a forest pest (Grus,
1897) and hence was simply removed from the undergrowth
(Grus, 1897; Dec, 1945). Correspondingly, our reconstruction
showed a low cover of Betula spec. until World War II. After
the war, Betula spec. became more abundant because Betula
strips were introduced as a so-called green belt surrounding pine
monocultures to better control forest fires (Forest Fire Protection
Manual). Moreover, in the past, local communities were allowed
to use the forest for the grazing of sheep and cows and to
collect needles and cones (Mokrzecki, 1928; Broda, 2000). These
activities largely removed the forest undergrowth, including
Betula, and prevented ground fires. However, these activities also
removed nutrients, and as a result, caused degradation of forests
and increased their susceptibility to insect attacks (Broda, 2000).

Methodological Implications – Archival
Materials Meet Paleoecology
The present comparison of a pollen-based land-cover
reconstruction with archival data shows similarities but
also di�erences, which points at limitations of either approach.
Most importantly, the land-cover reconstruction suggests an
increase in forest cover since about 1950 CE, while archival
data show a stable pattern of forest and open land. The primary
cause for that mismatch may be the changing age structure of

pine plantations. Our pollen-based reconstruction assumes that
pollen productivity of all taxa is a constant. In reality, however,
pollen productivity is variable and influenced, e.g., by the age
of a forest stand. Before 1950 CE, the area of newly planted
pine forests was high, following large scale harvesting and
insect outbreaks. Hence, the area of young pine forests, which
still produce low or little pollen was high. After 1950 CE, the
situation was more stable and the proportion of older forests
with high pollen production likely increased. Besides age, pollen
production may also be influenced by nutrient availability. Until
the mid 20th century, forest grazing and the removal of organic
matter probably has reduced nutrient availability, which may
have reduced tree growth and pollen productivity. Moreover,
over the past decades, atmospheric fertilization has enabled
accelerated tree growth (Pretzsch et al., 2014), and may have also
a�ected pollen production.

Our reconstruction suggests widespread expansion of Betula
spec. during the second half of the 20th century, likely because
forest grazing ended and more nutrients were available. Betula
spec. did not expand in previously open areas but obviously in
the existing pine forests, as understory element and/or along
forest margins. The forests would hence produce, besides Pinus
sylvestris pollen, an increasing amount of Betula spec. pollen.
In other words, the pollen deposition of tree taxa, mainly
Pinus sylvestris and Betula spec., increases, although the forest
cover is unchanged. Hence, a second cause for the mismatch
between the pollen-based forest cover and archival pollen cover
may be the expansion of Betula spec. in Pinus sylvestris forests.

Alternatively, the possibly too high reconstructed cover of
Betula spec. particularly between 1980 and 2000, may be
attributable to (extra) local pollen deposition. The REVEALS
approach is suited for pollen records from large lakes, which well
represents regional vegetation composition. Pollen deposition
in small lakes and peatlands, like lake Martwe, may instead
be much influenced by (extra) local pollen deposition from
nearby vegetation and hence represent a mixture of regional
and local scale vegetation composition. Application of more
suited local scale methods, such as LOVE or Marco Polo, was
impossible because of a missing regional reference site (Sugita,
2007; Mrotzek et al., 2017).

Overall, our results underline that interpretation of pollen
records from the recent past is far from simple, mainly because
the pollen production of trees and herbs is variable due to
changes in land management, atmospheric fertilization and also
the climate. Further comparisons of archival and pollen-based
reconstructions would be helpful to better understand the e�ects.
To this end, records of pollen accumulation rates, e.g., from
varved lakes, would be particularly useful because they avoid the
mutual interdependence of pollen percentage data.

Long-Term Environmental
Consequences of the Forest
Plantations – Archival Materials Meet
Paleoecology
The pollen signal from the Martwe peat core (MAR1), along with
the remote sensing data, clearly show the land-use changes that
were caused by the clear-cutting of pine monocultures and insect
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FIGURE 6 | Relative abundance of arboreal pollen (AP, standard and untransformed pollen values) in the past based on a pollen record from the Mukrza peatland

and comparison of records from the Martwe peatland. The figure present four phases of forest transformation by human activities in the Tuchola Pinewoods: (a)

around 800 CE, before the end of the Migration Period, seminatural vegetation forest composition; (b) early Medieval Period, beginning of the 12th century, low

human activity; (c) beginning of the 19th century, the period after the introduction of pine monoculture; and (d) current forest vegetation composition, end of the 20th

century. The zones are based on a study of the Mukrza peatland by Obremska (2006).
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outbreaks in the 20th century as well as a recent disaster—the
tornado in 2012 (Figures 4, 5). Especially, a good correspondence
was observed between the changes in Pinus sylvestris pollen
signals with archival materials and the cartographic data of
the tornado event. The last dramatic event (and other massive
wind throws that occurred in the region) and historical events
like insect outbreaks during the last 100 years in Tuchola
Pinewoods confirm the high vulnerability of these types of
ecosystems to various disturbances like winds, pathogens, and
fires (Mokrzecki, 1928; Seidl et al., 2017). Similar changes were
observed in the forest composition during the last 100 years
in the Mukrza peatland (Figures 1, 6). The pollen records of
both peatland are compared in Figure 6. It can be noticed that
the relative abundance of arboreal pollen was similar—90.8% in
Martwe and 87.5 in Mukrza peat—in ca. 1996 CE (standard and
untransformed pollen values). The relative abundance of Pinus
sylvestris was ca. 55.9% and ca. 54.7%, respectively (Figure 6).
Studies of forest plantations in various regions of the world
show that forest homogenization increases the vulnerability of
the emerging novel ecosystem (S�owiński et al., 2019; Matusick
et al., 2020). Monocultures of Pinus sylvestris cause acidification
and depletion of soils, which not only results in reduced
productivity (Bialy, 1999; Baltodano, 2000; Rutkowska, 2019;
Steckel et al., 2020), but also has a negative impact on the
biodiversity of forests (Gustafsson et al., 2012; Fedrowitz et al.,
2014) and leads to acidification of wetlands (Lamentowicz
and Mitchell, 2007). Furthermore, the long-term process of
restoration influences soil biodiversity (Fedrowitz et al., 2014)
and, as a consequence, the resistance of Scots pine in Tuchola
Pinewoods. Due to the transformation of mixed-forest (mainly
removal of hornbeam, oak, ash, and alder forests) into pure Pinus
sylvestris monoculture (Figure 6; Miotk-Szpiganowicz, 1990;

Boiński, 1993), the Tuchola Pinewoods are more vulnerable
to disturbances such as insect outbreaks, fires, or winds
(S�owiński et al., 2019).

Across Poland, pine forest monocultures have usually
been established on sandy soils (Matuszkiewicz, 1999). The
susceptibility of pine forest in our study area represents a
climate-related hazard. Due to maintaining pine monocultures,
the management of Tuchola Pinewoods is not focused on the
natural regeneration of forests (Figure 6). The current challenge
is to find optimal solutions for forest regeneration and adapt its
species composition to changing habitat (Tomaś and Jagodziński,
2019). As a consequence of delay in the adaptation of tree
composition to new conditions caused by climate changes due
to the long-life cycle of trees (Jagodziński, 2020), Picea abies and
Betula forests die out in many regions of Poland (Boczoń et al.,
2018; Skrzecz and Perlińska, 2018). Although the European forest
policy andmanagement widely promote the shift from coniferous
monocultures to mixed stands of coniferous and broadleaved
species, these suggestions are either not introduced in most of the
forested areas or not applied appropriately (Figure 7; Zerbe, 2002;
Kint et al., 2006; Knoke et al., 2008; Zhang et al., 2012; Thurm
et al., 2016; del Río et al., 2017). In the last decade, several studies
confirmed that the replacement of monocultures bymixed forests
increases their resistance to sudden climate shifts (Thurm et al.,
2016; Leuschner and Ellenberg, 2017) and disturbances such
as insect outbreaks, fires, and pathogen invasion. Nevertheless,
it has been highlighted that natural recovery leads to higher
biodiversity as well as a more resilient and productive ecosystem
(Liang et al., 2016; Leuschner and Ellenberg, 2017). Based on
the forecasts of threats to individual tree species in Europe,
Dyderski et al. (2018) clearly emphasized that the so-called
pioneering tree species like Betula pendula, Larix decidua, Picea

FIGURE 7 | Drone pictures of the forest planted after forest tornado damage from 2012 with characteristic Betula pendula islands and Betula pendula trees along

the roads. In the background – Martwe lake with Sphagnum floating matt (Martwe peatland).
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FIGURE 8 | Summary diagram of REVEALS-reconstructed plant abundances and remote sensing data after and before the tornado event from 2012. Maps of the

area within the 4-km radius from the Martwe peatland (Sphagnum floating mat on the Martwe lake).

abies, and Pinus sylvestris will be increasingly a�ected by climate
change-related issues such as increases in disturbances and insect
outbreaks (Seidl et al., 2014). The authors underline that this
constitutes a serious threat to both forest management and nature
conservation due to the fact that Pinus sylvestris occupies about
67% of the forest area of the country (Dyderski et al., 2018). The
cultivation of Picea abies and Pinus sylvestris forest was adequate
in the past two centuries; however, with progressive global
warming, the measurable benefits might be di�cult to achieve.
Droughts cause permanent changes in forest composition and
conditions (Jagodziński, 2020), and thus contribute to the
weakening of trees in the forests. Our study documented an
increased abundance of deciduous forests (Figure 4) in the last
two decades. During that time, the planting of deciduous forest
accounted for a high percentage, which was not observed earlier
(Figure 4). However, there is still a large di�erence in relation
to the species composition from the Medieval Period (Figure 6;
Obremska and Lamentowicz, 2006).

The changes in the structure and composition of the forest
during the last 100 years were compared using pollen records
and archive maps. The results (Figures 4, 5) showed that
the size and location of tree plantings in the last 100 years
allowed the reconstruction of considerable land-use changes. We
recorded a strong relationship between the pollen spectra of
Pinus sylvestris and the planting process, and consequently, forest
tornado damage by the tornado in 2012 (Figures 4, 5, 8). Data
combination proves that paleoecology with archivalmaterials and
cartographic data complement each other well, especially in the
case of heavily economically exploited monoculture leading to

critical transitions. The pollen pattern of Pinus sylvestris, along
with the archival materials and cartographic data between 1900
and 1943 CE, indicates clear cutting on a wide scale. Moreover,
the location and size of plantings and later clear-cutting suggest
dynamic changes in land use until 1965 CE, especially in the
first half of the 20th century, while the period between 1965 and
2012 CE was characterized by a clear slowdown in changes. We
have planned to use precise data about the location and size of
plantings in further paleoecological research to study the impact
of deforestation and clear-cutting on the functioning of wetland
ecosystems (S�owiński et al., 2017; �uców et al., 2018).

CONCLUSION

We present the first tornado-related paleoecological record
from a monoculture in Poland on the background of previous
forest management (clear-cutting, cutting after insect outbreaks),
through vegetation reconstruction of a 100-year-old peat core,
based on pollen analysis and the REVEALS model as well as
on remote sensing data. Results of this study confirm that an
event such as a tornado (forest tornado damage) may be recorded
in a peat core. The forest tornado damage from 2012 was
characterized by a decrease in Pinus sylvestris cover as a result
of the destruction of the forest by a tornado and the increase
of Betula spec. cover. The combination of paleoecological and
remote sensing data allowed us to present the forest management
practices during the last 100 years. The past forestry practices
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(like clear-cutting and cutting after insect outbreaks, also to a
lesser extent an active removal of Betula as a “forest weed”)
are well identified in the proxy record. Our study shows that
the observed monocultural stands lacked resistance to strong
winds, but they were weakened most possibly also by droughts,
and susceptible to insect outbreaks. Although the monocultures
quickly replaced the disturbed stands, they did not result in any
change in management, and as a result, only Pinus sylvestris was
newly planted repeatedly. It is only in the last two decades that
a change occurred in management and deciduous species such
as oak and hornbeam were introduced into monocultures. This
trend should be maintained to achieve the species composition
and percentage share as that of 300 years ago to make the forest
less sensitive to wind and better adapted to climate change.
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Mickiewicz University, Poznań (Poland). We would like to thank
the Polish State Forests for sharing the databases which are part of
the Numerical Forest Map. We are grateful to Jan Matuszkiewicz
for allowing us to use the map of the potential natural vegetation
of Poland.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fevo.2021.
747976/full#supplementary-material

Supplementary Figure 1 | Simplified percentage pollen diagram from the Martwe

peatland (⇥10 magnification).

Supplementary Figure 2 | A postcard from around 1900 CE showing the life of

the inhabitants of Tuchola Pinewoods and their integration with the forest (from the

collection of the Muzeum Pomorza, www.muzeumpomorza.pl) and wood run-off

down the Wda River.

Supplementary Figure 3 | A postcard from around 1900 CE showing the life of

the inhabitants of Tuchola Pinewoods and their integration with the forest (from the

collection of the Muzeum Pomorza, www.muzeumpomorza.pl) as well as the life of

the inhabitants of pine monocultures.

Supplementary Table 1 | Parameters (fall speed, PPE, and PPE error) of pollen

used to prepare REVEALS reconstruction.

Supplementary Files | Absolute chronologies derived from 14C and 210Pb

dates from the Martwe peat profile (MAR-1).

REFERENCES
Andrzejewski, M., and Bartz, E. (1929). Rynek Drzewny i Budowlany: Organ

dla Handlu i Przemys�u Drzewnego Oraz Budowlanego (Eng. The Timber and
Construction Market: An Authority for the Wood and Construction Trade and
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Echa leśne. Available online at: http://www.idpan.poznan.pl/images/
Echa_Le%C5%9Bne_-_Liczy_si%C4%99_ka%C5%BCda_kropla.pdf?
fbclid=IwAR2dhF0weIv8FSM4giHd8szpHCsj6D03IfPoCx8bVoVRD_
6e5yHskLy9gX8 (accessed July 06, 2020).

Jantz, K. (1971). Stormfällningarna belysta av Riksskogstaxeringen. Skogen 9,
303–305.
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Warszawa: Związek Zawod. Leśników w Rzplitej Polskiej.

Moore, P. D., Webb, J. A., and Collinson, M. E. (1991). Pollen Analysis. Hoboken,
NJ: Blackwell Scientific Publication.

Mrotzek, A., Couwenberg, J., Theuerkauf, M., and Joosten, H. (2017). MARCO
POLO – a new and simple tool for pollen-based stand-scale vegetation
reconstruction. Holocene 27, 321–330. doi: 10.1177/0959683616660171
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              Supplementary Figure 1 | Simplified percentage pollen diagram from the Martwe peatland (×10 magnification).  

            



Supplementary Figure 2 | A postcard from around 1900 CE showing the life of the 

inhabitants of Tuchola Pinewoods and their integration with the forest (from the 

collection of the Muzeum Pomorza, www.muzeumpomorza.pl) and wood run-off down 

the Wda River.  

 
 

 

 

 

 

 

 

 



Supplementary Figure 3 | A postcard from around 1900 CE showing the life of the 

inhabitants of Tuchola Pinewoods and their integration with the forest (from the 

collection of the Muzeum Pomorza, www.muzeumpomorza.pl) as well as the life of the 

inhabitants of pine monocultures.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Supplementary Table 1 | Parameters (fall speed, PPE, and PPE error) of pollen used 

to prepare REVEALS reconstruction.  

NR. Ta[Rn/VSecieV FallVSeed m V-1 PPE PPE eUURU 

1 AceU 0,056 0,03 0,003 

2 AlnXV glXWinRVa W\SH 0,021 2,228 0,223 

3 BeWXla alba W\SH 0,024 2,081 0,208 

4 CaUSinXV beWXlXV 0,042 0,965 0,096 

5 CRU\lXV aYellana 0,025 1,801 0,180 

6 FagXV V\lYaWica 0,057 0,925 0,093 

7 FUa[inXV e[celViRU 0,022 0,500 0,050 

8 Picea abieV 0,056 0,262 0,026 

9 PinXV V\lYeVWUiV W\SH 0,031 1,833 0,183 

10 QXeUcXV 0,035 1,900 0,190 

11 Tilia cRUdaWa W\SH 0,032 0,457 0,046 

12 UlmXV 0,032 0,730 0,073 

13 Sali[ 0,022 0,500 0,050 

14 AUWemiVia 0,025 0,422 0,042 

15 CallXna YXlgaUiV 0,038 0,365 0,036 

16 CHUHaOLa W\SH H[FO. Secale 0,06 0,165 0,016 

17 C\SHUaFHaH 0,035 0,419 0,042 

18 PRaFHaH 0,035 1,000 0,100 

19 PlanWagR lanceRlaWa 0,029 0,325 0,032 

20 RXme[ aceWRVa/aceWRVella W\SH 0,018 0,436 0,044 

21 Secale ceUeale 0,06 0,318 0,032 

 

 
 
 
 
 
 
 
 
 
 



Supplementary Files | Absolute chronologies derived from 14C and 210Pb dates from 

the Martwe peat profile (MAR-1).  

 

  
Absolute chronology 
derived from 14C age 

depth-model 
Chronology derived from 210Pb measurements 

Depth 
[cm] 

Calendar 
date [CE] 

Sigma error  
[years] 

Calendar 
date [CE] Uncertainty  [years] 

Activity 
concnetration of 

210Pb 
unsupported 

(Bq/kg) 

Uncertainty 
(Bq/kg) 

0,5 2016 1 2016 0.205107548342522 251.66305416416 16.8483740269826 
1,5 2015 1 2015 0.5280661118334 222.057795904585 13.9818951052029 
2,5 2014 2 2013 0.81618292207264 346.765362486269 19.7549031434899 

3,5 2013 3 2011 1.07213574671841 238.050210711409 13.688326567007 
4,5 2012 3 2010 1.29707937189393 223.936389430437 13.2227020134408 
5,5 2011 2 2009 1.48176227618232 200.337119313903 11.8881085679844 
6,5 2010 2 2008 1.66929006388075 184.125998347421 12.003262101745 
7,5 2009 3 2006 1.89875442698695 198.494706261491 12.0063123981247 
8,5 2008 3 2005 2.15890153549611 204.029033319688 11.7114851006934 
9,5 2007 3 2003 2.47566457025347 187.154789201888 10.8419056397284 

10,5 2006 2 2001 2.77853249640366 158.990985755459 10.3985999046235 
11,5 2005 2 1999 3.02356149723605 163.786058964017 13.2997946467442 
12,5 2004 2 1998 3.3141024159614 187.96635297395 13.7392401467285 

13,5 2003 3 1995 3.70295720366985 211.251290904081 11.7688797680685 
14,5 2001 3 1993 4.1401404146074 181.104676347499 12.2026539840228 
15,5 1999 3 1991 4.58548671283352 176.399936570363 10.4594039946056 
16,5 1998 3 1989 4.9265709713066 82.0066159252444 7.82095261881072 
17,5 1996 3 1988 5.18393356689336 97.5757192417648 9.43138220590874 
18,5 1995 3 1986 5.47542682473548 102.206237195775 9.33224024000226 
19,5 1993 3 1985 5.71181569718348 62.9981763762617 6.75357926596181 
20,5 1991 2 1984 5.92691323308004 72.8426034124735 8.57853779516515 
21,5 1990 2 1982 6.25345063436389 96.5768626120212 7.59084362781963 
22,5 1989 3 1980 6.64924506187533 87.5652283753764 7.51586233993798 

23,5 1987 3 1976 7.21775499798395 123.441564455777 10.1808508892519 
24,5 1986 3 1973 7.89176803271494 99.8268052086794 11.2633039003882 
25,5 1984 3 1969 8.58216800543837 115.709280956632 11.7893566574647 
26,5 1983 3 1966 9.28711137840724 92.5137767571033 5.9356668603277 
27,5 1981 3 1964 9.84912760345018 75.8593076560684 6.60725902687385 
28,5 1980 3 1961 10.4305550594526 83.6747146656893 7.91768074696078 
29,5 1979 4 1958 11.0048149624092 66.9259448709402 8.27678599494786 
30,5 1977 4 1956 11.4396332361724 56.4957456017308 9.21293649579341 



31,5 1975 4 1954 11.7877514483289 51.521103758645 6.85690806622227 
32,5 1972 4 1952 12.1689268537926 58.1985458257708 6.5454338767788 
33,5 1970 4 1949 12.5195920357952 50.7055670920767 5.67190971586847 
34,5 1968 4 1946 12.5970649178327 44.2460021435222 6.15603959028672 
35,5 1966 4 1944 12.0672707746528 16.0584128502588 5.46620023769959 
36,5 1963 4 1943 11.0285371152379 12.5355082973004 6.34758187609128 
37,5 1961 4 1942 9.9508578520752 20.3347473886947 5.77932556245851 
38,5 1959 3 1942 9.24652086858586 11.1094630523532 5.5970260030623 

39,5 1956 3 1941 8.91881770473349 30.395190726143 6.44410260744379 
40,5 1955 2 1940 8.26432727929973 7.68180099102685 5.13039779453514 
41,5 1944 11 1940 7.03888662586579 7.80257431959955 4.87184818723198 
42,5 1935 15 1939 5.18068034873982 9.23217474493174 6.24499796535022 
43,5 1925 19     

44,5 1916 23     

45,5 1906 26     

46,5 1897 29     

47,5 1887 31     

48,5 1878 34     

49,5 1868 37     

50,5 1859 39     

51,5 1852 38     

52,5 1846 36     

53,5 1839 35     

54,5 1833 34     

55,5 1826 33     

 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 
 
 
 intcal20_t intcal20_dt z mu sed from_68_3 to_68_3 from_95_4 to_95_4 
0.5 2015.7 0.5 0.5 2015 NaN 2014 2017 2012 2017 
1.5 2015.1 1.4 1.5 2015 1.03 2013 2018 2009 2018 
2.5 2014.2 2.2 2.5 2014 1.03 2012 2018 2008 2018 

3.5 2013.0 2.5 3.5 2013 1.03 2010 2018 2007 2018 
4.5 2011.8 2.5 4.5 2011 1.03 2008 2015 2006 2018 
5.5 2010.8 2.2 5.5 2010 1.03 2007 2014 2005 2018 
6.5 2009.9 2.3 6.5 2009 1.03 2007 2013 2003 2017 
7.5 2009.0 2.5 7.5 2009 1.03 2006 2012 2002 2014 
8.5 2008.0 2.6 8.5 2008 1.03 2005 2010 2002 2014 
9.5 2006.9 2.5 9.5 2006 1.03 2003 2010 2001 2014 
10.5 2006.0 2.2 10.5 2006 1.03 2003 2009 2000 2013 
11.5 2005.2 2.0 11.5 2005 1.03 2002 2008 1998 2011 
12.5 2004.3 2.2 12.5 2004 0.779 2002 2008 1998 2008 
13.5 2002.5 2.7 13.5 2002 0.626 1999 2008 1996 2008 
14.5 2000.8 2.7 14.5 2000 0.626 1996 2005 1994 2008 
15.5 1999.3 2.8 15.5 1999 0.626 1995 2003 1991 2008 
16.5 1997.7 2.9 16.5 1997 0.626 1994 2000 1991 2005 
17.5 1996.1 2.8 17.5 1996 0.627 1991 2000 1989 2003 
18.5 1994.5 2.7 18.5 1994 0.626 1991 1998 1986 2001 

19.5 1992.8 2.6 19.5 1992 0.626 1989 1995 1987 1999 
20.5 1991.0 1.7 20.5 1991 0.661 1988 1993 1986 1998 
21.5 1989.9 2.1 21.5 1989 0.700 1987 1993 1982 1996 
22.5 1988.5 2.7 22.5 1988 0.700 1986 1992 1982 1994 
23.5 1987.0 3.0 23.5 1987 0.700 1983 1990 1980 1994 
24.5 1985.6 3.1 24.5 1985 0.700 1981 1990 1978 1994 
25.5 1984.2 3.2 25.5 1984 0.699 1980 1988 1976 1992 
26.5 1982.7 3.3 26.5 1982 0.700 1979 1986 1974 1990 
27.5 1981.3 3.3 27.5 1981 0.700 1977 1985 1973 1990 
28.5 1979.9 3.3 28.5 1979 0.700 1976 1984 1971 1988 
29.5 1978.5 3.5 29.5 1978 0.700 1976 1982 1971 1986 
30.5 1976.9 3.6 30.5 1976 0.535 1973 1980 1971 1984 
31.5 1974.7 3.8 31.5 1974 0.433 1970 1979 1963 1984 
32.5 1972.4 4.1 32.5 1972 0.433 1969 1977 1961 1982 
33.5 1970.1 4.2 33.5 1970 0.433 1965 1975 1960 1979 
34.5 1967.8 4.3 34.5 1967 0.433 1963 1973 1958 1977 
35.5 1965.5 4.3 35.5 1965 0.433 1960 1970 1955 1975 
36.5 1963.2 4.1 36.5 1963 0.433 1958 1967 1954 1972 



37.5 1960.8 3.9 37.5 1960 0.433 1956 1965 1952 1969 
38.5 1958.5 3.4 38.5 1958 0.433 1954 1961 1951 1966 
39.5 1956.4 2.5 39.5 1956 0.433 1953 1959 1949 1964 
40.5 1954.5 2.0 40.5 1954 0.169 1952 1958 1948 1960 
41.5 1944.4 10.6 41.5 1944 0.105 1939 1956 1920 1959 
42.5 1934.8 15.3 42.5 1934 0.105 1929 1953 1901 1957 
43.5 1925.3 19.1 43.5 1925 0.105 1916 1949 1883 1954 
44.5 1915.8 22.5 44.5 1915 0.105 1904 1943 1867 1952 

45.5 1906.2 25.6 45.5 1906 0.105 1891 1939 1848 1949 
46.5 1896.7 28.6 46.5 1896 0.105 1880 1936 1832 1946 
47.5 1887.2 31.4 47.5 1887 0.105 1870 1937 1818 1942 
48.5 1877.6 34.1 48.5 1877 0.105 1863 1936 1799 1939 
49.5 1868.1 36.8 49.5 1868 0.105 1796 1916 1789 1939 
50.5 1858.5 39.4 50.5 1858 0.125 1788 1884 1783 1934 
51.5 1852.0 37.9 51.5 1852 0.154 1786 1879 1777 1928 
52.5 1845.5 36.4 52.5 1845 0.154 1782 1875 1770 1916 
53.5 1839.0 35.1 53.5 1839 0.154 1782 1870 1766 1898 
54.5 1832.5 33.9 54.5 1832 0.154 1781 1863 1757 1883 
55.5 1826.1 33.0 55.5 1826 NaN 1781 NaN 1749 NaN 

 
 
 
 
 
 



 
 

 
56 RŽǌƉƌaǁa dŽkƚŽƌƐka͗ ZabƵƌǌenia ƚŽƌfŽǁiƐk mƐǌaƌnǇch ǁ ƑƌŽdkŽǁŽ-wschodniej Europie - D͘ ŁƵcſǁ 

 

 

 

 

 

DRUGI AZdz<hB 

BƵĐſw, D.͕ LaŵĞŶƚŽǁŝcǌ͕ M͕͘ ObƌĞŵƐŬa͕ M͕͘ AƌŬŚŝƉŽǀa͕ M͕͘ KŝƚƚĞů͕ P͕͘ ŁŽŬaƐ͕ E͕͘ MaǌƵƌŬĞǀŝcŚ͕ 

A., Mrſǌ͕ T͕͘ TũaůůŝŶŐŝŝ͕ R͕͘ aŶd SųŽǁŝŷski, M. (2020). Disturbance and resilience of a Sphagnum 

peatland in western Russia (Western Dvina Lakeland) during the last 300 years: a multiproxy, 

high-resolution study. The Holocene, 30 (11), 1552-1566, 

doi.org/10.1177/0959683620941064  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



https://doi.org/10.1177/0959683620941064

The Holocene
2020, Vol. 30(11) 1552 –1566
© The Author(s) 2020
Article reuse guidelines:
sagepub.com/journals-permissions
DOI: 10.1177/0959683620941064
journals.sagepub.com/home/hol

Introduction
Peatlands are particularly sensitive to environmental disturbances 
resulting from human activities (Dise, 2009). Throughout Europe, 
many peatlands have been disturbed due to agricultural intensifi-
cation and forestry practices in the last centuries (Joosten and 
Clarke, 2002; Tobolski, 2003; Swindles et al., 2019). Loss of wet-
lands in the 19th and 20th centuries CE was related mostly with 
mire drainage and peat exploitation (Chambers et al., 2013; 
Kołaczek et al., 2018b; Swindles et al., 2016). The development 
of many of these ecosystems has also been disturbed owing to the 
effects of deforestation (Lamentowicz et al., 2007; Słowiński 
et al., 2016; Woodward et al., 2014), fire (Florescu et al., 2018; 
Marcisz et al., 2015; Tinner et al., 2005), and pollution (Fialkie-
wicz-Koziel et al., 2016). Therefore, there is a need to understand 
the effects of disturbances caused by human activity to peatland 
ecosystem. Especially important in this context are high-resolu-
tion studies based on several proxies and detailed chronology 
(Lamentowicz et al., 2009, 2013; van der Knaap et al., 2011) from 
ombrotrophic peatlands. They are unique repository of high-qual-
ity information about environmental changes because receive 
water and nutrients through a single source (i.e., rainfall).
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peatland in western Russia (Western Dvina 
Lakeland) during the last 300 years: A 
multiproxy, high-resolution study
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Abstract
This paper presents the results of multiproxy research (pollen, charcoal, plant macrofossil and testate amoebae) on the biogenic deposits core from 
Gorodetsky Moch, an ombrotrophic peatland in western Russia (Western Dvina Lakeland). We reconstructed the impact of disturbance on peatland 
development in the last 300 years by using chronology of the records based on 14C and 210Pb data set. The multiproxy reconstruction was compared with 
changes in the land cover using historical maps and Corona images, which provides a unique spatial analysis of past ecological and land-use changes. We 
aimed to determine the effect of local disturbances (drainage) and land-use changes (landscape openness) on the development of the peatland during 
the last 300 years. Our study suggests that human activity had a crucial impact on the development of the peatland in the last centuries. The analysis of 
testate amoebae and plant macrofossils revealed a clear disturbed layer in the second half of the 20th century CE. Most probably, the drainage of the 
peatland triggered changes in the community of testate amoebae and plants, thereby causing a functional shift in Sphagnum peatland ecosystem. The 
hydrological stress and vegetation composition shift led to the collapse of mixotrophic testate amoebae. However, the peatland showed strong resilience 
and recovered toward the end of the 20th century CE and the beginning of the 21st century CE, despite the lower water table. Our study shows an 
example of the peatland ecosystem that experienced a considerable stress but finally sustained the former function.
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The simultaneous application of pollen, plant macrofossil, and 
testate amoeba analyses has been particularly emphasized in the 
palaeoecology of peatlands in the last two decades. Multiproxy 
studies have been conducted mostly in Western and Central Europe 
(Blundell and Barber, 2005; Gałka et al., 2013) and North America 
(Booth and Jackson, 2003; Booth et al., 2004); however, palaeo-
ecological studies from the European continental peatlands are 
very rare (Novenko et al., 2017; Payne et al., 2015; Tsyganov 
et al., 2019). Eastern Europe is affected by the continental climate 
conditions; therefore, ombrotrophic bogs that possess a flat sur-
face profile and were classified by Kulczyński (1949) as continen-
tal-raised bogs in contrast to Atlantic or Baltic raised bogs of the 
Northern and Western Europe. Past human impact on these eco-
systems that cover large areas in this studied region (Lappalainen, 
1996) is also insufficiently recognized. To date, multiproxy 
research on peatlands in the East European Plain was focused pri-
marily on the Holocene climate and vegetation history including 
long temporal scales. Their relatively low sampling resolution did 
not allow for a detailed analysis of short-term events. Studies on 
peatland in the East European Plain (including pollen, macrofossil, 
testate amoebae, pollen, humification, and isotope analyses) have 
been performed in Estonia (Sillasoo et al., 2007), European Russia 
(Novenko et al., 2015, 2016; Payne et al., 2015; Tsyganov et al., 
2019), Ukraine (Kołaczek et al., 2018a) and Poland (Gałka et al., 
2015, 2017; Karpińska-Kołaczek et al., 2018).

Droughts that we currently observe, and predictions inspire to 
study disturbances and resilience of ecosystems. The long-term 
ecosystem monitoring (Bartczak et al., 2019; Lamentowicz et al., 
2016; Marcisz et al., 2014; Słowińska et al., 2010) or experiment 
(Jassey et al., 2018; Rastogi et al., 2019; Reczuga et al., 2018; Sam-
son et al., 2018) provide a short temporal look at a disturbance. In 
contrast, palaeoecological multiproxy studies provide a long-term 
perspective (Marcisz et al., 2016; Zawisza et al., 2019). Recon-
structions provide information about the ecosystem state before and 
after disturbances (Fialkiewicz-Koziel et al., 2016; Lamentowicz 
et al., 2007), but also give reference conditions (Moore et al., 1999). 
Such knowledge is important for nature conservation (Hamilton, 
2018; Marcisz et al., 2018; Słowiński et al., 2019).

The present study aim to determine the effect of local distur-
bance (drainage), fires and land-use changes (e.g., opening of the 
landscape and agriculture intensity in the peatland vicinity) on the 
development of Gorodetsky Moch peatland (western Russia, West-
ern Dvina Lakeland) in the last 300 years. We hypothesized that the 
drainage of the bog affected taxonomic composition and functional 
diversity of testate amoeba as well as changes in vegetation structure 
causing water table deficit in the peatland ecosystem. Furthermore, 
we aimed to explore a possible self-regeneration process of the bog 
and its resilience on a long temporal scale (300 years). In this study, 
we used a several proxies: testate amoebae, which are very sensitive 
to environmental changes, were used to reconstruct pH and hydro-
logical variability on peatland ecosystem in the past (Charman, 
2001; Mitchell et al., 2007a); pollen and plant macrofossils were 
used for the reconstruction of the local and regional vegetation cover 
changes, and human impact (Birks and Birks, 1980; Poska et al., 
2004); and charcoal was used for the reconstruction of fire history 
(Conedera et al., 2009). The palaeoecological results were com-
pared with data on land cover changes developed using cartographic 
materials (analysis of historical maps and Corona images), which 
provides a unique spatial analysis of past ecological and land-use 
changes (Ott et al., 2018; Veski et al., 2005). Moreover, a detailed 
chronology of the records was based on 14C and 210Pb dating.

Materials and methods
Study site
Gorodetsky Moch (local name: Городецкий мох), an ombrotrophic 
peatland covering an area of 544 ha, is located in western Russia in 

Pskov Oblast, close to the Smolensk Oblast border, in the basin of the 
Western Dvina River and around 16 km NE of Velizh city (Figure 1). 
The coordinates for the central part of the peatland are 55°44’23.2”N 
and 31°18’02.8”E. The land relief of the peatland neighborhood was 
formed during the Valdai Glaciation (Weichselian Glaciation in 
Northern, Western and Central Europe) (Velichko et al., 2011). The 
average altitude in the peatland vicinity is between 170 and 180 m 
a.s.l. Presently, the peatland is surrounded mainly by coniferous for-
ests (Pinus sylvestris, Picea abies) with small-leaved forests (Popu-
lus tremula, Betula pendula and Alnus incana), fields, and other 
wetlands. A drainage ditch is situated in its northern part. The Goro-
detsky Moch peatland was drained at unknown time for unknown 
purposes. Currently, despite the presence of a drainage ditch, the 
peatland is wet and still retains its original characteristic of a raised 
bog. The present vegetation of the peatland are dominated by hum-
mocks formed by Sphagnum fuscum and Sphagnum magellanicum, 
and the hollows is dominated by Sphagnum cuspidatum with Eri-
ophorum angustifolium and Eriophorum vaginatum, Andromeda 
polifolia, Rhynchospora alba, and Carex limosa. The climate of the 
area is continental with warm summer (Köppen climate classifica-
tion Dfb) (Kottek et al., 2006) with a mean annual air temperature of 
5.4°C; the warmest month is July with a temperature of 17.8°C and 
the coldest month is February with a temperature of -6.4°C, with 
annual precipitation of 738 mm (Weather and climate, 2016).

Coring and subsampling
The peat core (dimensions measuring 89 × 10 × 10 cm) was 
extracted from the central-east part of the peatland in summer 
2016. The peat monolith was subsampled every 1 cm (except for 
the 0- to 2-cm sample) in the laboratory. In total, 47 samples were 
analyzed for pollen, 44 for testate amoeba, and 89 for plant mac-
rofossils and charcoal.

Chronology
The chronology of the core is based on 14C and 210Pb data set. 
Nine samples were selected for AMS radiocarbon dating 
(Table 1). Sphagnum stems of 1-cm thickness and 5 cm3 vol-
ume were carefully collected from the samples and treated in 
Poznań Radiocarbon Laboratory in 2017, and sixty-two 1-cm-
thick samples were used for 210Pb measurements at the Insti-
tute of Nuclear Physics PAS in Kraków. The activity of 210Pb 
was determined from the alpha activity of its daughter radionu-
clide 210Po (half-life 138 days). Secular equilibrium between 
those radionuclides was assumed because one year had elapsed 
between the sampling and analyses. Peat samples were spiked 
with 208Po yield tracer and digested with concentrated acids. 
Po isotopes were deposited on an Ag disk, and their activity 
was measured by alpha spectrometry using Ortec silicon detec-
tors. The 210Pb chronologies were established using the con-
stant rate of supply model (CRS model). An age-depth model 
was calculated using the rbacon in R statistical packages 
(Blaauw and Christen, 2011) (Figure 2).

Pollen analysis
Pollen samples were prepared following the procedure described in 
a previous study (Berglund and Ralska-Jasiewiczowa, 1986). Every 
second sample between 2 cm and 46 cm, and the next samples at 
depths: 48, 49, 50, 52, 54, 56, 58, 60, 62, 64, 66, 67, 68, 70, 72, 74, 
76, 77, 78,79, 82, 84, 86, 88, 89 cm (in 1-cm resolution) of volume 
1 cm3 were analyzed. The pollen was analyzed using a microscope 
at 400× and 1000× magnifications. A minimum of 500 arboreal 
pollens was counted in each sample using a procedure described in 
the literature (Beug, 2004; Moore et al., 1991). The sums of par-
ticular taxa were used to assess the human impact and changes in 
land-use (Supplementary Table 1) (Behre, 1981; Poska et al., 2004).
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Charcoal
Microscopic charcoal (10–100 Pm) was analyzed to reconstruct 
past regional fire activity (Gardner and Whitlock, 2001; Tinner 
et al., 1998), whereas macroscopic charcoal (>100 Pm) was ana-
lyzed to reconstruct local fire activity (Clark, 1988; Clark et al., 
1998). Microscopic charcoal was counted on the pollen slides 
until the sum of 200 was reached using a microscope at 400× 
magnification (Finsinger and Tinner, 2005). Macroscopic char-
coal was analyzed in the peat samples of 2 cm3 volume with 1-cm 
resolution following the procedure described in a previous study 
(Whitlock and Larsen, 2002), and it was then counted using a 
stereoscopic microscope at 200× and 400× magnifications in 
two fractions: 100–500 Pm and above 500 Pm. Microscopic and 
macroscopic charcoal influx (particles/cm2/year) was calculated 
using the charcoal concentration and the peat accumulation rate.

Plant macrofossil analysis
Sediment samples of 5 cm3 volume with 1-cm resolution were 
washed under running water and sieved through a 0.2-mm-mesh 
sieve to estimate the values of Sphagnum and vascular plant 
remains. The macrofossils were identified under a stereoscopic 
microscope at 200× magnification using identification guides 
(Grosse-Brauckmann, 1974; Mauquoy and van Geel, 2007; 
Tobolski, 2000).

Testate amoebae
Testate amoebae samples were analyzed in every second sample 
(in 1-cm resolution) of volume 2 cm3 following the procedure 

described in a previous study (Booth et al., 2010). The samples 
were shaken in distilled water and then washed through a sieve 
with a mesh of 300 µm. The testate amoebae were analyzed using 
a microscope at 200× and 400× magnifications. A minimum of 
100 tests of testate amoebae were counted in each sample (Payne 
and Mitchell, 2008). Identification guides were used to recognize 
testate amoebae taxa (Mazei and Tsyganov, 2006; Siemensma, 
2019). On the basis of the construction of tests, the testate amoe-
bae taxa were divided into four categories (idiosomes, idiosomes 
+ organic, protein + calcium, and xenosomes) according to a 
previous study (Mitchell et al., 2008). Furthermore, three groups 
were separated: wet indicators (dominant species: Archerella fla-
vum, Hyalosphenia papilio, and Amphitrema wrightianum), dry 
indicators (dominant species: Cryptodifflugia oviformis, Assu-
lina muscorum, Alabasta militaris, and Difflugia pulex), and 
indicator of hydrological instability—Arcella discoides (Hendon 
and Charman, 1997; Lamentowicz and Mitchell, 2005a; Marcisz 
et al., 2015).

Historical maps and Corona images
Archival maps and Corona images were georeferenced in ArcGIS 
program. Types of land-use were digitized from the following cartog-
raphy and photogrammetry archive: (1) Plans of the Russian Empire 
land survey - Scale: 2 versts in inch (1: 84000) (Period of reflect for 
Velig region 1750–1780, accessed on 05.2019), (2) Corona images 
(resolution 2-7 meterdate 1971 July, accessed on 05.2019), (3) Image 
Landsat ETM (resolution 30 meter, date 2000 May, accessed on 
05.2019), (4) Image Sentinel2 (resolution 10 meter, date 2015 May, 
accessed on 05.2019), (5) Three-verst military topographic map of 

Figure 1. Setting of the study site.
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Table 1. Radiocarbon dates with calibration results from Gorodetsky Moch. Dates were calibrated in the OxCal program (Ramsey and Lee, 
2013). 

Lab.no. Depth [cm] Conv. Age [BP] Error Calibrated ages [cal. BP] (2V 95.4%) Dated material

Poz88118 10,5 105.13 0.39 pMC 1959 (5.5%) 1957calCE 2006calCE (89.9%) Sphagnum stems
Poz88704 20,5 110.66 0.34 pMC 1957 (1.4%) 1957calCE 1995 (94.0%) 1999calCE Sphagnum stems
Poz88703 30,5 128.93 0.39 pMC 1959 (3.4%) 1959calCE 1961 (11.1%) 1962calCE 

1979 (80.9%) 1980calCE
Sphagnum stems

Poz88117 40,5 133.1 0.45 pMC 1976 (95.4%) 1978calCE Sphagnum stems
Poz88116 50,5 110 30 1681 (27.1%) 1739calCE 1745 (2.8%) 1763calCE 

1802 (65.5%) 1938calCE
Sphagnum stems

Poz86530 60,5 145 30 1668 (16.3%) 1710calCE 1717 (29.2%) 1782calCE 
1797 (33.5%) 1891calCE 1909 (16.4%) 1948calCE

Sphagnum stems

Poz88707 70,5 100 30 1682 (27.1%) 1736calCE 1805 (68.3%) 1935calCE Sphagnum stems
Poz86528 80,5 90 30 1685 (26.3%) 1733calCE 1807 (69.1%) 1928calCE Sphagnum stems
Poz86529 88,5 120 30 1679 (32.8%) 1765calCE 1800 (62.8%) 1940calCE Sphagnum stems

Figure 2. Age-depth model of the peat profile from Gorodetsky Moch.

the Russian Empire - Scale: 3 versts in one English inch (1:126000) 
(period of reflect 1850–1867, accessed on 05.2019), (6) Topographic 
military maps of Red Army (RKKA) (the state of the area in 1937–
1941, scale 1: 50000 and 1: 100000, accessed on 05.2019). Images 
were classified using “Iso Cluster Unsupervised Classification” pro-
cedure. Types of land-use and forest composition were defined using 
the data from topographic maps, high-resolution images of Google 
Earth project, and expert assessment. We distinguished six different 

land-use categories: (1) arable land-grassland-young cuttings; (2) 
water bodies; (3) wetlands; (4) open soil-roads-fields after spring 
fire; (5) settlement; and (6) forests: coniferous (Pinus sylvestris, 
Picea abies), mixed (Pinus sylvestris, Picea abies, Populus tremula, 
Betula pendula), and small-leaved forests (forests with Populus 
tremula, Betula pendula and sometimes Alnus incana domination). 
The proportions of changes in the land cover during the last 240 years 
were calculated using ArcGIS program.
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Numerical analysis and visualization of the results
Palaeoecological diagrams were plotted using the software Tilia 
(Grimm, 1992) and C2 (Juggins, 2003). Individual zonation for 
pollen, charcoal, plant macrofossils, and testate amoebae was 
based on stratigraphically constrained cluster analysis with the 
CONISS method (Grimm, 1987) and was plotted using Tilia 
(Grimm, 1987). Common phases in the peatland development 
used in the description of results in the article were primarily 
delimited based on main changes in pollen, macrofossil, and tes-
tate amoeba analyses. The testate amoebae were used to recon-
struct the hydrological variability (depth to the water table 
- DWT) and pH with C2 software (Juggins, 2003), using a 
regional Polish training set (Lamentowicz et al., 2008a). We used 
the tipping point if DWT=11.7 cm as the reference to define the 
hydrological stress in the mire (Lamentowicz et al., 2019b). 
Shannon diversity index (SDI) was calculated to study the com-
munity diversity of testate amoebae (Shannon, 1948) using the 
vegan package (R version 3.5.1) (Oksanen, 2013; Team, 2015). 
Moreover, six functional traits of the testate amoeba (metabolism 
– presence or absence of zoochlorella, body size – length of shell, 
biovolume – the volume of the shell, aperture size – the size of 
pseudstome, aperture position – location of the pseudostome in a 
shell, and body range - pseudostome size-body size ratio) were 
calculated (Fournier et al., 2015; Jassey et al., 2015; Koenig 
et al., 2018; Lamentowicz et al., 2015; Marcisz et al., 2016) 
using unpublished trait database using the functional diversity 
(FD) and vegan packages in R (Laliberté and Legendre, 2010; 
Oksanen, 2013). TA traits are expressed as the community-
weighted mean (CWM) of each functional trait.

Results
Environmental changes in Gorodziecky Moch 
peatland
Four common phases (Gor-A-D) of the main developmental 
stages of the peatland were delimited based on pollen (Figure 3), 
plant macrofossils (Figure 4), testate amoebae (Figure 5), char-
coal (Figure 4) and land cover changes (Figure 7).

Phase Gor—A (1710–1765 CE, 89–74 cm). In this phase, the 
tree pollen relative abundance varied from ca 78% to 90%. Here, 
as well as in the whole section, Betula and Pinus dominated with 
the participation of Alnus. Picea reached the maximum values in 
the peat core, and its share increased from ca 6% to 29%. Among 
herbaceous plants, Poaceae pollen dominated. Microscopic char-
coals were remaining at low values (from 6 to 256 particles/cm2/
year), whereas macroscopic charcoals practically were absent. In 
this phase, S. fuscum/rubellum community with Sphagnum mag-
ellanicum dominated accompanied with Scheuchzeria palustris. 
In addition, the phase was characterized by the high share of wet 
species of testate amoebae and typical species for Sphagnum hab-
itats such as A. flavum, accompanied by H. papilio and Hyalos-
phenia elegans. We recorded an episode of a higher water table 
indicated by A. wrightianum. Water table fluctuated in the range 
of 3.4–7.5 cm, and pH was in the range of 3.95–4.4. Proteinaceous 
testate amoebae dominated in this phase.

Phase Gor—B (1765–1960 CE, 74–40 cm). The second phase 
showed a distinct change in the local vegetation. The relative 
abundance of AP (arboreal pollen) decreased gradually from ca 
83.5% to 53.5%, and the highest decrease in trees pollen occurred 
in the early 20th century CE. The relative abundance of Picea 
pollen decreased by few percentages at the beginning of this 
phase. The relative abundance of Pinus was between 13% and 
36.1%, and that of Betula was between 14.4% and 51.7%. Poa-
ceae and pollen human indicators reached the maximum values of 

19% and 21%, respectively, in the early 20th century CE. The 
changes of pollen human indicators were included, among others, 
the increased to 8% of cultivated plants and also a minor peak of 
Rumex sum (Rumex acetosa, Rumex acetosella), and Artemisia 
was recorded at this time. The percentage of Sphagnum spores 
also increased and remained high during the whole phase. A few 
macrocharcoal peaks (to 25 particles/cm2/year) were recorded. 
Microscopic charcoal were remaining at low values to 1870. 
Since then, we recorded an increase of microscopic charcoal (25–
890 particles/cm2/y). S. fuscum/rubellum dominated, with 
hydrophilous species forming the hummock complex, in this 
phase also appears Sphagnum sect. Cuspidata. Moreover, plant 
macrofossils indicated a decrease in Sphagnum and an increase in 
Ericaceae, monocots, and Carex sp. roots during the first half of 
the 19th century. The phase was characterized by moderate water 
table changes, oscillating between 7.4 and 13.6 cm, whereas pH 
between 4.1 and 4.5. Testate amoebae with proteinaceous shells 
such as A. flavum, H. papilio, and H. elegans were still dominant. 
Concurrently, the share of wet indicator species—Heleopera pet-
ricola — increased with a distinct peak ca.1775 CE. We also 
noted a high percentage of A. discoides at the end of the phase.

Phase Gor—C (1960–2000 CE, 40–19 cm). The proportion of 
AP pollen varied from around ca. 81% to 93% in this phase. We 
observed a decrease in Pinus and an increase in Alnus and Betula 
at the beginning of phases C. Poaceae dominated among the her-
baceous plants’ pollen percentage with a minor peak of Vaccin-
ium at the beginning of this phase. The values of microscopic 
charcoal were still high (from 91 to 1285 particles/cm2/year), 
whereas macroscopic charcoal (100–500 Pm) increased and 
ranged from 0.5 to 79 particles/cm2/year. The maximum values 
were reached between 1980 and 1990 CE. The phase was charac-
terized by the decrease in Sphagnum moss and an increase in 
Ericaceae, monocots, and Carex sp. roots. Sphagnum magellani-
cum and Sphagnum sect. Cuspidata disappeared at the end of the 
20th century. The peatland experienced abrupt water table 
changes that fluctuated in the range of 8.3–17.7 cm. Testate 
amoebae species such as: C. oviformis, A. muscorum, and in par-
ticular A. militaris and A. discoides reached the maximum 
growth, whereas A. flavum and H. papilio disappeared. We also 
observed a rapid increase of D. pulex at the end of the phase. The 
abundance of proteinaceous testate amoebae decreased in the 
favor of xenosomic taxa, that built tests from the recycled organic 
or mineral particles. The pH fluctuated in the range of 3.6 to 4.0.

Phase Gor—D: (2000–2016 CE, 19–0 cm). The last phase was 
characterized by a high percentage of AP that increased to 97%. 
Tree species that were abundant in the peatland vicinity are repre-
sented by Betula, Alnus, and Pinus. This phase was also charac-
terized by the high values of microscopic charcoal (from 31 to 
848 particles/cm2/y) and macroscopic charcoal (100–500 Pm: 
from 0 to 66 particles/cm2/y; >500 Pm: from 0 to 2 particles/
cm2/y). Sphagnum increased to above 95%, together with two 
species of testate amoebae: A. flavum and H. papilio. Concur-
rently, proteinaceous tests dominated. Testate amoeba biodiver-
sity decreased at the beginning of this phase. The testate amoebae 
assemblage revealed a decreasing trend of the water level and pH. 
Water table oscillated between 10.7 and 15.4 cm, whereas the pH 
was between 3.9 and 4.5.

Functional traits of the testate amoebae
The analysis of functional traits of testate amoebae showed a rela-
tively high variability during the last 300 years (Figure 6). In par-
ticular, traits such as body size, biovolume, and aperture size 
revealed similar changes over time. A visible decreasing trend in 
metabolism in the peat profile implies the decreasing abundance 
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of mixotrophs. Metabolism CWM values reached minimum 
between 1965 and 1995 CE, and then started to increase abruptly 
suggesting higher mixotrophs abundance. Aperture position 
reached minimum between 1960 and 1970 CE. The maximum 
fluctuations in the functional diversity started together with the 
hydrological disturbance during the second half of the 20th cen-
tury CE. Considering the low water table reconstructed in that 
time, the all trait CWMs are the most possibly connected with the 
hydrological fluctuations.

Land-use changes
During 1784–1786 CE, the land covered by forest and used for 
agriculture occupied 41% and 50% of study area of the Goro-
dziecky Moch peatland vicinity (Figure 7). The share of wet-
lands, rivers, lakes, and villages was low. Until CE 1867, forest 
cover increased up to 60%, while the percentage of agricultural 
lands decreased to 31%; simultaneously, other land-use types did 
not change significantly. During 1923–1941 CE, the area of set-
tlements (8%) and agricultural lands (51%) increased, and defor-
estation was visible (forest area in 1939 CE decreased to 34%). 
In 1971 CE, many settlements disappeared, and fields were aban-
doned; therefore, their area decreased (4% and 36%, respec-
tively) and forest cover increased to 54%. The process of 
depopulation and abandonment of fields continues from 1971 CE 
to date. Reforestation prevails and forest area increases. The per-
centage of wetlands and open water reservoirs changed slightly 
during the last 250 years, it oscillated between 5% and 6.5%.

Discussion
The Gorodetsky Moch profile represents a continuous record of 
peat accumulation during the last 300 years. The multiproxy 
data with detailed chronology records allowed to identify dis-
turbances to the peatland and their impact on the ecosystem 
dynamics and palaeohydrology (Figure 8). According to the 
intensity of human impact on the peatland and local environ-
ment, we focused on the changes in the surrounding landscape, 
dry phase from the second half of the 20th century CE, and 
peatland recovery after the stress.

Changes in the surrounding landscape
The important factor that changes the landscape of the peatland 
vicinity is that at various time periods the region was a border area 
and an integral part of different states: Grand Duchy of Lithuania 
(14th–16th century CE), Grand Duchy of Moscow (16th century 
CE; until 1582 CE), Polish–Lithuanian Commonwealth (16th–
18th century CE; 1582–1772 CE), Russian Empire (18th–20th 
century CE; 1772–1917 CE), Soviet Russia (20th century CE; 
1917–1922 CE), Soviet Union (20th century CE; 1922–1991 CE), 
and Russian Federation (at present, since 1991 CE) (Eremeev, 
2010; Shumskaya, 2007). A vulnerable location may have affected 
the occupation pattern and ancient economy of the region as well 
as the population density.

Increasing deforestation was observed during the last 
300 years (Tarasov et al., 2019). This was also confirmed by the 
results of research on gully erosion in the lower Serteyka River 
valley (Piech et al., 2018). In 1714 CE, King Augustus II the 
Strong (August II Mocny in Polish) allowed for tree cutting in 
the area of Velizh and privileged the city for producing clap-
boards, sticks, and logs, among others, resulting in large defores-
tation and lack of wood in 1773 CE (Eremeev, 2010; Kachulina, 
2010). A significant decrease of spruce abundance in the 70s of 
the 18th century resulted from intense forest exploitation (Fig-
ures 3 and 8). However, the forests were not cut out for a longer 
period until the early 20th century, which confirms Eremeev 
(2010), as well as the growth of forest cover documented in the 
pollen analysis results (Figure 3) and on the land cover change 
maps between 1786 and 1867 CE (Figure 7). Intense felling of 
forest trees began in the beginning of the early 20th century (Fig-
ure 8), as a result of wood industry was developed at that time in 
the region. A sawmill was built in 1913 CE in Selezni village, 
and a year later, a shipyard was built in Goriane village for the 
construction of barges for the army (Eremeev, 2010; Ivanov, 
2007). Deforestation is also clearly visible on the map from 1939 
(Figure 7). It is highly probable that humans were responsible for 
deforestation in peatland region during the last 300 years (Fig-
ures 3 and 8). However, we did not find significant relationships 
between the regional vegetation (deforestations) and hydrologi-
cal changes of the peatland that time (Figure 8). The shift is cor-
related with decreasing abundance of mixotrophic species and 

Figure 4. Charcoal diagram presenting fire history and plant macrofossils percentage diagram presenting local vegetation changes in 
Gorodetsky Moch; 10 times exaggeration is presented as black lines.
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decreasing water table trend since ca 1840 CE. The S. magellani-
cum to S. fuscum shift is synchronous with the testate amoebae 
data and might be connected with autogenic succession (Birks 
and Birks, 1980; Charman, 2002; Zobel, 1988).

The changes in the surrounding landscape of the peatland in 
the 19th and 20th centuries CE were mostly related to the 
intense development of human occupation. In that time, the 
area of agricultural lands and settlements increased signifi-
cantly (Figure 7). In 1906 CE, 58.6 thousand people lived in the 
region and only ca 200 people in the Gorodets village in the 
immediate bog neighborhood in 1912–1913 CE (Eremeev, 
2010; Kachulina, 2010; velizh.admin-smolensk.ru). Local 
human activity was the most intensive in the early 20th century 
CE (Figure 8). The vicinity of the peatland was used for farm-
ing and grazing in that time. This was mostly the result of “the 
Emancipation Reform in Russian Empire” (from 1861 CE) and 
of the liberal “Stolypin agrarian reforms” in the early 20th cen-
tury CE (1906) (Kosonits, 1999). Agriculture, cattle breeding, 
craftsmanship and fishing developed actively toward the end of 
the 18th century and the beginning of the 19th century CE in 
the estate of Selezni village adjoining Serteyka River valley 
from the west, which was one of the richest properties in the 
Velizhsky region until 1917 CE (Eremeev, 2010).

During 1929–1932 CE, the forced consolidation of indi-
vidual peasant households into collective farms called “kolk-
hozes” was introduced and the private ownership of land 
(collectivization) was abolished in Soviet Union; moreover, 
millions of peasant families were dispossessed and deported 
(dekulakization) (Conquest, 1986). The abundance of cereals 
in pollen record during that time reached around 2.5% (Figure 
3). Depopulation of rural areas of the Soviet Union was 
observed after 1926 CE (Becker et al., 2012). During that time, 
the rural population accounted for around 83% of the total 
population and then dropped to 66% in 1939 CE and to 48% in 
CE 1952 (Becker et al., 2012). After the German Army occu-
pied the Velizh region, the population decreased, and only ca 
600 to 700 people lived in Velizh city in 1943 CE. The higher 
fire activity during the first half of the 20th century CE (Figure 
2) could be partially due to the fire of villages located in the 
south of the peatland in 1920s CE and because of warfare, as 
the Velizh region was occupied by the German Army during 
World War 2. The pollen values of cereals (Figure 3) decreased 
at the same time as that in the Staroselsky bog, which reflects 
the decline in agriculture in the area of the forest zone of the 
former Soviet Union at the end of the 20th century CE 
(Novenko et al., 2017). Presently, Gorodets village, like many 
other neighboring villages, was abandoned.

Disturbance and resilience
The results of testate amoeba and macrofossil analyses indicate 
a layer documenting disturbance (C zone, 1960–2000 CE) in the 
core starting from the second half of the 20th century CE (Fig-
ure 8). After moderate deforestation state and stable wet condi-
tions, a dry phase appeared for about 40 years. It is highly 
probable that human activity was responsible for the decrease in 
the water level on the peatland during this time. Gorodetsky 
Moch was drained, and according to the map from 1989 CE, the 
location of the ditch is clearly visible, but the exact date of the 
origin of the melioration works is unknown. However, it is 
known that the drainage were carried out in Pskov Oblast 
between 1965 and 1985 CE, in both forest area (148000 ha) and 
open area (18000 ha) (2009–2010, 2011). This is highly proba-
ble that the drainage ditch at Gorodetsky Moch peatland was 
dug during the 1960s CE.

The disappearance of wet indicator, mixotrophic species of 
testate amoebae (A. flavum and H. papilio) (Lamentowicz and 
Mitchell, 2005b) and increased abundance of dry indicators 
such as C. oviformis, A. muscorum, A. militaris (Lamentowicz 
and Mitchell, 2005a), and D. pulex indicate dry conditions 
(Hendon, 1998; Schnitchen et al., 2003). Such composition of 
testate amoebae, may also suggest a human-induced hydrologi-
cal disturbances causing peatland habitat instability which has 
become vulnerable in the periods of drought, what we now 
observe in results of ecological investigations (Marcisz et al., 
2014; Słowińska et al., 2010; Lamentowicz et al., 2020) and in 
palaeoecological data (Lamentowicz et al., 2008b, 2010; Mar-
cisz et al., 2016). Moreover, A. discoides might be the indicator 
of hydrological instability (Marcisz et al., 2015; Lamentowicz 
et al., 2019a) associated with temporal droughts and inundations 
of peatland surface. This hydrological instability of surface wet-
ness can also be observed in the peatland vegetation cover (Fig-
ure 4), namely follows the relationship between species, we note 
a decrease of Sphagnum fuscum/rubellum and an increase in the 
abundance of vascular plants. The disturbance phase character-
ized also by a high diversity of the species composition of tes-
tate amoebae, and the SDI was high and fluctuated between 2.0 
and 2.5 (Figure 5). We associate the high testate amoebae diver-
sity with drainage, which influenced the seasonal hydrological 
instability in the ecosystem, and which generated new hydro-
logical conditions with high seasonal fluctuations. This seasonal 
hydrological instability affects the generation of alternative eco-
logical states, but for a relatively short period causes the possi-
bility of occurrence of a wide range of species. Our research 
showed that the diversity of testate amoebae was lower immedi-
ately after the disturbance (1.5) (Figure 5). SDI ranged from 1.5 
to 2.5 for the whole peat core. Moreover, analyzing the func-
tional traits variability (body size, biovolume, and aperture 
size), we also observed rapid changes within the disturbances 
phase (during the second half of the 20th century). This phase 
was simultaneous with a decrease in metabolism and a slight 
increase in body size (Figure 6). Before disturbance, the body 
size, biovolume, and aperture size increased, together with a 
decrease in aperture position, whereas during the disturbance, 
these traits highly varied. A similar relationship was recorded in 
a previous study (Marcisz et al., 2016). Different response of 
proxies to disturbances of Gorodetsky Moch peatland could be 
related to their sensitivity (Słowiński et al., 2017, 2018), while 
the value of the multiproxy approach is particularly important 
when analyzed profile is sampled in high-resolution, that allows 
to assess the timing of disturbance as well as the regeneration 
(Colombaroli et al., 2018).

Currently (D zone, 2000–2016 CE), despite the dry phase in 
the second half of the 20th century CE (C zone), which is caused 
most probably by digging drainage ditch, the peatland is moder-
ately wet and most likely still retains its original characteristic. 

Figure 6. Functional traits of testate amoeba communities 
calculated from Gorodetsky Moch.
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The relative abundance of Sphagnum increased together with wet 
indicator species of testate amoebae (A. flavum and H. papilio) in 
the top part. Obtained patterns indicate regeneration and confirm 
that degraded raised peatlands in Europe can sometimes regener-
ate. Moreover, our study provides another example of high indic-
ative value of mixotrophic testate amoebae (represented by the 
metabolism trait). Loss of this group should be regarded an early 
warning signal of Sphagnum peatland disturbance, and their 
recovery is a promising signal of ecosystem resilience (Jassey 
et al., 2015).

Climatic background and a forecast for the future
It is also highly probable that climatic conditions impacted the 
development of the Gorodetsky Moch peatland during the last 
300 years. Spinoni et al. (2014) reported that Russia was one of 
the regions most exposed to prolonged and severe droughts 
between years 1951 and 1970. This period precedes the dis-
turbed layer and drainage of the Gorodetsky Moch peatland in 
the second half of the 20th century. The annual precipitation 
between 1951 and 1970 CE was between 382 and 863 mm, 
whereas the average annual air temperature was lower than 
those in previous and later years (Weather and climate, 2016). 
During 1946–2016 CE, the lowest rainfall (below 500 mm) was 
recorded in 1946 (439 mm), 1951 (382 mm), and 1959 (458 mm) 
(Supplementary Figure 1). Studies show that droughts can be 
the main factor affecting the peatland ecosystem (Ireland et al., 
2012). The extended periods with low water table can contribute 
to changes in the structure of vegetation, especially among 
mosses (Malmer et al., 1994) such as Sphagnum, which are very 

sensitive to hydrological changes (Rydin et al., 2006). It was 
recently revealed that vegetation changes considerably when the 
water table drops below 11.7 cm in the long time scale (Lamen-
towicz et al., 2019b). However, it is unlikely that only climate 
change in such a short time lead to hydrological stress, vegeta-
tion composition shift and, as a result the collapse of mixotro-
phic testate amoebae on the Gorodetsky Moch peatland.

Despite the peatland recovered recently fires are a real threat 
to this ecosystem considering recent drainage, lower water lev-
els on the peatlands, climate changes and climatic predictions. 
Global warming in recent decades has significantly increased 
the risk of the occurrence and spread of fires (Supplementary 
Figure 1). The effect of prolonged drought and high air tem-
peratures was the reason of the summer fires of forest and peat-
lands in many regions of the European part of Russian 
Federation in year 2010 (Hansen et al., 2012; Gilbert, 2010; 
Shvidenko et al., 2011; Witte et al., 2011). Peat fires were noted 
mainly in the Moscow Oblast, but also, among others, in the 
Tver Oblast and Pskov Oblast. Drained peatlands such as Goro-
detsky Moch are more susceptible to fires. It is estimated that 
about 3.8 million ha of peatland in Russian Federation territory 
(mainly in the European part) have been drained (Päivanen and 
Paavilainen, 1996). A forecasted increase in the intensity of 
fires in the current century in Europe (Flannigan et al., 2013) 
will potentially affect peatlands hydrology and carbon balance. 
Moreover, the peatlands can often be the only source of water 
for animals in the face of climate change and the growing 
hydrological crisis. Therefore, it is important to maintain peat-
lands in a proper hydrological state and restoring degraded 
peatlands.

Figure 7. Land cover change map of 1780, 1850, 1939, 1971, 2000, and 2015. The maps distinguished six different land-use categories: (1) 
arable land-grassland-young cuttings; (2) water bodies; (3) wetlands; (4) open soil-roads-fields after spring fire; (5) settlement; and (6) forests: 
coniferous (Pinus sylvestris, Picea abies), mixed (Pinus sylvestris, Picea abies, Populus tremula, Betula pendula), and small-leaved forests (forests with 
Populus tremula, Betula pendula and sometimes Alnus incana domination).
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Supplementary Fig. 1.  Total annual precipitation from 1946 to 2016 and average annual air temperature from the 1888 to 2016 (no data for  1908-

1910, 1916,1918-1921, 1924, 1935 and 1941-1944) for Smolensk based on climate data from the Smolensk Meteorological Observatory (Weather 

and climate, 2016) 



 

Supplementary Table 1. List of herbaceous pollen taxa included in the diagram curves 

 Land-use category Indicator taxa 

Human  

indicators 

Cultivated land 

Secale cereale, Triticum t., Cerealia 

undiff., Zea mays, Centaurea cyanus, 

Cannabis sativa, Fagopyrum 

Ruderals 

(minor and major) 

Artemisia, Chenopodiaceae, Rumex 

acetosa/acetosella, Plantago lanceolata, 

Plantago media, Plantago major, Urtica, 

Polygonum aviculare, Brassicaceae, 
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A B S T R A C T   

The exploitation of peatlands in Estonia, which began in the 17th century, has degraded them to a great extent. 
Consequently, cutover and drained peatlands have become the sources of CO2. Global warming has led to a need 
for policies focusing on the protection and restoration of drained and degraded peatlands. Hence, to compare the 
effect/progress of restoration with the past pristine ecosystem baseline before the peatland was destroyed by 
cutting, we examined a peat core from North Estonia using chronology based on 14C by analyzing several proxies 
in high resolution including testate amoebae, plant macrofossils, pollen, non-pollen palynomorphs, and diatoms. 
The results revealed a striking ecological contrast between the pristine (ca. 2 kyrs) and restored state (currently) 
of the peatland. The pristine state was characterized by a domination of Sphagnum fuscum/rubellum and Archerella 
.a(um, suggesting that extraction area of Hara peatland was a wet and stable ombrotrophic bog. As a result of 
peat exploitation, deposits comprising the last ca. 2 kyrs were cut. In turn an important feature of the restored 
section of the peat core was the domination of a green algae (Chlorophyta) and "riophorum (aginatum as well as 
testate amoebae species Arcella discoides, which is considered an indicator of hydrological instability. The main 
difference between the predisturbed and restored parts of the peat core section was that a minor cover of peat- 
forming Sphagnum and mixotrophic testate amoebae was present in the top inundated part. We state that a 
healthy raised bog—the target of restoration—should consist abundant mixotrophic testate amoebae such as 
Archerella .a(um and +yalosphenia papilio which are good indicators of a well-functioning Sphagnum bog 
ecosystem even if the Sphagnum species differ from the reconstructed ecological baseline conditions. Our study 
highlights the extensive damage caused to the peat-forming ombrotrophic peatland by extraction and how 
difficult, challenging, and time-consuming is the process of ecological restoration.   

1. Introd	
t�on�

Peatlands store around one-third of the global soil carbon (Gorham, 
1991; Rydin and Jeglum, 2013); however, peat extraction and drainage 
for forestry and agricultural purposes have resulted in the degradation of 
most of the peatlands in Europe (Joosten, 1997). Today, the disturbed 
peatland ecosystems act as a source of CO2 for the atmosphere, but many 
of them still have the potential of increasing biodiversity and accumu-
lating carbon. The current policies and efforts focusing on minimizing 
the effects of climate change (IPCC, 2014a; IPCC, 2014b) indicate the 
need to protect and restore drained and exploited peatlands (Charman, 

2002). 
Peat is one of the most important natural resources in Estonia. Its 

exploitation began in the 17th century which resulted in the destruction 
of about 9A of Estonian peatlands (Kohv and Salm, 2012). An increase 
in peat cutting was observed in the 20th century when peat was started 
to be used as a source of fuel for power stations, and later used by the 
garden industry, where new products such as horticultural and litter 
peat found application (Paal, 200B). The maCority of Estonian peatlands 
have been drained as part of their exploitation. Thick peat layers were 
cut from many peatlands. It is estimated that approximately 70A of 
mires have been affected by drainage (Bragg and Lindsay, 2003). 
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*urrently, Estonian peatlands co2er an area of approximately .,??<,.?? 
ha, which accounts for 330@A of the country’s total area 8-ragg and 
Lindsay, 3??@90 (he area of an untouched or pristine peatland measures 
less than @??,??? ha 8$aal, 3??B90 

Damaged peatlands are often in the focus of ecological restoration 
8-onn et al0, 3?.F90 (he range of disturbance is 2ery wide, from simple 
drainage to peat exploitation to the bedrock 8*hapman et al0, 3??@a90 
(herefore, restoration practices need to be adapted to abo2e-mentioned 
conditions0 $eatlands that were destroyed in the past might be restored 
through the ditch damming, plant transplantation or local deforestation 
8Minaye2a et al0, 3?./90 (here were number of experiments that aimed 
at de2eloping best practices of peatland restoration 84orham and 
'ochefort, 3??@= Kotowski et al0, 3?.F9 to run the peat accumulation 
process again0 5owe2er, the success of restoration is 2ery dif;cult to be 
predicted, as it depends on the climate and local factors, as well as it 
needs ecohydrological monitoring to see the ;nal effect 8-onn et al0, 
3?.F9 that might be related to impro2ed hydrology and peat6carbon 
accumulation0 )n this context often ecological baselines might be 
regarded as the target for the ecological restoration, howe2er, return to 
the past not disturbed pristine ecosystem is often impossible0 

(he measures of success taken for peatland ecological restoration, 
whene2er possible, should consider the long-term ecology 8+royd and 
:illis, 3??G= Mc*arroll et al0, 3?.F= (obolski, 3??@9, preferably based 
on data from high-resolution multiproxy studies 8$ayne et al0, 3?.B= 
'oland et al0, 3?.B= Słowiński et al0, 3?.F90 +or the restoration of 
postextraction �p�a�n�m peatland, it is important to compare the cur-
rent hydrological conditions with the past, i0e0 undisturbed ecosystem 
baseline 8&ndersen et al0, 3?./= Halentine et al0, 3?.@90 )n this case, 
testate amoebae might be of particular use 8Mitchell et al0, 3??/a90 Due 
to the hydrological sensiti2ity of testate amoebae and decay resistance of 
the tests in peat, testate amoebae are considered as the main 1uantita-
ti2e bioindicators in palaeoecological and ecological studies on peat-
lands 8-ooth, 3??.= *harman and :arner, .<<3= Marcis% et al0, 3?.7= 
$ayne and Mitchell, 3??/90 (hey are also used to monitor the habitat 
changes in peatlands and their regeneration 8-uttler et al0, .<<F= Da2is 
and :ilkinson, 3??7= >auhiainen, 3??3= Laggoun-Défarge et al0, 3??G= 
Swindles et al0, 3?.F= Halentine et al0, 3?.@90 )n recent years, there has 
been an increase in the number of studies on testate amoebae 8)reland 
and -ooth, 3?.3= Lamentowic% et al0, 3?.B= Ma%ei et al0, 3?./= Swindles 
et al0, 3?.7= 2an -ellen and Lari2ière, 3?3?90 5owe2er, palaeoecological 
and ecological studies based on the analysis of testate amoebae are rare 
in the case of Estonian peatlands 8Niinemets et al0, 3?..= $ortsmuth 
et al0, 3?..= Sillasoo et al0, 3??/= Häliranta et al0, 3?.390 +urthermore, a 
multiproxy approach, combining many proxies from peatland studies, 
might pro2ide a wider look at the functioning of an ecosystem and the 
effects of 2arious disturbances0 )n this study, we used se2eral proxies in 
high resolution, including testate amoebae, plant macrofossils, 
non-pollen palynomorphs 8N$$s9, pollen, and diatoms0 :e paid excep-
tional attention to mixotrophic testate amoebae that are reliable in-
dicators of the �p�a�n�m peatland ecosystem state 8Marcis% et al0, 3?3?90 
:hile pollen and plant macrofossils are commonly used in peatland 
related palaeoecological studies, diatoms are 2ery rarely analy%ed in 
palaeoecological studies based on ombrotrophic peatlands due to their 
possible preser2ation issues related to low p5 in these ecosys-
tems6en2ironments 8-ennett et al0, .<<.90 Ne2ertheless, diatoms are 
well represented in different types of peatlands, where they are usually 
most widespread among the other algal groups0 (he harsh and distinc-
ti2e conditions in peatlands are fa2ored by many uni1ue diatom as-
semblages 8*hen et al0, 3?.F= +ránko2á et al0, 3??<= $oulIčko2á et al0, 
3?.@90 (he main en2ironmental conditions that affect diatoms in peat-
lands are water a2ailability, water chemistry, and p50 )f these conditions 
are suitable, diatom assemblages can be found di2erse and abundant 
84aiser and '#hland, 3?.?= 5argan et al0, 3?.B= K#ttim et al0, 3?./a90 
(hus, diatoms can act as a good indicator for tracking local or large-scale 
en2ironmental changes 8e0g0, changes in water le2el and 2egetation, 
ecological succession, human disturbances9 in peatlands 8*hen et al0, 

3?.F= $oulIčko2á et al0, 3?.@90 
Moreo2er, to the best of our knowledge, diatoms ha2e been rarely 

used as proxies of peatland restoration, and such proxies ha2e ne2er 
been employed to track the effecti2eness of the restoration of exploited 
peatlands 8*arballeira and $onte2edra-$ombal, 3?3?90 (he resulting, 
palaeoecological data enabled the reconstruction of the ecosystem 
functioning before and after the disturbance0 &dditionally, to explore 
the a2ailable species pool of testate amoebae and diatoms in space 
8which can immigrate into the restored �p�a�n�m carpet9 we also 
analy%ed the modern samples for testate amoebae, diatoms, and plant 
communities, as well as the data on en2ironmental monitoring as the 
modern reference of the conditions present in the area under restoration0 
,ur main aim was to explore the past ecological baseline using multi-
proxy approach in the exploited ombrotrophic peatland ecosystem after 
restoration-related inundation in space and time, thus connect the re-
cord of initial peatland de2elopment with conser2ation action and 
restoration goals0 

2. D�t� �nd ��t�od� 

0121 �t�dy a�ea 

:e selected the former peat extraction area of 5ara peatland for this 
study0 5ara peatland is an ombrotrophic bog which co2ers an area of 
/7/ ha in northern Estonia 8+ig0 .9 in the Kuusalu parish in 5arCumaa 
county 8B<◦@@′N, 3B◦@F′E, 3/0B m a0s0l090 (he study site belongs to the 
Lahemaa National $ark and is located at the former lagoon, between the 
coastal formations of the &ncylus Lake stadium of the -altic Sea 8Handel 
et al0, 3?.<90 $eat is underlain by sand originating from the sea0 (he 
local forest consists of Pin�s sy�(est�is along with Picea abies0 (he area has 
a climate characteri%ed by a2erage annual precipitation of F7G mm 
8.<GB–3?.B9 and an a2erage annual temperature of B0@ ◦* 8Estonian 
:eather Ser2ice, 3?.G90 

$eat was industrially extracted in the years .</B–.<<7, in the 
northeastern part of the 5ara peatland0 (he extraction area of the 
peatland 8.?/0FF ha9 includes a peat milling area of <<07 ha and an old 
peat mine of <03F ha in the northeastern section 8'amst et al0, 3??B90 
:ater from the drainage system Jows into the $udisoo 'i2er0 (he bot-
tom of the central ditch is at 3B0B m a0s0l0 8Široko2a, .<<@90 ,n a2erage, 
?0G m of peat is left after extraction 8'amst et al0, 3??B90 (he maximum 
depth of the peat layer in the unexploited part of 5ara bog is more than 
7 m, of which about 3 m on top consists mainly of �p�a�n�m peat 8,rru, 
3?3?90 (he degraded part of the 5ara peatland was rewetted in 
3?..–3?.@ by the Estonian State +orest Management *entre0 (he goal 
was to restore the near-natural peatland landscape within the Lahemaa 
National $ark, and decrease the risk of ;re and emission of greenhouse 
gases0 During the restoration, the upper peat layer 8the topmost 3?–B? 
cm layer of degraded peat9 was peeled at 7F ha, six dams were built, tree 
co2er was remo2ed, and the depth of the water table as well as water 
temperature was monitored at ;2e measuring points0 (he peatland 
2egetation is slowly reco2ering due to restoration efforts - the extraction 
area of 5ara peatland comprises mainly scattered hummocks of "�io/
p�o��m (a�inat�m and small patches of �p�a�n�m1 

0101 %ie�d o�' and s�bsamp�in� 

& peat monolith 8@/-cm deep= @? × @?-cm wide9 was collected in 
No2ember 3?./, using a sho2el from the recently rewetted peat 
extraction area of the 5ara peatland 8+ig0 .9 at the coring point bare peat 
without ali2e �p�a�n�m mosses or other peatland plants0 Modern sam-
ples 8n = .?9 were collected in close 2icinity to the coring point0 (o 
represent the two extremes of the microtopography of the extraction 
area 8+ig0 .D9, we collected samples from hummocks 8n = B= as 
�p�a�n�m moss= isolated hummock9 and hollows 8n = B= as fro%en sur-
face peat= places between hummock90 Hegetation was identi;ed to a 
species or taxon le2el using macrofossils analysis, and the depth of the 

D1 Ł�có  et a�1                                                                                                                                                                                                                                  
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water table was measured at each sampling point using centimetre 
measure 8(able .90 (he percentages of each plant species from surface 
samples were determined based on an analysis of plant macrofossils 
obtained from the surface samples 8n = .?9 used in the analysis of testate 
amoebae0 (he peat monolith and modern samples were transported to 
the laboratory and refrigerated at 7 ◦* before they were used for further 
analysis0 (he monolith was di2ided into .-cm slices and was subse-
1uently analy%ed for testate amoebae, diatoms, plant macrofossils, 
pollen, and N$$s, while the modern samples were di2ided and used for 
the analysis of testate amoebae, plant macrofossils, and diatoms0 

2.3. Absolute chronology 

(he absolute chronology for peat core was obtained using four .7* 
&MS dates determined in the $o%nań 'adiocarbon Laboratory 8$oland9 
8laboratory code: $o%-= (able 390 (he -ayesian age–depth model was 
employed using ,x*al 70@ software 8-ronk 'amsey, .<<B9 by applying 
the P_Se5uence function with parameters: k? = ., log.?8k6k?9 = ., and 
interpolation = . cm 8-ronk 'amsey, 3??G= 'amsey and Lee, 3?.@90 (he 
)nt*al.@ atmospheric cur2e was used as the calibrating set 8'eimer 
et al0, 3?.@90 (he pro;le sections with potential changes in accumula-
tion rate of peat 8&'peat9 were introduced to the model as boundaries 
8-oundary command90 (hese sections were as follows: 8i9 @/ cm—the 
bottom of the model, 8ii9 @?0B cm—decline in Sphagnum percentages and 
total pollen concentration, 8iii9 .70B cm—decline in 6accinium-group 
pollen and increase in Sphagnum percentages, and 8i29 ? cm—the top of 
the model0 :e assumed the year of coring, i0e0 3?./0< as the age of the 
top, because it was not possible to une1ui2ocally reCect the possibility of 
presence of modern deposits at the top0 +or better readability, a μ 8mean9 
2alue rounded to .? was selected as the modeled age, which was 
expressed as cal0 -$ 8a year before &D .<B?90 (he &'peat 2alues were 
calculated using ,x*al 70@ software0 

2.7. Peat properties 

(he degree decomposition of each peat monolith sample was 
assessed according to the 2on $ost scale 8'ydin and >eglum, 3?.@90 (he 
dry matter, organic matter, and mineral content of the peat layers was 
established by loss on ignition0 +or the thermogra2imetric analyses, we 
used about @ cm@ of peat from each sample 8$recisa prep&S5 @7? Se-
ries90 (he samples were heated to a constant weight at a temperature of 
.?B ◦* and BB? ◦* to determine their dry matter and mineral content, 
respecti2ely, while organic matter was assumed to be remo2ed at BB? ◦* 
85eiri et al0, 3??.90 

2.8. Testate amoebae analysis 

(estate amoeba analysis was carried out in subsamples of 3 cm@ 

obtained from each modern sample from hollow and peat monolith 8at 
.-cm inter2als90 (o analy%e the modern testate amoebae from hummock, 
Sphagnum shoots were obtained from the upper @ cm of the collected 
modern samples0 -rieJy, the paleo and modern samples were placed in a 
B??-ml beaker, shaken in distilled water, and then washed through a 
sie2e with a mesh of @?? μm, following the procedure by -ooth et al0 
83?.?90 & total of .?? tests of testate amoebae were identi;ed at the 
species le2el 8$ayne and Mitchell, 3??G9 in each sample, based on the 
a2ailable identi;cation guides 8Ma%ei and (sygano2, 3??F= Siemensma, 
3?3?9, using a microscope at a magni;cation of×3?? and × 7??0 
Euantitati2e reconstruction of the water table and analysis of p5 
changes based on testate amoebae from peat monolith were carried out 
in *3 program 8>uggins, 3??@9, using a regional $olish training set 
compiled by Lamentowic% et al0 83??G90 :e used the vegan package in 
the ' program 8' 2ersion @0B0.9 8,ksanen, 3?.@= (eam, 3?.B9 to 
calculate the Shannon di2ersity index and functional traits 8metabolism, 
body si%e, bio2olume, aperture si%e, aperture position, and body range9 

�i�. 1. &9 Map of Europe showing the location of the 5ara bog0 -9 Map of the northwestern part of Lahemaa National $ark from 4oogle Earth 8from 3?.<9, pre-
senting the position of the peat extraction area of the 5ara bog0 *9 Satellite map from 4oogle Earth 8from 3?.<9 presenting the peat extraction area and the site of 
peat monolith sampling and surface samples in the year 3?./0 D9 $icture of peat extraction area with hummocks of Eriophorum vaginatum and Sphagnum mosses and 
sampling place of peat monolith and surface samples in the autumn of 3?./0 
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8+ournier et al0, 3?.B= >assey et al0, 3?.B= "oenig et al0, 3?.G= Marcis% 
et al0, 3?3?9 based on an unpublished trait database 8measured traits on 
the samples from the another peatland9 8>assey, Lamentowic% and 
Marcis%, unpublished data9 and using the functional di2ersity and 2egan 
packages in ' program for paleo samples 8Laliberté and Legendre, 3?.?= 
,ksanen, 3?.@90 +our categories of test construction of testate amoebae 
8idiosomes, idiosomes + organic, protein, and xenosomes9 were distin-
guished, as described by Mitchell et al0 83??/b90 5igh-water table in-
dicators of testate amoebae 8Archerella .avum, +yalosphenia papilio, 
Cyclopy9is arcelloides type, and Amphitrema wrightianum9 8Diaconu et al0, 

3?.F= Ma%ei and (sygano2, 3??F= Swindles et al0, 3?.F9, dry indicators 
8Assulina muscorum, Corythion dubium, and Cryptodif.ugia oviformis9 
8Marcis% et al0, 3?.B= Ma%ei and *hernysho2, 3?..= :arner and 
*hmielewski, .<<39, and an indicator of hydrological instability - Arcella 
discoides 8Lamentowic% et al0, 3??<= Lamentowic% and Mitchell, 3??Ba= 
Łuców et al0, 3?3?= Sulli2an and -ooth, 3?..9 were marked on the di-
agrams0 Moreo2er, the a2erage percentages of testate amoebae deter-
mined in the modern samples from hummocks and hollows are 
summari%ed in two pie charts0 

01:1 Diatom analysis 

(o analy%e the modern diatom assemblages in 5ara, Sphagnum 
shoots were obtained from the upper @ cm of the collected modern 
samples0 +or the analysis of paleo diatoms, subsamples of peat were 
obtained from the sediment cores0 &pproximately @ cm@ of peat was 
collected, and samples were taken at e2ery 3 cm 8from . to 3 cm until 
@B–@F cm9, which resulted in a total of .G subsamples0 Modern 
Sphagnum samples were dried for /3 h at 7B ◦*0 -oth modern samples 
and samples from the peat core were treated with @@A 53,3 to remo2e 
organic matter, followed by which "3*r3,/ was added to remo2e all 
2ascular plant remains and 5*l to remo2e the carbonates0 8Han der 
:erff, .<B@90 $ermanent slides were mounted with Naphrax® resin 8'0)0 
8refracti2e index9 ≥ .0/790 Diatoms were examined at a magni;cation of 
× .??? under an ,lympus -K7. microscope 8immersion oil nd = .0B.G90 
&round @?? diatom cells were counted from each permanent slide0 
)denti;cation was made to the lowest possible taxonomic le2el using 
keys and atlases 85ofmann, 3?.@= "rammer, .<GG, 3???, 3??@= Lan-
ge--ertalot, .<<<–3??7, 3??., 3?..90 

01;1 Plant macrofossils analysis 

$lant macrofossils obtained from peat monolith were analy%ed in the 
subsamples of 3 cm@, taken at .-cm inter2als between ? and B cm, and 
then at 3–@ cm inter2als from the depths between G and @/ cm0 )n total, 
3/ samples were prepared using the methods described by -irks 83??/90 
Sediment samples were sie2ed through a ?03-mm mesh under running 
water and were then analy%ed0 (he macrofossils were identi;ed based 
on identi;cation guides 84rosse--rauckmann, .</7= Mau1uoy and 2an 
4eel, 3??/= (obolski, 3???9 using a stereoscopic microscope at a 
magni;cation of × 3??0 

01<1 Pollen and non/pollen palynomorph =NPPs> analysis 

& total of .. samples 8. cm@ in 2olume9, were prepared using stan-
dard laboratory procedures for palynological analysis 8-erglund, .<GF90 
Samples were heated in .?A ",5 to remo2e humic compounds and 
then subCected to acetolysis0 ,ne Lycopodium tablet 8-atch @GF3 con-
taining <FFF spores per tablet= produced by the Lund Lni2ersity9 was 
added to each sample for calculating the concentration of microfossils 
8Stockmarr, .</.90 $ollen, spores, and N$$s were counted under an 
upright microscope until the number of total pollen sum 8($S9 grains in 
each sample reached at least B??0 (he pollen grains were identi;ed 
using atlases and keys 8-eug, 3??7= Moore et al0, .<<.9, whereas N$$s 
on the basis of literature cited in Miola 83?.390 (he percentages of pollen 
grains, spores, and N$$s were calculated based on the ratio of an indi-
2idual taxon to the ($S 8i0e0, the sum of arboreal pollen and nonarboreal 
pollen9, excluding a1uatic and wetland plants including *yperaceae, 
cryptogam spores, and N$$s0 

01?1 Presentation of the results 

&ll the results of the analysis of testate amoebae, diatoms, plant 
macrofossils, pollen, and N$$s are presented in the diagrams, which 
were plotted using (ilia 82ersion 30?07.9 84rimm, .<<39, *3 8>uggins, 
3??@9 and ' programs 8' 2ersion @0B0.9 8(eam, 3?.B90 Due to clear 

Table 1 
Details of modern samples taken from the extraction area of 5ara peatland0  

No0 *ode Microtopography -otanical content of modern 
samples 

:(D 
McmN 

1 5um. hummock Sphagnum magellanicum 8<BA9, 
Sphagnum fuscum@rubellum 8BA9 

.< 

2 5um3 hummock Sphagnum fuscum@rubellum ./ 
3 5um@ hummock Sphagnum fuscum@rubellum 3? 
4 5um7 hummock Sphagnum fuscum@rubellum .B 
5 5umB hummock Sphagnum fuscum@rubellum 3@ 
F 5ol. hollow Surface fro%en sediment: 

Microspora sp0 8*hlorophyta9: 
8<?A9, Scheuchzeria palustris 8/A9, 
5erbaceous plants and Ericaceae 
roots 

3 

/ 5ol3 hollow Surface fro%en sediment: 
Microspora sp0 8*hlorophyta9: 
8<?A9, 5erbaceous plants 8BA9, 
Scheuchzeria palustris, Ericaceae 
roots, Sphagnum falla9, Sphagnum 
fuscum@rubellum and Sphagnum 
magellanicum 

3 

G 5ol@ hollow Surface fro%en sediment: 
Microspora sp0 8*hlorophyta9: 
8GGA9, 5erbaceous plants 8GA9, 
Scheuchzeria palustris, Ericaceae 
roots, Sphagnum falla9, Sphagnum 
fuscum@rubellum and Sphagnum 
magellanicum 

. 

< 5ol7 hollow Surface fro%en sediment: 
Microspora sp0 8*hlorophyta9: 
8<?A9, 5erbaceous plants 87A9, 
Scheuchzeria palustris, Eriophorum 
vaginatum – spindles, Ericaceae 
roots, Sphagnum falla9, Sphagnum 
fuscum@rubellum and Sphagnum 
magellanicum 

. 

.? 5olB hollow Surface fro%en sediment: 
Microspora sp0 8*hlorophyta9: 
8/GA9, Scheuchzeria palustris 8FA9, 
Ericaceae roots 8FA9, 5erbaceous 
plants 8BA9, Eriophorum vaginatum 
– spindles, woods, Sphagnum falla9, 
Sphagnum fuscum@rubellum and 
Sphagnum magellanicum 

.  

Table 2 
'adiocarbon dates from the extraction area of 5ara peatland0 &bbre2iations: 
-$—before present 8i0e0, the year .<B? *E9= $o%—$o%nań 'adiocarbon 
Laboratory0  

Laboratory 
code-number 

Depth 
McmN 

.7* date 
M.7* year 
-$N 

*alibrated date 
Mcalibrated year -$= cal0 
-$N 83σ – <B07A9 

Dated 
material 

Poz-10 00! B .<FB ±
@? 

.<<?–.<BG 8<0/A9 

.<B?–.G37 8GB0/A9 
Sphagnum 
stems 

Poz-10"!!0 .3 3.3B ±
@? 

33<3–33F< 8/0GA9 
3.B.–3??? 8G/0/A9 

Sphagnum 
stems 

Poz-10#01" 3B 337? ±
@? 

3@@<–33<3 83F0.A9 
33F<–3.B. 8F<07A9 

Sphagnum 
stems 

Poz-10 1 ! @B 3@BB ±
@? 

37G/–37/< 8.0@A9 
37FG–3@@3 8<70.A9 

Sphagnum 
stems  
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changes in the palaeoecological records of plant macrofossils and testate 
amoebae, and for the description of the results, we introduced indi2idual 
zonation for plant macrofossils and testate amoebae based on a strati-
graphically constrained cluster analysis carried out with the *,N)SS 
method 84rimm, .<G/90 

�. $esults and inter%retation 

3121 Absolute chronology, accumulation rate and peat properties 

(he age–depth model re2ealed a reliable agreement index for the 
model 8&model9 e1ualing to .??0BA 8>F?A is recommended for model 
robustness9 8+ig0 3&9 8-ronk 'amsey, 3??G90 (he results of age–depth 
modelling re2ealed that the bottom of the pro;le reached ca0 373? ± <? 
cal0 -P0 )n the beginning, from ca0 373? cal0 -P 8@/ cm9 up to ca0 33B? 
cal0 -P 8.B cm9, the following 1uasi-stable &'peat 2alues were deter-
mined: 8i9 ?0?B–?0. cm yr−. at ca0 37.?–3@.? cal0 -P 8@/–@? cm9 and 8ii9 
?0.<–?037 cm yr−. at ca0 3@.?–33B? cal0 -P 8@.–.B cm9 8(able 390 & 
decline to ?0?7–?0?3 cm yr−. was recorded at ca0 33B?–.<?? cal0 -P 
8.B–B cm9, while the lowest &'peat 2alue of ?0??7–?0??3 cm yr−. was 
detected at a depth of B–? cm 8.<??–FG cal0 -P90 )n the latter section, the 
highest σ error for the entire pro;le chronology 8i0e0, 3B?–7.? calibrated 
years9 was determined0 (his section probably reJects the contact of bare 
peat, exposed due to peat exploitation with modern deposits0 (he 
age–depth model re2ealed that the peat layer remo2ed by exploitation at 
the coring site spanned ca0 3??? years, and also indicated that at least 
the topmost B cm should be interpreted with caution, but it most likely 
reJects modern times0 Nonetheless, the structure of .7* dates, which 
re2ealed a chronological conse1uence, pointed rather to the lack of 
2ertical disturbances in the peat section of @/–70B cm0 

(he decay cur2e showed a little 2ariation, with a slight decline at @3 

and 37 cm 8ca0 3@@? and 33G? cal0 -P9 and a slight increase at 3<, .G, 
and @ cm 83@@?, 33F?, and .3@? cal0 -P= +ig0 3-90 (he content of water 
and organic matter also showed a little 2ariation, except for the top zone 
8@-? cm= .3@?–FG cal0 -P9 where the content of organic matter was 
found to be decreased0 

3101 Surface samples 

310121 Testate amoeba analysis 
& total of .7 taxa of testate amoebae were recorded in the modern 

samples 8+ig0 @90 (he number of species was relati2ely low and similar in 
both the samples from hollows and hummocks—.. species were noted 
in hummocks and .3 in hollows0 (he modern samples from hummocks 
and hollows showed a strong dominance of one taxon, and the species 
composition within each of the two microforms was similar0 

5ollow samples were dominated by Arcella discoides 8B/0GA of the 
total number of testate amoeba shells9, accompanied by the species that 
prefer more wet conditions, including Cyclopy9is arcelloides type 
8.B0FA9 and Archerella flavum 8/03A9 8Diaconu et al0, 3?.F= Swindles 
et al0, 3?.F9, and others such as Euglypha compressa 8/0<A9, Assulina 
muscorum 8BA9, Assulina seminulum 8?0FA9, Corythion dubium 8.07A9, 
Euglypha rotunda 8.0FA9, Heleopera sphagni 8?07A9, Nebela collaris 
8303A9, and Heleopera sylvatica 8?03A9 8+ig0 <&90 Modern samples from 
the hummocks tended to be dominated by A1 muscorum 87B0GA9, 
accompanied by other species that prefer drier conditions, including 
C1 dubium 8.@0GA9 8-eyens et al0, .<<39 and also A1 seminulum 8GA9, 
E1 rotunda 8.?03A9, N1 collaris 8F0<A9, Euglypha compressa 8F07A9, Trig/
onopy9is arcula 8703A9, A1 discoides 8.0@A9, A1 flavum 8?0GA9, and Arcella 
catinus 8?0FA90 

Fig. 2. &9 &ge–depth model of the peat monolith0 -9 Hariations obser2ed in the decomposition rate, water content, and organic matter content for the peat extraction 
area of 5ara peatland0 
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310101 Diatom ana�ysis 
*omparing the results of the diatom analysis for hollows and hum-

mocks, the distribution of diatom assemblages in modern samples was 
found to be more inJuenced by the sampling point rather than micro-
habitats0 )t is 2isible in +ig0 7 that the diatom composition and the 
abundance of "�notia pa��dosa is more similar between sites0 +or 
example, in sampling points no0 3 and @ both microhabitats ha2e similar 
distribution of diatoms with a dominance of "1 pa��dosa 8<G–.??A90 
Similar disturbance pattern is also 2isible in sampling point no0 B, where 
the diatom composition differs the most from other sampling points with 
the lowest abundance of "0 pa��dosa 8GF–G/A90 Also, in sampling point 
no0 B the percentage of Pinn��a�ia s�bcapitata is the highest of all sam-
pling points0 5owe2er, in pre2ious studies 8*hen et al0, 3?.F= Küttim 
et al0, 3?./a9 ha2e found that the distribution of diatom assemblages in 

bogs is more connected to the microhabitats along the 
hummocks-hollow gradient0 

E2en though the diatom assemblages in modern samples were found 
to be more inJuenced by the sampling point rather than microhabitats, 
the number of different diatom species was low in the modern samples 
from 5ara peatland0 Although the in2estigated diatom assemblage was 
found to be characteristic of bogs, species richness was generally much 
higher in pristine bogs0 (he most common diatom species belonged to 
the genera "�notia, Pinn��a�ia, and ,obayasie��a, which are commonly 
found in the bog en2ironment 8*antonati and Lange--ertalot, 3?..= 
Küttim et al0, 3?./b= PoulIčko2á et al0, 3?.@90 (he species +ant�sc�ia 
amp�io9ys prefers drier habitats and therefore is more common in 
hummocks where the p5 is higher 8*hen et al0, 3?.F90 )t is also 
considered a pioneer species in peatlands and is typically found in these 

Fi�. �. Percentage of testate amoeba assemblages determined in modern samples from hummocks and hollows obtained from the exca2ation part of 5ara peatland0  

Fi�. �. Percentage of diatom assemblages determined in modern single samples from hummocks and hollows obtained from the exca2ation part of 5ara peatland0  
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sites where en2ironmental changes continuously take place and so 
diatom assemblages do not fully de2elop 8'ühland et al0, 3???90 

3131 Peat monolith 

313121 Testate amoeba analysis 
& total of 3B testate amoeba taxa were recorded in the peat monolith0 

(he monolith was characterized by dominant proteinaceous tests, low 
species di2ersity, and strong dominance of two species 8A1 .avum and A1 
discoides> 8+ig0 B90 Moreo2er, the clear changes in the peat monolith 
indicated three zones 8&–*90 

(he dominant species in zone & 8@/–.? cm, ca0 37.?–3?F? cal0 -P9 
was A1 .avum 8mixotrophic testate amoeba9 which represented on 
a2erage /?A 8B/–GGA9 of the total community0 (he high relati2e 
abundance of this species indicated wet and stable conditions at the 
5ara peatland between ca0 373? and 3?7? cal0 -P 8Sulli2an and -ooth, 
3?..= Swindles et al0, 3?.F90 (he rest of the testate amoeba community 
was constituted mainly by Hyalospenia papilio 8mixotrophic indicator of 
wet habitats9 8Lamentowicz et al0, 3?.?9, A1 muscorum, and A1 seminulum 
8both are indicators of dry habitats9 8:arner and *hmielewski, .<<39, 
with percentages ranging from ?A to <A, .A–3@0BA, and ?A–.@0BA, 
respecti2ely0 (he large abundance of species that prefer drier conditions, 
as well as the dominance of A1 .avum, may indicate short-term en2i-
ronmental 2ariability 8Sulli2an and -ooth, 3?..90 (he Shannon di2ersity 
of the testate amoeba communities was the lowest in the whole peat 
monolith, 2arying between ?0G and .0@0 (he testate amoebae – based 
reconstruction showed that the water table was stable and oscillated 
between B and G0< cm, while the p5 ranged from 7 to B0B0 

&n important change in the testate amoeba communities was 
obser2ed in zone - 8.?–B cm, ca0 33F?–.<?? cal0 -P9 8+ig0 B9, where we 
recorded a decline in the relati2e abundance of A1 .avum to @G0BA, an 
increase in the abundance of A1 discoides to ..A 8indicator of hydro-
logical instability 8Lamentowicz and Mitchell, 3??Ba= Sulli2an and 
-ooth, 3?..9 and a large relati2e abundance of A1 muscorum 8.3–3?A9 
and C1 dubium 870F–G0GA9 8both are dry habitat indicators9 8-eyens 
et al0, .<<39, accompanied by C1 arcelloides type and E1 compressa glabra0 
Moreo2er, H1 papilio was not found and A1 seminulum was found to be 
decreased in this zone0 (he contribution of proteinaceous testate 
amoebae was low, whereas the di2ersity of xenosomic and idiosomic 
testate amoebae was increased 8.07–390 :ater table was decreased 
slightly 8F0G–..0B cm9, while the p5 oscillated between 703 and 70B0 &ll 
the described changes in the community of testate amoebae can indicate 

the change in hydrological dynamics0 
)n the top layer 8zone *, B–? cm, modern times9, A1 discoides was 

found to be dominant 8+ig0 B9, accounting for an a2erage of /@0BA of the 
total community at a depth from . to 3 cm0 A1 .avum decreased to a few 
per cents0 (he rest of the testate amoeba community was mainly 
constituted by A1 muscorum, C1 dubium, C1 arcelloides type, and 
E1 compressa glabra0 (he contribution of proteinaceous testate amoebae 
was increased, while the Shannon di2ersity of the communities was 
decreased to .0 (he reconstruction of the water table depth based on 
testate amoebae indicated an increase in the water le2el from G0/ to 3 cm 
in this zone= howe2er, the peatland most likely experienced Juctuations 
in the water table 8intermittent Jooding9, as was indicated by the 
dominance of A1 discoides 8Lamentowicz et al0, 3??<9 8+ig0 <90 (he p5 of 
this zone oscillated between @0< and 7070 

313101 Diatom analysis 
Diatom assemblages in the peat monolith showed higher species 

richness than the assemblages from the modern samples 8+ig0 F90 & total 
of BF different diatom species, belonging to 3B genera, were identi;ed in 
the monolith0 &mong the identi;ed genera, the most abundant were 
Eunotia 8.@ species9, followed by Pinnularia 8G9, Aulacoseira 8@9, Fragi/
laria 8@9, Hantzschia 8@9, and Nitzschia 8@90 )n all the analyzed layers, 
E1 paludosa was found to be dominant 8<@A9, followed by Eunotia 
nymanniana 8@A9, Aulacoseira granulata 8.A9, and Eunotia bilunaris 
8.A90 (he remaining B3 diatom species were present in a 2ery low count, 
accounting altogether for only .A0 (he diatoms were well preser2ed in 
the peat, howe2er, only in the layer between 3< and 3/ cm 8ca0 3@?? cal0 
-P9, the diatom preser2ation was poor and the counts did not reach to 
the minimum of @?? specimens0 (he genus Eunotia represents a 2ery 
large proportion of the diatom assemblages of 5ara peatland0 
(hroughout the peat monolith, E1 paludosa was dominant, accounting 
for approximately F?–<<A of the diatoms0 

)n the layer at @@ cm 8ca0 3@B? cal0 -P9, a maCor shift was noted in 
diatom assemblage, where the number of E0 paludosa was decreased to 
F@0GA and E0 nymanniana was increased 83G0<A90 &n increase in Eunotia 
neocompacta 870/A9 was also recorded0 (he layer @.–.< cm 8ca0 
3@3?–33F? cal0 -P9 did not show any remarkable changes0 (he domi-
nant species was E0 paludosa, and no maCor shifts were obser2ed in the 
diatom assemblage0 &t the depth from 3< to 3/ cm 8ca0 3@?? cal0 -P9, the 
diatom preser2ation was poor0 

)n the layer ./–.@ cm 8ca0 33B?–3.G? cal0 -P9, the percentage of E0 
paludosa was decreased to 2alues between G.0<A and F@0GA0 (he 

Fi�. �. Percentage testate amoeba diagram with .? times exaggeration 8presented as black lines9 and 2alues 8*:M - community-weighted means of species traits9 of 
the functional traits of the testate amoeba communities calculated from the extraction area of 5ara peatland0 
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diatom assemblage was more species-rich, with "1 bi��na�is, 
"1 nymanniana, "1 p�ae��pta, and other "�notia species0 +urthermore, at a 
depth of ./ cm 8ca0 33B? cal0 -P9, �1 ��an��ata was slightly increased to 
F0/A0 (hese changes might indicate that the en2ironment was wetter 
and p5 was higher0 (he species "1 bi��na�is and "0 nymanniana prefer 
wetter conditions with a higher p5 in comparison to "0 pa��dosa =Lan-
ge--ertalot et al0, 3??@>0 

Diatom assemblage was 1uite homogeneous with no remarkable 
changes noted in the upper part of the peat monolith 8..–. cm= ca0 
3?<?–@/? cal0 -P9, where a change in testate amoeba assemblage was 

recorded indicating a shift from pristine mire to peat mine state0 (he 
stable diatom assemblage, dominated by "1 pa��dosa 8<@0@–<<07A9, 
showed that the site was characterized by rather harsh conditions, with 
high acidity and relati2ely unfa2orable conditions for diatoms0 More-
o2er, the diatom assemblage consisted of a low number of different 
species0 

313131 P�ant mac�o�ossi�s ana�ysis 
(he results of the plant macrofossils analysis, shown in +ig0 /, sug-

gested four zones 8A–D90 (he dominant species in zone A 8@/–@. cm, ca0 

Fi�. ". Simpli;ed percentage diatom diagram for the exploitation part of 5ara peatland, with .? times exaggeration 8presented as black lines90  

Fi�.  . A9 Percentage plant macrofossil diagram for the exploitation part of 5ara peatland with .? times exaggeration 8presented as black lines90 -9 Photographs of 
&ic�ospo�a sp0 8*hlorophyta9 from the top of the pro;le0 
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37.?–3@3? cal0 -$9 was a hummock species, Sphagnum fuscum@rubellum 
8Mc*arter and $rice, 3?.79, with a percentage ranging from /?A to GBA 
of the total plant macrofossils0 (he rest was composed mainly of 
Sphagnum falla9, Eriophorum vaginatum 8epidermis9, Sphagnum magella/
nicum, Ericaceae roots, herbaceous plants, and unidenti;ed roots0 

)n %one - 8@.–3? cm, ca0 3@3?–33FB cal0 -$9, the percentage of 
S1 fuscum@rubellum was decreased to 7?A, whereas the abundance of 
S1 falla9, E1 vaginatum 8epidermis9, S1 magellanicum, Ericaceae roots, 
herbaceous plants, roots, and Sphagnum sect0 Sphagnum was increased to 
GA, .?A, GA, BA, .BA, .BA, and BA, respecti2ely0 

)n %one * 83?–B cm, ca0 33FB–.<?? cal0 -$9, the percentage of 
S1 fuscum@rubellum was increased to G?–<?A, whereas the share of 
herbaceous plants and unidenti;ed roots was decreased, compared to 
the pre2ious %one0 (hese changes in the total plant macrofossil count 
seemed to indicate an increase in wetness of conditions in surface peat0 
-etween 33FB and 3.?? cal0 -$, an increase was obser2ed in the share of 
Ericaceae roots, whereas E1 vaginatum was absent between ca0 3?B? and 
.<<? cal0 -$ and S1 falla9 between ca0 33FB and 333? cal0 -$0 (he 
species S1 magellanicum and Sphagnum sect0 Sphagnum were also present 
in this %one0 

(he D %one 8B–? cm, modern times9 was characteri%ed by a sharp 
decrease in the dominant S1 fuscum@rubellum and an increase in the share 
of 2ascular plants0 5erbaceous plants, roots, wood, and shrubs were 
increased to .3A, .BA, 3A, and 7A, respecti2ely0 (he species 
E1 vaginatum was increased to 7?A, and the presence of its seeds and 
spindles in this %one indicated Juctuations in the water table 8Słowiński 
et al0, 3?.F9, similar to the monitoring data for the exploited part of the 
peatland 8+ig0 7-, Supplementary +igure .90 (his %one was dominated by 
the ;lamentous green algae, Microspora sp0 8*hlorophyta9, which is 
found in acidic waters 8-iggs and "ilroy, 3???= +oster, .<G3= >ohn, 
3??@90 )ts percentages 2aried from approximately ?A–B?A of the total 
plant macrofossil count0 & peak percentage of S1 falla9 8to 3BA9 was 
noted at a depth of @0B cm0 ,ther species of Sphagnum moss, including 
S1 magellanicum and Sphagnum sect0 Sphagnum, were also present but 
were not abundant0 &t the top of this %one 83–? cm9, stems with lea2es of 
Calluna vulgaris were obser2ed0 Due to the proximity of the coring site to 
the edge of the extraction area, the macrofossils of C1 vulgaris might ha2e 
come from the nonexploited part of the 5ara peatland0 

313171 Pollen and non/pollen palynomorphs =*PPs> analysis 
Domination of Pinus sylvestris 8P1 sylvestris type: .F–B?A9, Aetula 

83@–@<A9, and Picea abies 8F–37A9 indicates the presence of hemi- 

boreal forest 8+ig0 G90 &dditional components were Corylus avellana 
8.–FA9, probably Buercus 8?0/–30BA9 and Tilia cordata 8?–.03A9 
8+ig0 G90 &lder 8Alnus glutinosa type, ..–3BA9 grew probably in inun-
dated depressions and on the outskirts of the peatland0 &bout 3?G? cal0 
-$ 8.?0B cm9, P1 sylvestris expanded, probably contributing to the retreat 
of P1 abies0 (he pollen taxa included in the ($S did not show any sig-
ni;cant changes, which would be indicati2e of hiatus in the peat 
monolith at ca0 B cm0 

:etland sporomorphs re2ealed three stages of bog de2elopment in 
the coring spot area: 8i9 at ca0 373?–3@.? cal0 -$ 8@/–@?0B cm9 with 
distinct optima of Sphagnum spores 83–...A9 and Ericales pollen 
86accinium group, G0G–.70BA9, indicating more shrubby 2egetation 
8drier conditions9= 8ii9 at ca0 3@.?–337? cal0 -$ 8@?0B–.70B cm9 when the 
abundance of Sphagnum decreased and Ericales pollen became more 
fre1uent 8more Ledum type9= and 8iii9 at ca0 337?–.GG? cal0 -$ 
8.70B–70B cm9 when Sphagnum spores became more fre1uent with a 
probable decline in 6accinium group 8?0/–3A90 )n the case of pollen and 
spores characteristic of oligotrophic conditions, no substantial differ-
ence was noted between the pollen spectrum from the surface of the 
peatland and the depth of 70B cm 8ca0 .GG? cal0 -$90 

(he most pronounced change in N$$ was detected in the layer cor-
responding to ca0 337? cal0 -$ 8.70B cm9, with a distinct change in as-
semblages, marked by a decrease in the percentages of 5dH-33, 5dH-3@, 
5dH-F@ & Lasiosphaeria caudata and 5dH-G@0 During ca0 3@.?–33F? cal0 
-$, an increased percentage of 5dH-@FG coprophilous fungi was noted 
indicating the possible presence of herbi2ores6omni2ores in the coring 
area 8-aker et al0, 3?.@90 (his might ha2e been a result of relati2ely dry 
conditions, as suggested by the simultaneous stable presence of fungal 
N$$ 5dH-@& 82an 4eel, .</G90 Moreo2er, a high percentage of 5dH-<?, 
until ca0 33F? cal0 -$, may be related to rather dry conditions 
8Lamentowic% and Mitchell, 3??Ba90 +rom ca0 337? cal0 -$ to the top of 
the pro;le, the fungal N$$s 5dH-.?, 5dH-3/ Tilletia sphagni, and 
5dH-@? +elicoon pluriseptatum were more fre1uent0 5dH-.? is associated 
with Ericaceae roots, mainly C1 vulgaris, which points to the in situ 
occurrence of this dwarf shrub0 ,n the other hand, the occurrence of 
T1 sphagni indicates the presence of sporulating Sphagnum0 (his set of 
N$$s suggests the relati2ely dry 8hummock9 conditions0 (he constant 
presence of 5dH-@B and 5dH-/7 in the topmost section 8from ca0 3?G? 
cal0 -$9 indicates the possibility of at least seasonal6temporal in-
undations of peatland 82an 4eel, .</G90 ,n the other hand, it might 
indicate the increase in the water table after the introduction of resto-
ration procedures0 (he topmost sections of peat, which are better 

Fi�. #. $ollen and nonpollen palynomorph percentage diagram for the exca2ation part of 5ara peatland with .? times exaggeration 8presented as black lines90  
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hydrated and softer, were more prone to be penetrated by modern 
a1uatic organisms0 

�. Di�cu��ion 

7121 "co�ogica� base�ines 

(he recent ecological baselines 8closer in time than 373? cal0 -$9 are 
not possible to be recognised in the analy%ed core0 5owe2er, this deep 
temporal hori%on pro2ided us with a picture of the stable ecohydro-
logical conditions that were present in many -altic bogs until the 3?? 
years ago 8Swindles et al0, 3?.<90 ,ur data show how the peatland 
dramatically shifted from the baseline into degraded conditions0 5ow-
e2er, it was recently recognised that e2en small ground water changes 
are affecting the peatland ecosystem in terms of 2egetation structure, 
microbial communities and carbon Juxes 8>assey et al0, 3?.G90 :ater 
table o2errides all other ecosystem- and management-related controls 
on greenhouse gas Juxes 8E2ans et al0, 3?3.= >urasinski et al0, 3?.F= 
(anneberger et al0, 3?3.90 (herefore the restoration effort should be 
focused on the target water table that was also recognised in the 
palaeoecological records 8Lamentowic% et al0, 3?.<9 in the context of 
climate change to achie2e key EL sustainability obCecti2es0 5ence, we 
need the data from the past to better understand the potential of 
ecological restoration of peatlands including pristine baselines 8&nder-
sen et al0, 3??790 

(he 5ara bog record represents an industrially exploited peatland 
and re2ealed three phases in the history of peatland: .9 pristine bog, 
probably at a fairly early stage of its de2elopment, 39 hiatus as a result of 
peat of exploitation and @9 probably modern peat as a result of resto-
ration 8+igs0 @, B and /90 ,ur record begins at ca0 373? cal0 -$, when the 

pristine peatland ecosystem was surrounded by a hemi-boreal forest 
8+ig0 G90 (he pollen data showed the dominance of pine and birch with a 
high abundance of spruce and alder, which is similar to the results re-
ported by other studies from Estonia 8Niinemets and Saarse, 3??F= $oska 
and Saarse, .<<<, 3??390 (he analysis of plant macrofossils and testate 
amoebae suggested that the extraction area of 5ara peatland was a wet 
ombrotrophic bog dominated by �1 fuscum@rube��um 8+igs0 B, / and <*90 
(he wet and stable baseline phase, with the dominance of mixotrophic 
testate amoebae possessing organic shell—�1 .a(um between ca0 373? 
and .<?? cal0 -$ 8+ig0 B9, agrees with the record of testate amoebae from 
MännikCär2e bog 8eastern Estonia9 presented by Häliranta et al0 83?.390 
)n both studies, the possible changes in moisture conditions were 
reconstructed using analyses of testate amoebae and plant macrofossils0 

Similar to MännikCär2e bog, which is located .?? km away from the 
southeast of 5ara peatland 8Häliranta et al0, 3?.39, the results of both 
proxies showed different patterns of hydrological conditions0 )n the case 
of our reconstruction, the period indicated by the plant macrofossil re-
cord as drier than the a2erage conditions 8+ig0 /9 and by the testate 
amoeba record as wetter than the a2erage conditions 8+ig0 B9 was shorter 
and occurred between ca0 3@G? and 3@@? cal0 -$0 Häliranta et al0 83?.39 
pro2ided se2eral reasons for this incoherent episode 8ca0 3B?? and ./B? 
cal0 -$90 

+rom the multiproxy studies 8+igs0 B–G9, we could not ;nd another 
stressor that could ha2e affected the peatland ecosystem between ca0 
373? and .<?? cal0 -$0 5ence, we can interpret this stage 8without 
considering the unexplained and inconsistent episode between ca0 3@G? 
and 3@@? cal0 -$9 as pristine and an ecological baseline 8reference 
period9 8+ig0 <*9 that might be a potential target for ecological resto-
ration 8+arrell and Doyle, 3??@= +royd and :illis, 3??G= Natlandsmyr 
and 5Celle, 3?.F90 5owe2er, we can also state that this target is dif;cult 

�i�. !. &9 $ercentage chart of testate amoebae from modern hummock and hollow samples0 -9 (he a2erage monthly water temperature and water table depth of the 
exploited part of 5ara peatland 8data for the closest measuring point: hara?39, with the annual sum of precipitation for (allinn-5arku 8Estonian :eather Ser2ice, 
3?3?90 *9 Summary of the palaeoecological data 8testate amoebae and plant macrofossils9 with the reference state for peat extraction0 
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to be reached0 

7121 Degradation 

,ur research documented a dramatic e2ent in the peatland ecosys-
tem—the top part of the peatland was completely degraded due to peat 
cutting, and as a conse1uence, the peat record for the last ca0 .<?? years 
is missing 8+ig0 390 Subse1uently, analyses of testate amoebae and plant 
macrofossils indicated changes related to rewetting 8+igs0 B, / and <*90 
*hanges recorded in the testate amoeba community of the exploited part 
of the 5ara peatland agreed well with those in plant macrofossils than 
the changes noted in other proxies 8diatoms and pollen90 

:e explored the testate amoeba communities from modern hum-
mock and hollow samples and compared them with the a2erage monthly 
water temperature, water table depth, an annual sum of precipitation, 
and current paleorecord, as well as with the reference period for the 
exca2ation part of 5ara peatland 8+ig0 <90 (he presence of E1 vaginatum 
on the surface of the old peat surface 8+ig0 .D9 indicated signi;cant 
Juctuations in the water le2el 8Sulli2an and -ooth, 3?..= (obolski, 
3??@9, similar to the monitoring data for the exploited part of the 
peatland 8+ig0 <-, Supplementary +ig0 .9 which showed dynamic 
changes in the water table between 3?.@ and 3?./ 8+ig0 <-9 inJuencing 
the communities of testate amoebae and plant macrofossils 8+igs0 @, B 
and /90 

'estoration efforts made on the 5ara peatland caused high hydro-
logical 2ariability0 :ater le2el Juctuations between −<? and + @? cm, 
contributing to the de2elopment of E1 vaginatum hummocks, were 
recently noticed in the plant macrofossils and presently on the compo-
sition of the mire surface 8Mau1uoy et al0, 3?.?90 Moreo2er, 'ober et al0 
83?.39 suggested that an increase in the abundance of ;lamentous green 
algae, including Microspora sp0, may result from the increasing fre-
1uency of drying and rewetting e2ents on wetlands due to climate 
change, or fre1uent Juctuations in the water table in shallow ecosys-
tems0 (herefore, the presence of Microspora sp0 mats in the top %one of 
the peat monolith may also be associated with inundation and eutro-
phication0 :e assume that the de2elopment of this alga, as a potential 
food source, might affect the composition of testate amoebae and be 
linked with the increase in A1 discoides, which is a pioneer species that 
immigrated to the inundated bare peat surface 8+igs0 B and G90 (his 
monospeci;c testate amoeba community was the most abundantly 
found in the top part of the bog pro;le 8similar to the pattern of 
Microspora sp09 8%one *, +ig0 B9, and it can be related to intermittent 
Jooding and drying of the exploited peat surface 8Lamentowic% et al0, 
3??<90 :e ha2e shown in a pre2ious study that dynamic changes 
occurring in the water table are the primary en2ironmental inJuencing 
factor of the composition of testate amoebae and algae 8Kołac%ek et al0, 
3?3?= Lamentowic% and Mitchell, 3??Ba= Łuców et al0, 3?3?= Sulli2an 
and -ooth, 3?..90 (his study also 2alidates our former assumption that 
this species is an early immigrant to not stable, no2el habitats such as 
those recorded in Sphagnum–E1 vaginatum-dominant 8intermittently 
inundated9 peatland laggs in (uchola pine forest in northern $oland 
8Lamentowic% and Mitchell, 3??Bb90 &ttention should be also paid also 
to C1 arcelloides type 8+ig0 B90 (his species has been recorded from dry 
8-ooth, 3??/9 to wet 8Diaconu et al0, 3?.F9 conditions in the pre2ious 
research0 5owe2er, in our study, it was noted only in samples from the 
hollows 8+ig0 @9= therefore, in our study, we considered this species as an 
indicator of wet conditions 8+ig0 G90 

(he diatom assemblages in 5ara peatland correlates better with 
changes in pollen data compared to testate amoeba data0 (here are 
mostly diatoms typical of bogs, but their assemblages in modern 
Sphagnum samples from 5ara were species-poor compared to the diatom 
assemblages found in the peat monolith 8+igs0 7 and F90 &ll sampling 
points were dominated by E1 paludosa, a characteristic species of the bog 
en2ironment 8*hen et al0, 3?.3= 5argan et al0, 3?.B= K#ttim et al0, 
3?./a90 Since the typical 2ascular plant community is not fully reco2-
ered, it is understandable that such diatom composition 8e0g0, 

A1 granulata and H1 amphio9ys9 is characteristic of the 
still-de2eloping6changing bog en2ironment 8-rugam and Swain, 3???= 
*hen et al0, 3?.390 

(he top reco2ery phase of the peat monolith 8B–? cm9 was found to 
be a 2ery dynamic en2ironment 8+ig0 3&90 :e cannot rule out the 
decomposition of bare peat surface under oxygenated conditions 8'ydin 
and >eglum, 3??F9 and6or mixing of the sediments in the past 8due to 
exploitation9 or at present 8through restoration90 5owe2er, the modern 
record of testate amoebae 8+ig0 <&9 and modern 2egetation 8i0e0 the 
presence of the same species6domination of the same species in modern 
samples and modern sediment of peat core9 probably partially support 
the palaeoecological record0 )n particular, the in situ presence of the 
spindles of E1 vaginatum in the paleo record points to the modern record 
at a depth of B–? cm 8Mau1uoy et al0, 3?.?90 

7131 Restoration 

Since industrial exploitation leads to the loss of peat 8and carbon 
store9 along with local species pool 8(able . and +igs0 / and <9 the 
disturbance is so dramatic that makes the restoration of a raised bog 
2egetation a complex and time-consuming process 8*hapman et al0, 
3??@b90 +rom a long-term perspecti2e, we tried to assess the progress of 
the restoration process in the extraction area of 5ara peatland, which is 
still in an initial phase 8+igs0 @–/ and <90 (he baseline6pristine 
S1 fuscum@rubellum community that dominated during ca0 3??? cal0 -$ in 
the peat record 8+ig0 <*9 might be a good target for the ;nal stage of 
restoration0 (his is mainly due to the fact S1 fuscum is a typical species of 
-altic bogs in the past 8Lamentowic% et al0, 3??<90 Moreo2er, S1 fuscum is 
recommended for restoration in sites that ha2e a water table depth 
exceeding approximately 3? cm below the surface as well as in drier sites 
8Karofeld et al0, 3?3?90 5owe2er, it is pointed out that an a2erage water 
table depth should be higher than 3? cm in restoration sites 8Karofeld 
et al0, 3?3?9, which contributes to the better de2elopment of Sphagnum 
mosses0 Ne2ertheless, the baseline hydrology 8former 2egetation struc-
ture with a water table depth of approximately .?–.3 cm9 8E2ans et al0, 
3?3.= Lamentowic% et al0, 3?.<9 might ne2er be reached, and the most 
important aim is to trigger the peat accumulation process0 &t present, 
European peatlands are drier than they were in pre2ious centuries 
8Swindles et al0, 3?.<9, and thus, their restoration is challenging0 (he 
amount and fre1uency of rainfall will ha2e a large impact on the further 
regeneration of the ecosystem due to the sensiti2ity of ombrotrophic 
peatlands to climate change 8*harman, 3??3= 'ydin and >eglum, 3??F90 
5owe2er, a promising indicator of restoration might be the fact that 
mixotrophs ha2e already arri2ed at the community of testate amoebae 
8+ig0 <&90 :e state that the restoration target – a healthy raised bog 
should consist of mixotrophic testate amoeba such as A1 flavum that are 
good indicators of well-functioning Sphagnum peatland 8>assey et al0, 
3?.B= Marcis% et al0, 3?3?9 ecosystem state e2en if the Sphagnum species 
is different than in the baseline0 $alaeoecological assessment of the 
peatland restoration using the multiproxy approach is 2ery rare0 

$alaeoecological assessment of the peatland restoration using the 
multiproxy approach is not a common approach0 Such studies ha2e 
consisted signi;cant limitations to studying post-restoration sites using 
proxy methods, especially using stratigraphic methods 8hiatuses, mix-
ing, differential preser2ation6oxidation9, whereas surface sampling and 
monitoring are more feasible and likely to yield more informati2e re-
sults0 Despite those limitations, we think that a combination of the 
palaeo approach with monitoring is a key to e2aluate the restoration 
progress0 
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2%%endi3 2. /u%%�ementar' data 

Supplementary data to this article can be found online at https:66doi0 
org6.?0.?.F6C01uaint03?3.0?G0?./0 

$e1erences 

&ndersen, >050, *onley, D0>0, 5edal, S0, 3??70 $alaeoecology, reference conditions and 
classi;cation of ecological status: the EL :ater +ramework Directi2e in practice0 
Mar0 $ollut0 -ull0 7< 879, 3G@–3<?0 

&ndersen, '0, +arrell, *0, 4raf, M0, Muller, +0, *al2ar, E0, +rankard, $0, *aporn, S0, 
&nderson, $0, 3?./0 &n o2er2iew of the progress and challenges of peatland 
restoration in :estern Europe0 'estor0 Ecol0 3B 839, 3/.–3G30 

-aker, &040, -hagwat, S0&0, :illis, "0>0, 3?.@0 Do dung fungal spores make a good proxy 
for past distribution of large herbi2oresO Euat0 Sci0 'e20 F3, 3.–@.0 

-ennett, $0*0, Siegel, D0)0, 5ill, -0M0, 4laser, $050, .<<.0 +ate of silicate minerals in a peat 
bog0 4eology .< 879, @3G–@@.0 

-erglund, -0E0, .<GF0 5andbook of 5olocene $alaeoecology and $alaeohydrology0 >ohn 
:iley & Sons, p0 GF<0 

-eug, 50->0, 3??70 Leitfaden der $ollenbestimmung f#r Mitteleuropa und angren%ende 
4ebiete0 Herlag Dr0 +riedrich $feil, M#nchen0  

-eyens, L0, *harde%, D0, De -aere, D0, De -ock, $0, .<<30 (he testate amoebae from the 
sondre stromfCord region 8west-4reenland9: their biogeographic implications0 &rch0 
$rotistenkd0 .73, B–.@0 

-irks, 5050, 3??/0 $lant macrofossil introduction0 Encyclopedia of 1uaternary science @, 
33FF–33GG0 

-onn, &0, &llott, (0, E2ans, M0, >oosten, 50, Stoneman, '0, 3?.F0 $eatland 'estoration and 
Ecosystem Ser2ices: Science, $olicy and $ractice0 *ambridge Lni2ersity $ress, 
*ambridge0  

-ooth, '0"0, 3??.0 Ecology of testate amoebae 8$roto%oa9 in two lake superior coastal 
wetlands: implications for paleoecology and en2ironmental monitoring0 :etlands 3. 
879, BF7–B/F0 

-ooth, '0"0, 3??/0 (estate amoebae as proxies for mean annual water-table depth in 
Sphagnum-dominated peatlands of North &merica0 >0 Euat0 Sci0 3@, 7@–B/0 

-ooth, '0"0, Lamentowic%, M0, *harman, D0>0, 3?.?0 $reparation and analysis of testate 
amoebae in peatland paleoen2ironmental studies0 Mires $eat / 83?.?6..9, .–/0 

-ragg, ,0, Lindsay, '0, 3??@0 Strategy and action plan for mire and peatland conser2ation 
in central Europe: central European peatland proCect 8*E$$90 :etlands )nternational0 

-ronk 'amsey, *0, .<<B0 'adiocarbon calibration and analysis of stratigraphy: the ,x*al 
program0 'adiocarbon @/ 839, 73B–7@?0 

-ronk 'amsey, *0, 3??G0 Deposition models for chronological records0 Euat0 Sci0 'e20 3/ 
8.–39, 73–F?0 

-rugam, '0-0, Swain, $0, 3???0 Diatom indicators of peatland de2elopment at pogonia 
bog pond, Minnesota, LS&0 5olocene .? 879, 7B@–7F70 

-uttler, &0, :arner, -040, 4ros2ernier, $0, P2an, M0, .<<F0 Hertical patterns of testate 
amoebae 8$roto%oa: rhi%opoda9 and peat-forming 2egetation on cuto2er bogs in the 
>ura0 Swit%erland0 New $hytologist .@7, @/.–@G30 

*antonati, M0, Lange--ertalot, 50, 3?..0 Diatom monitors of close-to-pristine, 2ery-low 
alkalinity habitats: three new Eunotia species from springs in Nature $arks of the 
south-eastern &lps0 >0 Limnol0 /? 839, 3?<–33.0 

*arballeira, '0, $onte2edra-$ombal, K0, 3?3?0 Diatoms in paleoen2ironmental studies of 
peatlands0 Euaternary @ 839, .?0 

*hapman, S0, -uttler, &0, +rance%, &0->0, Laggoun-Défarge, +0, Hasander, 50, , M0, S0, 
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"ołac%ek, $0, "arpińska-"ołac%ek, M0, 4ałka, M0, Miotk-S%piganowic%, 40, ,bremska, M0, 
Lamentowic%, M0, 3?3?0 Do the relationships between testate amoebae and fungi 
reJect the 2ariability of past water table Juctuations in the ombrotrophic peatlands 
of *entral EuropeO 5olocene, ?<B<FG@F3?<.@<3/0  

"rammer, "0, .<GG0 -acillariophyceae0 3( eil: -acillariaceae, Epithemiaceae, Surirella0 &0 
$ascher’s Susswa sser +lora 2on Mitteleuropa0 

"rammer, "0, 3???0 (he genus $innularia0 Diatoms of Europe: Diatoms of the European 
)nland :aters and *omparable 5abitats .0 

"rammer, "0, 3??@0 *ymbopleura, delicata, na2icymbula, gomphocymbellopsis, 
afrocymbella0 Diatoms of Europe0 )n: Diatoms of the European )nland :aters and 
*omparable 5abitats, 70 &'4 4antner Herlag "4, 'uggell0  

"#ttim, L0, "#ttim, M0, $uusepp, L0, Sugita, S0, 3?./a0 (he effects of ecotope, 
microtopography and en2ironmental 2ariables on diatom assemblages in hemiboreal 
bogs in Northern Europe0 5ydrobiologia /<3 8.9, .@/–.7<0 

"#ttim, M0, 5ofsommer, M0, 'obroek, -0, >assey, H0, Laine, &0, Lamentowic%, M0, 
-uttler, &0, )lomets, M0, Mills, '0, 3?./b0 +ree%e-thaw *ycles Simultaneously 
Decrease $eatland $hotosynthetic *arbon Lptake and Ecosystem 'espiration0 -oreal 
En2ironment 'esearch0 
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resilience of a Sphagnum peatland in western 'ussia 8:estern D2ina Lakeland9 
during the last @?? years: a multiproxy, high-resolution study0 (he 5olocene, 
?<B<FG@F3?<7.?F70  
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Rycina 1. Torfowisko Martwe. 

Fot. 1 Pobór rdzenia torfowego próbnikiem torfowym typu Wardenaar z torfowiska 

Maƌƚǁe ǁ kǁieƚŶiƵ ϮϬϭϲ ƌŽkƵ Ɖƌǌeǌ dƌ hab͘ Michała SłŽǁiŷƐkiegŽ͕ PƌŽf͘ IGiPZ 

(PAN) oraz Prof. dr hab. Mariusza Lamentowicza (UAM) ;FŽƚ͘ K͘ KajƵkałŽ͕ 

2016). 

 

Fot. 2 Rdǌeŷ ƚŽƌfŽǁǇ Ž dłƵgŽƑci ϱϲ cŵ pobrany z ƉŽłƵdŶiŽǁej cǌęƑci torfowiska 

Martwe, oznaczony symbolem MARϭ ;FŽƚ͘ K͘ KajƵkałŽ͕ ϮϬϭϲͿ. 

 

Fot. 3 Torfowisko Martwe w kwietniu w 2016 roku (Fot. M. Lamentowicz, 2016). 

 

Fot. 4 Torfowisko Martwe w ƐieƌƉŶiƵ ǁ ϮϬϭϵ ƌŽkƵ ǌ ǁidŽcǌŶǇŵ ƉaƐeŵ bƌǌſǌ ǁŽkſł 

ƚŽƌfŽǁiƐka Žd ƐƚƌŽŶǇ ƑcieǏki ƚŽƌŶada ǌ ϮϬϭϮ ƌŽkƵ ;FŽƚ͘ ϮϬϭϵͿ. 

 

Fot. 5 ObecŶǇ ƐƚaŶ ƌŽƑliŶŶŽƑci ǁ ŵiejƐcƵ ƉƌǌejƑcia ƚŽƌŶada w otoczeniu torfowiska 

Maƌƚǁe ǌ jegŽ ƉŽłƵdŶiŽǁej ƐƚƌŽŶǇ ;FŽƚ͘ ϮϬϭϵͿ. 

 

Fot. 6 ObƐǌaƌ ǌŶiƐǌcǌeŷ ƐƉŽǁŽdŽǁaŶǇch Ɖƌǌeǌ ƚŽƌŶadŽ ǁ ϮϬϭϮ ƌŽkƵ͘ NaƐadǌeŶia 

dƌǌeǁŽƐƚaŶƵ ŽdƉŽǁiadają ƌŽǌŵiaƌŽǁi ƉaƐa ƚŽƌŶada i ǌŽƐƚałǇ ƉŽƐadǌŽŶe Ŷa 

ŵiejƐcƵ ƵƉƌǌąƚŶięƚǇch ƵƉƌǌedŶiŽ ƵƐǌkŽdǌŽŶǇch dƌǌeǁŽƐƚaŶſǁ͘ WidŽk ǌ ǁieǏǇ 

widokowej w Trzebcinach (Fot. 2019). 
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Rycina 2. Torfowisko Gorodziecky Moch. 

Fot. 1 Prace terenowe ǌǁiąǌaŶe ǌ ƉŽbŽƌeŵ ƌdǌeŶia na torfowisku Gorodziecky Moch 

latem w 2016 roku przez dr hab. Michała SłŽǁiŷƐkiegŽ͕ PƌŽf͘ IGiPZ (PAN) oraz 

dr Mateusza Kramkowskiego (IGiPZ, PAN) (Fot. B. Kotrys, 2016). 

 

Fot. 2 PŽbſƌ ƌdǌeŶia ƚŽƌfŽǁegŽ ǌ ƚŽƌfŽǁiƐka GŽƌŽdǌieckǇ MŽch Ɖƌǌeǌ dƌ hab͘ Michała 

SłŽǁiŷƐkiegŽ͕ PƌŽf͘ IGiPZ ;PANͿ Žƌaǌ dƌ MaƚeƵƐǌa KƌaŵkŽǁƐkiegŽ ;IGiPZ͕ PANͿ 

(Fot. B. Kotrys, 2016). 

 

Fot. 3 RŽƑliŶŶŽƑć ƚŽƌfŽǁiƐka GŽƌŽdǌieckǇ MŽch͘ ChaƌakƚeƌǇƐƚǇcǌŶa dla ƚŽƌfŽǁiƐka 

ǁǇƐŽkiegŽ kęƉa ǌ ŵchaŵi ƚŽƌfŽǁcaŵi ;Sphagnum spp.) i rŽƐicǌką ŽkƌągłŽliƐƚŶą 

(Drosera rotundifolia) ;FŽƚ͘ M͘ SłŽǁiŷƐki͕ ϮϬϭϲͿ͘ 

 

Fot. 4 RŽƐicǌka ŽkƌągłŽliƐƚŶa ;Drosera rotundifolia) z mchami torowcami (Sphagnum 

spp.) ƉŽƌaƐƚająca jedŶą ǌ kęƉ Ŷa ƚŽƌfŽǁiƐkƵ GŽƌŽdǌieckǇ MŽch (Fot. M. 

SłŽǁiŷƐki͕ ϮϬϭϲͿ. 

 

Fot. 5 Torfowisko Gorodziecky Moch latem w 2016 roku ;FŽƚ͘ M͘ SłŽǁiŷƐki͕ ϮϬϭϲͿ.  
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Rycina 3. ObƐǌaƌƵ ǁǇdŽbǇcia ƚŽƌfƵ ƚŽƌfŽǁiƐka Haƌa ƉŽdlegający  

                     restytucji. 

Fot. 1 PŽbſƌ Ɖƌſb ƉŽǁieƌǌchŶiŽǁǇch ǌ jedŶej ǌ kęƉ ǁ liƐƚŽƉadǌie ϮϬϭϳ ƌŽkƵ Ɖƌǌeǌ dƌ 

Martin Küttim (TU) z ŽbƐǌaƌƵ ǁǇdŽbǇcia ƚŽƌfƵ ƚŽƌfŽǁiƐka Haƌa ƉŽdlegającegŽ 

restytucji (Fot. 2017). 

 

Fot. 2 Pƌace ƚeƌeŶŽǁe ǌǁiąǌaŶe ǌ ƉŽbŽƌeŵ ƌdǌeŶia ƚŽƌfŽǁegŽ Ŷa Žbszaru wydobycia 

ƚŽƌfƵ ƚŽƌfŽǁiƐka Haƌa ƉŽdlegającegŽ ƌeƐƚǇƚƵcji w listopadzie 2017 roku (Fot. 

2017). 

 

Fot. 3 KęƉa ǁełŶiaŶki ƉŽchǁŽǁaƚej ;Eriophorum vaginatum) z mchami torowcami 

(Sphagnum spp.) ǌ kƚſƌej ƉŽbƌaŶŽ ƉƌſbǇ ƉŽǁieƌǌchŶiŽǁe dŽ dalƐǌǇch badaŷ 

(Fot. 2017). 

 

Fot. 4 KęƉy ǁełŶiaŶki ƉŽchǁŽǁaƚej ;Eriophorum vaginatum) na obszarze wydobycia 

ƚŽƌfƵ ƉŽdlegającegŽ ƌeƐƚǇƚƵcji (Fot. 2016). 

 

Fot. 5 ObƐǌaƌ ǁǇdŽbǇcia ƚŽƌfƵ ƚŽƌfŽǁiƐka Haƌa ƉŽdlegającǇ ƌeƐƚǇƚƵcji w listopadzie 

2017 roku (Fot. 2017). 

 

Fot. 6 Obszar ǁǇdŽbǇcia ƚŽƌfƵ ƚŽƌfŽǁiƐka Haƌa ƉŽdlegającǇ ƌeƐƚǇƚƵcji w listopadzie 

2017 roku (Fot. 2017). 
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Rycina 1. Ameby skorupkowe 

Fot. 1 Amphitrema wrightianum (Archer, 1869) - fot. 2016 
 

Fot. 2 Nebela collaris (Ehrenberg, 1848) - fot. 2017 
 

Fot. 3 Assulina seminulum (Ehrenberg, 1848) - fot. 2016 
 

Fot. 4 Hyalosphenia elegans (Leidy, 1874) - fot. 2016 
 

Fot. 5 Hyalosphenia papilio (Leidy, 1874) - fot. 2017 
 

Fot. 6 Nebela tincta type (Kosakyan et Lara, 2012) - fot. 2016 
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Rycina 2. Ameby skorupkowe 

Fot. 1 Galeripora discoides (Arcella discoides) (González-Miguéns et al., 2021; 
Ehrenberg, 1871) - fot. 2017 
 

Fot. 2 Archerella flavum (Amphitrema flavum) (Archer, 1877) - fot. 2017 
 

Fot. 3 Euglypha strigosa (Ehrenberg, 1848) - fot. 2017 
 

Fot. 4 Bullinularia indica (Penard, 1907) - fot. 2017 
 

Fot. 5 Hyalosphenia subflava (Cash and Hopkinson, 1909)- fot. 2017 
 

Fot. 6 Trigonopyxis arcula (Penard, 1912) - fot. 2017 
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 Rycina 3. Ameby skorupkowe 

Fot. 1 Galeripora catinus (Arcella catinus) (González-Miguéns et al., 2021; Penard, 
1890) - fot. 2017 
 

Fot. 2 Assulina muscorum (Greeff, 1888) - fot. 2017 
 

Fot. 3 Cyclopyxis eurystoma type (Deflandre, 1929) - fot. 2017 
 

Fot. 4 Alabasta militaris (Nebela militaris) (Penard, 1890) - fot. 2017 
 

Fot. 5 Phryganella acropodia (Hertwig & Lesser, 1874) - fot. 2017 
 

Fot. 6 Difflugia leidyi (Wailes, 1913) - fot. 2016 
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Rycina 4. Ameby skorupkowe 

Fot. 1 Planocarina carinata (Nebela carinata) (Archer, 1867; Kosakyan et al., 2016) - 
fot. 2017 
 

Fot. 2 Difflugia pulex (Penard, 1890) - fot. 2017 
 

Fot. 3 Trinema lineare (Penard, 1890) - fot. 2017 
 

Fot. 4 Galeripora artocrea (Arcella arocrea) (Leidy, 1876; González-Miguéns et al., 
2021)- fot. 2017 
 

Fot. 5 Heleopera sphagni (Leidy, 1874) - fot. 2017 
 

Fot. 6 Corythion dubium  (Taranek, 1871) - fot. 2017 
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