
 

 

 

 

 

19th conference of the European chapter 

of the Society of Wetland Scientists 

Wetlands across timescales 
Book of Abstract 

 

 

 

 
JUNE 24-26th ΞΜΞΠЯШ]§ f1?üЯШÂ§x  ?



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ  

§Å]  füEÅÉ 

 
 

ÉĦŔĲŰƣŔǯĦШĦŸůůŔƣƣĲĲ 
 

 
§ƖŊċŰŔƚŔŰŊШĦŸůůŔƣƣĲĲ 

 
ÂŔŸƣƖШ7ċŰċƚǍƨťЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖЯШ
7ŔċŮǃƚƣŸťШÖŰŔƻĲƖƚŔƣǃШŸŉШÑĲĦőŰŸũŸŊǃЯШÂx 

 
uĲŔƣőШEĬƽċƖĬƚЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖЯШ
ÖŰŔƻĲƖƚŔƣǃШŸŉШÉŸƨƣőШ7ŸőĲůŔċШŔŰШ;ĲƚťĳШ

7ƨĬĵŢŸƻŔĦĲЯШ9ü 
 

EƽċШsċĤŮŸűƚťċЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖЯШ
ÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШÂx 

 
ìŔťƣŸƖШuŸƣŸƽƚťŔЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖЯШ

ÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШÂx 
 

~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍЯШƓƖŸŉĲƚƚŸƖЯШ ĬċůШ
~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃШŔŰШÂŸǍŰċűЯШÂx 

 
ÑŸůċƚǍШ§ťƖƨƚǍťŸЯШƓƖŸŉĲƚƚŸƖЯШìċƖƚċƽШ
ÖŰŔƻĲƖƚŔƣǃШŸŉШxŔŉĲШÉĦŔĲŰĦĲƚЯШÂx 

 
~ċƣƣőĲƽШÉŔůƓƚŸŰЯШÂƖĲƚŔĬĲŰƣШŸŉШÉìÉШEƨƖŸƓĲШ

9őċƓƣĲƖЯШ?ŔƖĲĦƣŸƖШŸŉШΟΡШƓĲƖĦĲŰƣЯШÖu 
 

~ċŊĬċũĲŰċШÉƨĦőŸƖċЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖЯШ
~ċƖŔċШ9ƨƖŔĲрÉťŮŸĬŸƽƚťċШÖŰŔƻĲƖƚŔƣǃЯШxƨĤũŔŰЯШÂx 

 
sŸƚШéĲƖőŸĲƻĲŰЯШƓƖŸŉĲƚƚŸƖШĲůĲƖŔƣƨƚЯШ

ÖŰŔƻĲƖƚŔƣǃШŸŉШÖƣƖĲĦőƣЯШ x 
 

?ŸůŔŰŔťШüċťЯШƓƖŸŉĲƚƚŸƖЯШ ċƖőƨƚШÖŰŔƻĲƖƚŔƣǃЯШ
?u 

ìŔťƣŸƖШuŸƣŸƽƚťŔЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖШ 
ċƣШƣőĲШÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШůĲůĤĲƖШŸŉШƣőĲШ
ĤŸċƖĬШċƣШƣőĲШìĲƣũċŰĬƚШ9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲ 

 
~ċƣƣőĲƽШÉŔůƓƚŸŰЯШÂƖĲƚŔĬĲŰƣШŸŉШEƨƖŸƓĲШ
9őċƓƣĲƖЯШÉŸĦŔĲƣǃШŸŉШìĲƣũċŰĬШÉĦŔĲŰƣŔƚƣƚ 

 
}ƨťċƚǍШuŸǍƨĤЯШċƚƚŔƚƣċŰƣШƓƖŸŉĲƚƚŸƖШ 

ċƣШƣőĲШÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШůĲůĤĲƖШŸŉШƣőĲШ
ĤŸċƖĬШċƣШƣőĲШìĲƣũċŰĬƚШ9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲ 

 
~ċƣĲƨƚǍШ]ƖǃŊŸƖƨťЯШċƚƚŸĦŔċƣĲШƓƖŸŉĲƚƚŸƖШ 
ċƣШƣőĲШìċƖƚċƽШÖŰŔƻĲƖƚŔƣǃШŸŉШxŔŉĲШÉĦŔĲŰĦĲƚ 

 
ŰĬƖǍĲŢШuċůŸĦťŔЯШċƚƚŔƚƣċŰƣШƓƖŸŉĲƚƚŸƖШ 

ċƣШƣőĲШ7ŔċŮǃƚƣŸťШÖŰŔƻĲƖƚŔƣǃШŸŉШÑĲĦőŰŸũŸŊǃЯШ
ůĲůĤĲƖШŸŉШƣőĲШĤŸċƖĬШċƣШƣőĲШÉŸĦŔĲƣǃШŉŸƖШƣőĲШ
ÂƖŸƣĲĦƣŔŸŰШŸŉШcċĤŔƣċƣƚШљÂƖŸcċĤŔƣċƣњ 

 
ÂŔŸƣƖШ7ċŰċƚǍƨťЯШƓƖŸŉĲƚƚŸƖЯШ 

ċƣШƣőĲШ7ŔċŮǃƚƣŸťШÖŰŔƻĲƖƚŔƣǃШŸŉШÑĲĦőŰŸũŸŊǃ 
 

~ċŊĬċũĲŰċШ]ċũƨƚЯШƚŸĦŔċũШĲŰŊċŊĲůĲŰƣШ
ĦŸŸƖĬŔŰċƣŸƖЯШìĲƣũċŰĬƚШ9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲ 

 
~ċƖũĲŰċШÑŸťċƖƚťċЯШǯŰċŰĦŔċũШĦŸŸƖĬŔŰċƣŸƖЯШ

ìĲƣũċŰĬƚШ9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲ 
 

ÂċƣƖǃĦŢċШÅŸůċŰŔƨťЯШÂő?ШĦċŰĬŔĬċƣĲЯ 
fŰƚƣŔƣƨƣĲШŸŉШÂőŔũŸƚŸƓőǃШċŰĬШÉŸĦŔŸũŸŊǃШ 
ŸŉШÂŸũŔƚőШ ĦċĬĲůǃШŸŉШÉĦŔĲŰĦĲƚЯШ 

 ċƣŔŸŰċũШÉĦőŸŸũШŸŉШìċƣĲƖШċŰĬШEŰƻŔƖŸŰůĲŰƣċũШ
EŰŊŔŰĲĲƖŔŰŊЯШÖŰŔƻĲƖƚŔƣǃШŸŉШÉƣƖċƚĤŸƨƖŊ 

 
ÖƖƚǍƨũċШ7ŔĲƖĲǐŰŸŢр7ċǍŔũũĲЯШÂő?Ш 

ƓĲċƣũċŰĬШƖĲƽĲƣƣŔŰŊШƚƓĲĦŔċũŔƚƣШċƣШìĲƣũċŰĬƚШ
9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲЯШ7ŔĲĤƖǍċШ ċƣŔŸŰċũШÂċƖť 

 
 
 
 
 
 

Ш 
§ƖŊċŰŔƚĲĬШĤǃШÉŸĦŔĲƣǃШŸŉШìĲƣũċŰĬШÉĦŔĲŰƣŔƚƣƚЯШEƨƖŸƓĲШ9őċƓƣĲƖШѼШìĲƣũċŰĬƚШ9ŸŰƚĲƖƻċƣŔŸŰШ9ĲŰƣƖĲШыÂxьЯШ
ÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШ7ŔċŮǃƚƣŸťШÖŰŔƻĲƖƚŔƣǃШŸŉШÑĲĦőŰŸũŸŊǃЯШìċƖƚċƽШÖŰŔƻĲƖƚŔƣǃШŸŉШxŔŉĲШÉĦŔĲŰĦĲƚЯШÉŸĦŔĲƣǃШ

ŉŸƖШƣőĲШÂƖŸƣĲĦƣŔŸŰШŸŉШcċĤŔƣċƣƚШљÂƖŸcċĤŔƣċƣњШѼШÑőĲШ7ŔĲĤƖǍċШ ċƣŔŸŰċũШÂċƖťЮШШ



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

 
 Sunday (23 June) 

20:00-21:00 Registration and welcome reception (Hotel) 

 
 

 

 Monday (24 June) 

8:00 ς 9:00 Registration (Hotel) 

9:00-10:45 OPENING PLENARY SESSION: WETLANDS ACROSS TIME SCALES               (lecture room A) 
(chair Wiktor Kotowski) 

09:00 Opening addresses  

09:10 Keynote lecture - Jane Madgwick: Wetlands as essential global commons 

09:50 Keynote lecture - Mariusz Lamentowicz: Wetlands across time: exploring, understanding, 
and predicting their development and functions at local and global scales 

10:30 _ǳƪŀǎȊ YƻȊǳōΥ Introduction mid-conference field trips 

10:45-11:15 Coffee break 

 PARALLEL SESSIONS 

11:15-13:00 I ς LEARNING FROM THE PAST  
- chair Mariusz Lamentowicz 

(lecture room A) 

II ς THE RACE AGAINST POLLUTION  
- chair Dominik Zak 

(lecture room B) 

11:15 Wŀƪǳō bƛŜōƛŜǎȊŎȊŀƵǎƪƛ: Island, lake and 
wetland: a palaeoecological and 
geoarchaeological reconstruction of Early 
Bronze Age and Early Iron Age settlements 
in Bruszczewo (Western Poland) 

Jan Vymazal: Ecosystem Services of Urban 
Wetlands 

11:30 Karina Apolinarska: The temporal 
variability of the Holocene CaCO3 
deposition at four alkaline fens in the 
young glacial area of central Europe 

Adam Sochacki: Subsurface flow constructed 
wetlands for the treatment of agricultural 
drainage: over five years of operation 

11:45 {ŀƳōƻǊ /ȊŜǊǿƛƵǎƪƛ: How 
paleoenvironmental data obtained from 
peatlands (and lakes) can fill the gap in 
archaeological and historical sources 

Renske Vroom: Floating ferns for wetland 
restoration? Lessons learnt from four years 
of Azolla cultivation on former agricultural 
soils 

12:00 Eliise Kara: Holocene wetness and growing 
season changes in Linje mire, Poland 

Niels van Putte: Historical soil compaction 
impairs biogeochemical cycling in restored 
tidal marshes through reduced groundwater 
dynamics  

12:15 Harry Roberts: Exploring the effects of 
human activity and fire on vegetation, 
hydrology and carbon accumulation in 
aǳǎǘƧŅǊǾŜΣ bƻǊǘƘǿŜǎǘ 9ǎǘƻƴƛŀ 

Andrew S. Wolff: Characterizing the 
Beneficial Uses of Arcata Marsh Constructed 
Wetland System and Wildlife Sanctuary 

12:30 ~ċŊĬċũĲŰċШÉƨĦőŸƖċĤШ: Wetlands of 
Western Polesie (E Poland) under the 
human impact ς palaeolimnological 
perspective 

Stefan Lorenz: Simultaneous pesticide 
dynamics in surface water and subsurface 
shallow groundwater in depressional 
wetlands of north-east Germany 

12:45 Mar Albert-Saiz: The importance of water 
table depth thresholds in peatlands' 
restoration 

Luca Marazzi: A Citizen Science and 
Engagement Approach to Tackle Plastic 
Pollution in England 

13:00-14:00 LUNCH  

 

  



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

 
 Monday (24 June) 

 PARALLEL SESSIONS 
 

III ς RESTORATION: TRADE-OFFS  
AND LEGACIES OF THE PAST  

- chair Christian Fritz 

(lecture room A) 

IV ς FLOW WITH THE WATER: 
HYDROLOGY AND MONITORING  

- ŎƘŀƛǊ Lƭƻƴŀ .ƛŜŘǊƻƵ 

(lecture room B) 

14:00 Gerald Jurasinski: Bright spots of peatland 
rewetting 

Maria Grodzka-_ǳƪŀǎȊŜǿǎƪŀ: 
Quantification the Mowing and Draining 
Debate using a model of the Biebrza 
Wetlands 

14:15 Tom Heuts: Rewetting without land-use 
change: Have your peat and eat it too 

Floris Keizer: Revisiting the Flood Pulse 
Concept ς Hydrological processes steering 
spatial floodplain zonation 

14:30 {ŀƴƴƛƳŀǊƛ YŅŅǊƳŜƭŀƘǘƛ: Effects of different 
irrigation techniques on Sphagnum growth 
and nutrient dynamics in Sphagnum 
paludiculture 

Goedele Verreydt: Updating an Upper 
Biebrza Valley model based on unique real-
time measurement of groundwater fluxes 

14:45 Wiktor Kotowski: Learning to think like the 
landscape. How to avoid trade-offs and 
maximize synergies in wetland restoration. 

Martyna Wietecha: How to assess 
peatland drying using remote sensing? 

15:00 Michael Manton: Time for a change in 
peatland forest management: rewetting 
ŘŜƭƛǾŜǊǎ ϵмлл ōƛƭƭƛƻƴ ƳƻǊŜ ǘƘŀƴ ǿƻƻŘ 
production 

Wǳƭƛŀƴ wǳŘȊƛƵǎƪƛ: Change in Wetland 
Management over Time ς YŀǊƻƭƛƴƽǿ ǾƛƭƭŀƎŜ 
in the Kampinos National Park 

15:15 Dominik Henrik Zak: Better Slow than Fast: 
another Rewetting Strategy 

bƛƪ hƧŘŀƴƛő: The importance of 
environmental variables on yearly changes 
of reed stands ς a data mining approach 

15:30 Carl Christian Hoffmann: Raising the water 
level by simple ditch blocking did not 
improve nutrient retention in a fen 

Igor Zelnik: Numerous gradients shape 
diverse wetland plant communities on 
intermittent Lake Cerknica 

15:45 Christian Fritz: Paludiculture ς future 
wetland generation from degraded 
peatlands 

Marija Chobanova: Wetland area 
assessment in North Macedonia 

16:00-17:00 Poster session and drinks ς chair Piotr Banaszuk (lecture room A)  

17:00-18:00 SWS technical meeting 
(lecture room B) 

Walk to the floodplains  
of Biebrza (optional) 

19:00-20:00 Dinner 

20:00-22:00 Students get-together (lecture room B) 
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Tuesday, 25 June 

9:00-17:00 Field trips by bus (parking in front of the hotel)  

17:30-20:00 Dinner and aperitif (Restaurant)  

20:15-22:20 SPECIAL PLENARY SESSION:                                                                                (lecture room A) 
FOUR DECADES ON DUTCH-POLISH RESEARCH COLLABORATION IN BIEBRZA WETLANDS   
(chair Tomasz Okruszko) 

  Laudation by Artur Wiatr, director of Biebrza National Park  

  Keynote lecture - Martin Wassen: Thank you Biebrza!  

  Panel discussion "Biebrza for science ς science for Biebrza" (chaired by Tomasz Okruszko)  

22:20-24:00 Banquet at the Biebrza River bank  
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Wednesday, 26 June 

  PARALLEL SESSIONS  
V ς  PEATLAND ECOLOGY  
IN A CHANGING WORLD  
- chair Rudy van Diggelen 

(lecture room A) 

VI ς INTO THE FUTURE:  
PREDICTING AND PLANNING 

 - chair Magdalena Suchora 

(lecture room B) 

09:00 Michal Antala: The photosynthetic 
capacity of bog cranberry (Vaccinium 
oxycoccos L.) and sphagnum moss 
(Sphagnum spp.) increases with warmer 
late winter and early spring: A climate 
manipulation study 

Robert McInnes: Setting the global agenda for 
wetlands: The past and future of strategic 
planning for the Convention on Wetlands 

09:15 Keith Edwards: Multiple environmental 
factors interact to affect wet grassland CO2 
and CH4 emissions 

Christopher Craft: Tidal Forest Productivity 
and Biodiversity: A Southeastern U.S. 
perspective 

09:30 Jan Kucharzyk: Notes on ecological factors 
shaping vegetation diversity of mires in 
Norwegian Finmark 

aƛŎƘŀƱ bƻǿŀƪ: Predicted effects of climate 
change on native and alien fishes in a large 
floodplain river (Middle Vistula River, Poland) 

09:45 Andrzej Kamocki: Implementation of the 
Nature Restoration Law more needed than 
ever: A case study from the most pristine 
(?) riverine wetlands in Poland. 

tǊȊŜƳȅǎƱŀǿ bŀǿǊƻŎƪƛ: High resolution 
assessment of the state of river 
hydromorphology in Poland: legacy of the 
past, challenges for now and for the future 

10:00 Nina Trochanowska: Exploring the Impacts 
of Tree Encroachment and Mowing on 
Fungal Communities in Fens 

Lƭƻƴŀ .ƛŜŘǊƻƵ: Restoration of rivers in Poland. 
Experiences and challenges. 

10:15 Remco Versluijs: How changed river 
dynamics affected flow patterns in the 
percolation rich fen of the Rospuda Valley, 
NE-Poland. 

Mathais Scholz: Land requirements for 
floodplain development and restoration in 
Europe  

10:30 Izabela Jaszczuk: Stability is the key ς the 
peat formation potential of fens increases 
with decreasing water level fluctuations 

Matthew Simpson: Transformative change 
for wetlands: learning the lessons from 
communities to governments 

10:30-11:00 Coffe break  

11:00-12:30 CLOSING PLENARY SESSION: TIME TO RESTORE                                                 (lecture room A) 
 - chair Matthew Simpson  

11:00-11:40 Keynote lecture - Rudy van Diggelen: Time to restore.  What can science do to bring power 
to the peatlands? 

11:40-12:20 Keynote lecture - Viktar Fenchuk: ²ŜǘƭŀƴŘ ǊŜǎǘƻǊŀǘƛƻƴ ƛƴ ǘƘŜ bŀǘƛƻƴŀƭ ǇŀǊƪ ά.ƛŜƭŀǾƛŜȌǎƪŀƧŀ 
ǇǳǑőŀέ ς the Belarusian part of the Bialowieza forest. Summary of the two decades of work 

12:20-12:30 Students award announcement 

12:20-13:00 General discussion and closing ceremony 
  

13:00-14:00 Lunch 

14:00 Departure by bus to Warsaw  
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ìĲƣũċŰĬƚШċƚШĲƚƚĲŰƣŔċũШŊũŸĤċũШĦŸůůŸŰƚ 

sċŰĲШ~ċĬŊƽŔĦť 

EǂĲĦƨƣŔƻĲШ?ŔƖĲĦƣŸƖЯШ]ũŸĤċũШ9ŸůůŸŰƚШ ũũŔċŰĦĲ 
 

 
 

My presentation will introduce the interactions between human use, culture and wetlands 
over time and look to the future needs and prospects. Using wetland examples from around the 
world, I will illustrate how understanding the dynamics of wetlands over time and space, have 
been important to design ongoing conservation and restoration initiatives, mentioning some 
dilemmas and gaps to be resolved. I will consider the growing case to bring focus on safeguarding 
ƽĲƣũċŰĬƚШċƚШљŊũŸĤċũШĦŸůůŸŰƚњЯШċШĦƖŔƣŔĦċũШůĲċŰƚШƣŸШbring planetary resilience in the context of the 
Anthropocene. I will introduce how Earth system science is developing to drive action for a safe 
and just future and invite discussion on how this can be brought to the ground at different scales.  

 

sċŰĲШ~ċĬŊƽŔĦť 
Ecologist and author with 30 years of experience of working internationally on natural resource 
management, with a special focus on water and wetlands. She became the first Executive Director of the 
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ìĲƣũċŰĬƚШċĦƖŸƚƚШƣŔůĲаШ 
ĲǂƓũŸƖŔŰŊЯШƨŰĬĲƖƚƣċŰĬŔŰŊЯШċŰĬШƓƖĲĬŔĦƣŔŰŊШ
ƣőĲŔƖШĬĲƻĲũŸƓůĲŰƣШċŰĬШŉƨŰĦƣŔŸŰƚШ 
ċƣШƣőĲШũŸĦċũШċŰĬШŊũŸĤċũШƚĦċũĲƚ 

~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍ 

9ũŔůċƣĲШ9őċŰŊĲШEĦŸũŸŊǃШÅĲƚĲċƖĦőШÖŰŔƣЯШ[ċĦƨũƣǃШŸŉШ]ĲŸŊƖċƓőŔĦċũШċŰĬШ]ĲŸũŸŊŔĦċũШÉĦŔĲŰĦĲƚЯШ 
ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂ§x  ? 

 

E ÅxòШìEÑx  ?ÉШ 
Wetlands' history on Earth is highly complex and still not sufficiently explored. Their earliest 

origins are poorly understood, resulting in a scarcity of reliable geological records accessible for 
appropriate interpretation. However, available data allow us to determine the appearance of 
wetlands' beginnings and peat-forming conditions. The story starts with stromatolite 
(cyanobacteria) mounds, the oldest fossil life on Earth, dating to over 2 billion years. However, 
the origin of wetlands was directly related to the appearance and evolution of vascular plants and 
mosses and their adaptation to thrive in wet conditions ca 420 Ma (Greb et al., 2006). The oldest 
marshes were identified in Middle Devonian (Eifelian) 410 Ma, and the continuous peat appeared 
in Late Devonian 370 Ma. The onset of the first peatlands on Earth is a fascinating step into 
terrestrial wetland conditions, and it relates to new plant function in the peatland ecosystem as 
it begins the carbon accumulation process on a global scale. The initial peat arrived in the middle-
late Devonian; however, peat accumulation on the full scale began in the late Devonianт
Carboniferous 350-360 Ma. Different wetlands were identified at that time, resembling coastal 
marshes or mangroves (Greb et al., 2022). 

9 Å7§ f[EÅ§ÖÉШ 
The Carboniferous starting ca 360 Ma was the period of peatlands, where new ecosystems 

emerged together, shaping new biodiversity. N America and Europe were covered with peatlands 
during the "Coal Age" (Thomas, 2012). Peat-forming wetlands were affecting the climate by 
removing CO2 and storing it for the next millions of years. Simultaneously, other wetland types, 
such as lakes and rivers, have developed globally. Peat accumulation stopped for millions of 
years with the Permian extinction (ca. 250 Ma), with no peatlands/coal known anywhere until the 
Middle Triassic (243 Ma) (Retallack et al., 1996; Thomas, 2012). Then, it started again later in the 
Mesozoic period when peatlands and other freshwater wetlands were redeveloped. Despite the 
global extinction, billions of tons of carbon are stored in the geological strata. Mosses also formed 
Carboniferous peatlands, but their fossils are rarely found (Hübers and Kerp, 2012). Phylogenetic 
analyses tell that Bryophyta (mosses) diverged from other land plants before the vascular plants 
ĬŔƻĲƖƚŔǯĲĬШĬƨƖŔŰŊШƣőĲШůŔĬ-to-late-Paleozoic (Shaw and Renzaglia, 2004). 

9E §ü§f9Ш 
Wetlands in the Cenozoic starting 66 Ma became more diverse while vascular plants adapted 

to the salty water, and a new taxon/engineer evolved - Sphagnum, diversified in Miocene which 
started constructing new acid peatlands just about 14 mya, coinciding with the end of the mid-
Miocene climatic optimum and the appearance of peatland ecosystems in the northern boreal 
zone (Shaw et al., 2010). Miocene peatlands provided thick deposits of lignites (Widera, 2021). 
Earth wetlands history occurred in the complex geological scene of the moving continents and 
evolutionary processes stopped by extinctions. It led to many adaptations and various taxa that 
cannot be recognized today. The palaeoecology of wetlands possesses many gaps, one of which 
is the underrepresentation of non-peat-forming wetlands in contrast to well-preserved coal 
strata. Another problem is the limited information about the past biodiversity, including 
functional traits and evolutionary aspects of organisms constructing wetland ecosystems. 
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However, it is intriguing how well plants adapted to peat accumulation through growth in 
optimally inundated conditions and effective accumulation of thick peat deposits. 

ÄÖ ÑEÅ  ÅòШ 
After over 470 My of evolution, the Quaternary (starting 2,58 Ma) marked the time of the 

modern wetland, which existed in pulses of glacial-interglacial cycles. While time, climate, 
geology, and astronomic drivers were shaping them in deep time, the Quaternary provided 
another evolutionary product that started changing wetlands on a global scale у humans. 
Wetlands were destroyed and then regenerated by ice sheet expansions. In the Quaternary 
Sphagnum peatlands started to dominate in the N hemisphere peatlands. Then, 12,000 years 
ago, when humans started to change landscapes, wetland functions began to be modified due to 
deforestation and the neolithic agrarian revolution (Ellis, 2021; Ellis et al., 2021). The Holocene 
wetlands have been crossing tipping points related to global warming, drainage and exploitation 
(Fluet-Chouinard et al., 2023; Treat et al., 2024}. For example, high-resolution multi -proxy studies 
showed that in Europe, the most intensive changes in wetland ecosystems started in Medieval 
times (ca 700 yrs BP) and were initially related to deforestations that accelerated lake 
terrestrialization and lake-to-ƓĲċƣũċŰĬШ ƣƖċŰƚŔƣŔŸŰƚШ ыuċƖƓŔűƚťċ-uŸŮċĦǍĲťШ ĲƣШ ċũЮЯШ ΞΜΞΞьЮШ
Subsequently, modern forestry ca 200 years BP affected wetlands again (Bak et al., 2024). 
Combining palaeoecology with experiments and monitoring provides a complete picture of 
changes connected with hydrological change (Jassey et al., 2018 03; Lamentowicz et al., 2019). 
Much stronger cooperation between scientists to better protect wetland ecosystems is now 
needed. In the recent two decades, scientists better understood GHG fluxes vs hydrological 
conditions using chamber and EC approaches {Evans et al., 2021, #180210}. However, we need 
a deeper understanding of palaeoecology and long-term prŸĦĲƚƚĲƚШƖĲċĦőŔŰŊШƽĲƣũċŰĬƚќШŸƖŔŊŔŰШŸŰШ
Earth to predict their future during the progressing ecological crisis. 

ÅE[EÅE 9EÉ 
7ċťЯШ~ЮЯШxċůĲŰƣŸƽŔĦǍЯШ~ЮЯШuŸŮċĦǍĲťЯШÂЮЯШìŸĦőċũЯШ?ЮЯШ~ċƣƨũĲƽƚťŔЯШÂЮЯШuŸƓĲħЯШ?ЮЯШìŔĲƣĲĦőċЯШ~ЮЯШ
~ċƖĦŔƚǍЯШuЮЯШΞΜΞΠЮШfŰƣĲŊƖċƣŔŰŊШƓċũċĲŸĲĦŸũŸŊŔĦċũЯШĬĲŰĬƖŸĦőƖŸŰŸũŸŊŔĦċũШċŰĬШƖĲůŸƣĲШƚĲŰƚŔŰŊШĬċƣċШ
ƣŸШĲǂƓũŸƖĲШƣőĲШŔůƓċĦƣШŸŉШĦũŔůċƣĲШċŰĬШŉŸƖĲƚƣШůċŰċŊĲůĲŰƣШŸŰШċШÉƓőċŊŰƨůШƓĲċƣũċŰĬШыÑƨĦőŸũċШ
ÂŔŰĲƽŸŸĬƚЯШ ШÂŸũċŰĬьЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΡΝΦΠоĲŊƨƚƓőĲƖĲрĲŊƨΞΠрΡΠΣ 

EũũŔƚЯШEЮ9ЮЯШΞΜΞΝЮШxċŰĬШÖƚĲШċŰĬШEĦŸũŸŊŔĦċũШ9őċŰŊĲаШ ШΝΞЯΜΜΜрòĲċƖШcŔƚƣŸƖǃЮШ ŰŰƨċũШÅĲƻŔĲƽШŸŉШ
EŰƻŔƖŸŰůĲŰƣШ ċŰĬШ ÅĲƚŸƨƖĦĲƚШ ΠΣЯШ ΝтΟΟЮШ őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΠΣоċŰŰƨƖĲƻрĲŰƻŔƖŸŰрΜΝΞΞΞΜр
ΜΝΜΥΞΞ 

EũũŔƚЯШEЮ9ЮЯШ]ċƨƣőŔĲƖЯШ ЮЯШuũĲŔŰШ]ŸũĬĲƽŔŢťЯШuЮЯШ7ũŔĲŊĲШ7ŔƖĬЯШÅЮЯШ7ŸŔƻŔŰЯШ ЮЯШ?ŖċǍЯШÉЮЯШ[ƨũũĲƖЯШ?ЮÄЮЯШ]ŔũũЯШ
sЮxЮЯШuċƓũċŰЯШsЮ§ЮЯШuŔŰŊƚƣŸŰЯШ ЮЯШxŸĦťĲЯШcЮЯШ~Ħ~ŔĦőċĲũЯШ9Ю ЮcЮЯШÅċŰĦŸЯШ?ЮЯШÅŔĦťЯШÑЮ9ЮЯШÉőċƽЯШ~ЮÅЮЯШ
ÉƣĲƓőĲŰƚЯШxЮЯШÉƻĲŰŰŔŰŊЯШsЮр9ЮЯШìċƣƚŸŰЯШsЮEЮ~ЮЯШΞΜΞΝЮШÂĲŸƓũĲШőċƻĲШƚőċƓĲĬШůŸƚƣШŸŉШƣĲƖƖĲƚƣƖŔċũШ
ŰċƣƨƖĲШŉŸƖШċƣШũĲċƚƣШΝΞЯΜΜΜШǃĲċƖƚЮШÂƖŸĦĲĲĬŔŰŊƚШŸŉШƣőĲШ ċƣŔŸŰċũШ ĦċĬĲůǃШŸŉШÉĦŔĲŰĦĲƚШΝΝΥЯШ
ĲΞΜΞΟΠΥΟΝΝΥЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΤΟоƓŰċƚЮΞΜΞΟΠΥΟΝΝΥ 

EƻċŰƚЯШ9ЮЯШÂĲċĦŸĦťЯШ~ЮЯШ7ċŔƖĬЯШ ЮЯШ ƖƣǍЯШÅЮЯШ7ƨƖĬĲŰЯШ ЮЯШ9ċũũċŊőċŰЯШ ЮЯШ9őċƓůċŰЯШÂЮЯШ9ŸŸƓĲƖЯШcЮЯШ
9ŸǃũĲЯШ~ЮЯШ9ƖċŔŊЯШEЮЯШ9ƨůůŔŰŊЯШ ЮЯШ?ŔǂŸŰЯШÉЮЯШ]ċƨĦŔЯШéЮЯШ]ƖċǃƚŸŰЯШÅЮЯШcĲũŉƣĲƖЯШ9ЮЯШcĲƓƓĲũũЯШ9ЮЯШ
cŸũĬĲŰЯШsЮЯШsŸŰĲƚЯШ?ЮЯШuċĬƨťЯШsЮЯШxĲƻǃЯШÂЮЯШ~ċƣƣőĲƽƚЯШÅЮЯШ~Ħ ċůċƖċЯШ ЮЯШ~ŔƚƚĲũĤƖŸŸťЯШÑЮЯШ§ċťũĲǃЯШ
ÉЮЯШÂċŊĲЯШÉЮЯШÅċǃůĲŰƣЯШ~ЮЯШÅŔĬũĲǃЯШxЮЯШÉƣċŰũĲǃЯШuЮЯШìŔũũŔċůƚŸŰЯШsЮЯШìŸƖƖċũũЯШ[ЮЯШ~ŸƖƖŔƚŸŰЯШÅЮЯШΞΜΞΝЮШ
§ƻĲƖƖŔĬŔŰŊШƽċƣĲƖШƣċĤũĲШĦŸŰƣƖŸũШŸŰШůċŰċŊĲĬШƓĲċƣũċŰĬШŊƖĲĲŰőŸƨƚĲШŊċƚШĲůŔƚƚŔŸŰƚЮШ ċƣƨƖĲШΡΦΟЯШ
ΡΠΥтΡΡΞЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΡΥΣрΜΞΝрΜΟΡΞΟрΝ 

[ũƨĲƣр9őŸƨŔŰċƖĬЯШEЮЯШÉƣŸĦťĲƖЯШ7ЮЯШüőċŰŊЯШüЮЯШ~ċũőŸƣƖċЯШ ЮЯШ~ĲũƣŸŰЯШsЮЯШÂŸƨũƣĲƖЯШ7ЮЯШuċƓũċŰЯШsЮЯШ
]ŸũĬĲƽŔŢťЯШuЮЯШÉŔĲĤĲƖƣЯШÉЮЯШ~ŔŰċǃĲƻċЯШÑЮЯШcƨŊĲũŔƨƚЯШ]ЮЯШsŸŸƚƣĲŰЯШcЮЯШ7ċƖƣőĲũůĲƚЯШ ЮЯШÂƖŔŊĲŰƣЯШ9ЮЯШ
ŔƖĲƚЯШ[ЮЯШcŸǃƣЯШ ЮЯШ?ċƻŔĬƚŸŰЯШ ЮЯШ[ŔŰũċǃƚŸŰЯШ9ЮЯШxĲőŰĲƖЯШ7ЮЯШsċĦťƚŸŰЯШÅЮЯШ~ĦfŰƣǃƖĲЯШÂЮЯШΞΜΞΟЮШ

EǂƣĲŰƚŔƻĲШ ŊũŸĤċũШ ƽĲƣũċŰĬШ ũŸƚƚШ ŸƻĲƖШ ƣőĲШ ƓċƚƣШ ƣőƖĲĲШ ĦĲŰƣƨƖŔĲƚЮШ  ċƣƨƖĲШ ΣΝΠЯШ ΞΥΝтΞΥΣЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΡΥΣрΜΞΞрΜΡΡΤΞрΣ 

https://doi.org/10.1073/pnas.2023483118
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]ƖĲĤЯШÉЮ[ЮЯШ?Ŕ~ŔĦőĲũĲЯШìЮ ЮЯШ]ċƚƣċũĬŸЯШÅЮ ЮЯШΞΜΜΣЮШEƻŸũƨƣŔŸŰШċŰĬШŔůƓŸƖƣċŰĦĲШŸŉШƽĲƣũċŰĬƚШŔŰШEċƖƣőШ
őŔƚƣŸƖǃЯШ ŔŰаШ ìĲƣũċŰĬƚШ ƣőƖŸƨŊőШ ÑŔůĲЮШ ]ĲŸũŸŊŔĦċũШ ÉŸĦŔĲƣǃШ ŸŉШ ůĲƖŔĦċЯШ ƓЮШ ΡΞЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΟΜоΞΜΜΣЮΞΟΦΦыΜΝ 

]ƖĲĤЯШÉЮ[ЮЯШ?Ŕ~ŔĦőĲũĲЯШìЮ ЮЯШ]ċƚƣċũĬŸЯШÅЮìЮЯШEĤũĲЯШ9Ю[ЮЯШìŔŰŊЯШÉЮxЮЯШΞΜΞΞЮШÂƖĲőŔƚƣŸƖŔĦШìĲƣũċŰĬƚЯШŔŰаШ
EŰĦǃĦũŸƓĲĬŔċШ ŸŉШ fŰũċŰĬШ ìċƣĲƖƚЮШ EũƚĲƻŔĲƖЯШ ƓƓЮШ ΞΟтΟΞЮШ őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоĤΦΤΥрΜрΝΞр
ΥΝΦΝΣΣрΥЮΜΜΜΣΣрΦ 

cƬĤĲƖƚЯШ~ЮЯШuĲƖƓЯШcЮЯШΞΜΝΞЮШ§ũĬĲƚƣШťŰŸƽŰШůŸƚƚĲƚШĬŔƚĦŸƻĲƖĲĬШŔŰШ~ŔƚƚŔƚƚŔƓƓŔċŰШыũċƣĲШéŔƚĲċŰьШƚƣƖċƣċШ
ŸŉШ]ĲƖůċŰǃЮШ]ĲŸũŸŊǃШΠΜЯШΤΡΡтΤΡΥЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΟΜоŊΟΟΝΞΞЮΝ 

sċƚƚĲǃЯШéЮЯШÅĲĦǍƨŊċЯШ~ЮЯШüŔĲũŔűƚťċЯШ~ЮЯШÉŮŸƽŔűƚťċЯШÉЮЯШÅŸĤƖŸĲťЯШ7ЮЯШ~ċƖŔŸƣƣĲЯШÂЮЯШÉĲƓƓĲǃЯШ9ЮЯШxċƖċЯШEЮЯШ
7ċƖċĤċĦőЯШsЮЯШÉŮŸƽŔűƚťŔЯШ~ЮЯШ7ƖċŊċǍǍċЯШxЮЯШ9őŸŢŰŔĦťŔЯШ7ЮЯШxċůĲŰƣŸƽŔĦǍЯШ~ЮЯШ~ŔƣĦőĲũũЯШEЮЯШ7ƨƣƣũĲƖЯШ
ЮЯШΞΜΝΥШΜΟЮШÑŔƓƓŔŰŊШƓŸŔŰƣШŔŰШƓũċŰƣрŉƨŰŊċũШŔŰƣĲƖċĦƣŔŸŰƚШƨŰĬĲƖШƚĲƻĲƖĲШĬƖŸƨŊőƣШĦċƨƚĲƚШċĤƖƨƓƣШƖŔƚĲШ

ŔŰШ ƓĲċƣũċŰĬШ ĲĦŸƚǃƚƣĲůШ ƖĲƚƓŔƖċƣŔŸŰЮШ]ũŸĤċũШ 9őċŰŊĲШ 7ŔŸũŸŊǃЯШΞΠЯШ ΦΤΞтΦΥΣЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΝоŊĦĤЮΝΟΦΞΥ 

uċƖƓŔűƚťċрuŸŮċĦǍĲťЯШ~ЮЯШuŸŮċĦǍĲťЯШÂЮЯШ9ǍĲƖƽŔűƚťŔЯШÉЮЯШ]ċŮťċЯШ~ЮЯШ]ƨǍŸƽƚťŔЯШÂЮЯШxċůĲŰƣŸƽŔĦǍЯШ~ЮЯШ
ΞΜΞΞЮШŰƣőƖŸƓŸĦĲŰĲШőŔƚƣŸƖǃШŸŉШƖŔĦőШŉĲŰШċĦŔĬŔǯĦċƣŔŸŰШŔŰШìШÂŸũċŰĬШрШ9ċƨƚĲƚШċŰĬШŔŰĬŔĦċƣŸƖƚШŸŉШ
ĦőċŰŊĲЮШ ÉĦŔĲŰĦĲШ ŸŉШ ƣőĲШ ÑŸƣċũШ EŰƻŔƖŸŰůĲŰƣЯШ ΥΟΥЯШ ΝΡΡΤΥΡЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƚĦŔƣŸƣĲŰƻЮΞΜΞΞЮΝΡΡΤΥΡ 

xċůĲŰƣŸƽŔĦǍЯШ~ЮЯШ]ċŮťċЯШ~ЮЯШ~ċƖĦŔƚǍЯШuЮЯШÉŮŸƽŔűƚťŔЯШ~ЮЯШuċŢƨťċŮŸр?ƖǃŊċũƚťċЯШuЮЯШ?ċǃƖċƚЯШ~ЮЯШsċƚƚĲǃЯШ
éЮЯШΞΜΝΦШΜΠШΞΣЮШÖŰƻĲŔũŔŰŊШƣŔƓƓŔŰŊШƓŸŔŰƣƚШŔŰШũŸŰŊрƣĲƖůШĲĦŸũŸŊŔĦċũШƖĲĦŸƖĬƚШŉƖŸůШÉƓőċŊŰƨůр
ĬŸůŔŰċƣĲĬШ ƓĲċƣũċŰĬƚЮШ 7ŔŸũŸŊŔĦċũШ xĲƣƣĲƖƚЯШ ΝΡЯШ ΞΜΝΦΜΜΠΟЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΦΥоƖƚĤũЮΞΜΝΦЮΜΜΠΟ 

ÅĲƣċũũċĦťЯШ]ЮsЮЯШéĲĲƻĲƖƚЯШsЮsЮЯШ~ŸƖċŰƣĲЯШÅЮЯШΝΦΦΣЮШ]ũŸĤċũШĦŸċũШŊċƓШĤĲƣƽĲĲŰШÂĲƖůŔċŰтÑƖŔċƚƚŔĦШ
ĲǂƣŔŰĦƣŔŸŰШċŰĬШ~ŔĬĬũĲШÑƖŔċƚƚŔĦШƖĲĦŸƻĲƖǃШŸŉШƓĲċƣрŉŸƖůŔŰŊШƓũċŰƣƚЮШ]ĲŸũŸŊŔĦċũШÉŸĦŔĲƣǃШŸŉШ ůĲƖŔĦċШ
7ƨũũĲƣŔŰЯШΝΜΥЯШΝΦΡтΞΜΤЮ 

ÉőċƽЯШ ЮЯШ?ĲƻŸƚЯШ ЮЯШ9ŸǂЯШ9ЮЯШ7ŸũĲƚЯШÉЮЯШÉőċƽЯШ7ЮЯШ7ƨĦőċŰċŰЯШ ЮЯШ9ċƻĲЯШxЮЯШÉĲƓƓĲũƣЯШÅЮЯШΞΜΝΜЮШ
ÂĲċƣůŸƚƚШыÉƓőċŊŰƨůьШĬŔƻĲƖƚŔǯĦċƣŔŸŰШċƚƚŸĦŔċƣĲĬШƽŔƣőШ~ŔŸĦĲŰĲШ ŸƖƣőĲƖŰШcĲůŔƚƓőĲƖĲШĦũŔůċƣŔĦШ
ĦŸŸũŔŰŊЮШ~ŸũĲĦƨũċƖШ ÂőǃũŸŊĲŰĲƣŔĦƚШ ċŰĬШEƻŸũƨƣŔŸŰЯШΡΡЯШ ΝΝΟΦтΠΡЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮǃůƓĲƻЮΞΜΝΜЮΜΝЮΜΞΜ 

ÉőċƽЯШsЮЯШÅĲŰǍċŊũŔċЯШuЮЯШΞΜΜΠЮШÂőǃũŸŊĲŰǃШċŰĬШĬŔƻĲƖƚŔǯĦċƣŔŸŰШŸŉШĤƖǃŸƓőǃƣĲƚЮШ ůĲƖŔĦċŰШsŸƨƖŰċũШŸŉШ
7ŸƣċŰǃШΦΝЯШΝΡΡΤтΝΡΥΝЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΟΤΟΞоċŢĤЮΦΝЮΝΜЮΝΡΡΤ 

ÑőŸůċƚЯШxЮЯШΞΜΝΞЮШ9ŸċũШ]ĲŸũŸŊǃЮШsŸőŰШìŔũĲǃШѼШÉŸŰƚЮ 

ìŔĬĲƖċЯШ~ЮЯШΞΜΞΝЮШ]ĲŸũŸŊŔċШƓŸũƚťŔĦőШǍŮŹǐШƽłŊũċШĤƖƨŰċƣŰĲŊŸЮШ7ŸŊƨĦťŔШìǃĬċƽŰŔĦƣƽŸШ ċƨťŸƽĲЯШ
ÂŸǍŰċűЮ 

~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍШ 
Mariusz and his team at the Climate Change Ecology Research Unit (Adam Mickiewicz ÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШ
Poland) use palaeoecological and experimental approaches to understand the impact of current and past 
climate changes and anthropogenic disturbances on peatlands. He conducted the research on the data 
from peatlands in, e.g., Siberia, Mongolia, Central America, Amazon, Switzerland, Falkland Islands, the 
Czech Republic, Lithuania, Latvia and Estonia. Furthermore, Prof. Lamentowicz is an expert in 
palaeoecology and the ecology of testate amoebae (Protista). He cooperates with specialists studying the 
morphology and taxonomy of these organisms. His long-term aim is the implementation of interdisciplinary 
research on the impact of climate change on peatlands through the integration of monitoring, experiments, 
and paleoecology. Recently, Prof. Lamentowicz has worked on questions related to peatland restoration 
and scientific communication with stakeholders. Furthermore, he is involved in climate education, 
scientific communication and communication with non-scientific audiences through podcasts, movies, 
lectures and seminars.  
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ÑőċŰťШǃŸƨШ7ŔĲĤƖǍċг 

~ċƖƣŔŰШìċƚƚĲŰ 

9ŸƓĲƖŰŔĦƨƚШfŰƚƣŔƣƨƣĲШŸŉШÉƨƚƣċŔŰċĤũĲШ?ĲƻĲũŸƓůĲŰƣЯШÖƣƖĲĦőƣШÖŰŔƻĲƖƚŔƣǃЯШ 
ÖƣƖĲĦőƣЯШƣőĲШ ĲƣőĲƖũċŰĬƚ 

 

Thank you Biebrza ! 

What started almost 40 years ago, when I visited Biebrza for the first time in 1985 has enriched 
my life in many ways. The landscape, the ecosystems, the hydrology, the people, the friends and 
all the adventures I experienced during these almost 4 decades. Doing field work together, gaining 
insight into how this extraordinary ecosystem works, experiencing the darkness at night, the 
quietness, the wildlife, the cultural heritage, how people can live in harmony with nature, the 
history with its bright but also dark sides, the happiness we shared at a bonfire or being on my 
own for a day in the marshes. All this I cherish with gratitude. I have, not only as scientist, but also 
as a person benefitted enormously from Biebrza.  

Today in my presentation I will take you on a tour. I will travel through time over the past  
40 years of Polish т Dutch cooperation. On the way I will highlight projects in which various 
consortia of researchers have worked together in unravelling the secrets of Biebrza leading to a 
deeper insight into the processes and the functioning of the system and how these have 
contributed to protection and management. On behalf of all Dutchmen that worked in Biebrza I 
would like to express our sincere gratitude. 

Thank you Biebrza ! 

 

 

 

 

 

~ċƖƣŔŰШìċƚƚĲŰШ 
Professor of Environmental Sciences who studies terrestrial and wetland ecosystems and their functioning 
in a changing world (land use change, water management, global change). His key expertise is in eco-
hydrology, landscape ecology, biogeochemical cycles, biodiversity and nature conservation. He has given 
> 200 presentations, convened a number of top class symposia and conferences and has published > 180 
peer reviewed articles in refereed journals. He was head of the research group Environmental Sciences 
(2000-2023) and was head of the Copernicus Institute of Sustainable Development (2007-2016) at the 
Faculty of Geosciences, Utrecht University. He acts as a member of external review commissions (Dutch 
National Research Council (NWO), EU, external academic research assessments) and he is a regular 
reviewer of manuscripts for high impact journals. He is member of the Editorial Board of the Journal of 
Water and land Development. He was awarded with a honorary medal by the Institute for Land Reclamation 
and Grassland Farming, IMUZ, Poland (2005) and in 2007 and 2024 he received a honorary award of Warsaw 
University of Life Sciences, SGGW, Poland. He is active in several advisory commissions and committees 
on nature protection, nature restoration, biodiversity and land use in the Netherlands. He is chairing the 
European Bison Re-introduction Project, National Park Zuid Kennemerland and is member of the Advisory 
Committee National Parks for the minister of Agriculture, Nature and Food supply (NL) and is a member of 
the Dutch Ecological Authority. He was vice-president of the board of Vereniging Natuurmonumenten 
(2007-2015), an influential NGO for nature protection in the Netherlands with c. 900.000 members. 
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ÑŔůĲШƣŸШƖĲƚƣŸƖĲЮШìőċƣШĦċŰШƚĦŔĲŰĦĲШĬŸ 
ƣŸШĤƖŔŰŊШƓŸƽĲƖШƣŸШƣőĲШƓĲċƣũċŰĬƚе 

ÅƨĬǃШƻċŰШ?ŔŊŊĲũĲŰ 

Department of Biology, University of Antwerp, Belgium 

 

Peatlands have declined worldwide, especially in Europe, particularly in Western Europe, 
where many have simply vanished. Almost all remaining peatlands are so severely degraded that 
they have become environmental problem areas. To reach a sustainable future peatland 
restoration is therefore essential. The European Commission has recognized this and included 
peatland restoration as a priority target in an ongoing legislation attempt to reverse further nature 
degradation in Europe. This proposed Nature Restoration Law formulates binding targets for 
nature restoration throughout the EU and has the final goal that all European ecosystems are in 
need of restoration by 2050. Note that the proposal does not say that the restoration has finished 
by 2050 but instead that it is in progress by then. The Commission sees restoration as a process, 
not necessarily an endpoint. 

Despite this, according to some relatively modest target, the NRL proposal has led to much 
agitation in interest groups. The agricultural lobby has campaigned massively against the 
proposal. That lobby was rather successful. At the moment of writing (spring 2024), even a 
significantly watered-down version of the original proposal has still not been accepted by the 
member states. 

In my contribution, I will describe how the process has developed and analyze the role of 
scientists therein. I will assess the positions of the different interest groups and discuss 
opportunities to cooperate with crucial stakeholders in order to bring back the power to the 
peatlands. I will discuss possible restoration pathways outside the NRL and identify areas where 
scientists can play an important role.  

 

 

 

 

 

 

 

 

ÅƨĬǃШƻċŰШ?ŔŊŊĲũĲŰ 
Professor Emeritus at the University of Antwerp, specializes in Restoration Ecology, particularly in 
wetlands. With extensive experience spanning academia and practical conservation, he focuses on 
biodiversity conservation and nature restoration, emphasizing water-soil-nutrient-vegetation 
relationships. Dr. van Diggelen holds influential roles, including chairing the European chapter of the 
Society for Ecological Restoration and leading the review commission on Restoration strategies Nitrogen 
for the Dutch Ministry of Agriculture. He advises on peatland and wetland management globally, shaping 
environmental policies. As a prolific author, his work bridges scientific research with practical applications, 
contributing significantly to ecosystem conservation and restoration. 
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ìĲƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШŔŰШƣőĲШ ċƣŔŸŰċũШƓċƖťШ
љ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњШтШƣőĲШ7ĲũċƖƨƚŔċŰШƓċƖƣШ 

ŸŉШƣőĲШ7ŔċũŸƽŔĲǍċШŉŸƖĲƚƣЮШ 
ÉƨůůċƖǃШŸŉШƣőĲШƣƽŸШĬĲĦċĬĲƚШŸŉШƽŸƖť 

éŔťƣċƖШ[ĲŰĦőƨť 

[ƖċŰťŉƨƖƣШüŸŸũŸŊŔĦċũШÉŸĦŔĲƣǃЯШ[ƖċŰťŉƨƖƣЯШ]ĲƖůċŰǃ 

 

 ċƣŔŸŰċũШƓċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњШĦŸƻĲƖƚШċŰШċƖĲċШŸŉШŸƻĲƖШΝΡΜШƣőŸƨƚċŰĬШőĲĦƣċƖĲƚШŸŉШƽőŔĦőШ
82,5 thousand hectares constitute the Belarusian part of the cross-border belarus-polish 
UNESCO World Heritage Site Bialowieza forest.  

[ŸƖĲƚƣƚШŸŉШ7ŔĲũċƻŔĲǏƚťċŢċо7ŔċũŸƽŔĲǍċШƽĲƖĲШĬĲƻĲũŸƓŔŰŊШŔŰШƣőĲШĦŸŰĬŔƣŔŸŰƚШŸŉШƚƣċĤũĲШőǃĬƖŸũŸŊŔĦċũШ
regime and high waterlogging with up to 30% of the area covered in wetlands and mires. Drainage 
and land improvement activities started on the territory of BielavŔĲǏƚťċŢċо7ŔċũŸƽŔĲǍċШŔŰШƣőĲШΝΦth 
century, continued in 1920-ΝΦΟΜќƚШċŰĬШƓĲċťĲĬШĬƨƖŔŰŊШƚŸƻŔĲƣШƣŔůĲƚШŔŰШΝΦΡΜ-ΝΦΣΜќƚЮШ ƚШƣőĲШƖĲƚƨũƣЯШ
over 50% of mires were drained, the majority of rivers canalized and an extensive system of 
drainage canals created. Such large scale drainage caused a general drop in the ground water 
ũĲƻĲũШŸŰШƣőĲШũċƖŊĲƖШƓċƖƣШŸŉШ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċШĤǃШΜЯΡ-1,5 meters leading to cascade effects in 
forest ecosystems (Grummo et al., 2021).  

First wetland restoration activities on the territory of the National park were conducted at 
Dzikaje mire in 2006 under coordination of APB-BirdLife Belarus as part of implementation of the 
site management plans for three key breeding sites for the globally threatened Aquatic warbler 
Acrocephalus paludicola developed in 1998. Following this work, the need for wetland 
ƖĲƚƣŸƖċƣŔŸŰШċƓƓĲċƖĲĬШŔŰШƣőĲШÂċƖťќƚШ~ċŰċŊĲůĲŰƣШƓũċŰШŔŰШΞΜΜΥШыManagement planвЯШΞΜΜΥьЮШ 

The first complex inventory of potential wetland restoration sites was implemented in 2010. 
The inventory focused on melioration systems т drained mires and screened the state of 14 sites, 
of which 10 sites were identified as requiring restoration (Kozulin et al., 2010). In 2012-2013 the 
second inventory focused on small and seasonal watercourses in the central part of 
7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċШċŰĬШƖĲƻŔĲƽĲĬШƣőĲШƚƣċƣĲШŸŉШΟΜШũŔŰĲċƖШŸĤŢĲĦƣƚШыĦőċŰŰĲũƚЯШƚƣƖĲċůƚЯШƖŔƻĲƚьЯШŸŉШ
which of which only 8 were of natural origin. Subsequent and prioritization selected 8 objects 
grouped in 3 sites (Arnolbik et al., 2013) for priority restoration.  

In December 2013 a Memorandum of Understanding outlining key priorities for joint work was 
ĦŸŰĦũƨĬĲĬШĤĲƣƽĲĲŰШƣőĲШ ċƣŔŸŰċũШƓċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњЯШ Â7-BirdLife Belarus and Frankfurt 
zoological society. This cooperation gave an impetus to wetland restoration activities. Basing on 
the results of the inventories, planning of restoration works started in 2014 and by 2023 the 
restoration works were implemented on 10 sites with the total area of 3 664 hectares. The 
smallest restoration site was 36 ha (canal in the upper course of Salomienka river) and the largest 
т 1 ΞΟΥШőċШыüċƖťċƨƜĨǃŰċШŉŸƖĲƚƣШĬƖċŔŰċŊĲШŰĲƣƽŸƖťьШыÑċĤ. 1., Fig. 1).  

The third stage of screening was implemented in 2021 (Grummo et al., 2021) focusing on 
pealtands and with the account of restoration works implemented in 2014-2021. Preliminary list 
of restoration sites included 34 territories, located in different functional zones of the National 
park. Further field work narrowed down this list to 19 sites with the area of 29 139 hectares, 
ƖċŰŊŔŰŊШŉƖŸůШΡΤЯΥШőċШыÂċŰċƚŔƨťŔьШƣŸШΝΟќΣΝΜШőċШы ƖũŸƻċШůŔƖĲьЮШÑőŔƚШũŔƚƣШĦŸŰƚƣŔƣƨƣĲĬШƣőĲШƽŸƖťƓũċŰШŉŸƖШ
ƓĲċƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШŔŰШ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċШƨŰƣŔũШΞΜΟΜЮШ 
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ÑċĤũĲШΝЮШìĲƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШƚŔƣĲƚШŔŰШƣőĲШ ċƣŔŸŰċũШƓċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњ 

м ÉŔƣĲШŰċůĲ 

òĲċƖШŸŉШ
ĦŸůƓũĲƣŔŸŰШŸŉШ
ƖĲƚƣŸƖċƣŔŸŰШ
ƽŸƖťƚ 

ƖĲċ 
яőċѐ 

ÉŔƣĲШƣǃƓĲ 

Ν ?ǍŔťċŢĲШůŔƖĲ ΞΜΜΣ Űоċй  ċƣƨƖċũШŉĲŰШůŔƖĲ 

Ξ 7ċƖƨƜĨǃĨǃ ΞΜΝΣ ΟΤ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

Ο ÂũŔċŰƣċ ΞΜΝΣ ΦΝ ?ƖċŔŰĲĬШŉĲŰоůĲċĬŸƽ 

Π ÖƓƓĲƖШÉċũŸůŔĲŰťċШƖŔƻĲƖ ΞΜΝΣ ΟΣ [ŸƖĲƚƣШĬƖċŔŰċŊĲШĦőċŰŰĲũ 

Ρ ?ǍŔťŔШ ŔťċƖ ΞΜΝΤ ΝΝΣΠ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

Σ ÂċƓŔċũŔŸƻċ ΞΜΝΥ ΟΜΜ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

Τ ?ǍŔťċŢĲШрШuũŔĲƓċĨǃ ΞΜΝΦ ΟΟΜ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

Υ ÉċũŸůŔĲŰťċШƖŔƻĲƖ ΞΜΝΦ ΝΟΥ 9ċŰċũŔǍĲĬШƖŔƻĲƖ 

Φ üċƖťċƨƜĨǃŰċШĬƖċŔŰċŊĲШŰĲƣƽŸƖť ΞΜΞΝ ΝΞΟΥ [ŸƖĲƚƣШĬƖċŔŰċŊĲШĦőċŰŰĲũШ
ŰĲƣƽŸƖť 

ΝΜ üƨĤƖǃĦċ ΞΜΞΟ ΦΞ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

ΝΝ cċũŔĲƻċШĤċũŸƣċ ΞΜΞΟ ΞΟΦ ?ƖċŔŰĲĬШŉĲŰШůŔƖĲ 

ÑŸƣċũ ΟΣΣΠ  

йЮfůƓċĦƣЮċƖĲċЮĲƚƣŔůċƣŔŸŰЮŔƚЮŰŸƣЮċƻċŔũċĤũĲ 

 

 

[ŔŊЮШΝЮШìĲƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШƚŔƣĲƚШŔŰШƣőĲШ ċƣŔŸŰċũШƓċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњШĲŰƣƖĲШǯŊƨƖĲƚЮШ 
 ƨůĤĲƖƚШĦŸƖƖĲƚƓŸŰĬШƣŸШƣőŸƚĲШŔŰШÑċĤũĲШΝЮШ 
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The decade of restoration works showed that the cycle from the concept to completion of 
construction is taking over two years and the average pace of restoration of one site per year. 
Hence, the needs for restoration are much larger than the capacity to implement them, and the 
existing restoration plan constitutes an ambitious programme.  

Current border wall construction on Belarus/Polish border will likely create additional 
problems with hydrological regime and will require even more resources to mitigate them on the 
both sides of the border.  

 

ÅE[EÅE 9EÉ 
ƖŰŸũĤŔťШéЮЯШ7ĲƖŰċƣƚťŔШ?ЮЯШ7ƨĤĲŰťŸШ ЮЯШuƖċƻĦőƨťШéЮЯШuƖċƻĦőƨťШéЮЯШΞΜΝΟЮШfŰƻĲŰƣŸƖǃШċŰĬШĦƖĲċƣŔŸŰШŸŉШ
]fÉШŸŉШƚůċũũШċŰĬШƚĲċƚŸŰċũШƽċƣĲƖĦŸƨƖƚĲƚШŔŰШƣőĲШőŔƚƣŸƖŔĦШƓċƖƣШŸŉШ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċЮШÅĲƚĲċƖĦőШ
ƖĲƓŸƖƣЮШ яȍʑʏɹʁʒʓʆШʆʎɹʁʎʓɷʑʆʅɷʙʆʩШʆШʒʏʅʀɷʓʝШǷȃȏШʍɷʌʞʗШʆШɹʑʁʍʁʎʎʞʗШыʒʁʅʏʎʎʞʗьШ
ɹʏʀʏʓʏʊʏɹШɹШʆʒʓʏʑʆʘʁʒʊʏʇШʘɷʒʓʆШǵʁʌʏɹʁʄʒʊʏʇШʐʔʛʆџЮШȌʓʘʁʓШʏШȋȃȎѐЯШuċůĲŰŔƨťŔЯШΠΤШƓЮ 

]ƖƨůůŸШ?ЮЯШüĲũĲŰťĲƻŔĦőШ ЮЯШüǃũŔŰƚťŔШ?ЮЯШ~ŸŢƚĲŔĦőŔťШEЮЯШÂĲƣƖŸƻШéЮЯШ7ċĤŔĦőШEЮЯШΞΜΞΝЮШEƻċũƨċƣĲШƣőĲШ
ĦƨƖƖĲŰƣШƚƣċƣĲШŸŉШƓĲċƣũċŰĬƚШŸŉШƣőĲШ ċƣŔŸŰċũШƓċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњШċŰĬШĬĲƻĲũŸƓШċШũŸŰŊШƣĲƖůШ
ƓƖŸŊƖċůůĲШ ŸŉШ ƣőĲŔƖШ ƖĲƚƣŸƖċƣŔŸŰЮШ ÅĲƚĲċƖĦőШ ƖĲƓŸƖƣЮШ яȌʙʁʎʆʓʝШʒʏɹʑʁʍʁʎʎʏʁШʒʏʒʓʏʪʎʆʁШ
ʓʏʑʖʪʎʆʊʏɹШȋɷʙʆʏʎɷʌʝʎʏɺʏШʐɷʑʊɷШўǵʁʌʏɹʁʄʒʊɷʪШʐʔʛɷџШʆШʑɷʅʑɷɸʏʓɷʓʝШʀʏʌɺʏʒʑʏʘʎʔʩШ
ʐʑʏɺʑɷʍʍʔШʆʗШɹʏʒʒʓɷʎʏɹʌʁʎʆʪЮШȌʓʘʁʓШʏШȋȃȎѐЯШ~ŔŰƚťЯШΡΡШƓЮ 

uŸǍƨũŔŰШ ЮЯШ~ċǂŔůĲŰťŸƻШ~ЮЯШÉťƨƖċƣŸƻŔĦőШ ЮЯШ]ŔŊŔŰŔċťШòЮЯШuŸƖǍƨŰШEЮЯШéċƚŔũŔĲƻƚťŔŢШ ЮЯШuƨũŔťƻċШEЮЯШ
]ƖĲĦőċŰŔťШxЮЯШΞΜΝΜЮШfĬĲŰƣŔŉǃШůĲũŔŸƖċƣŔŸŰШƚǃƚƣĲůƚШƽőŔĦőШŰĲŊċƣŔƻĲũǃШċǭĲĦƣШĲĦŸƚǃƚƣĲůƚШŸŉШ
7ŔĲũċƻŔĲǏƚťċŢċШ ƓƨƜĨċШ ċŰĬШ ƽőĲƖĲШ ƖĲƽĲƣƣŔŰŊШ ŔƚШ ĲĦŸũŸŊŔĦċũũǃШ ċŰĬШ ĲĦŸŰŸůŔĦċũũǃШ ŢƨƚƣŔǯĲĬЮШ
яȌʐʑʁʀʁʌʆʓʝШʍʁʌʆʏʑɷʓʆɹʎʞʁШʒʆʒʓʁʍʞЯШʎʁɺɷʓʆɹʎʏШɹʌʆʪʩʛʆʁШʎɷШʤʊʏʒʆʒʓʁʍʞШ
ǵʁʌʏɹʁʄʒʊʏʇШʐʔʛʆЯШʎɷШʊʏʓʏʑʞʗШʐʏШʤʊʏʌʏɺʆʘʁʒʊʆʍШʆШʤʊʏʎʏʍʆʘʁʒʊʆʍШʐʑʆʘʆʎɷʍШ
ʙʁʌʁʒʏʏɸʑɷʅʎʏШʐʑʏɹʁʀʁʎʆʁШʐʏɹʓʏʑʎʏɺʏШʅɷɸʏʌɷʘʆɹɷʎʆʪЮШȌʓʘʁʓШʏШȋȃȎѐЯШ~ŔŰƚťЯШΝΝΟШƓЮ 

~ċŰċŊĲůĲŰƣШƓũċŰШŸŉШƣőĲШ ċƣŔŸŰċũШÂċƖťШљ7ŔĲũċƻŔĲǏƚťċŢċШƓƨƜĨċњЮШ?ĲĦũċƖċƣŔƻĲШƓċƖƣЮШΞΜΜΥШяȍʌɷʎШ
ʔʐʑɷɹʌʁʎʆʪШȋɷʙʆʏʎɷʌʝʎʞʍШʐɷʑʊʏʍШўǵʁʌʏɹʁʄʒʊɷʪШʐʔʛɷџЮШȇʏʎʒʓɷʓʆʑʔʩʛɷʪШʘɷʒʓʝѐЯШ~ŔŰƚťЯШ
ΞΜΜΥЯШΝΥΟШʑЮ 

 

 

 

 

 

éŔťƣċƖШ[ĲŰĦőƨť 
A wetland conservationists and wildlife biologist from Belarus. He is a former director of APB-BirdLife 
7ĲũċƖƨƚЯШ ƣőĲШ ĦŸƨŰƣƖǃќƚШ ũċƖŊĲƚƣШ ĲŰƻŔƖŸŰůĲŰƣċũШ  ]§Ш ċŰĬШthe leader of the international wilderness 
conservation programme for APB and the Frankfurt Zoological Society. Viktar was one of the initiators and 
leaders of several large-scale peatland restoration projects and programmes in Belarus. He was active in 
establishing effective cooperation between different partners working in wetland conservation and 
restoration in Belarus and abroad, due to which about every second hectare of restored peatlands in 
Belarus was restored by or with input from APB. As part of APB and governmental cooperation, he was many 
times part of Belarus national delegations to UNFCCC and Ramsar Convention meetings and organizer of 
ƓċƖċũũĲũШĲƻĲŰƣƚШƓƖŸůŸƣŔŰŊШƓĲċƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШċŰĬШƚőċƖŔŰŊШ7ĲũċƖƨƚќШĲǂƓĲƖŔĲŰĦĲШŔŰШƖĲƽĲƣƣŔŰŊЯШ]c]ШĤċũċŰĦĲШ
assessment and biodiversity monitoring. Following the 2020 presidential elections in Belarus, Viktar was 
arrested and sentenced to 2.5 years of imprisonment for participating in peaceful protests. He currently 
continues to work for the benefit of wetlands in Poland. 
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fƚũċŰĬЯШũċťĲШċŰĬШƽĲƣũċŰĬа 
ċШƓċũċĲŸĲĦŸũŸŊŔĦċũШċŰĬШŊĲŸċƖĦőċĲŸũŸŊŔĦċũШ
ƖĲĦŸŰƚƣƖƨĦƣŔŸŰШŸŉШEċƖũǃШ7ƖŸŰǍĲШ ŊĲШċŰĬШ
EċƖũǃШfƖŸŰШ ŊĲШƚĲƣƣũĲůĲŰƣƚШŔŰШ7ƖƨƚǍĦǍĲƽŸШ

ыìĲƚƣĲƖŰШÂŸũċŰĬь 
sċťƨĤШ ŔĲĤŔĲƚǍĦǍċűƚťŔċЯШÂŔŸƣƖШuŸŮċĦǍĲťĤЯШ~ŸŰŔťċШuċƖƓŔűƚťċрuŸŮċĦǍĲťĤЯШ
~ċƖŔƨƚǍШ]ċŮťċĦЯШ~ŸŰŔťċШÅǍŸĬťŔĲƽŔĦǍĤЯШfƽŸŰċШcŔũĬĲĤƖċŰĬƣрÅċĬťĲĤЯШsƨƣƣċШuŰĲŔƚĲũĬ 

a[ċĦƨũƣǃШŸŉШ ƖĦőċĲŸũŸŊǃЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃШŔŰШÂŸǍŰċűЯШÂŸũċŰĬ 
b[ċĦƨũƣǃШŸŉШ]ĲŸŊƖċƓőŔĦċũШċŰĬШ]ĲŸũŸŊŔĦċũШÉĦŔĲŰĦĲƚЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃШŔŰШÂŸǍŰċűЯШÂŸũċŰĬ 

c[ċĦƨũƣǃШŸŉШ7ŔŸũŸŊǃШċŰĬШEŰƻŔƖŸŰůĲŰƣċũШÂƖŸƣĲĦƣŔŸŰЯШÖŰŔƻĲƖƚŔƣǃШŸŉШ}ŹĬǎ 
d Institut für Ur- und Frühgeschichte, Christian Albrecht University in Kiel, Germany 

 
f ÑÅ§?Ö9Ñf§  

The connection between the Bronze and Early Iron Ages people and the former wetlands in 
Central Europe has been a subject of study for decades but seen mostly in the scope of 
conventional archaeological research. However, in recent years, a growing number of multiproxy 
studies of environmental archaeology brought to light new perspectives on reconstructing the 
impact of prehistoric people on wetlands, also in the light of high-resolution chronological 
ƚĦőĲůĲƚШыŔЮĲЮШ]őŔũċƖĬŔШĲƣШċũЮШΞΜΜΥбШ?ŸǃĲŰШĲƣШċũЮШΞΜΝΣбШ]ċŮťċШĲƣШċũЮШΞΜΞΞьЮШfŰШƣőŔƚШƚƣƨĬǃЯШƽĲШũŸŸťШċƣШ
the environmental reconstruction of a wetland associated with a particular site in Western Poland 
т Bruszczewo. 

The Early Bronze Age settlement in Bruszczewo belongs to the most known sites in terms of 
the earliest fortifications in Central-Eastern Europe (Czebreszuk et al., 2004). It was inhabited 
between app. 4200 and 3400 BP by the people of the Unetice culture т one of the first proto-
civilizations in this part of Europe (Czebreszuk et al., 2015). In the same place, after a few hundred 
years, people of Lusatian Urnfields culture (Fig. 1) established their ritual centre and cremation 
cemetery that thrived during the Late Bronze and Early Iron Ages (app. 2900 т 2400 BP) (Ignaczak 
2015). 

The archaeological site is located on a small hummock extending eastwards from the slope 
towards a peatland of the Samica River valley (Fig. 1). The earlier studies of the site provided the 
first evidence for the existence of a lake surrounding the peninsular in prehistory, however, based 
only on a single core and low-resolution radiocarbon dating of events (Haas et al., 2010). 

In this study, we have combined the GIS, geophysical, palaeoecological and geological data 
approach to investigate the changing ecological conditions and reveal its meaning and 
connection to well-recognized settlement processes in Bruszczewo.  

~EÑc§?É 
Our research consisted in the first place of LIDAR scanning to obtain insight into the extent of 

the former wetland. A 1x1m ALS grids were analyzed in terms of wetness index, relative elevation 
and slope analysis. Next, the magnetometry (Bartington Grad 601) and georadar (Leica DS200) 
prospection took place across the former basin to obtain information about the depth of organic 
deposits. Also, a geophysical survey was taken in the area of a small hummock in the middle of 
the basin (Fig. 1) to verify the hypothesis of the existence of a probable island.  

Afterwards, a series of cores were taken, using mechanical vibra-coring and conventional 
instorf corer. A total number of 5 profiles was obtained to reconstruct the stratigraphy and to 
provide the material for palaeoecological reconstruction (Fig. 1). 
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For this purpose, the core IT_1 was chosen being the closest to the EBA and EIA settlement. 17 
AMS radiocarbon dates were used to provide a high-resolution age-depth model spanning the 
sequence between the EBA and Medieval times. The sediments within the core were subjected to 
palynological (including NPPs), sedimentological and geochemical analyses, and diatom 
identification. The remaining cores were subjected to macroscopic description and radiocarbon 
dating within the borders between different lithological units. 

We have also used the results of former archaeological excavations on the settlement, as well 
as the effects of archaeological surface survey around the Samica Valley to correlate our study 
with the existing knowledge on the prehistory of the area.  

 

 
 

Fig. 1. The reconstruction of Bruszczewo palaeolake and fen based on coring data 
 
ÅEÉÖxÑÉШ ?Ш?fÉ9ÖÉÉf§  

The stratigraphy of the basin, according to coring and AMS dating, represents the evolution of 
a postglacial lake, which has gradually started diminishing around 2900 BP and turn into a fen 
ċƖŸƨŰĬШƣőĲШƣőƖĲƚőŸũĬШŸŉШƣőĲШĲƖċƚЯШċŰĬШũċƚƣĲĬШƨŰƣŔũШƣőĲШ~ĲĬŔĲƻċũШƓĲƖŔŸĬЮШÑőĲШũċťĲќƚШĦƖŸƚƚ-section 
shows a great depth (up to 9.5 m of gyttja and peat deposition in the central part) with a high 
inclination of its slopes, which might have supported the defensive traits of the fortified 
settlement at its western part. Despite the gradual terrestrialization of the lake, around 3800 BP, 
it underwent transgression, as documented in the eastern part of the basin by the occurrence of 
sandy layers overlayed with gyttja. This event corresponds directly with the archaeologically 
documented erection of a wooden fascine structure by the EBA people at the same time. Its 
location in the shoreline area of the fortified settlement indicates the necessity for reinforcing the 
land from wave erosion and water entering the inhabited area. 

Both events т long-lasting terrestrialization and short-term transgression, do not fit into any 
recognized climatic events that might have provoked these changes. Therefore, our focus is put 
on the anthropogenic factors such as erosion or deforestation happening at the time of the EBA 
ċŰĬШEf Шы ŔĲĤŔĲƚǍĦǍċűƚťŔШĲƣШċũЮ, 2023). 

The palaeoecological reconstruction based on IT_1 coring provided crucial information about 
the main events of anthropopressure in the area. We have identified at least 4 periods (EBA, LBA, 
EIA and Early Medieval) of intensified human occupation, separated by decreased settlement 
activity markers in the proxies.  
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As far as the bottom of the valley is overgrown by grasses and meadows, there is no possibility 
of conducting the conventional surface survey there. However, the geophysical survey in the area 
of the suspected island revealed the existence of anomalies resembling archaeological features 
in the middle of the wetland. A series of drillings on a small hummock resulted in discovering dry 
episodes on the suspected island during the EBA and EIA. Within the drilled sediments, we have 
also encountered numerous pottery fragments as well as animal bones app. 1.2 m b.g.l. 
ы ŔĲĤŔĲƚǍĦǍċűƚťŔШĲƣШċũ., 2022). 

9§ 9xÖÉf§ É 
Our research has shown the great potential of wetland environments for supporting the 

archaeological knowledge about past societies and their relation with the surrounding 
waterscapes. The reconstructed scheme of changes within the basin point corresponds directly 
to the major events in the human occupation history of the area (emergence of fortified 
settlement, its demise, fascine construction, occupation of the island, etc.). Each settlement 
phase faced different ecological conditions and events (lake, transgression, terrestrialization, 
fen) giving the inhabitants different opportunities but also new challenges. The investigation in 
Bruszczewo also emphasize the need for special attention to wetlands in terms of archaeological 
prospection, as until now the conventional surface surveys omitted these areas due to the lack 
of a proper, geoarchaeological approach.  
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ÑőĲШƣĲůƓŸƖċũШƻċƖŔċĤŔũŔƣǃШŸŉШƣőĲШcŸũŸĦĲŰĲШ
9ċ9§ΟШĬĲƓŸƚŔƣŔŸŰШċƣШŉŸƨƖШċũťċũŔŰĲШŉĲŰƚШ 
ŔŰШƣőĲШǃŸƨŰŊШŊũċĦŔċũШċƖĲċШŸŉШĦĲŰƣƖċũШEƨƖŸƓĲ 
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~ċŮŊŸƖǍċƣċШÉǍĦǍĲƓċŰŔċťċЯШ~ċƖŔƨƚǍШ]ċŮťċĬ 

ċfŰƚƣŔƣƨƣĲШŸŉШ]ĲŸũŸŊǃЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬ 
ĤÉƨƽċũƚťŔШxċŰĬƚĦċƓĲШÂċƖťЯШsĲũĲŰŔĲƽŸЯШÂŸũċŰĬ 
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Ĭ?ĲƓċƖƣůĲŰƣШŸŉШ7ŔŸŊĲŸŊƖċƓőǃЯШÂċũĲŸĲĦŸũŸŊǃШċŰĬШ ċƣƨƖĲШ9ŸŰƚĲƖƻċƣŔŸŰЯШ

ÖŰŔƻĲƖƚŔƣǃШŸŉШxŸĬǍЯШxŸĬǍЯШÂŸũċŰĬ 

 
f ÑÅ§?Ö9Ñf§  

Calcium carbonate depositing alkaline fens, are a specific type of wetland, the functioning of 
which depends on the supply of Ca2+ enriched groundwater at ambient temperature. Precipitation 
of CaCO3 (tufa), results from loss of CO2 due to biotic and abiotic processes as the groundwater 
emerges at the fen surface. Peat and tufa intercalations are characteristic deposits of alkaline 
fens. Studies of the recent alkaline fen condition and recognition of the palaeoecological history 
of those ecosystems are important for at least because of two reasons. Firstly, the alkaline 
substrate (as assured by CaCO3 precipitation), makes alkaline fens a habitat for many rare and 
protected species of plants and animals. Since the number of alkaline fens is declining this 
ecosystem is protected by the European Union law. Investigation of the palaeoevnironment of the 
alkaline fens reveals their past development pattern, which is crucial for conservation issues. 
Secondly, alkaline fens are carbon sinks, since they entrap C in the form of the organic matter 
and CaCO3. 

This study aims to identify the timing of tufa deposition at four alkaline fens located in north-
eastern Poland and Latvia, within the extent of the Weichselian glaciation: Turtul (Apolinarska et 
al., 2022, 2024), Puszcza Romincka (Apolinarska et al., 2023), Maitiku (KieŮĦǍĲƽƚťŔШĲƣШċũЮ, 
ƨŰƓƨĤũŔƚőĲĬьЯШċŰĬШxƨƚƣƷǏťċũŰƚШы ƓŸũŔŰċƖƚťċШĲƣШċũЮЯШƨŰĬĲƖШƖĲƻŔĲƽьЮШìĲШċũƚŸШċŔůШƣŸШƖĲĦŸŊŰŔǍĲШƣőĲШ
factors responsible for the temporal variability of tufa deposition. 

 

~EÑc§?É 
The geochemical composition of the sediments, including the percentage concentrations of 

CaCO3, measured at 1-cm intervals in the sediment sequences investigated, was determined 
using the loss on ignition analysis (LOI) following the procedure described by Heiri et al. (2001). 
The chronology of the sediments is based on 14C dates from terrestrial plant macrofossils. 

 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The time frames of CaCO3 accumulation varied between the fens. In north-eastern Poland, 

tufa was deposited between ca. 11650 and 50 cal yr BP on Puszcza Romincka fen (Apolinarska et 
al., 2023) and between ca. 9250 and 5400 cal yr BP on Turtul fen (Apolinarska et al., 2022). The 
early Holocene onset of CaCO3 accumulation was associated with the activation of groundwater 
circulation following permafrost degradation. The decline in tufa deposition ca. 5400 cal yr BP in 
Turtul was likely related to climate cooling in the mid-Holocene. Declined temperatures affected 
the conditions of tufa precipitation and indirectly decreased the Ca2+ supply controlled by 
chemical denudation of the scattered CaCO3 from glacial sediments in the aquifer. Also, after 
progressive leaching during the early Holocene, this carbonate reservoir became a less efficient 
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Ca2+ source (Apolinarska et al., 2024). The Holocene-long tufa deposition at Puszcza Romincka 
fen, exceptional in north-eastern Poland, likely resulted from site-specific hydrogeological 
conditions assuring an efficient supply of Ca2+-rich artesian waters.  

ƣШ~ċŔƣŔťƨШыuŔĲŮĦǍĲƽƚťŔШĲƣШċũЮЯШƨŰƓƨĤũŔƚőĲĬьШċŰĬШxƨƚƣƷǏťċũŰƚШы ƓŸũŔŰċƖƚťċШĲƣШċũЮЯШƨŰĬĲƖШƖĲƻŔĲƽьШ
fens, enhanced tufa accumulation has been observed only since ca. 3500-3200 cal yr BP, when 
the increased climate humidity resulted in increased water tables at bogs and fens in Latvia 
(Kalnina et al., 2015). This Late Holocene increase in the water tables was triggered by the 
termination of the frequent anticyclonic circulation over the Scandinavian Peninsula (Antonsson 
et al., 2008) which brought very warm summers with reduced precipitation, and return to the 
predominately zonal mode of circulation (Heikkilä et al., 2010), and the influx of humid westerlies 
over Fennoscandia and Eastern Baltic Region. In addition, the concurrent cooling trend 
contributed to the increase of the effective precipitation, which also increased the groundwater 
tables. The Palaeozoic limestone bedrock, an inexhaustible source of Ca2+ ions, assures intensive 
CaCO3 precipitation at Latvian sites as long as the groundwater level remains high and the fens 
are not affected by humans.  
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ŸŉШƣőĲШìĲŔĦőƚĲũŔċŰШŊũċĦŔċƣŔŸŰаШÂƨƚǍĦǍċШÅŸůŔŰĦťċШы ƓŸũŔŰċƖƚťċШĲƣШċũЮЯШΞΜΞΟьЯШÑƨƖƣƨũШы ƓŸũŔŰċƖƚťċШĲƣШċũЮЯШ
ΞΜΞΞЯШΞΜΞΠьЯШ~ċŔƣŔťƨШыuŔĲŮĦǍĲƽƚťŔШĲƣШċũЮЯШƨŰƓƨĤũŔƚőĲĬьЯШċŰĬШxƨƚƣƷǏťċũŰƚШы ƓŸũŔŰċƖƚťċШĲƣШċũЮЯШƨŰĬĲƖШƖĲƻŔĲƽьЮ 

 

9§ 9xÖÉf§ É 
The high temporal variability of tufa deposition at the alkaline fens investigated can be 

attributed to the complexity of factors controlling CaCO3 precipitation. The most critical are local 
climate fluctuations including both temperature changes and shifts in precipitation, type and 
richness of Ca2+ source, and hydrogeological conditions. 

 
9u §ìxE?]E~E ÑÉ 
Financing source: National Science Centre, Poland, Grant No 2018/29/B/ST10/00120 
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ÅE[EÅE 9EÉ 
ŰƣŸŰƚƚŸŰЯШuЮЯШ9őĲŰЯШ?ЮЯШÉĲƓƓęЯШcЮЯШΞΜΜΥЮШ ŰƣŔĦǃĦũŸŰŔĦШċƣůŸƚƓőĲƖŔĦШĦŔƖĦƨũċƣŔŸŰШċƚШċŰШċŰċũŸŊƨĲШ
ŉŸƖШƣőĲШƽċƖůШċŰĬШĬƖǃШůŔĬрcŸũŸĦĲŰĲШƚƨůůĲƖШĦũŔůċƣĲШŔŰШĦĲŰƣƖċũШÉĦċŰĬŔŰċƻŔċЮШ9ũŔůċƣĲЮŸŉЮƣőĲЮ
ÂċƚƣШΠаШΞΝΡрΞΞΠЮ 

ƓŸũŔŰċƖƚťċЯШuЮЯШuŔĲŮĦǍĲƽƚťŔЯШÅЮЯШÂũĲƚťŸƣЯШuЮЯШ~ċƖǍĲĦЯШ~ЮЯШ ƨŰŔŰċЯШxЮЯШ]ċŮťċЯШ~ЮШΞΜΞΞЮШcŔŊőр
ƖĲƚŸũƨƣŔŸŰШƖĲĦŸƖĬШŸŉШŊĲŸĦőĲůŔĦċũЯШƻĲŊĲƣċƣŔŸŰċũШċŰĬШůŸũũƨƚĦċŰШƚőŔŉƣƚШŔŰШċШ9ĲŰƣƖċũШEƨƖŸƓĲċŰШ
ƚƓƖŔŰŊрŉĲĬШŉĲŰаШŔůƓũŔĦċƣŔŸŰƚШŉŸƖШƖĲŊŔŸŰċũШƓċũĲŸĦũŔůċƣĲШĬƨƖŔŰŊШƣőĲШĲċƖũǃШċŰĬШůŔĬрcŸũŸĦĲŰĲЮШÑőĲЮ
cŸũŸĦĲŰĲШΟΞаШΤΣΠрΤΤΦЮ 

ƓŸũŔŰċƖƚťċЯШuЮЯШuŔĲŮĦǍĲƽƚťŔЯШÅЮЯШÂũĲƚťŸƣЯШuЮЯШ~ċƖǍĲĦЯШ~ЮЯШ ƨŰŔŰċЯШxЮЯШ]ċŮťċЯШ~ЮШΞΜΞΟЮШÑőĲШƣĲůƓŸƖċũШ
ċŰĬШƚƓċƣŔċũШĦŸůƓũĲǂŔƣǃШŸŉШĦċƖĤŸŰċƣĲШĬĲƓŸƚŔƣŔŸŰШċƣШÅŸůŔŰĦťċШŉŸƖĲƚƣШĦƨƓŸũċШƚƓƖŔŰŊрŉĲĬШŉĲŰШ
ы9ĲŰƣƖċũШEƨƖŸƓĲьШĬƨƖŔŰŊШƣőĲШcŸũŸĦĲŰĲЮШ9 ÑE ШΞΞΣаШΝΜΤΜΣΜЮ 

ƓŸũŔŰċƖƚťċЯШuЮЯШuŔĲŮĦǍĲƽƚťŔЯШÅЮЯШÂũĲƚťŸƣЯШuЮЯШ~ċƖǍĲĦЯШ~ЮЯШ ƨŰŔŰċЯШxЮЯШ~ŔĦőċũƚťċЯШ?ЮЯШÉŔĲƓċťЯШ~ЮЯШ
uŸƽċũĦǍǃťЯШ9ЮЯШ]ċŮťċЯШ~ЮШΞΜΞΠЮШÑőĲШĬĲĦũŔŰĲШŸŉШƣƨŉċШĬĲƓŸƚŔƣŔŸŰШŔŰШċŰШċũťċũŔŰĲШŉĲŰШĲĦŸƚǃƚƣĲůШŔŰШ
Eċƚƣр9ĲŰƣƖċũШEƨƖŸƓĲШċŰĬШŔƣƚШŔůƓċĦƣШŸŰШĤŔŸƣŔĦШċƚƚĲůĤũċŊĲƚаШfŰƚŔŊőƣƚШŉƖŸůШůŸŰŔƣŸƖŔŰŊШċŰĬШ
ƓċũĲŸĲĦŸũŸŊŔĦċũШĬċƣċЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣШΦΝΞаШΝΣΦΠΜΥЮ 

cĲŔťťŔũęЯШ~ЮЯШÉĲƓƓęЯШcЮЯШΞΜΝΜЮШcŸũŸĦĲŰĲШĦũŔůċƣĲШĬǃŰċůŔĦƚШŔŰШxċƣƻŔċЯШEċƚƣĲƖŰШ7ċũƣŔĦШÅĲŊŔŸŰаШċШ
ƓŸũũĲŰрĤċƚĲĬШƚƨůůĲƖШƣĲůƓĲƖċƣƨƖĲШƖĲĦŸŰƚƣƖƨĦƣŔŸŰШċŰĬШƖĲŊŔŸŰċũШĦŸůƓċƖŔƚŸŰЮШ7ŸƖĲċƚШΟΦаШΤΜΡр
ΤΝΦЮ 

cĲŔƖŔЯШ§ЮЯШxŸƣƣĲƖЯШ Ю[ЮЯШxĲůĦťĲЯШ]ЮЯШΞΜΜΝЮШxŸƚƚШŸŰШŔŊŰŔƣŔŸŰШċƚШċШůĲƣőŸĬШŉŸƖШĲƚƣŔůċƣŔŰŊШŸƖŊċŰŔĦШċŰĬШ
ĦċƖĤŸŰċƣĲШĦŸŰƣĲŰƣШŔŰШƚĲĬŔůĲŰƣƚаШƖĲƓƖŸĬƨĦŔĤŔũŔƣǃШċŰĬШĦŸůƓċƖċĤŔũŔƣǃШŸŉШƖĲƚƨũƣƚЮШsŸƨƖŰċũЮŸŉЮ
ÂċũĲŸũŔůŰŸũŸŊǃШΞΡаШΝΜΝрΝΝΜЮ 

uċũŰŔŰċЯШxЮЯШÉƣŔƻƖŔŰƚЯШ ЮЯШuƨƚťĲЯШEЮЯШ§ǍŸũċЯШfЮЯШÂƨŢċƣĲЯШ ЮЯШüĲŔůƨũĲЯШÉЮЯШ]ƖƨĬǍŔŰƚťċЯШfЮЯШÅċƣŰŔĲĦĲЯШéЮЯШ
ΞΜΝΡЮШ ÂĲċƣШ ƚƣƖċƣŔŊƖċƓőǃШ ċŰĬШ ĦőċŰŊĲƚШ ŔŰШ ƓĲċƣШ ŉŸƖůċƣŔŸŰШ ĬƨƖŔŰŊШ ƣőĲШ cŸũŸĦĲŰĲШ ŔŰШ xċƣƻŔċЮШ
ÄƨċƣĲƖŰċƖǃЮfŰƣĲƖŰċƣŔŸŰċũШΟΥΟаШΝΥΣрΝΦΡЮ 

  



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШfШШрШxE Å f ]Ш[Å§~ШÑcEШÂ ÉÑШ 

 

ΞΡ 
 

cŸƽШƓċũĲŸĲŰƻŔƖŸŰůĲŰƣċũШĬċƣċШŸĤƣċŔŰĲĬШŉƖŸůШ
ƓĲċƣũċŰĬƚШыċŰĬШũċťĲƚьШĦċŰШǯũũШƣőĲШŊċƓШŔŰШ
ċƖĦőċĲŸũŸŊŔĦċũШċŰĬШőŔƚƣŸƖŔĦċũШƚŸƨƖĦĲƚ 

ÉċůĤŸƖШ9ǍĲƖƽŔűƚťŔċЯШÂŔŸƣƖШuŸŮċĦǍĲťĤЯШ ĬċůШfǍĬĲĤƚťŔĦЯШuċƣċƖǍǃŰċШ
~ċƖĦŔƚǍĤЯШÂŔŸƣƖШ]ƨǍŸƽƚťŔĬЯШsċťƨĤШ ŔĲĤŔĲƚǍĦǍċűƚťŔĲЯШ~ċƖŔƨƚǍШ]ċŮťċŉЯШ
~ŸŰŔťċШuċƖƓŔűƚťċрuŸŮċĦǍĲťĤЯШfƖťċШcċŢĬċƚŊЯШ ĲŊċƖШcċŊőŔƓŸƨƖőЯШ

~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍĤ 

ċ?ĲƓċƖƣůĲŰƣШŸŉШ]ĲŸůŸƖƓőŸũŸŊǃШċŰĬШÄƨċƖƣĲƖŰċƖǃШ]ĲŸũŸŊǃЯШ 
Ш[ċĦƨũƣǃШŸŉШ§ĦĲċŰŸŊƖċƓőǃШċŰĬШ]ĲŸŊƖċƓőǃЯШÖŰŔƻĲƖƚŔƣǃШŸŉШ]ĬċűƚťЯШÂŸũċŰĬб 

ĤШ9ũŔůċƣĲШ9őċŰŊĲШEĦŸũŸŊǃШÅĲƚĲċƖĦőШÖŰŔƣЯШfŰƚƣŔƣƨƣĲШŸŉШ]ĲŸĲĦŸũŸŊǃШċŰĬШ]ĲŸŔŰŉŸƖůċƣŔŸŰЯШ
ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬб 

ĦfŰƚƣŔƣƨƣĲШŉŸƖШ]ĲŸċŰƣőƖŸƓŸũŸŊǃЯШШ~ċǂШÂũċŰĦťШfŰƚƣŔƣƨƣĲЯШsĲŰċЯШ]ĲƖůċŰǃ 
Ĭ9ĲŰƣĲƖШŉŸƖШƣőĲШÉƣƨĬǃШŸŉШ?ĲůŸŊƖċƓőŔĦШċŰĬШEĦŸŰŸůŔĦШÉƣƖƨĦƣƨƖĲƚШŔŰШÂƖĲŔŰĬƨƚƣƖŔċũШ9ĲŰƣƖċũШ

ċŰĬШEċƚƣĲƖŰШEƨƖŸƓĲЯШÖŰŔƻĲƖƚŔƣǃШŸŉШ7ŔċŮǃƚƣŸťЯШ7ŔċŮǃƚƣŸťЯШÂŸũċŰĬ 
Ĳ[ċĦƨũƣǃШŸŉШ ƖĦőċĲŸũŸŊǃЯШĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬ 

ŉШ?ĲƓċƖƣůĲŰƣШŸŉШ7ŔŸŊĲŸŊƖċƓőǃЯШÂċũċĲŸĲĦŸũŸŊǃШċŰĬШ ċƣƨƖĲШ9ŸŰƚĲƖƻċƣŔŸŰЯШ[ċĦƨũƣǃШŸŉШ7ŔŸũŸŊǃШ
ċŰĬШEŰƻŔƖŸŰůĲŰƣċũШÂƖŸƣĲĦƣŔŸŰЯШÖŰŔƻĲƖƚŔƣǃШŸŉШxŸĬǍЯШ}ŹĬǎЯШÂŸũċŰĬ 
ŊxċĤŸƖċƣŸƖǃШŸŉШfŸŰШ7ĲċůШÂőǃƚŔĦƚЯШEÑcüЯШüƨƖŔĦőЯШÉƽŔƣǍĲƖũċŰĬШ  

ő]ĲŸũŸŊŔĦċũШfŰƚƣŔƣƨƣĲЯШEÑcüЯШüƨƖŔĦőЯШÉƽŔƣǍĲƖũċŰĬ 

 
f ÑÅ§?Ö9Ñf§  

In recent years, there has been a significant increase in the use of high-resolution methods for 
reconstructing past environments. It involves reconstructing past environmental changes as 
accurately as possible, both in terms of placing events precisely on the time scale (absolute 
dating), as well as minimizing temporal gaps between samples. Analysis of peat and lake deposits 
yields valuable insights into historical human impacts on the environment.  

In some cases, the high-resolution multiproxy approach facilitates an "update" of 
archaeological knowledge. This approach seems to have even more justification when 
archaeological recognition is inadequate, due, among other things, to the lack of continuous 
finds that make it impossible to assign them to a definite age. 

f~Ш  ?Ш~EÑc§?É 
This presentation aims to explore the opportunities and limitations of the high-resolution 

palaeoecological approach, using selected paleoecological studies primarily from the Greater 
Poland area (derived from peatlands and lakes) as examples.  

We show how the combination of diverse proxies like pollen, coprophilous fungi, 
microcharcoal, testate amoeba, and macrofossils from these ecosystems is highly effective in 
revealing past anthropogenic (and related hydrological) changes. 

~ ÑEÅf xÉ 
To enhance our understanding of history, we collected cores from various locations such as 

Kazanie mire, Lednica lake, and peatlands near Giecz and Bruszczewo. These sites provide 
valuable insights into how the natural environment changed near early medieval strongholds. A 
detailed time scale was established for these sites, with at least one radiocarbon date per 10 cm 
of core, allowing for precise dating of past events. Furthermore, dense sampling (every 1 or 2 cm) 
was conducted to minimize the time gap between samples. 
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ÅEÉÖxÑÉШ  ?Ш9§ 9xÖÉf§ É 
The findings from these studies have the potential to contribute to filling the archaeological 

and historical gaps regarding past transformations of the environment by human activities, 
particularly over the past 2000 years.   

Palaeoenviromental reconstructions from peat and lake deposits were crucial in determining 
the onset of human impact intensification near the sites, likely linked to Slavic influences in the 
early Middle Ages. Additionally, these results revealed spatial variations in these patterns. 
Importantly, reconstructing past environments provided insights into the environmental changes 
near the sites, closely tied to the emergence of the Piast State in the 10th century. 

9u §ìxE?]E~E ÑÉ 

Project funded by National Science Centre, Poland (number: 2021/41/N/ST10/02044 and 
2019/33/B/HS3/00193) and founds of the Palaeo-Science and History Research Group, Max 
Planck Institute of Geoanthropology (PI Adam Izdebski) 
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cŸũŸĦĲŰĲШƽĲƣŰĲƚƚШċŰĬШŊƖŸƽŔŰŊШƚĲċƚŸŰШĦőċŰŊĲƚШ 
ŔŰШxŔŰŢĲШůŔƖĲЯШÂŸũċŰĬ 

EũŔŔƚĲШuċƖċċЯШxĲĲũŔШ ůŸŰċЯШ[ƖŔĲĬĲƖŔťĲШìċŊŰĲƖр9ƖĲůĲƖĤЯШ 
uċƣċƖǍǃŰċШ~ċƖĦŔƚǍĦЯШÂċƣƖǃťШ[ŔƨƣĲťЯШ[ċĤŔċŰШEЮШüЮШEƖĦċŰĬЯШ 

ÂŔŸƣƖШuŸŮċĦǍĲťĦЯШ~ŸŰŔťċШuċƖƓŔűƚťċрuŸŮċĦǍĲťĦЯШ~ŔĦőċŮШÉŮŸƽŔűƚťŔĲЯШ
ÉċŰĬƖċШÉŮŸƽŔűƚťċĲЯШuċƖŸũŔŰċШxĲƚǍĦǍǃűƚťċŉЯШ?ůŔƣƖŔШ~ċƨƕƨŸǃŊЯШ 

ÉŔŔůШéĲƚťŔċЯШ~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍĦ 
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f ÑÅ§?Ö9Ñf§  

In this multi-proxy study, we present an exceptional peat record from Central Europe that 
represents the environmental dynamics of the whole Holocene. This 12-meter core was extracted 
from the center of Linje mire, ċШƓƖŸƣĲĦƣĲĬШƓĲċƣũċŰĬШŔŰШƣőĲШ9őĲŮůŔűƚťŔĲШxċťĲũċŰĬШŔŰШŰorthern 
Poland.  

We have investigated local vegetation and mire surface wetness changes based on plant 
macrofossil and testate-amoebae analysis. In addition, we intend to explore past spring 
seasonality patterns in the Early and Late Holocene based on a microphenological analysis of 
subfossil dwarf birch (Betula nana) leaves. 

~EÑc§?É 
Paleoecological proxies: In 2019, a 12 m length peat core was extracted from the center of the 

ombrotrophic Linje mire. The chronology of the peat profile is based on ×20 AMS dates. Testate 
amoebae analysis (Booth et al., 2010) was undertaken to reconstruct palaeohydrological 
conditions at the site. Plant macrofossil analysis follows the Quadrat and Leaf Count protocol 
(Mauquoy et al. 2010). Subfossil B. nana leaves were picked out and stored separately to perform 
a microphenological analysis of their cuticles (Wagner-Cremer et al., 2010; Amon et al., 2022). 

Microphenological training set: Ercan et al. (2021) have already demonstrated that Betula 
nana epidermal cell properties are responsive to warming experiments in Linje mire. We intend 
to analyze the epidermal cell growth of mature B. nana leaves collected from Linje mire between 
2018 and 2024 to obtain a high-quality local training set considering the microclimatic conditions 
of the site. Epidermal cell properties, such as the size and shape of the cells, will be quantified as 
undulation indexes (UI). This data will be compared to local meteorological data to develop an 
accurate training set for past growing season estimations following Wagner-Cremer et al., 2010.  

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Sphagnum stratigraphy shows a clear division between the Middle Holocene hummock-peat 

period (ca 7600т4600 cal. BP) with Sphagnum sect. Acutifolia (S. rubellum & S. fuscum) and 
hollow peat periods in the Late and Early Holocene with Sphagnum sect. Cuspidata, aligning with 
the climatostratigraphic division of the Holocene (Hang et al., 2020).  
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The beginning of Linje mire (ca. 11,550 cal. BP) is marked by minerotrophic brown moss 
species such as Scorpidium scorpioides and testate amoebae taxa Centropyxis aculeata and 
Cyclopyxis arcelloides. Starting with minerotrophic Sphagnum contortum, peatmosses were 
present in the peatland from ca. 10 920 cal. BP onwards.   

The most common species of testate amoebae in the peat core are Archerella flavum and 
Hyalosphenia papilio, which indicate the relatively stable and high water table throughout most 
of the timeline. However, drier conditions were present during the first half of the Holocene 
Climatic Optimum (ca 7600-6500 cal. BP). A higher abundance of species like Galeripora 
discoides and Alabasta militaris during the last 200 years indicates drier conditions and more 
fluctuating water table. Also, Trigonopyxis arcula and Cyclopyxis arcelloides indicate an 
additional mineral input during this period.  

For the microphenological analysis, suitable subfossil leaves of the glacial relic Betula nana 
were found from two time periods: 11 160-8200 cal. BP (early Holocene) and 4400-1850 cal. BP 
(Late Holocene). We will estimate the growing season length after completing the local 
microphenological training set.   

The continuous peat record for over 11 500-year-old Linje mire shows exceptionally well dry 
and wet phases and anthropogenic disturbance episodes. These results will be complemented 
by growing season reconstructions as well as pollen and non-pollen-palynomorph data that will 
strengthen our interpretation of climatic signal.  

9u §ìxE?]E~E ÑÉ 
This research was supported by ESF projects PRG323, PRG1993, Doctoral School of Tallinn 

University of Technology as well as Estonian and Polish Academies of Sciences. This study has 
also benefitted from an Erasmus+ internship agreement between Tallinn University of Technology 
and Utrecht University.  

 
ÅE[EÅE 9EÉ 
ůŸŰЯШxЮЯШìċŊŰĲƖр9ƖĲůĲƖЯШ[ЮЯШéċƚƚŔũŢĲƻЯШsЮЯШéĲƚťŔЯШÉЮШΞΜΞΞЮШÉƓƖŔŰŊШŸŰƚĲƣШċŰĬШƚĲċƚŸŰċũŔƣǃШƓċƣƣĲƖŰƚШ
ĬƨƖŔŰŊШƣőĲШxċƣĲШ]ũċĦŔċũШƓĲƖŔŸĬШŔŰШƣőĲШĲċƚƣĲƖŰШ7ċũƣŔĦШƖĲŊŔŸŰдЮ9ũŔůдЮÂċƚƣШΝΥаШΞΝΠΟрΞΝΡΟЮШ 

7ŸŸƣőЯШÅЮuЮЯШxċůĲŰƣŸƽŔĦǍЯШ~ЮЯШ9őċƖůċŰЯШ?ЮsЮШΞΜΝΜЮШÂƖĲƓċƖċƣŔŸŰШċŰĬШċŰċũǃƚŔƚШŸŉШƣĲƚƣċƣĲШċůŸĲĤċĲШ
ŔŰШƓĲċƣũċŰĬШƓċũċĲŸĲŰƻŔƖŸŰůĲŰƣċũШƚƣƨĬŔĲƚЮШ~ŔƖĲƚЮċŰĬЮÂĲċƣШΤШыΞΜΝΜоΝΝьаШΝрΤЮ 

EƖĦċŰЯШ[ЮEЮüЮЯШ~ŔťŸũċЯШsЮЯШÉŔũŉƻĲƖЯШÑЮЯШ~ǃũũĲƖЯШuЮЯШéċŔŰŔŸЯШEЮЯШÉŮŸƽŔűƚťċЯШÉЮЯШÉŮŸƽŔűƚťŔЯШ~ЮЯШxċůĲŰƣŸƽŔĦǍЯШ
~ЮЯШ7ũŸťЯШ?ЮЯШìċŊŰĲƖр9ƖĲůĲƖЯШ[ЮЯШΞΜΞΝЮШEǭĲĦƣƚШŸŉШĲǂƓĲƖŔůĲŰƣċũШƽċƖůŔŰŊШŸŰШ7ĲƣƨũċШŰċŰċШ
ĲƓŔĬĲƖůċũШĦĲũũШŊƖŸƽƣőШƣĲƚƣĲĬШŸƻĲƖШŔƣƚШůċǂŔůƨůШĦũŔůċƣŸũŸŊŔĦċũШŊƖŸƽƣőШƖċŰŊĲЮШÂxŸÉЮ§ EШΝΣаШ
ĲΜΞΡΝΣΞΡ 

cċŰŊЯШÑЮЯШéĲƚťŔЯШÉЮЯШéċƚƚŔũŢĲƻЯШsЮЯШÂŸƚťċЯШ ЮЯШuƖŔŔƚťċЯШ ЮЯШcĲŔŰƚċũƨЯШ ЮШΞΜΞΜЮШ ШŰĲƽШŉŸƖůċũШƚƨĤĬŔƻŔƚŔŸŰШ
ŸŉШƣőĲШcŸũŸĦĲŰĲШÉĲƖŔĲƚоEƓŸĦőШŔŰШEƚƣŸŰŔċЮШEƚƣŸŰŔċŰЮsŸƨƖŰċũЮŸŉЮEċƖƣőЮÉĦŔĲŰĦĲƚШΣΦЯШΠаШΞΣΦтΞΥΜ 

~ċƨƕƨŸǃЯШ?ЮЯШcƨŊőĲƚЯШÂЮ?Ю~ЮЯШƻċŰШ]ĲĲũЯШ7ЮШΞΜΝΜЮШ ШƓƖŸƣŸĦŸũШŉŸƖШƓũċŰƣШůċĦƖŸŉŸƚƚŔũШċŰċũǃƚŔƚШŸŉШƓĲċƣШ
ĬĲƓŸƚŔƣƚЮШ~ŔƖĲƚЮċŰĬЮÂĲċƣШΤШыΞΜΝΜоΝΝьаШΝтΡЮ 

ìċŊŰĲƖр9ƖĲůĲƖЯШ[ЮЯШ[ŔŰƚŔŰŊĲƖЯШìЮЯШ~ŸĤĲƖŊЯШ ЮШΞΜΝΜЮШÑƖċĦŔŰŊШŊƖŸƽŔŰŊШĬĲŊƖĲĲрĬċǃШĦőċŰŊĲƚШŔŰШƣőĲШ
ĦƨƣŔĦũĲШůŸƖƓőŸũŸŊǃШŸŉШ7ĲƣƨũċШŰċŰċШũĲċƻĲƚаШċШŰĲƽШůŔĦƖŸрƓőĲŰŸũŸŊŔĦċũШƓċũċĲŸрƓƖŸǂǃЮШsŸƨƖŰċũЮŸŉЮ
ÄƨċƣĲƖŰċƖǃЮÉĦŔĲŰĦĲШΞΡаШΝΜΜΥтΝΜΝΤЮ 
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EǂƓũŸƖŔŰŊШƣőĲШĲǭĲĦƣƚШŸŉШőƨůċŰШċĦƣŔƻŔƣǃШ 
ċŰĬШǯƖĲШŸŰШƻĲŊĲƣċƣŔŸŰЯШőǃĬƖŸũŸŊǃШ 

ċŰĬШĦċƖĤŸŰШċĦĦƨůƨũċƣŔŸŰШŔŰШ~ƨƚƣŢęƖƻĲЯШ
 ŸƖƣőƽĲƚƣШEƚƣŸŰŔċ 

cċƖƖǃШÅŸĤĲƖƣƚċЯШxƨťĲШ ŰĬƖĲƽƚĤЯШ~ŔĦőċŮШÉŮŸƽŔűƚťŔċЯШ 
uċƣċƖǍǃŰċШ~ċƖĦŔƚǍĤЯШÂŔŸƣƖШuŸŮċĦǍĲťĤЯШxĲĲũŔШ ůŸŰĦЯШÉŔŔůШéĲƚťŔĦЯШ
 ŸƖůƨŰĬƚШÉƣŔƻƖŔŰƚĬЯШ ƣťŸШcĲŔŰƚċũƨĦЯШ~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍĤ 

ċШ?ĲƓċƖƣůĲŰƣШŸŉШÂċƚƣШxċŰĬƚĦċƓĲШ?ǃŰċůŔĦƚЯШfŰƚƣŔƣƨƣĲШŸŉШ]ĲŸŊƖċƓőǃШċŰĬШÉƓċƣŔċũШ§ƖŊċŰŔǍċƣŔŸŰЯШ 
ÂŸũŔƚőШ ĦċĬĲůǃШŸŉШÉĦŔĲŰĦĲƚЯШìċƖƚċƽЯШÂŸũċŰĬЮ 

ĤШ9ũŔůċƣĲШ9őċŰŊĲШEĦŸũŸŊǃШÅĲƚĲċƖĦőШÖŰŔƣЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬЮ 
ĦШ?ĲƓċƖƣůĲŰƣШŸŉШ]ĲŸũŸŊǃЯШÑċũũŔŰŰШÖŰŔƻĲƖƚŔƣǃШŸŉШÑĲĦőŰŸũŸŊǃЯШÑċũũŔŰŰЯШEƚƣŸŰŔċ 

ĬШ?ĲƓċƖƣůĲŰƣШŸŉШ]ĲŸŊƖċƓőǃЯШ[ċĦƨũƣǃШŸŉШ]ĲŸŊƖċƓőǃШċŰĬШEċƖƣőШƚĦŔĲŰĦĲƚЯ ÖŰŔƻĲƖƚŔƣǃШŸŉШxċƣƻŔċ 

 
f ÑÅ§?Ö9Ñf§  

Peatlands are one of the most important ecosystems for carbon storage, storing 25-30% of 
global soil carbon in ŢƨƚƣШΟӖШŸŉШEċƖƣőќƚШƣĲƖƖĲƚƣƖŔċũШƚƨƖŉċĦĲЮШcŸƽĲƻĲƖЯШůċŰǃШƓĲċƣũċŰĬƚШċƖĲШƚƨĤŢĲĦƣШ
ƣŸШƓƖĲƚƚƨƖĲШŉƖŸůШĦũŔůċƣĲШĦőċŰŊĲШċŰĬШőƨůċŰШċĦƣŔƻŔƣǃЯШƽőŔĦőШŔŰőŔĤŔƣШƓĲċƣќƚШŰċƣƨƖċũШĦċƖĤŸŰШĦǃĦũĲЯШ
turning them from carbon stores, to carbon sources. One of the most damaging human activities 
is peat draining, where water is diverted away from the peatland via ditches. This causes the water 
table to decrease, significantly impacting peat accumulation and releasing stored carbon as the 
sediment degrades as it dries. When peatland hydrology is impacted, vulnerability to fire also 
increases; fire is one of the greatest threats to peat, destroying the sediment itself and releasing 
stored carbon. Fire frequency is predicted to increase due to more frequent and severe droughts 
in some areas, and increasing human activity in areas where peat can form (particularly in the 
Northern Hemisphere). These trends, if realised, can accelerate climate warming as previously 
stored carbon is released into the atmosphere. 

ÉÑÖ?òШÉfÑEШ  ?Ш~EÑc§?É 
The focus of this study is Mustjärve bog, an ombrotrophic peat bog in northwest Estonia. Two 

metres of sediment was collected; the first metre using a Wardenaar corer, the second using an 
instorf corer. Our project reconstructs fire regimes (charcoal), vegetation dynamics (plant 
macrofossils and palynology), peatland hydrology (testate amoebae) and carbon accumulation 
(Loss on ignition) to analyse how the site has been impacted by past changes in climate and 
human activity. We also used historical data (population, past climate and archaeological 
records) to better understand drivers of changes uncovered in the record. CONISS analysis based 
on the palynological data identified five significant zones. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Our data reveals that whilst climate was the predominant influence on Mustjärve at the start of 

the record, increasing anthropogenic activity has overtaken climate, especially after ca. 400 AD. 
Zone 1 and the first half of Zone 2 are characterised by limited human activity, as the water table 
ƚƣĲċĬŔũǃШƖŔƚĲƚШċŰĬШŉċũũƚЯШƓƖŸĤċĤũǃШƽŔƣőŔŰШŔƣƚШћŰċƣƨƖċũќШĦǃĦũĲЮШEċƖũǃШƚĲĬŔůĲŰƣƚШċƖĲШĬŸůŔŰċƣĲĬШĤǃШ
Sphagnum sect. Cuspidatum, however after the water table decrease ca. 250 BC drier taxa such as 
Ericaceae and Sphagnum sect. Acutifolia increase. The latter half of Zone 2 differs from the first as the 
water table appears to be disturbed, resulting in more erratic, sudden increases and decreases, 
especially after ca. 250 AD. Zone 3 includes evidence for increasing human activity, with a major fire 
period ca. 440-450 AD. This zone is notable for a sudden increase in Calluna Vulgaris, which likely 
exacerbated the presence of fire in this period. 
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[ŔŊЮШΝЮШ?ĲƓƣőШƣŸШƽċƣĲƖШƣċĤũĲШыĦůьШƖĲĦŸŰƚƣƖƨĦƣĲĬШĤǃШƣĲƚƣċƣĲШċůŸĲĤċĲЮШüŸŰĲƚШĬŔĦƣċƣĲĬШĤǃШ9§ fÉÉШċƖĲШ
ƚĲƓċƖċƣĲĬШĤǃШĬċƚőĲĬШũŔŰĲƚЮШÂőċƚĲƚШĬŔĦƣċƣĲĬШĤǃШŸĤƚĲƖƻĲĬШĦőċŰŊĲƚШŔŰШƽċƣĲƖШƣċĤũĲШƣƖĲŰĬƚШċƖĲШƚőŸƽŰШĤǃШ

ċũƣĲƖŰċƣŔŰŊШŊƖĲǃоƽőŔƣĲШƚőċĬŔŰŊЮ 

In Zone 4, the water table fluctuates near-constantly. The last major influence of climate is 
seen as a water table drop ca. 525 AD, likely a result of drought conditions. There is also evidence 
of increasing human activity around this time though, increasing Poaceae (and other taxa 
associated with agricultural activity) after ca. 530 AD. The water table continues to fluctuate after 
ca. 750 AD; this coeval with frequent fire events, indicating constant disturbance by human 
activity. As a result of an unstable water table, vegetation dynamics also shift frequently; the 
makeup of Sphagnum is especially volatile in this period. Carbon accumulation is extremely low 
in this period, whilst bulk density increases to its peak in the record. Zone 5 continues this trend 
until ca. 1960 AD, where a sharp decrease in the water table occurs, most likely a result of peat 
drainage post-World War II. This significantly impacts the height of the water table, as although it 
is more stable than Zone 4, it does not rise above 16cm, despite a lack of local fire events in this 
period. In the last 20 years Mustjärve has become drier, indicated by the encroachment of Pinus 
Sylvestris and Betula Nana onto the site. We find little evidence for a significant climatic influence 
on Mustjärve from 500 AD onwards, as increasing anthropogenic pressure appears to override 
the palaeoclimate signal seen in Zones 1 and 2. 

9u §ìxE?]E~E ÑÉ 
Study financed by the National Science Centre, Poland, under research projects љÑŔƓƓŔŰŊ-

points in boreal and permafrost peatland ecosystems of Western Siberia under the global climate 
ĦƖŔƚŔƚШċŰĬШŔŰĦƖĲċƚŔŰŊШŉŔƖĲШƖŔƚťШыÂE Ñ[x ~EÉьњШŊƖċŰƣШŰŸЮШΞΜΞΝоΠΝо7оÉÑΝΜоΜΜΜΣΜЮ 

ÅE[EÅE 9EÉ 
xċůĲŰƣŸƽŔĦǍЯШ~ЮЯШuŸŮċĦǍĲťЯШÂЮЯШ~ċƨƕƨŸǃЯШ?ЮЯШuŔƣƣĲũЯШÂЮЯШ}ŸťċƚЯШEЮЯШÉŮŸƽŔűƚťŔЯШ~ЮЯШsċƚƚĲǃЯШéЮEЮЯШ
 ŔĲĬǍŔŹŮťċЯШuЮЯШuċŢƨťċŮŸр?ƖǃŊċũƚťċЯШuЮЯШ~ċƖĦŔƚǍЯШuЮЯШΞΜΝΦЮШũƽċǃƚШŸŰШƣőĲШƣŔƓƓŔŰŊШƓŸŔŰƣШтШШƚĲċƖĦőШ
ŉŸƖШƚŔŊŰċũƚШŸŉШƓċƚƣШƚŸĦŔĲƣŔĲƚШċŰĬШƖĲũċƣĲĬШƓĲċƣũċŰĬШĲĦŸƚǃƚƣĲůШĦƖŔƣŔĦċũШƣƖċŰƚŔƣŔŸŰƚШĬƨƖŔŰŊШƣőĲШũċƚƣШ
ΣΡΜΜШǃĲċƖƚШŔŰШ ШÂŸũċŰĬЮ ÄƨċƣĲƖŰċƖǃЮÉĦŔĲŰĦĲЮÅĲƻŔĲƽƚЯ ΥΥΨЯШƓЮΝΜΡΦΡΠЮ 
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~ċƖƖƚЯШ ÅЮШ cЮЯШĲƣШ ċũЮЯШΞΜΝΦЮШEǂƓĲƖŔůĲŰƣċũШ ĲƻŔĬĲŰĦĲШ ŉŸƖШ ƚƨƚƣċŔŰĲĬШ ĦċƖĤŸŰШ ƚĲƕƨĲƚƣƖċƣŔŸŰШ ŔŰШ
ǯƖĲůċŰċŊĲĬЯШƓĲċƣШůŸŸƖũċŰĬƚЮШ ċƣƨƖĲЮ]ĲŸƚĦŔĲŰĦĲШΝΞыΞьаШΝΜΥрΝΝΞЮШ 
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f ÑÅ§?Ö9Ñf§  

Peatlands store 25% of the soil's carbon (C) stock; these ecosystems act as sinks of C in their 
natural status (Loisel et al., 2021). However, peat degradation in disturbed peatlands represents 
5% of the global anthropogenic greenhouse gas emissions (GHGs) (Leifeld & Menichetti, 2018). 
That is why peatland restoration is a key process to meet the United Nations' Sustainable 
Development Goals (SDGs) (Tanneberger et al., 2021). 

During the peatland restoration process, the water table level is increased (rewetting) to slow 
down the decomposition with waterlogged conditions. Multiple challenges are present in 
choosing the right restoration process in each case, and as stated by Zak & McInnes (2022), a 
controlled and progressive rewetting is a more feasible strategy to control nutrient mobilisation 
and GHGs emissions. The progressive recovery of the "natural" wet status is accompanied by 
changes in the vegetation (immigration of peat-forming plants), which completes the restoration 
process.  

The study of vegetation succession related to moist conditions is often analysed through 
palaeoecological reconstructions, revealing the long-term context. However, to implement the 
right restoration strategies, we still need to better understand this process at a short time scale. 
A meta-analysis was performed, including articles from 1983 to 2022 on bogs and fens, to explore 
the thresholds of water table depth (WTD) in peatland ecosystems translated into vegetation 
succession.  

~EÑc§?É 
The articles were selected from the Web of Science (WoS) search engine based on a filtration 

process that considered publications spanning the past forty years, from 1983 to 2022, accessed 
on 25th January 2023. The inclusion criteria involved articles with titles or abstracts containing 
keywords such as "water table," "water level," or "groundwater level," as well as "peatland," 
"bog," or "fen". Out of the initial pool of 1587 articles, a total of 100 articles were chosen for 
inclusion. Up to 77% of the articles in this review were published within the last ten years.  

The vegetation data analyses encompassed the following aspects:  

A total of 123 fens were included in the analysis, with 62 classified as non-degraded/pristine, 
48 as rewetted, and 13 as drained. 

Additionally, 40 bogs were analysed, with 16 categorised as drained, 19 as non-
degraded/pristine, and 5 as rewetted. 

The peatlands were subclassified as drained, rewetted/restored, and natural/pristine, with no 
distinction between bog and fen. However, as mentioned, the quantity of data from fens is 
superior. The selected 100 publications provided data on the annual or seasonal average WTD 
and the percentage coverage of each PFT to study plant functional types (PFTs) distribution 
through the WTD. The dominant PFT was determined by selecting the PFT with the highest 
coverage reported.  
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Lastly, the statistical methods used to determine the thresholds of WTD was the segmented 
linear regression with 50 bootstraps and a tolerance of 1e-05, employed for tipping point 
determination (Jassey et al., 2018; Muggeo, 2017). The breakpoints were selected at points where 
the vegetation density distribution exhibited the most significant changes while experiencing the 
least variation in WTD, indicating sudden changes. The analysis was conducted on two sets of 
data: values in the right tail part of the Gaussian distribution (right of the maximum density) and 
values in the left tail part of the Gaussian distribution (left of the maximum density). 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The analyses clearly distinguish between the behaviour of PFTs and changes in WTD 

depending on peatland status (natural, rewetted/restored, drained). In the natural/undisturbed 
status, the distribution of mosses, forbs and graminoids dominance through the WTD is similar, 
with 50% of the data ranging from -10 to 4 cm. Because shrubs and trees tolerate less the 
waterlogged conditions, their dominance is shifted to deeper water tables with 75% of the 
peatlands where these PFTs dominate showing WTDs below -18 and -5 cm (Table 1). When the 
dominance of these PFTs is analysed in drained peatlands, the differences between them 
increase. In this case, forbs dominance practically disappears, with insufficient data (<10) to 
correctly compare the distribution through WTDs. Graminoid dominance is spread from -45 to -
21 cm, showing the highest adaptation to deeper WTDs, while mosses dominance ranges from -
32 to -15 cm, with the highest density of data between -25 and -10 (Table 1). The data of shrubs 
and trees shows the narrowest distribution around -21 ± 10 cm and -30 ± 10 cm, respectively. 
Lastly, rewetted peatlands seem to diminish the differences between PFTs, partly recovering the 
similarities between the distribution of forbs, mosses and graminoids. However, they present 
deeper water tables and share their distribution with shrubs (Table 1). In the case of rewetted, as 
same as it happened with forbs in drained peatlands, the presence of rewetted peatlands with 
trees as dominant PFT is not high enough to compare it with the rest of PFTs. 

Table 1. Statistics of peatlands by status (natural, drained , rewetted ). The upper 
threshold and lower thresholds calculated from segmented linear regression 
and Q1, Q2, and Q3 represent the quartiles of 25%, 50% and 75%. 

 

Plant 
Functional Type 

Upper 
threshold 

Lower  
threshold Q1 Q2 Q3 

Mosses 15.8|3.3|25.4 -29.1|-50.7|-40.5 -12.3|-31.7|-25.1 -4.2|-19.5|-10.1 -1|-14.9|-1.5 
Forbs 13.9|-49|68.4 -24.2|-138.2|-31 -11.4|-45|-10 -1.5|-93.6|-7.38 -4.6|-74.8|30.5 
Graminoids 18.5|-27.5|18 -28.4|-59.6|-26.4 -7|-45|-112.4 -3|-41|-1 4|-21.9|10 
Shrubs -4.7|-17.8|-1.6 -29.9|-29.5|-37.8 -27.9|-24.6|-12.1 -20.8|-21.5|-12.1 -18.1|-20.3|5 
Trees 11.1|-25|  - -15.5|-45.3|  - -14.8|-40|  - -9|-36.4|  - -5|-30|  - 

 

The thresholds established for each PFT and peatland status greatly differ; however, the 
highest similarities seem to be found between natural and rewetted status (Table 1). The shift 
from forbs-mosses-graminoids to shrubs-trees dominances is placed with WTDs around -18 cm 
for natural peatlands, while it is not possible to clearly establish it in drained and rewetted 
peatlands (data not shown). The higher differences between PFT's abundance and different WTDs 
in drained peatlands are probably due to their different adaptation capabilities. This has been 
observed by other researchers, showing how some vascular plants can even respond positively 
to higher WTD, while in moss-dominated peatlands, the strategy is reversed, tending to a 
resources-conservative one, thus reducing growth rates etc. (Laine et al., 2021).  

Rewetting is a solution to recover peatlands' natural status and avoid further emissions of CO2. 
This strategy effectively reduces emissions, and its prompt implementation yields optimal results 
(Günther et al., 2020). Highly drained peatlands, during an extended period, have the extra 
difficulty of the shift of vegetation, as was also observed in this review; that is why, though the 
emissions of CO2 are majorly reduced, the peatlands do not always return to their previous 
"natural" status (Kreyling et al., 2021). This is why understanding the thresholds of WTD that 



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШfШШрШxE Å f ]Ш[Å§~ШÑcEШÂ ÉÑШ 

 

ΟΟ 
 

induce these changes and their shift when peatland status is altered can help assess the WTD 
level for rewetting purposes and how it has to be maintained. 

9§ 9xÖÉf§ É 
The WTD change triggers shifts in vegetation dominance within peatlands. Consequently, the 

rewetting of these ecosystems needs to be predicted (in the context of GHG emission) 
considering the thresholds of WTD that cannot be surpassed to recover/maintain the "natural" 
vegetation. Not only do undisturbed peatlands present thresholds of WTDs that further induce 
the shift in vegetation, but drained and restored peatlands also have them. Drained peatlands 
show a peak in the dominance of trees-shrubs from annual average WTDs below -20 cm while it 
is below -18 cm for rewetted peatlands. This means that water table levels need to be monitored 
in drained peatlands to avoid further degradation and in rewetted peatlands to accomplish the 
restoration. 
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ÅE[EÅE 9EÉ 
]ƬŰƣőĲƖЯШ ЮЯШ7ċƖƣőĲũůĲƚЯШ ЮЯШcƨƣőЯШéЮЯШsŸŸƚƣĲŰЯШcЮЯШsƨƖċƚŔŰƚťŔЯШ]ЮЯШuŸĲĤƚĦőЯШ[ЮЯШ9ŸƨƽĲŰĤĲƖŊЯШsЮШ
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ĲůŔƚƚŔŸŰƚЮШ ċƣƨƖĲЮ9ŸůůƨŰŔĦċƣŔŸŰƚЯШΤΤыΝьЯШΝΣΠΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΠΣΤрΜΞΜрΝΡΠΦΦр
Ǎ 
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ΦΨыΝΜьЯШΞΟΠΞтΞΟΡΤЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΝоΝΟΣΡрΞΠΟΡЮΝΟΥΥΟ 
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ċƚƚĲƚƚůĲŰƣШŸŉШŉƨƣƨƖĲШƻƨũŰĲƖċĤŔũŔƣǃШŸŉШƣőĲШŊũŸĤċũШƓĲċƣũċŰĬШĦċƖĤŸŰШƚŔŰťЮШ ċƣƨƖĲЮ9ũŔůċƣĲЮ9őċŰŊĲЯШ
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Urban wetlands are wetlands which are found in and around cities or their suburbs (Ramsar 
Convention, 2004). In principle, urban wetlands can be natural and constructed and also can be 
classified as permanent or temporary. Due to the effect of urbanization, urban wetlands have 
become unconnected and fragmented. They have become patchy and distributed in different 
areas. This habitat fragmentation in urban wetlands has led to a decrease of ecosystem services 
(Alikhani et al., 2021). Nowadays, the constructed wetlands increase the importance of urban 
wetlands by restoring original ecosystem services. 

Wetland ecosystem goods (such as food) and services (such as waste assimilation) represent 
the benefits human populations derive, directly or indirectly, from wetlands (Costanza et al., 
1997). MEA (2005) distinguishes four major areas of ecosystem services, namely Provisioning 
(food production, water storage and retention for domestic, industrial and agricultural use, fiber 
and fuel, extraction of medicinal materials from biota), Regulating (climate, flood and erosion 
regulation, water purification), Cultural (spiritual and inspirational, recreational, aesthetic, 
educational) and Supporting (soil formation, nutrient cycling, biodiversity, habitat provision). 

ÂÅ§éfÉf§ f ]ШÉEÅéf9EÉ 
In general, the most important ecosystem service derived from wetlands in this category is 

probably production of food. This service is quite often neglected when urban wetlands are 
evaluated but may be very extensive. The most common product of urban wetlands is rice which 
is grown commonly in urban wetlands in Asia, but good examples can also be found in Europe as 
well. Another common service from urban wetlands is production of fish. A typical example of 
such service can be the Czech Republic where fishponds were built in many cities and villages as 
early as during 14th to16th centuries. 

Water storage and retention with further reuse usually applies in urban wetlands for 
ƚƣŸƖůƽċƣĲƖШƖƨŰŸŉŉЮШÑőĲШƓƖŸĦĲƚƚШŔƚШċũƚŸШťŰŸƽŰШċƚШљƽċƣĲƖШőċƖƻĲƚƣŔŰŊњШċŰĬШŔƣШŔƚШĤĲũŔĲƻĲĬШƣőċƣШƣőŔƚШ
term was invented in Australia where most of the country suffers from water shortage. The 
retained water is mostly used in urban areas for irrigation of public green spaces.  

ÅE]Öx Ñf ]ШÉEÅéf9EÉ 
Urban wetlands help to mitigate climate change in the sense that they cool down the areas 

surrounding the wetlands (Hesslerová et al., 2022). Bounding solar energy by water 
evapotranspiration, i.e., cooling, in places with surplus energy and releasing solar energy in cold 
areas where water condensates is the principle how natural air-conditioning operated by water 
and plants works (Pokorný, 2019).  

(Waste)water purification is performed mostly by constructed wetlands. There are numerous 
examples of the use of such wetlands around the world for treatment municipal wastewater, 
stormwater overflows, water bodies and stormwater runoff from various areas such as streets, 
parking lots, airports or nurseries (Vymazal and Kröpfelová, 2008).  The stormwater runoff 
wetlands can be considered a part of the concept of Sustainable Urban Drainage Systems (García 
and Santamarta, 2022).  

Urban wetlands are also important in preventing or mitigating flood events. It has recently been 
reported how flood impact was intensified because local wetlands had been destroyed during 
development in the Beijing-Tianjin-Hebei metropolitan area in China  (Mao et al., 2023). 



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШffШШрШÑcEШÅ 9EШ ] f ÉÑШÂ§xxÖÑf§  

ΟΡ 
 

9ÖxÑÖÅ xШ  ?ШÉÖÂÂ§ÅÑf ]ШÉEÅéf9EÉ 
The frequency of the urban wetland park visit has greatly increased with the improvement of 

people´s leisure awareness and the need of leisure diversification. Therefore, urban wetlands, 
as a part of overall urban planning, need to combine wetland ecosystem services and landscape 
recreation activities to improve the natural eco-efficiency of wetlands and the value of urban 
social functions (Zhang et al., 2022).  

According to the survey carried out in the United Kingdom (Andrews and Russo, 2022), people 
perceive urban wetlands mainly as source of biodiversity, flood control, water quality 
improvement and to lower extend as sites for exercising, social interactions, photography and 
natural play space (Andrews and Russo, 2022). 

 
ÅE[EÅE 9EÉ 
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ƨƚĲШŸŉШƨƖĤċŰШƽĲƣũċŰĬƚШŔŰШƣőĲШÖŰŔƣĲĬШuŔŰŊĬŸůЮШìĲƣũċŰĬƚШΠΞЯШΦΟЮ 

9ŸƚƣċŰǍċЯШÅЮЯШĬ֥ ƖŊĲЯШÅЮЯШĬĲШ]ƖŸŸƣЯШÅЮЯШ[ċƖĤĲƖЯШÉЮЯШ]ƖċƚƚŸЯШ~ЮЯШcċŰŰŸŰЯШ7ЮЯШxŔůĤƨƖŊЯШuЮЯШ ċĲůЯШÉЮЯШ
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f ÑÅ§?Ö9Ñf§  

Natural wetlands are able to retain nitrogen from freshwaters, which was reported as early as 
in the 1970s (Mitsch et al., 1979). Constructed wetlands (CWs) were proposed as a suitable tool 
for removal of nitrogen (mostly nitrates) from agricultural drainage in the early 1990s (Mitsch, 
1992). Nowadays, the CWs are commonly used for this purpose globally. The predominantly 
applied type of CWs used for that purpose are systems with free water surface. However, CWs 
with subsurface flow can also provide favourable conditions for the removal of nitrogen with  
microbial denitrification as the underlying mechanism. Due to carbon deficiency of agricultural 
drainage water these types of CWs need to be supported with additional carbon sources as, for 
example, woodchips. The presence of nitrogen (and sometimes phosphorus) in not the only 
challenge for agricultural drainage treatment. The contaminants that are highly relevant for that 
type of wastewater are pesticides. The occurrence and persistence of pesticides and their 
metabolites in the aquatic environment is a major problem in the Czech Republic and worldwide 
ыcƻĵǍĬŸƻČШĲƣШċũЮШΞΜΝΥьЮШ§ŰĲШŸŉШƣőĲШůċŔŰШƖŸƨƣĲƚШŉŸƖШƣőĲШƣƖċŰƚŉĲƖШŸŉШƓĲƚƣŔĦŔĬĲ-associated pollution 
into the aquatic environment is agricultural drainage waters, surface runoff and improper 
disposal of pesticide wastes (e.g. from spray equipment cleaning) (Damalas et al., 2008). 
Denitrifying CWs are a cost-effective solution for treating highly variable tile drainage and runoff 
flows by reducing nutrients (mostly nitrate) (Vymazal et al., 2020), but the prevalence of anoxic 
conditions might be not as favourable for the degradation of pesticides and their metabolites as 
aerobic conditions. The goal of this research was to evaluate the efficiency of pilot-scale CW 
systems treating agricultural drainage for the removal of total nitrogen (TN) and pesticides over a 
period of five years and to propose methods for the improvement of their efficiency. 

~EÑc§?É 
This study included two complimentary systems (Fig. 1): a pilot-scale system treating 

agricultural drainage water and a small-scale column system treating pond water spiked with 
nitrates and pesticides or their metabolites. 

  
ċь Ĥь 

[ŔŊЮШΝЮШ9ìШƚǃƚƣĲůƚШƨƚĲĬШŔŰШƣőĲШƖĲƚĲċƖĦőаШċьШƓŔũŸƣрƚĦċũĲШƚǃƚƣĲůбШĤьШƚůċũũрƚĦċũĲШƚǃƚƣĲů 
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ÉǃƚƣĲůЮΤЮшЮƓŔũŸƣцƚĦċũĲЮ9ìƚ 
In 2018, three experimental horizontal-flow CWs were constructed to treat tile drainage from 

15.73 ha watershed in the Czech Republic. The area of drained fields within the watershed is 9.85 
ha. The experimental site is situated about 100 km southeast from Prague in the watershed of the 
ĬƖŔŰťŔŰŊШƽċƣĲƖШƖĲƚĲƖƻŸŔƖШËƻŔőŸƻЯШƣőĲШůċŢŸƖШƚƨƓƓũŔĲƖШŸŉШĬƖŔŰťŔŰŊШƽċƣĲƖШŉŸƖШÂƖċŊƨĲЮШÑőĲШƽĲƣũċŰĬƚШőċƻĲШ
surface areas of 79 m2 (M1), 90 m2 (M2) and 98 m2 (M3) and are planted with a combination of reed 
canarygrass (Phalaris arundinacea) and sweet mannagrass (Glyceria maxima) planted in parallel 
bands. The substrate in the first two CWs is crushed rock (4т8 mm) mixed with air-dried birch 
woodchips with the volume ratio of 10:1. In the first wetland (M1), the water level is kept 10 cm 
above the surface, in the second wetland (M2), the water is kept 5 cm below the surface. The third 
wetland (M3) has a 20 cm layer of birch woodchips on top of gravel (4т8 mm) and water level is 
kept about 10 cm above the surface to make sure the woodchips are flooded. All wetlands are 1.0 
m deep and lined with 1 mm plastic liner (Vymazal et al., 2020). 

ÉǃƚƣĲůШΞШтШƚůċũũрƚĦċũĲШ9ìƚ 
The potential improvement in the removal of TN and pesticides in the CWs were tested in 

small-scale systems mimicking the conditions in the pilot-scale CWs and enhanced systems with 
water-unsaturated filtering bed (aerobic) or with reactive amendments as manganese oxides and 
steel chips. 

 
ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
 
ÉǃƚƣĲůЮΤЮшЮƓŔũŸƣцƚĦċũĲЮ9ìƚ 

The median concentration of TN (mostly nitrates) and total organic carbon in the study period 
were 14.3 mg/L and 5.1 mg/L, respectively. This C/N ratio was too low to support microbial 
denitrification therefore woodchips were used as an external carbon source. 

In the system 1, The overall concentration-based removal of TN in the period December 2018 
- March 2024 was 21%, 25% and 31%, for M1, M2 and M3, respectively. The removal in the 
arbitrarily assumed cold period (November-May) was 16%, 19% and 26%, for M1, M2 and M3, 
respectively. The removal in arbitrarily assumed warm period (June-September) was invariably 
higher and was equal to 50%, 53% and 66% for M1, M2 and M3, respectively. However, the 
difference between the systems were found not to be statistically ƚŔŊŰŔŉŔĦċŰƣШыƓШӄШΜЮΜΡьЮШÑőĲШ
increased efficiency in the warm period is associated with greater activity of denitrifying 
organisms. The time-dependent removal has slightly decreasing trend with at the same time 
decreasing influent concentration of TN, suggesting deteriorating treatment efficiency. One of the 
causal effects can be depletion of the pool of organic carbon in the woodchips, which is crucial 
to support denitrification.  

Over the study period 52 pesticide compounds, either parent compounds or their metabolites 
were found in the influent of the system. Out of those, 21 substances were detected with 
considerable frequency and only five were parent compounds. The overall removal of pesticides 
was negligible (1%), which was probably associated with long half-life degradation time (DT50) 
under anoxic conditions. The negative removal (release from CWs) can result from flow 
fluctuations and retransformation or desorption from suspended particles in the CWs.  

ÉǃƚƣĲůЮΥЮшЮƚůċũũцƚĦċũĲЮ9ìƚ 
The presence of steel chips in water-saturated CWs considerably improved the removal of 

several parent pesticides compared with the control system (with sand) and the standard system 
with woodchips. The CWs with steel chips also provided complete removal of TN and were more 
resistant to seasonal temperature decline. The application of steel chips decreased the toxicity 
of the wastewater, however, the pesticides were not fully mineralized, but only transformed to 
their derivatives. The application of manganese oxides, which are commonly used as oxidants 
and sorbents in water treatment plants, was found to improve the elimination of metabolites of 
commonly applied herbicide metazachlor only slightly. Moreover, the use of water-unsaturated 
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CWs as an post-treatment step after denitrifying CWs did not provide considerable removal of 
pesticides nor their metabolites. 

9§ 9xÖÉf§ É 
The horizontal-flow CWs have been found to be efficient for the removal of TN with seasonal 

decline in the November-May period. The application mode of woodchips in CWs, either mixed 
within or placed on top of the filtering bed, does not considerably affect the elimination of TN. 
From the operation and maintenance perspective the application or replacement of woodchips 
on top of a CW would be much easier and more economically feasible than excavating the entire 
filtering media. Pesticides and their metabolites create a considerable challenge for the 
treatment in CWs. Horizontal-flow CWs are not able to efficiently remove these substances. 
Some amendments like steel chips can overcome this limitation at least for the parent 
compounds and at the same time provide improved removal of TN. The abatement of pesticide 
metabolites, however, remains a challenge that must be addressed to ensure the safety use of 
water resources. 
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ÅE[EÅE 9EÉ 
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ƓĲƚƣŔĦŔĬĲШƽċƚƣĲШċŉƣĲƖШƨƚĲЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣЯШΟΦΜыΞрΟьЯШΟΠΝрΟΠΡЮ 

cƻĵǍĬŸƻČЯШ~ЮЯШuŸƚƨĤŸƻČЯШÂЮЯШuŸƜŖťŸƻČЯШ~ЮЯШÉĦőĲƖƖЯШuЮШEЮЯШËŔůĲťЯШüЮЯШ7ƖŸĬƚťǄЯШxЮЯШĲƣШċũЮШыΞΜΝΥьЮШ
9ƨƖƖĲŰƣũǃШċŰĬШƖĲĦĲŰƣũǃШƨƚĲĬШƓĲƚƣŔĦŔĬĲƚШŔŰШ9ĲŰƣƖċũШEƨƖŸƓĲċŰШċƖċĤũĲШƚŸŔũƚЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮ
EŰƻŔƖŸŰůĲŰƣЯШΣΝΟЯШΟΣΝрΟΤΜЮ 

~ŔƣƚĦőЯШìЮШsЮЯШ?ŸƖċŊĲЯШ9ЮШxЮЯШìŔĲůőŸǭЯШsЮШÅЮШΝΦΤΦЮШEĦŸƚǃƚƣĲůШĬǃŰċůŔĦƚШċŰĬШċШƓőŸƚƓőŸƖƨƚШĤƨĬŊĲƣШ
ŸŉШċŰШċũũƨƻŔċũШĦǃƓƖĲƚƚШƚƽċůƓШŔŰШƚŸƨƣőĲƖŰШfũũŔŰŸŔƚЮШEĦŸũŸŊǃЯШΣΜыΣьЯШΝΝΝΣрΝΝΞΠЮ 

~ŔƣƚĦőЯШìЮШsЮШыΝΦΦΞьЮШxċŰĬƚĦċƓĲШĬĲƚŔŊŰШċŰĬШƣőĲШƖŸũĲШŸŉШĦƖĲċƣĲĬЯШƖĲƚƣŸƖĲĬЯШċŰĬШŰċƣƨƖċũШƖŔƓċƖŔċŰШ
ƽĲƣũċŰĬƚШŔŰШĦŸŰƣƖŸũũŔŰŊШŰŸŰƓŸŔŰƣШƚŸƨƖĦĲШƓŸũũƨƣŔŸŰЮШEĦŸũŸŊŔĦċũЮEŰŊŔŰĲĲƖŔŰŊЯШΝыΝрΞьЯШΞΤрΠΤЮ 

éǃůċǍċũЯШsЮЯШÉŸĦőċĦťŔЯШ ЮЯШ[ƨĨŖťЯШÂЮЯШËĲƖĲƜЯШ~ЮЯШuċƓũŔĦťČЯШ~ЮЯШcŰČƣťŸƻČЯШÑЮЯШ9őĲŰЯШüЮШΞΜΞΜЮШ
9ŸŰƚƣƖƨĦƣĲĬШƽĲƣũċŰĬƚШƽŔƣőШƚƨĤƚƨƖŉċĦĲШǰŸƽШŉŸƖШŰŔƣƖŸŊĲŰШƖĲůŸƻċũШŉƖŸůШƣŔũĲШĬƖċŔŰċŊĲЮШEĦŸũŸŊŔĦċũЮ
EŰŊŔŰĲĲƖŔŰŊЯШΝΡΡЯШΝΜΡΦΠΟЮ 

  



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШffШШрШÑcEШÅ 9EШ ] f ÉÑШÂ§xxÖÑf§  

ΟΦ 
 

[ũŸċƣŔŰŊШŉĲƖŰƚШŉŸƖШƽĲƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰеШ 
xĲƚƚŸŰƚШũĲċƖŰƣШŉƖŸůШŉŸƨƖШǃĲċƖƚШŸŉШ ǍŸũũċШ
ĦƨũƣŔƻċƣŔŸŰШŸŰШŉŸƖůĲƖШċŊƖŔĦƨũƣƨƖċũШƚŸŔũƚ 

Renske J.E. Vrooma,b, Bas P. van de Rietb,c,  
Alfons J.P. Smoldersb,c, Leon P.M. Lamersb, Sarian Kostenb 

aPeatland Studies and Palaeoecology, University of Greifswald, Greifswald, Germany 
bDepartment of Ecology, Radboud University, Nijmegen, The Netherlands 

cB-WARE Research Centre, Nijmegen, The Netherlands 

 
 
f ÑÅ§?Ö9Ñf§  

The restoration and novel creation of wetlands is crucial as they provide myriad ecosystem 
services including carbon sequestration. Degraded wetlands have often known agricultural use, 
resulting in a substantial nutrient legacy, especially of phosphorus (P). Subsequent rewetting of 
these former agricultural soils typically leads to water quality issues, low biodiversity and high 
methane emissions. To overcome these challenges in a novel, cost-effective way, Azolla 
filiculoides (water fern) could be cultivated to simultaneously extract P, sequester carbon, and 
provide a commercial product. Azolla is excellent at accumulating P due to its nitrogen fixating 
capacity and high growth rate. 

~EÑc§?É 
To test this approach, we cultivated Azolla on former agricultural peat and mineral soils in 

several field and mesocosm trials. We measured soil, water, and plant nutrient dynamics, and 
methane emissions. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
We found that Azolla cultivation is only feasible on soils with a high P mobilisation potential 

under oxic conditions, as Azolla cover did not reduce surface water oxygen concentrations as 
anticipated. Only after prolonged (>1 year) cultivation, oxygen levels dropped, presumably due to 
organic matter accumulation and subsequent decomposition. On suitable soils, P extraction 
rates up to 122 kg ha-1 yr-1 were measured, while surface water P concentrations remained low. 
Methane emissions (diffusion and ebullition) were highly dependent on time frame, season, and 
development of other macrophytes and algae. 

9§ 9xÖÉf§ É 
We conclude that cultivating Azolla shows potential in the transition from agriculture to 

nature, while recovering P from former agricultural soils. Remaining challenges include pest 
control, product development, and technologies for large-scale implementation. 
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f ÑÅ§?Ö9Ñf§  

Tidal marshes are highly valued for the delivery of ecosystem services, such as the regulation 
of water quality through removal of nitrogen and retention of phosphorus. Soil-groundwater 
interactions in tidal marshes play a crucial role in this water quality regulation service. 

In the past centuries, natural tidal marsh area drastically declined throughout the world, due 
to large scale land reclamation. Nowadays, an increasing number of tidal marshes are restored 
on formerly reclaimed agricultural land to regain the delivery of their ecosystem services. 
However, the former agricultural land use is often paired with negative ecological effects. The 
excavation of artificial ditches caused excessive soil drainage, resulting in mineralization of 
organic matter, soil consolidation and reduction of soil porosity (Spencer et al., 2017), which 
leads to reduced groundwater level fluctuations in restored tidal marshes as compared to natural 
tidal marshes (Van Putte et al., 2020). 

In this study, we link measured nutrient concentration profiles to soil aeration patterns 
governed by groundwater dynamics. Furthermore, we determine at which depth along the soil 
profile the main form of dissolved nitrogen (nitrate vs. ammonium) occurs in the porewater and 
where phosphate is retained. These insights are helpful in the design of new tidal marsh 
restoration projects to assess the effects of certain design measures (e.g. creek excavation or soil 
amendments) that alter soil aeration patterns, on biogeochemical cycling. 

~EÑc§?É 
We studied soil hydraulic properties and groundwater dynamics in function of depth and 

distance from the nearest tidal creek on several transects in a natural (De Notelaer) and a 
restored (Lippenbroek) freshwater tidal marsh in the Scheldt estuary, Belgium. We measured 
monthly porewater nutrient concentrations over a depth profile during one year using porewater 
equilibrators (peepers). The principle of this peeper is that dissolved nutrients in the soil pore 
water surrounding the peeper are exchanged through the membrane until the water in the peeper 
compartments is in osmotic equilibrium with the surrounding soil pore water. We then linked 
these measured concentrations to the calculated soil saturation index (SSI, the proportion of time 
the soil is saturated at a certain depth). 
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Depth profiles of nutrient concentrations are related to the depth of groundwater level 

fluctuations and soil aeration. In zones with a high SSI, such as the marsh interior, and especially 
in the restored marsh, nitrogen accumulates in the porewater in the form of ammonium. NH4 
ĦŸŰĦĲŰƣƖċƣŔŸŰƚШċƖĲШƓŸƚŔƣŔƻĲũǃШĦŸƖƖĲũċƣĲĬШƽŔƣőШƣőĲШÉÉfШы͘ШӀШΜЮΟΞЯШƓШӃШΜЮΜΜΝьЮШcĲƖĲЯШċŰŸǂŔĦШĦŸŰĬŔƣŔŸŰƚШ
prevent nitrification and promote ammonification. In the compact agricultural soil, which has a 
lower organic matter content, ammonium stays in solution. In the upper zones where the SSI is 
lower, nitrogen is mainly present as NO3. Hence, nitrate concentrations are negatively correlated 
ƣŸШƣőĲШÉÉfШы͘ШӀШ-0.21, p < 0.001). Porewater NO3 concentrations were generally higher closer to the 
creek, where the residence time of the porewater is shorter resulting in porewater nitrate 
concentrations that are more similar to estuarine water nitrate concentrations. In the marsh 
interior, where the residence time is longer, nitrate concentrations are lower as NO3 is removed 
by denitrification and the porewater is less often refreshed.  

 

[ŔŊЮШΝЮШƻĲƖċŊĲШůĲċƚƨƖĲĬШƓŸƖĲƽċƣĲƖШĦŸŰĦĲŰƣƖċƣŔŸŰƚШŔŰШƣőĲШƖĲƚƣŸƖĲĬШůċƖƚőШċŰĬШƣőĲШŰċƣƨƖċũШůċƖƚőШŸŉШ 
ыċьШċůůŸŰŔƨůЯШыĤьШŰŔƣƖċƣĲЯШыĦьШĬŔƚƚŸũƻĲĬШŔƖŸŰШċŰĬШыĬьШƓőŸƚƓőċƣĲЮШ]ƖĲǃШƖŔĤĤŸŰƚШƖĲƓƖĲƚĲŰƣШƣőĲШƚƣċŰĬċƖĬШ
ĬĲƻŔċƣŔŸŰШŸŰШƣőĲШůĲċƚƨƖĲůĲŰƣƚЮШ7ċĦťŊƖŸƨŰĬШĦŸũŸƖƚШŔŰĬŔĦċƣĲШƣőĲШƚŸŔũШƚċƣƨƖċƣŔŸŰШŔŰĬĲǂШыÉÉfьЮШ 
cŸƖŔǍŸŰƣċũШĬŸƣƣĲĬШũŔŰĲƚШƖĲƓƖĲƚĲŰƣШƣőĲШƣƖċŰƚŔƣŔŸŰШĤĲƣƽĲĲŰШƣőĲШƣŔĬċũũǃШĬĲƓŸƚŔƣĲĬШƚĲĬŔůĲŰƣШũċǃĲƖШ 

ċŰĬШƣőĲШƨŰĬĲƖũǃŔŰŊШĦŸůƓċĦƣШƖĲũŔĦƣШċŊƖŔĦƨũƣƨƖċũШƚŸŔũШŔŰШƣőĲШƖĲƚƣŸƖĲĬШůċƖƚőЮШ ĲċƖШĦƖĲĲťШǍŸŰĲШċŰĬШůċƖƚőШ
ŔŰƣĲƖŔŸƖШċƖĲШΝШůШċŰĬШΞΞШůШŉƖŸůШƣőĲШĦƖĲĲťШĲĬŊĲЯШƖĲƚƓĲĦƣŔƻĲũǃЮ 
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Since coupled nitrification т denitrification is enhanced by fluctuation of groundwater levels 
and consequent alternating aerobic and anaerobic conditions, impaired removal of nitrogen from 
the estuarine water by the marsh soil is expected where groundwater dynamics are reduced. 

ÑőĲШĦŸŰĦĲŰƣƖċƣŔŸŰШŸŉШĬŔƚƚŸũƻĲĬШƓőŸƚƓőċƣĲШŔƚШƚƣƖŸŰŊũǃШĦŸƖƖĲũċƣĲĬШƽŔƣőШƣőĲШÉÉfШы͘ШӀШΜЮΠΟЯШƓШӃШ
ΜЮΜΜΝьЮШÑőĲШƚċůĲШċƓƓũŔĲƚШƣŸШƣőĲШĦŸŰĦĲŰƣƖċƣŔŸŰШŸŉШĬŔƚƚŸũƻĲĬШŔƖŸŰШы͘ШӀШΜЮΠΠЯШƓШӃШΜЮΜΜΝьЮ Both 
dissolved phosphate and dissolved iron concentrations are higher in anoxic zones. In well aerated 
zones, dissolved ferrous compounds oxidize and form iron oxyhydroxides that precipitate from 
solution,  to which phosphate can sorb. In this way, iron oxidation through soil aeration controls 
phosphorus solubility. Dissolved phosphate moves from the more anoxic marsh interior towards 
the well aerated creek zone through porewater advection. Here, the dissolved phosphate sorbs 
to iron oxides resulting in decreased phosphate concentrations in the groundwater seeping from 
the creek banks (Chambers and Odum, 1990; Megonigal and Neubauer, 2019)ЯШŉŸƖůŔŰŊШċŰШћŔƖŸŰШ
ĦƨƖƣċŔŰќШƣőċƣШƣƖċƓƚШĬŔƚƚŸũƻĲĬШƓőŸƚƓőŸƖƨƚЮШÉŔŰĦĲШƣőĲШĦŸůƓċĦƣШƚƨĤƚŸŔũШŔŰШƣőĲШƖĲƚƣŸƖĲĬШůċƖƚőШ
reduces the extent of the aerated zone, this trapping of phosphate ions is expected to be impaired 
as less sorption sites for phosphate are available. 

9§ 9xÖÉf§ É 
Where the presence of a historically compacted subsoil hampers groundwater drainage, 

nitrification is impaired and dissolved nitrogen is mainly present as ammonium. In well drained 
zones, such as near creeks in the natural tidal marsh, denitrification is impaired and high nitrate 
concentrations build up, suggesting the benefit of the co-existence of both saturated and 
unsaturated zones in the marsh soil to maximize nitrogen removal. Furthermore, we found the 
presence of dissolved phosphate to be highly positively correlated to the SSI, with very high 
concentrations in the compacted soil in the restored marsh, implying the importance of soil 
aeration for improved P retention. In general, we conclude that soil aeration patterns and 
associated biogeochemical cycling is highly depending on pre-restoration land use and post-
restoration subsurface hydrology. 

ÅE[EÅE 9EÉ 
9őċůĤĲƖƚЯШÅЮ~ЮЯШ§ĬƨůЯШìЮEЮЯШΝΦΦΜЮШÂŸƖĲƽċƣĲƖШ§ǂŔĬċƣŔŸŰЯШ?ŔƚƚŸũƻĲĬШÂőŸƚƓőċƣĲШċŰĬШƣőĲШfƖŸŰШШШШШ
9ƨƖƣċŔŰаШfƖŸŰрÂőŸƚƓőŸƖƨƚШÅĲũċƣŔŸŰƚШŔŰШÑŔĬċũШ[ƖĲƚőƽċƣĲƖШ~ċƖƚőĲƚЮШ7ŔŸŊĲŸĦőĲůŔƚƣƖǃШΝΜаШΟΤрΡΞЮШ 

~ĲŊŸŰŔŊċũЯШsЮÂЮЯШ ĲƨĤċƨĲƖЯШÉЮ9ЮЯШΞΜΝΦЮШ9őċƓƣĲƖШΝΦШрШ7ŔŸŊĲŸĦőĲůŔƚƣƖǃШŸŉШÑŔĬċũШ[ƖĲƚőƽċƣĲƖ 

ìĲƣũċŰĬƚЯШ ŔŰаШÂĲƖŔũũŸЯШ ]Ю~ЮEЮЯШ ìŸũċŰƚťŔЯШ EЮЯШ9ċőŸŸŰЯШ?ЮÅЮЯШ cŸƓťŔŰƚŸŰЯШ9ЮÉЮШ ыEĬƚЮьЯШ9ŸċƚƣċũЮ
ìĲƣũċŰĬƚЮёÉĲĦŸŰĬЮEĬŔƣŔŸŰђЮШEũƚĲƻŔĲƖЯШƓƓЮШΣΠΝрΣΥΟЮ 

ÉƓĲŰĦĲƖЯШuЮxЮЯШ9ċƖƖЯШÉЮsЮЯШ?ŔŊŊĲŰƚЯШxЮ~ЮЯШÑĲůƓĲƚƣЯШsЮ ЮЯШ~ŸƖƖŔƚЯШ~Ю ЮЯШcċƖƻĲǃЯШ]ЮxЮЯШΞΜΝΤЮШÑőĲШŔůƓċĦƣШ
ŸŉШ ƓƖĲрƖĲƚƣŸƖċƣŔŸŰШ ũċŰĬрƨƚĲШ ċŰĬШ ĬŔƚƣƨƖĤċŰĦĲШ ŸŰШ ƚĲĬŔůĲŰƣШ ƚƣƖƨĦƣƨƖĲЯШ őǃĬƖŸũŸŊǃШ ċŰĬШ ƣőĲШ
ƚĲĬŔůĲŰƣШŊĲŸĦőĲůŔĦċũШĲŰƻŔƖŸŰůĲŰƣШŔŰШƖĲƚƣŸƖĲĬШƚċũƣůċƖƚőĲƚЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣШ
ΡΥΤаШΠΤрΡΥЮШ 

éċŰШÂƨƣƣĲЯШ ЮЯШÑĲůůĲƖůċŰЯШÉЮЯШéĲƖƖĲǃĬƣЯШ]ЮЯШÉĲƨŰƣŢĲŰƚЯШÂЮЯШ~ċƖŔƚЯШÑЮЯШcĲǃŰĬƖŔĦťǂЯШ~ЮЯШ7ŸŸŰĲЯШ~ЮЯШ
sŸƖŔƚЯШfЮЯШ~ĲŔƖĲЯШÂЮЯШΞΜΞΜЮШ]ƖŸƨŰĬƽċƣĲƖШĬǃŰċůŔĦƚШŔŰШċШƖĲƚƣŸƖĲĬШƣŔĬċũШůċƖƚőШċƖĲШũŔůŔƣĲĬШĤǃШ
őŔƚƣŸƖŔĦċũШƚŸŔũШĦŸůƓċĦƣŔŸŰЮЮEƚƣƨċƖŔŰĲеЮ9ŸċƚƣċũЮċŰĬЮÉőĲũŉЮÉĦŔĲŰĦĲШΞΠΠЮ 
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~ċƖƚőШ9ŸŰƚƣƖƨĦƣĲĬШìĲƣũċŰĬШÉǃƚƣĲůШċŰĬШ

ìŔũĬũŔŉĲШÉċŰĦƣƨċƖǃ 

ŰĬƖĲƽШÉЮШìŸũǭċ 

aEnvironmental Resources Engineering, California State Polytechnic University,  
Humboldt, Arcata, USA 

 
f ÑÅ§?Ö9Ñf§  

The Arcata Marsh Wastewater Treatment Plant and Wildlife Sanctuary have supported the 
community of Arcata California with a population of 20 thousand, since the 1980s. Not only has 
ŔƣШƚĲƖƻĲĬШċƚШƣőĲШĦŔƣǃќƚШƓƖŔůċƖǃШƽċƚƣĲƽċƣĲƖШƣƖĲċƣůĲŰƣШŉċĦŔũŔƣǃЯШĬĲƚŔŊŰĲĬШƣŸШtreat 2.3 million gallons 
of wastewater per day, it has also provided a variety of additional beneficial uses including habitat 
creation, recreation, education, research, and many more.  

The site consists of primary and secondary treatment, followed by two large oxidation ponds, 
six densely vegetated wetlands, and three open water vegetated enhancement wetlands. The 
effluent is disinfected and finally discharged into Humboldt Bay, which is the major estuary 
between San Francisco Bay of Northern California and Puget Sound of Washington (Schlosser & 
Eicher, 2012). Humboldt Bay is known for its rich marine habitats and shellfish production, acting 
as the largest producer of oysters in California (Archer, 2020).  

While over 90% of wetland habitats in Humboldt County have disappeared in the past century 
due to roadwork, construction, and agricultural development, the Arcata Marsh remains healthy 
and resilient to this day (USFWS, 2023). Its success as a constructed natural wetland treatment 
system has garnered public recognition and is the pride and joy of the city of Arcata and its 
citizens. Due to the nutrient-rich wastewater feeding into the system, the wetland vegetation are 
luscious and rich, providing crucial habitats for waterfowl, amphibians, mammals, 
macroinvertebrates, and all other sorts of wildlife.  

Arcata Marsh is open to the public where birdwatchers and nature-lovers enjoy and take in the 
natural scenery, and its close ties with the local Humboldt State University (now Cal Poly 
Humboldt) has provided educational and research opportunities to many students and faculty 
alike. The Friends of Arcata Marsh (FOAM), an NPO based in Arcata, strives to educate the public 
on the functions and role of Arcata Marsh and wetland treatment systems, hosting special events 
such as Godwit Days (Godwitdays, 2024), lectures, and nature walks. Furthermore, students and 
professionals outside the area have gathered to learn more about the success story of Arcata 
Marsh.  

While the Arcata Marsh boasts all these beneficial uses, they have never been fully 
characterized or quantified since its inception. With a large system expansion going underway, 
this project aims to characterize and quantify these beneficial uses once and for all.  

~EÑc§?É 
The beneficial uses of the Arcata Marsh have been identified and methods to characterize and 

quantify them have been developed. Some of these beneficial uses include: 1) Water quality 
enhancement, 2) freshwater habitat creation, 3) education and research, 4) recreation, health, 
and sustainability, and 5) buffering during large storm events. 

Water quality enhancement: Water quality results have been recorded since start-up, and the 
performance of each part of the wetland treatment system can be assessed and compared 
annually. This will show us a side-by-side comparison of the system at an earlier stage versus a 
later stage, after 40 years of operation. The effluent quality will be compared to the effluent 
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ƚƣċŰĬċƖĬƚШŸŉШÖŰŔƣĲĬШÉƣċƣĲƚШEÂ ќƚШ ċƣŔŸŰċũШÂŸũũƨƣċŰƣШ?ŔƚĦőċƖŊĲШEũŔůŔŰċƣŔŸŰШÉǃƚƣĲůШы Â?EÉьШ
ƓĲƖůŔƣƚШŉŸƖШ ƖĦċƣċќƚШììÑÂЮ 

Freshwater habitat creation: The City of Arcata have been conducting seasonal rapid 
assessments on species type and population size for the past ten years. This data can be used to 
determine if the Arcata Marsh provides a regular habitat for these species, and whether it hosts a 
љőĲċũƣőǃњШĲĦŸƚǃƚƣĲůоőċĤŔƣċƣЮШ[ƨƖƣőĲƖůŸƖĲЯШƣőŔƚШőċĤŔƣċƣШĬċƣċШĦċŰШĤĲШĦŸůƓċƖĲĬШƽŔƣőШƣőĲШƽċƣĲƖШ
quality for those seasons to determine a correlation between habitat and water quality.  

Education and research: Student projects, research projects, lectures, and degrees earned, 
are directly influenced by the Arcata Marsh. These project contributions have also led to process 
improvements, which can be quantified via percent reduction changes over the years.  

Recreation, health, and sustainability: The City of Arcata and the Friends of Arcata Marsh 
(FOAM) have recorded the number of walk-ins and paid activities done at Arcata Marsh. This can 
be used to determine the amount of foot-traffic into the system. Furthermore, surveys will be 
conducted to gĲƣШċŰШƨŰĬĲƖƚƣċŰĬŔŰŊШŸŉШƣőĲШĦŔƣǃќƚШƓĲƖĦĲƓƣŔŸŰШŸŉШƣőĲШůċƖƚőЮШÑőĲƚĲШƕƨĲƚƣŔŸŰƚШƽŔũũШ
identify 1) what the citizens think of the marsh, 2) what they use it for, and 3) are they aware of its 
functions.  

Buffering during large storm events: Wetland inflows and water treatment performances will 
be investigated during large precipitation events to see if the system is still achieving adequate 
water treatment compared to non-storm events. Sewage spillage/overflow violations will be 
investigated at the Arcata Marsh and a nearby conventional WWTP and compared.  

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Historical water quality trends from the inlet to outlet of the treatment train show that the 

current system is performing at the same level, if not better than the level of treatment in earlier 
years. Figures 1 and 2 show the historical trend of BOD5 and TSS from inlet to outlet of the system 
with the following constraints: high temperature, low flow, and high influent load. 

Figure 3 shows the change in percent removal of BOD5 achieved by the whole system from the 
inlet to the outlet. This figure demonstrates that precent removal for BOD5 has improved with 
time. 

Figure 4 shows a distribution of total number of birds observed in the three Enhancement 
Wetlands during the Spring and Fall seasons from the years 2013 to 2022. This bar graph 
demonstrates that while populations may decrease in certain years, they will make a comeback 
in the following years, which showcases how dynamic the system is. Nonetheless, the presence 
of birds in every year proves the health of the ecosystem.  

The recreational value, or the public usage of the Arcata Marsh Wildlife Sanctuary and 
Interpretive Centers is shown in Figure 5. This is expressed via the total number of walk-ins, paid 
lectures, and special events recorded by the Friends of Arcata Marsh (FOAM) from the years 2013 
to 2022. While there is a significant decline during 2020 and 2021, which reflects the lockdowns 
occurring during the COVID-19 pandemic, the following year shows a rebound.  

Figures 6 and 7 show the Educational Value of Arcata Marsh by publication discipline and 
publication type, respectively. Publications, citations, and references made on Arcata Marsh, as 
well as technical memos produced by the student researchers of Arcata Marsh Research Institute 
are expressed on these bar graphs. The figures show that the number of publications and studies 
done on the Marsh are increasing, which demonstrate that the educational influence of Arcata 
Marsh is spreading. 

Survey results outlining the different recreational uses of the marsh, and buffering during large 
storm events are still in process. 
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9§ 9xÖÉf§ É 
The results and supporting figures prove that 1) the system is achieving adequate water 

treatment, 2) the system provides education and research opportunities that lead to its own 
process improvements, 3) the system provides a healthy habitat for a variety of wildlife, and 4) 
the system is a hotspot for visitors for various recreational activities. All these points are 
important for the longevity of the Arcata Marsh т ƽċƚƣĲƽċƣĲƖШљĲŰőċŰĦĲůĲŰƣњШŰŸƣШŸŰũǃШĲŰőċŰĦĲƚШ
the water quality, but also enhances the surrounding habitats as well. These provide a plethora 
of research opportunities for many disciplines, which raises the awareness of the functions of 
Arcata Marsh which extend past the boundaries of Arcata City. Finally, the recreational activities 
the marsh provides, bolster the physical and mental health of the city. 

9u §ìxE?]E~E ÑÉ 
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ÅE[EÅE 9EÉ 
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9ċũŔŉŸƖŰŔċ 

]ŸĬƽŔƣĬċǃƚЮŸƖŊЯШΞΜΞΠЮШsŸŔŰЮƨƚЮŉŸƖЮƣőĲЮŰĲǂƣЮ]ŸĬƽŔƣЮ?ċǃƚЮÉƓƖŔŰŊЮ~ŔŊƖċƣŔŸŰЮ7ŔƖĬЮ[ĲƚƣŔƻċũеЮ ƓƖŔũЮΤΫцΥΤеЮ
ΥΣΥΧдШŊŸĬƽŔƣĬċǃƚЮŸƖŊЮШ ƖĦċƣċЯШ9ċũŔŉŸƖŰŔċ 

ÉĦőũŸƚƚĲƖЯШÉЮЯШċŰĬШ ЮШEŔĦőĲƖЮШΞΜΝΞЮШÑőĲЮcƨůĤŸũĬƣЮ7ċǃЮċŰĬЮEĲũЮÅŔƻĲƖЮEƚƣƨċƖǃЮ7ĲŰƣőŔĦЮcċĤŔƣċƣЮ
ÂƖŸŢĲĦƣЮШ9ċũŔŉŸƖŰŔċШÉĲċШ]ƖċŰƣШÂƨĤũŔĦċƣŔŸŰШÑрΜΤΡЮШΞΠΣШƓЮ 

ÖЮÉЮШ[ŔƚőШċŰĬШìŔũĬũŔŉĲШÉĲƖƻŔĦĲЯШΞΜΞΟЮШcƨůĤŸũĬƣЮ7ċǃЮ ċƣŔŸŰċũЮìŔũĬũŔŉĲЮÅĲŉƨŊĲЮшЮ~ċĬЮÅŔƻĲƖЮÉũŸƨŊőЮ
ÅĲƚƣŸƖċƣŔŸŰЮÂƖŸŢĲĦƣЮШÖÉ[ìÉЯШ9ċũŔŉŸƖŰŔċ 
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Julius Kühn-Institut,  Berlin, Germany 

bDepartment Water Management, State Office for the Environment, Potsdam, Germany 

 
f ÑÅ§?Ö9Ñf§  

Wetland water quality in agricultural landscapes is expected to reflect surrounding 
agricultural activities on the local scale. This especially applies to field-specific application of 
pesticides, which are expected to be mainly transported into aquatic systems by surface runoff 
and local-scale wind-drift. However, there is evidence of a number of pesticides with ubiquitous 
occurrence in different kinds of aquatic settings, questioning current theories on their transport 
and fate. This current study from north-eastern Germany presents monitoring results of 
pesticides in kettle holes at agricultural fields and adjacent shallow groundwater. 

~EÑc§?É 
In the period from February 2020 to the present day, a total of seven kettle holes in north-

eastern Germany (Brandenburg, Uckermark region) were analyzed monthly (depending on water 
level) for residues of pesticide active substances. Near-surface shallow groundwater was 
sampled at a depth of 1.5 to 2.9 m (depending on the installation depth of the measuring point) 
close to the kettle hole. The sampled waterbodies are located in the young moraine landscape of 
the northeastern German lowlands, a region containing >150000 kettle holes that cover up to 5% 
of the agricultural area (Kalettka and Rudat 2006). Kettle holes are small, isolated, depressional 
wetlands formed during the last glacial period, with a high potential for biological species 
diversity (Kalettka and Rudat 2006). The spectrum of active substances examined followed 
German guidelines for monitoring small water bodies. In addition, the residues of 14 active 
substances no longer approved for use (atrazine, bromacil, dimefuron, dinoterb, diuron, 
ethidimuron, ethofumesate, fenuron, flusilazole, hexazinone, oxadixyl, prometryn, propazine, 
trifluralin) were analyzed. 

All pesticides in the water samples except pyrethroids were quantified by liquid 
chromatography mass spectrometry in electrospray ionization mode (LC-ESI-MS/MS) using the 
internal standard method after solid phase extraction (Chromabond HR-P, Macherey-Nagel, 
Germany, 50т100 ͓ ůШƓċƖƣŔĦũĲШƚŔǍĲЯШΟ mL column volume, 200 mg filling quantity). We used a 1290 
Infinity II LC system (Agilent, USA) coupled to a QTRAP 6500+ mass spectrometer (SCIEX, USA) 
and the previously mentioned system (LC-ESI-MS/MS). Reference standards in solvent were 
used. For pyrethroids, the active substances in the water sample were concentrated by liquidт
liquid extraction and then analyzed by gas chromatographyтmass spectrometry (GC-MS) using a 
Trace GC Ultra coupled to a TSQ Quantum GC XLS mass spectrometer (both from Thermo 
Electron Corporation, USA). The recovery of pesticides was in the range of 0.0010т0.50 ͓ ŊоxЮШÑőĲШ
limits of quantification (LOQ) were active substance specific ranging from 0.001 to 0.050 ͓ ŊоxЮШ
The limits of detection (LOD) were half the LOQs. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The results show that there is a high risk from pesticide inputs over the course of the year, 

particularly for the groups of green algae and aquatic macrophytes (Fig. 1). 
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[ŔŊЮШΝЮШ9ŸƨƖƚĲШŸŉШůċǂŔůƨůШÑŸǂŔĦШÖŰŔƣƚШыũŸŊċƖŔƣőůŔĦШÑÖůċǂьШŉŸƖШŊƖĲĲŰШċũŊċĲЯШċƕƨċƣŔĦШƓũċŰƣƚЯШŔŰƻĲƖƣĲĤƖċƣĲƚШ
ċŰĬШǯƚőШŔŰШƚĲƻĲŰШƚůċũũШƚƣċŰĬŔŰŊШƽċƣĲƖШĤŸĬŔĲƚШыÉì7ьШŸƻĲƖШƣőƖĲĲШǃĲċƖƚШŸŉШƚċůƓũŔŰŊЮ 

The toxicities determined for individual periods and water bodies reach values of 
logTUmax > 0, which are to be classified as extremely alarming. These high toxicities are mainly 
caused by five herbicides (diflufenican, flufenacet, foramsulfuron, nicosulfuron, terbuthylazine). 
A logTUmax > 0 corresponds to an exceedance of the half-maximum effect concentration (EC50) 
from the standard test trials as part of the plant protection product approval, which however 
occur here under field conditions.  

About 40% of the active substances analyzed occur both in surface water and in shallow 
groundwater (Fig. 2). The results reveal simultaneous dynamics between subsurface and surface 
water with respect to both, occurrence and concentrations of a number of substances (Fig. 3). 
These dynamics are not restricted to individual locations but are found on a larger scale with a 
maximum distance of 12 km between the study sites. We suspect subsurface hydrology to be a 
driver of similar patterns in surface water and shallow groundwater. 
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[ŔŊЮШΞЮШ?ĲƣĲĦƣŔŸŰШƖċƣĲШыљ[ƨŰĬƖċƣĲЯШӖњьШŸŉШőĲƖĤŔĦŔĬĲƚЯШŉƨŰŊŔĦŔĬĲƚШċŰĬШŔŰƚĲĦƣŔĦŔĬĲƚШŔŰШƚƨƖŉċĦĲШƽċƣĲƖШ
ыљ§ĤĲƖǰęĦőĲŰƽċƚƚĲƖњЯШũŔŊőƣШĤċƖƚьШċŰĬШƚőċũũŸƽШŊƖŸƨŰĬƽċƣĲƖШыљ]ƖƨŰĬƽċƚƚĲƖњЯШĬċƖťШĤċƖƚьШ 

ŸƻĲƖШƣőĲШƚċůƓũŔŰŊШƓĲƖŔŸĬЮ 

 
Fig. 3. Pattern of ubiquitous pollution through long-term continuous inputs, exemplified by the 
occurrence of dinoterb (herbicide/rodenticide, banned in the EU since 1997) into surface water 
ыљ§ĤĲƖŉũęĦőĲŰƽċƚƚĲƖњЯШũŔŊőƣШŊƖĲĲŰьШċŰĬШƚőċũũŸƽШŊƖŸƨŰĬƽċƣĲƖШыљ]ƖƨŰĬƽċƚƚĲƖњЯШĬċƖťШŊƖĲĲŰьШ 

for seven small standing water bodies. 
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Ш9ŔƣŔǍĲŰШÉĦŔĲŰĦĲШċŰĬШEŰŊċŊĲůĲŰƣШ ƓƓƖŸċĦőШШ
ƣŸШÑċĦťũĲШÂũċƚƣŔĦШÂŸũũƨƣŔŸŰШŔŰШEŰŊũċŰĬ 

 
xƨĦċШ~ċƖċǍǍŔċЯШ7ĲċШ ƚƕƨŔƣőċЯШcċŰŰċőШÉůŔƣőċЯ 
ШxƨĦǃШsċĦťƚŸŰċЯШsŸőŰШÉċŰĬĲƖƚĤЯШ9őƖŔƚШ9ŸŸĬĲċ 

 
ċÑőċůĲƚШΞΝЯШxŸŰĬŸŰЯШÖŰŔƣĲĬШuŔŰŊĬŸů 

Ĥ~ĲƖƚĲǃШÅŔƻĲƖƚШÑƖƨƚƣЯШ~ċŰĦőĲƚƣĲƖЯШÖŰŔƣĲĬШuŔŰŊĬŸů 
 
 

 
f ÑÅ§?Ö9Ñf§  

River pollution is a highly concerning problem at the local, regional, national, and global level. 
Plastic waste and litter have never been so prominently recognized challenges that humans need 
to overcome to preserve terrestrial and aquatic ecosystems and human health (van Emmerik and 
Schwarz, 2020). The Plastic Free Mersey (1) and Plastics Action (2) projects are highly 
collaborative initiatives to stem plastic pollution in England. The former brings together 
businesses in the plastics supply chain with NGOs working with volunteers, communities, and 
academics, while the latter connects local groups with regional partners, such as Rivers Trusts, 
and national NGOs, such as Keep Britain Tidy to try to upscale river (and beach) clean-ups. These 
projects are complementary in addressing plastic pollution with an all-hands-on-deck approach 
from the individual and community / local level to the regional and national level. 

~EÑc§?É 
Our general goal to reduce plastic pollution and augment public awareness of how to curb and 

prevent this widespread problem has been pursued through citizen science, surveys, workshops, 
and public events in the Mersey and other catchments. While the Mersey project has focused on 
the relative catchment, Plastics Action has reached out to the Mersey and another three 
catchments / regions: the Tyne, Anglian region, and River Kennet sub-catchment of the Thames. 
§ŰĲШŸŉШŸƨƖШĲƻĲŰƣƚШŔŰƻŸũƻĲĬШxŔƻĲƖƓŸŸũШ9ŔƣǃШÅĲŊŔŸŰќs Mayor Steve Rotheram and the former Mayor 
of Liverpool Joanne Anderson; both leaders endorsed the Plastic Free Mersey project and learned 
about our findings in Knowsley, eastern Liverpool. (1) More than 20 trained citizen science 
volunteers have collected information on litter abundance (including fragments) and distribution 
across the catchment. We organized several engagement events to publicize the project and its 
findings, including a logo competition in which 40 students drew logos of the project, four of 
which were used by a graphic designer to create our project logo. (2) The Plastics Action project 
used online surveys, 17 volunteer interviews, two workshops, and several Steering Group 
meetings with volunteers and stakeholders to gather information on successes, challenges, and 
lessons learnt on the part of local river clean-up groups, often connected with one of our regional 
partners (Tyne Rivers Trust, Mersey Rivers Trust, RiverCare Beach Care, and Action for the River 
Kennet). Over 30 volunteers have been surveyed and/or interviewed. A Roadmap is being finalized 
to scale up river clean-up group activities, which includes advice on estimating costs for local 
litter pick groups. We also ran a national conference attended by >60 people (see Figure 3), where 
Thames21, partners, volunteers, and stakeholders including academics and a Member of 
Parliament of a London constituency presented and discussed their respective work on clean-up 
activities and policies on littering prevention. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
(1) Plastic Free Mersey. About 20 volunteers have collected data on the amount and type of 

plastic and other litter items on riverbanks and on a few estuary sites. Over 7,000 litter items were 
recorded and safely removed from 12 rivers over two years and other volunteers participated in 
regular litter picks to remove larger amounts of litter from around rivers in the Mersey. Plastic food 
packaging, cigarette butts, plastic bags, and sanitary items (e.g. wet wipes) were the most 
prevalent items. The abundance of litter fragments was most often 1-9 and 10-99 fragments in 
the riverbank 60m2 sections surveyed; fragments were slightly more abundant on riverbanks than 

https://www.thames21.org.uk/plastic-free-mersey/
https://www.thames21.org.uk/connecting-communities/plastics-action-connecting-local-groups-and-upscaling-river-clean-up-work/
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at estuary sites (e.g.: on promenades overlooking the River Mersey estuary in the Liverpool area). 
In the sites surveyed thus far by our Mersey Rivers Trust volunteers, plastic litter accounted for 
>50% of the total litter found, which confirms what other citizen science studies have observed 
in sites around rivers and estuaries, as well as coasts (Winton et al. 2019). In Figure 1, the sites 
surveyed are shown; sites with bins (13 sites; ~80 data points) showed lower number of litter 
items than those without bins (7 sites; ~50 data points).  

 
[ŔŊЮΝЮШ~ċƓШŸŉШĬċƣċШĦŸũũĲĦƣŔŸŰШƚŔƣĲƚШ 

ы]ƖĲĲŰаШƚŔƣĲƚШƽŔƣőШŰŸШĤŔŰƚбШÂŔŰťаШƚŔƣĲƚШƽŔƣőШĤŔŰƚбШċШĤŔŰШƽċƚШƓƖĲƚĲŰƣШĤƨƣШŰŸƣШĦũŸƚĲШĤǃШċƣШƣőĲШ7ŸũũŔŰΝШƚŔƣĲьЮ 

Where present, bins, were observed on promenades, near shops and retail parks, on adjacent 
roads, and in urban parks. The number of litter items found tended to be higher where no bins 
were present, but recent data is being analysed to ascertain whether the presence or absence of 
bins may be a direct cause of litter abundance. The number of fragments found in each 60m2 data 
collection area was most often either 1-9 or 10-99, which is not surprising based on other studies 
(Figure 2). This data on fragments represent both a demonstration of how litter breaks down over 
time and a reminder that further fragmentation is a key risk (i.e., microplastics threaten wildlife, 
ecosystems, and human beings) associated with plastics (as well as other litter materials). 

 

[ŔŊЮШΞЮШ ƨůĤĲƖШŸŉШƚŔƣĲƚШƽŔƣőШĬŔǭĲƖĲŰƣШċĤƨŰĬċŰĦĲШŸŉШŉƖċŊůĲŰƣƚШŔŰШƣőĲШΣΜůΞШƚƨƖƻĲǃШƚĲĦƣŔŸŰƚШ 
ŸŰШƖŔƻĲƖĤċŰťƚШŔŰШƣőĲШ~ĲƖƚĲǃШĦċƣĦőůĲŰƣЮ 

(2) Plastics Action. Volunteer surveys and workshops highlighted successful approaches and 
ongoing challenges when running local litter pick / river clean-up groups and events (see Figure 
4). Online surveys, conducted in July 2022 by Thames21, have highlighted key data on group size, 
number and frequency of events, lessons learnt and challenges. Twenty-two volunteers 
responded to our 18 question online survey. Median values from surveys show that: the volunteer 
groups enlist 30 people, hold a monthly clean-up event, where just under 10 bags of litter are 
removed, with 50% of litter being plastics. Volunteers may get tired of mopping the floor by 
cleaning litter only for it to re-accumulate in river and terrestrial environments alike and are also 
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be looking forward to helping society as a whole to prevent littering and waste leakage from 
industry and other sources. Overall, enthusiasm and competency are high and heartening that 
these efforts will help change behaviours for good, helping people understand how important it 
is to not litter and refuse unnecessary items, reduce the use of plastic and other materials, reuse, 
recycle, recover, rethink, and repurpose (Marazzi et al., 2020). We are now finalizing a Roadmap 
to inform funding applications to best support the numerous local groups involved in actions to 
clean-up rivers and prevent plastic pollution moving forward. We will be seeking additional 
funding to empower these groups to do more and better towards cleaning up rivers and preventing 
further pollution.  

 
 

 

 

 

 

 

 

[ŔŊЮШΟЮШÑőĲШÂũċƚƣŔĦƚШ ĦƣŔŸŰШŰċƣŔŸŰċũШĦŸŰŉĲƖĲŰĦĲШŔŰШxŸŰĬŸŰШыΟΜƣőШ ŸƻĲůĤĲƖШΞΜΞΞьЮ 

 

[ŔŊЮШΠЮШéŸũƨŰƣĲĲƖƚШċƣШƖŔƻĲƖШĦũĲċŰрƨƓШĲƻĲŰƣƚШŔŰШEċƚƣШ ŰŊũŔċШыũĲŉƣьШċŰĬШŔŰШ~ċƖũĤŸƖŸƨŊőШыƖŔŊőƣьЯШ 
ƚŸƨƣőĲƖŰШEŰŊũċŰĬШрШĦŸŰŰĲĦƣĲĬШƣŸШƣőĲШÂũċƚƣŔĦƚШ ĦƣŔŸŰШƓƖŸŢĲĦƣЮ 

9§ 9xÖÉf§ É 
Combining citizen science and stakeholder and public engagement is both challenging and 

effective in tackling plastic pollution. The challenge is represented by working with industry, local 
authorities, other NGOs and community groups, alongside volunteers in order to understand litter 
distribution and pathways and ultimately reduce plastic and other litter in the river environments 
in England. The Plastic Free Mersey and Plastics Action projects have established and are 
maintaining valuable connections and working relationships with other Rivers Trusts and 
numerous volunteer groups working in their catchments, which are essential to enable 
knowledge sharing and mutual inspiration to clean-up rivers and prevent further pollution. Citizen 
science can also draw on collaboration with artists and teachers to stimulate meaningful change 
at the local and regional levels. 
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9u §ìxE?]E~E ÑÉ 
We thank all of our >50 citizen science volunteers involved in both projects. Funding for the 

Plastic Free Mersey project from LyondellBasell, INOVYN, Peel NRE, British Plastic Federation 
and in-kind support from Plastics Europe and RECOUP is gratefully acknowledged. We thank the 
National Lottery Community Fund and the Thames Rivers Trust for funding the Plastics Action 
project. 

ÅE[EÅE 9EÉ 
ƻċŰШEůůĲƖŔťЯШÑЮШċŰĬШÉĦőƽċƖǍЯШ ЮЯШΞΜΞΜЮШÂũċƚƣŔĦШĬĲĤƖŔƚШŔŰШƖŔƻĲƖƚЮШìŔũĲǃШfŰƣĲƖĬŔƚĦŔƓũŔŰċƖǃЮÅĲƻŔĲƽƚжЮ
ìċƣĲƖЯШΤыΝьЯШƓЮĲΝΟΦΥЮ 

~ċƖċǍǍŔЯШxЮЯШxŸŔƚĲũũĲЯШÉЮЯШ ŰĬĲƖƚŸŰЯШxЮ]ЮЯШÅŸĦũŔǭĲЯШÉЮШċŰĬШìŔŰƣŸŰЯШ?ЮsЮЯШΞΜΞΜЮШ9ŸŰƚƨůĲƖрĤċƚĲĬШ
ċĦƣŔŸŰƚШƣŸШƖĲĬƨĦĲШƓũċƚƣŔĦШƓŸũũƨƣŔŸŰШŔŰШƖŔƻĲƖƚаШ ШůƨũƣŔрĦƖŔƣĲƖŔċШĬĲĦŔƚŔŸŰШċŰċũǃƚŔƚШċƓƓƖŸċĦőЮШÂũŸÉЮ
ŸŰĲЯШΝΡыΥьЯШƓЮĲΜΞΟΣΠΝΜЮ 

ìŔŰƣŸŰЯШ?ЮsЮЯШ ŰĬĲƖƚŸŰЯШ xЮ]ЮЯШ ÅŸĦũŔǭĲЯШ ÉЮШ ċŰĬШ xŸŔƚĲũũĲЯШ ÉЮЯШ ΞΜΞΜЮШ ~ċĦƖŸƓũċƚƣŔĦШƓŸũũƨƣŔŸŰШ ŔŰШ
ŉƖĲƚőƽċƣĲƖШĲŰƻŔƖŸŰůĲŰƣƚаШ[ŸĦƨƚŔŰŊШƓƨĤũŔĦШċŰĬШƓŸũŔĦǃШċĦƣŔŸŰЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣЯШ
ΤΜΠЯШƓЮΝΟΡΞΠΞЮ
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7ƖŔŊőƣШƚƓŸƣƚШŸŉШƓĲċƣũċŰĬШƖĲƽĲƣƣŔŰŊ 

]ĲƖċũĬШsƨƖċƚŔŰƚťŔċЯШsŸőŰШ9ŸƨƽĲŰĤĲƖŊċЯШ[ƖċŰǍŔƚťċШuŸĲĤƚĦőċЯШ 
ÅċũƓőШÑĲůůŔŰťĤЯШÅĲŰƚťĲШsEШéƖŸŸůċЯШ~ŔĦőĲũũĲШìEШƻċŰШ~ƨũťĲŰĤШ 

aPeatland Science, Institute of Botany and Landscape Ecology, University  
of Greifswald, Greifswald, Germany т Partner in the Greifswald Mire Centre 

bCopernicus Institute of Sustainable Development, Utrecht University,  
Utrecht, The Netherlands 

 

f ÑÅ§?Ö9Ñf§  
Conservation and rewetting of the world's carbon densest ecosystems, i.e., peatlands, plays 

a key role to reach global climate and biodiversity goals and support human health and wellbeing. 
The challenge to conserve more than 460 million ha of (near)natural peatland and to rewet 50 
million ha of drained and/or degraded peatland is huge and large-scale restoration of drained 
peatlands is just about to begin (Tanneberger et al. 2021). 

While the concept of sustainability and restoration of natural resources has long been 
ĲƚƣċĤũŔƚőĲĬШŔŰШƚŔũƻŔĦƨũƣƨƖĲЯШƓĲċƣũċŰĬƚШőċƻĲШĤĲĲŰШƣƖĲċƣĲĬШƽŔƣőШŰĲŊũĲĦƣШċũƣőŸƨŊőШċũƖĲċĬǃШƣőĲШƽŸƖũĬќƚШ
first scientific book on peatlands (de Schook 1965) included a chapter on peatland restoration 
and addressed the question of their long-term use. The overall approach towards peatlands, 
however, did not reflect this insight. Instead, peatland drainage was, for a long time, considered 
a cultural achievement allowing for land reclamation for agriculture and settlements (UNEP 
2022).  

ÅŔĦőċƖĬШxŔŰĬƚċǃШыΝΦΦΞьШŔŰƣƖŸĬƨĦĲĬШƣőĲШƣĲƖůШј9ŔŰĬĲƖĲũũċШƚǃŰĬƖŸůĲљШƣŸШĬĲƚĦƖŔĤĲШőŸƽШƓĲċƣũċŰĬƚШ
were neglected in nature conservation and public discourse because the parallels between 
Cinderella in the fairytale, whose beauty and importance are not recognised, and society's view 
of peatlands were quite striking. While rewetting and restoration of peatlands are now discussed 
much more widely (e.g., Zak & McInnes 2023, Temmink et al. 2024), the early warning from Findorf 
(1764) that restoration success may be slow can only now be quantified at a substantial amount 
of rewetted sites, across continental scales and multiple ecosystem functions. Kreyling et al 
(2021)  ƚőŸƽШƣőċƣШƖĲƽĲƣƣĲĬШƓĲċƣũċŰĬƚШċƖĲШŔŰĬĲĲĬШŸŉƣĲŰШјŰŸƻĲũШĲĦŸƚǃƚƣĲůƚљЮШ 

Starting in the second half of the 20th century, first efforts to restore peatlands mainly focused 
on previously extracted areas, while now more and more also rewetting of agriculturally drained 
peatlands is addressed.  

Recognizing the need to address the existing challenges in peatland conservation and 
rewetting, this work attempts to balance the problem-oriented focus of many peatland scientists 
and practitioners with a positive perspective that emphasizes the successes achieved despite 
the difficulties. By reviewing peatland conservation and restoration projects across various 
ůĲƣƖŔĦƚЯШƽĲШŔĬĲŰƣŔŉǃШћĤƖŔŊőƣШƚƓŸƣƚќЯШŔЮĲЮШƚƓĲĦŔŉŔĦШsuccessful locations or projects that can serve as 
models for future restoration efforts. We want to start a participatory process to develop positive 
narratives whose aim shall not be to soothe our conscience but to guide us further by providing 
positive examples, lessons to learn and guidelines for future conservation, rewetting, and 
restoration efforts. 

~EÑc§?É 
Based on brainstorming sessions we tried to collect as many positive examples of successful 

peatland conservation/rewetting projects. It soon became obvious, that we need to address 
ĬŔŉŉĲƖĲŰƣШĦċƣĲŊŸƖŔĲƚШŸŉШјƓƖŸŢĲĦƣƚљЯШĤĲĦċƨƚĲШċũƚŸШƖĲŊƨũċƣŸƖǃШĦőċŰŊĲƚШũŔťĲШƓƨƣƣŔŰŊШŔŰШƓũċĦĲШċШŰĲƽШ
ũċƽЯШĦċŰШĤĲШƨŰĬĲƖƚƣŸŸĬШċƚШċШјĤƖŔŊőƣШƚƓŸƣљЯШƽőĲŰШŔƣШċŉŉĲĦƣƚШƓĲċƣũċŰĬƚШƓŸƚŔƣŔƻĲũǃЮШìĲШĬŔŉŉĲƖĲŰƣŔċƣĲШ
the following categories of bright spots in peatland protection and restoration: 
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- Putting large scale regulations into practice (like, e.g., including protecting peatland 
functioning within the Ramsar Convention or developing a first of its kind EU nature restoration 
law1 or the large efforts Indonesia has undertaken 

- Successful wide scale public funding for peatland restoration, like within the EU Life 
programme 

- Successful privately financed restoration efforts, like those reported and organised under 
www.wetlandswork.org (Chesapeake Bay) or reflected in restoration success stories from the 
San Francisco Bay 

- Science based provision of peatland rewetting and restoration methods like the Canadian 
moss layer transfer technique or similar approaches that have been tested in Germany 

- Development of alternative, wet land use options that pave the way for sustainable income 
opportunities while protecting the peat, i.e. paludicultures or photovoltaics under 
permanently waterlogged conditions 

A first compilation of projects along these lines is derived. The identified projects are assigned 
to the above categories and where possible, data on costs and monitoring results are included. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
What we present is very much work in progress and we hope that we can convince our 

colleagues to contribute to this work. First results suggest  that peatland restoration efforts can 
be successful over large spatial scales, persist for decades and yield benefits for climate, water 
supply, biodiversity, and land subsidence while still being cost effective. These bright spots 
highlight that restoration of peatland ecosystems can be used as a nature-based solution to 
mitigate climate, conserve and restore unique biodiversity and support human livelihoods. 
Despite being in its infancy, peatland conservation and restoration holds immense potential for 
rapid advancement and can unlock a range of services and innovative wet land use options that 
benefit nature and tackle grand societal challenges.  

9§ 9xÖÉf§ É 
The task we have before us is enormous. In many peatland-rich regions, drainage-based land 

use is still a vital source of income, but it also contributes substantially to the multiple crisis 
humanity currently faces including climate change, biodiversity loss and water scarcity. Building 
resilient land use systems for the 21st century is unquestionably a difficult endeavour that 
requires positive energy and the best available knowledge and data. We propose to learn from 
light house projects, to foster a solution-oriented debate and to inspire policy makers, land 
managers, and communities to take action. True progress starts with a positive narrative about 
desirable futures and how we can achieve them. 

ÅE[EÅE 9EÉ 
[ŔŰĬŸƖǭЯШsЮ9ЮШΝΤΣΠШыƓƨĤũŔƚőĲĬШŔŰШΝΦΟΤьЮШ7ĲŔƣƖęŊĲШƨŰĬШ[ƖċŊůĲŰƣĲШǍƨШĲŔŰĲůШ~ŸŸƖťċƣĲĦőŔƚůƨƚоƻŸŰШ
sƬƖŊĲŰШ9őƖŔƚƣŔċŰШ[ŔŰĬŸƖǭШƨŰĬШ ŰůĲƖťƨŰŊĲŰШƻŸŰШ[ЮШ7ƖƬŰĲЯШuЮШxŔũŔĲŰƣőċũШƨŰĬШ[ЮШ§ƻĲƖĤĲĦťЮШ
я9ŸŰƣƖŔĤƨƣŔŸŰƚШċŰĬШŉƖċŊůĲŰƣƚШƣŸШċШƓĲċƣũċŰĬШĦċƣĲĦőŔƚůШŉƖŸůШsƬƖŊĲŰШ9őƖŔƚƣŔċŰШ[ŔŰĬŸƖǭШƽŔƣőШ
ƖĲůċƖťƚШŉƖŸůШ[ЮШ7ƖƬŰĲЯШuЮШxŔũŔĲŰƣőċũШċŰĬШ[ЮШ§ƻĲƖĤĲĦťѐЮШÉƣċũũŔŰŊЯШ§ũĬĲŰĤƨƖŊЮ 

uƖĲǃũŔŰŊШsЯШÑċŰŰĲĤĲƖŊĲƖШ[ЯШsċŰƚĲŰШ[ЯШƻċŰШĬĲƖШxŔŰĬĲŰШÉЯШ ŊŊĲŰĤċĦőШÉЯШ7ũƬůũШéЯШ9ŸƨƽĲŰĤĲƖŊШsЯШ
EůƚĲŰƚШìрsЯШsŸŸƚƣĲŰШcЯШuũŔůťŸƽƚťċШ ЯШuŸƣŸƽƚťŔШìЯШuŸǍƨĤШxЯШxĲŰŰċƖƣǍШ7ЯШxŔĦǍŰĲƖШòЯШxŔƨШcЯШ
~ŔĦőċĲũŔƚШ?ЯШ§ĲőůťĲШ9ЯШÂċƖċťĲŰŔŰŊƚШuЯШÂũĲǃũШEЯШÂŸǃĬċШ ЯШÅċċĤĲШÉЯШÅƁőũШ~ЯШÅƬĦťĲƖШuЯШÉĦőŰĲŔĬĲƖШ
ЯШÉĦőƖċƨƣǍĲƖШsЯШÉĦőƖƁĬĲƖШ9ЯШÉĦőƨŊШ[ЯШÉĲĲĤĲƖШEЯШÑőŔĲũШ[ЯШÑőŔĲũĲШÉЯШÑŔĲůĲǃĲƖШ7ЯШÑŔůůĲƖůċŰŰШÑЯШ

ÖƖŔĦőШÑЯШƻċŰШ?ŔŊŊĲũĲŰШÅЯШéĲŊĲũŔŰШuЯШéĲƖĤƖƨŊŊĲŰШEЯШìŔũůťŔŰŊШ~ЯШìƖċŊĲр~ƁŰŰŔŊШ ЯШìŸŮĲŢťŸШxЯШüċťШ

 
1 When we started our endeavor, we were still  considering the EU nature restoration law as such a bright 
spot but meanwhile the future of this important  law remains unsure. 

http://www.wetlandswork.org/
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?ЯШsƨƖċƚŔŰƚťŔШ]ЮШΞΜΞΝЮШÅĲƽĲƣƣŔŰŊШĬŸĲƚШŰŸƣШƖĲƣƨƖŰШĬƖċŔŰĲĬШŉĲŰШƓĲċƣũċŰĬƚШƣŸШƣőĲŔƖШŸũĬШƚĲũƻĲƚЮШ
 ċƣƨƖĲЮ9ŸůůƨŰŔĦċƣŔŸŰƚШΝΞаΡΣΦΟШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΠΣΤрΜΞΝрΞΡΣΝΦрǃ 

xŔŰĬƚċǃЯШÅЮШΝΦΦΞЮШÂĲċƣũċŰĬШĦŸŰƚĲƖƻċƣŔŸŰШȤШƣőĲШ9ŔŰĬĲƖĲũũċШÉǃŰĬƖŸůĲЮШfŰаШ7ƖċŊŊШ§Ю~ЮЯШcƨũůĲЯШÂЮ?ЮЯШ
fŰŊƖċůЯШcЮ ЮÂЮЯШċŰĬШÅŸĤĲƖƣƚŸŰЯШÅЮ ЮШыEĬƚЮьШΝΦΦΞЮШÂĲċƣũċŰĬЮĲĦŸƚǃƚƣĲůƚЮċŰĬЮůċŰжЮċŰЮŔůƓċĦƣЮ
ċƚƚĲƚƚůĲŰƣдШÖŰŔƻĲƖƚŔƣǃШŸŉШ?ƨŰĬĲĲо7ƖŔƣŔƚőШEĦŸũŸŊŔĦċũШÉŸĦŔĲƣǃЯШ~ŔƖĲƚШÅĲƚĲċƖĦőШ]ƖŸƨƓЮШƓƓЮШΟΟΝȤ

ΟΠΠЮШ 

ÉĦőŸŸĦťЯШ~ЮШΝΣΡΥЮШÑƖċĦƣċƣƨƚЮĬĲЮƣƨƖǭŔƚЮĦĲƨЮĦĲƚƓŔƣŔĤƨƚЮĤŔƣƨůŔŰŸƚŔƚжЮƕƨŸЮůƨũƣċеЮċĤЮċũŔŔƚЮőċĦƣĲŰƨƚЮ
ċƨƣЮŰĲŊũĲĦƣċеЮċƨƣЮůŔŰƨƚЮĬŔũŔŊĲŰƣĲƖЮĲǂċůŔŰċƣċеЮċĦĦƨƖċƣŔƨƚЮċũŔƕƨċŰƣŸЮĲǂĦƨƣŔƨŰƣƨƖЮШя ШƣƖĲċƣŔƚĲШŸŰШ
ƓĲċƣƚШċƚШĤŔƣƨůŔŰŸƨƚШƚŸĬƚѐЮШ9ƁũũĲŰЯШ]ƖŸŰŔŰŊĲŰЯШƣőĲШ ĲƣőĲƖũċŰĬƚ 

ÑċŰŰĲĤĲƖŊĲƖЯШ[ЮЯШ ĤĲũЯШÉЮЯШ9ŸƨƽĲŰĤĲƖŊЯШsЮЯШ?ċőůƚЯШÑЮЯШ]ċƨĬŔŊЯШ]ЮЯШ]ƬŰƣőĲƖЯШ ЮЯШuƖĲǃũŔŰŊШsЯШÂĲƣĲƖƚЯШsЮЯШ
ÂŸŰŊƖċƣǍЯШsЮЯШsŸŸƚƣĲŰЯШcЮШΞΜΞΝЮШÑŸƽċƖĬƚШŰĲƣШǍĲƖŸШ9§ΞШŔŰШΞΜΡΜаШ ŰШĲůŔƚƚŔŸŰШƖĲĬƨĦƣŔŸŰШƓċƣőƽċǃШ
ŉŸƖШ ŸƖŊċŰŔĦШ ƚŸŔũƚШ ŔŰШ ]ĲƖůċŰǃЮШ~ŔƖĲƚЮ ċŰĬЮ ÂĲċƣШ ΞΤаΜΡЮШ őƣƣƓƚаооĬŸŔЮŸƖŊоШ
ΝΜЮΝΦΝΥΦо~ċÂЮΞΜΞΜЮÉ Â]ЮÉƣ ЮΝΦΡ 

ÑĲůůŔŰťЯШÅЮsЮЯШÅŸĤƖŸĲťЯШ7ЮsЮЯШƻċŰШ?ŔŢťЯШ]ЮЯШuŸťƚЯШ ЮcЮЯШuęęƖůĲũċőƣŔЯШÉЮ ЮЯШ7ċƖƣőĲũůĲƚЯШ ЮЯШìċƚƚĲŰШ
~ЮsЮЯШüŔĲŊũĲƖЯШÅЮЯШÉƣĲĲũĲЯШ~Ю ЮЯШ]ŔĲƚĲŰЯШìЮЯШsŸŸƚƣĲŰЯШcЮЯШ[ƖŔƣǍЯШ9ЮЯШxċůĲƖƚЯШШxЮÂЮ~ЮЯШċŰĬШÉůŸũĬĲƖƚЯШ
ЮsЮÂЮШΞΜΞΠЮШìĲƣƚĦċƓĲƚШƓƖŸƻŔĬĲШƣőĲШƓőǃƚŔĦċũШĤċƚŔƚШƣŸШƚƨƚƣċŔŰċĤũĲШƓĲċƣũċŰĬШũŔƻĲũŔőŸŸĬƚЮШ ůĤŔŸШ

ΡΟыΞьаШΟΡΡтΟΡΤ 

Ö EÂШΞΜΞΞЮШ]ũŸĤċũЮÂĲċƣũċŰĬƚЮ ƚƚĲƚƚůĲŰƣЮшЮÑőĲЮÉƣċƣĲЮŸŉЮƣőĲЮìŸƖũĬѢƚЮÂĲċƣũċŰĬƚжЮEƻŔĬĲŰĦĲЮŉŸƖЮ
ċĦƣŔŸŰЮƣŸƽċƖĬЮƣőĲЮĦŸŰƚĲƖƻċƣŔŸŰеЮƖĲƚƣŸƖċƣŔŸŰеЮċŰĬЮƚƨƚƣċŔŰċĤũĲЮůċŰċŊĲůĲŰƣЮŸŉЮƓĲċƣũċŰĬƚЮШ
ÉƨůůċƖǃШ ŉŸƖШ ÂŸũŔĦǃШ ~ċťĲƖƚЮШ ]ũŸĤċũШ ÂĲċƣũċŰĬƚШ fŰŔƣŔċƣŔƻĲЮШ ÖŰŔƣĲĬШ  ċƣŔŸŰƚШ EŰƻŔƖŸŰůĲŰƣШ
ÂƖŸŊƖċůůĲЯШ ċŔƖŸĤŔЮ 

üċťЯШ?ЮШċŰĬШ~ĦfŰŰĲƚЯШÅЮsЮШΞΜΞΟЮШ ШĦċũũШŉŸƖШƖĲǯŰŔŰŊШƣőĲШƓĲċƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШƚƣƖċƣĲŊǃШŔŰШEƨƖŸƓĲЮШ
sŸƨƖŰċũЮŸŉЮ ƓƓũŔĲĬЮEĦŸũŸŊǃШΡΦыΝΝьаΞΣΦΥтΞΤΜΠ  
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ÅĲƽĲƣƣŔŰŊШƽŔƣőŸƨƣШũċŰĬрƨƚĲШĦőċŰŊĲаШ 
cċƻĲШǃŸƨƖШƓĲċƣШċŰĬШĲċƣШŔƣШƣŸŸ 

ÑŸůШcĲƨƣƚċЯШÄƨŔŰƣШƻċŰШ]ŔĲƖƚĤĲƖŊĲŰċЯШÅĲŔŰĬĲƖШ ŸƨƣċĤЯШ 
ÑŸůШ ŔŢůċŰċЯШÅċũŉШ ĤĲŰċЯШ§ƚƽŔŰШƻċŰШĬĲƖШÉĦőĲĲƖċЯШÂĲƣĲƖШcĲƨƣƚĦЯШ 

xŸƨŔƚШÉťŸƻƚőŸũƣĬЯШ[ŸŰƚШÉůŸũĬĲƖƚċЯШĲЯШ9őƖŔƚƣŔċŰШ[ƖŔƣǍċ 
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f ÑÅ§?Ö9Ñf§  

Agricultural drainage is a primary driver of peatland degradation, causing massive emissions 
and biodiversity loss, putting an enormous strain on the environment. Water level management 
(WLM) is a potential solution for peatland restoration, typically involving a land-use shift to 
paludiculture or nature. This conflicts with current stakeholders, who rely on current land-use, 
livestock farming, for their livelihood. 

When measures are taken to improve one ecosystem service (i.e. emission reduction), other 
ecosystem services are bound to be affected. The vegetation community might shift towards 
wetland-tolerant or wetland-specific species (a win-win scenario), but stored phosphorus could 
be released under anoxic conditions (a trade-off). 

This study explored the possibility of an intermediate step towards rewetting, where WLM is 
implemented without immediately changing the current land use. We investigated the effects on 
the target ecosystem service (emission reduction), as well as the biogeochemistry and vegetation 
diversity.  

~EÑc§?É 
We visited fourteen agricultural peatlands in Friesland (the Netherlands) and several extensive 

agricultural peatlands in Mecklenburg-Vorpommern (Germany). On seven Dutch sites, one of 
three water level management practices were implemented:  

1) Sub-surface irrigation; stabilization of the water table using tubes at 50 cm below the 
surface 

2) Furrow irrigation; furrows or ditches transport water near surface level along the pasture.  

3) Dynamic ditch water level regulation: The pasture is drained whenever the farming 
practices (such as grazing and mowing) immediately require it. A higher water level is 
maintained otherwise. 

In the results, these measures will be grouped as WLM because the direct effects on water 
levels did not differ significantly, while having the same intended effects. Grouping these three 
measures allows for more treatment replicates, increasing statistical power.  

We conducted vegetation diversity monitoring on each of the sites during the summer of 2023, 
as well as soil sampling for biogeochemical analyses. On each of the Dutch sites, we measured 
emissions using novel chamber systems.  
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The implemented WLM measures resulted in a significant increase in water level, showing 

their intended direct effect (Figure 1B). Our results did not show the expected consequences of 
WLM on greenhouse gas emissions, though. Our measurements did fit the trend published by 
Tiemeyer et al. (2020) well, but did not show a significant relationship on an annual basis.  

WLM also did not significantly affect vegetation diversity (Fig. 1A). Furthermore, the species 
richness per site, Shannon diversity, and species richness across all sites were much lower than 
expected, even relative to our expectations for cattle pastures.  

We hypothesize that the WLM did not show a significant effect because its effect size, which 
allows for the persistence of the current land use, is negligible. The range in land use intensity, 
expressed as grass harvest and fertilization, strongly correlates with increased vegetation 
diversity, showing the need to reduce LU intensity. While emissions did not show the same 
relationship with land use, we can deduce from the literature that a significant reduction in 
greenhouse gas emissions requires a water table close to the surface level, around 10 cm below 
(Tiemeyer et al., 2020; Evans et al., 2021). This is incompatible with intensive agriculture as well.  

WLM alone does not effectively mitigate emissions or benefit vegetation without a land-use 
change, but coupling WLM with a reduction in land-use intensity correlates with an increase in 
diversity, with effective emissions reduction also leading to land-use change.  

 
[ŔŊЮΝЮШьШÉőċŰŰŸŰШĬŔƻĲƖƚŔƣǃШċƚШċШŉċĦƣŸƖШŸŉШƽċƣĲƖШƣċĤũĲШĬĲƓƣőШċŰĬШ 

7ьШƽċƣĲƖШƣċĤũĲШĬĲƓƣőƚШĬƨƖŔŰŊШΞΜΞΝШċŰĬШΞΜΞΞ 

ÅE[EÅE 9EÉ 
 
ÑŔĲůĲǃĲƖЯШ7ЮЯШ[ƖĲŔĤċƨĲƖЯШ ЮЯШ7ŸƖƖċǍЯШEЮШ ЮЯШ ƨŊƨƚƣŔŰЯШsЮЯШ7ĲĦőƣŸũĬЯШ~ЮЯШ7ĲĲƣǍЯШÉЮЯШ7ĲǃĲƖЯШ9ЮЯШEĤũŔЯШ~ЮЯШ
EŔĦťĲŰƚĦőĲŔĬƣЯШÑЮЯШ[ŔĲĬũĲƖЯШÉЮЯШ[ƁƖƚƣĲƖЯШ9ЮЯШ]ĲŰƚŔŸƖЯШ ЮЯШ]ŔĲĤĲũƚЯШ~ЮЯШ]ũċƣǍĲũЯШÉЮЯШcĲŔŰŔĦőĲŰЯШsЮЯШ
cŸǭůċŰŰЯШ~ЮЯШcƁƓĲƖЯШcЮЯШsƨƖċƚŔŰƚťŔЯШ]ЮЯШxċŊŊŰĲƖЯШ ЮЯШвШ?ƖƁƚũĲƖЯШ~ЮШΞΜΞΜЮШ ШŰĲƽШůĲƣőŸĬŸũŸŊǃШ
ŉŸƖШŸƖŊċŰŔĦШƚŸŔũƚШŔŰШŰċƣŔŸŰċũШŊƖĲĲŰőŸƨƚĲШŊċƚШŔŰƻĲŰƣŸƖŔĲƚаШ?ċƣċШƚǃŰƣőĲƚŔƚЯШĬĲƖŔƻċƣŔŸŰШċŰĬШ
ċƓƓũŔĦċƣŔŸŰЮШEĦŸũŸŊŔĦċũЮfŰĬŔĦċƣŸƖƚЯШΤΣάЯЮΝΜΡΥΟΥЮШĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĲĦŸũŔŰĬЮΞΜΝΦЮΝΜΡΥΟΥ 

EƻċŰƚЯШ9ЮШ?ЮЯШÂĲċĦŸĦťЯШ~ЮЯШ7ċŔƖĬЯШ ЮШsЮЯШ ƖƣǍЯШÅЮШÅЮШEЮЯШ7ƨƖĬĲŰЯШ ЮЯШ9ċũũċŊőċŰЯШ ЮЯШ9őċƓůċŰЯШÂЮШsЮЯШ
9ŸŸƓĲƖЯШcЮШ~ЮЯШ9ŸǃũĲЯШ~ЮЯШ9ƖċŔŊЯШEЮЯШ9ƨůůŔŰŊЯШ ЮЯШ?ŔǂŸŰЯШÉЮЯШ]ċƨĦŔЯШéЮЯШ]ƖċǃƚŸŰЯШÅЮШÂЮЯШcĲũŉƣĲƖЯШ
9ЮЯШcĲƓƓĲũũЯШ9ЮШ~ЮЯШcŸũĬĲŰЯШsЮЯШsŸŰĲƚЯШ?ЮШxЮЯШuċĬƨťЯШsЮЯШвШ~ŸƖƖŔƚŸŰЯШÅЮШΞΜΞΝЮШ§ƻĲƖƖŔĬŔŰŊШƽċƣĲƖШ
ƣċĤũĲШ ĦŸŰƣƖŸũШ ŸŰШ ůċŰċŊĲĬШ ƓĲċƣũċŰĬШ ŊƖĲĲŰőŸƨƚĲШ ŊċƚШ ĲůŔƚƚŔŸŰƚЮШ ċƣƨƖĲЯШΨάΦЮШ
ĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΡΥΣрΜΞΝрΜΟΡΞΟрΝ 
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ΡΦ 
 

EǭĲĦƣƚШŸŉШĬŔǭĲƖĲŰƣШŔƖƖŔŊċƣŔŸŰШƣĲĦőŰŔƕƨĲƚШ 
ŸŰШÉƓőċŊŰƨůШŊƖŸƽƣőШċŰĬШŰƨƣƖŔĲŰƣШĬǃŰċůŔĦƚШ

ŔŰШÉƓőċŊŰƨůШƓċũƨĬŔĦƨũƣƨƖĲ 
ÉċŰŰŔůċƖŔШ ЮШuęęƖůĲũċőƣŔΝЯШ9őƖŔƚƣŔċŰШ[ƖŔƣǍΝЯΞЯШ]ċĤƖŔĲũũĲШÅЮШÄƨċĬƖċΝЯШ
]ƖĲƣċШ]ċƨĬŔŊШΟЯШ~ċƣƣőŔċƚШuƖĲĤƚΟЯШ]ŔŢƚШƻċŰШ?ŔŢťШΡЯΝЯШĬċůШcЮìЮШ
uŸťƚΡЯΝЯШũŉŸŰƚШsЮÂЮШШÉůŸũĬĲƖƚΝЯΡЯШÅċũƓőШsЮ~ЮШÑĲůůŔŰťШΠЯΝ 

Ν ƕƨċƣŔĦШEĦŸũŸŊǃШċŰĬШEŰƻŔƖŸŰůĲŰƣċũШ7ŔŸũŸŊǃЯШÅċĬĤŸƨĬШfŰƚƣŔƣƨƣĲШŉŸƖШ7ŔŸũŸŊŔĦċũШ
ċŰĬШEŰƻŔƖŸŰůĲŰƣċũШÉĦŔĲŰĦĲƚЯШÅċĬĤŸƨĬШÖŰŔƻĲƖƚŔƣǃЯШ ŔŢůĲŊĲŰЯШÑőĲШ ĲƣőĲƖũċŰĬƚ 

ΞfŰƣĲŊƖċƣĲĬШÅĲƚĲċƖĦőШŸŰШEŰĲƖŊǃЯШEŰƻŔƖŸŰůĲŰƣШċŰĬШÉŸĦŔĲƣǃЯШÖŰŔƻĲƖƚŔƣǃШŸŉШ
]ƖŸŰŔŰŊĲŰЯШ]ƖŸŰŔŰŊĲŰЯШÑőĲШ ĲƣőĲƖũċŰĬƚ 

ΟfŰƚƣŔƣƨƣĲШŸŉШ7ŸƣċŰǃШċŰĬШxċŰĬƚĦċƓĲШEĦŸũŸŊǃЯШÖŰŔƻĲƖƚŔƣǃШŸŉШ]ƖĲŔŉƚƽċũĬЯШ 
ƓċƖƣŰĲƖШŔŰШƣőĲШ]ƖĲŔŉƚƽċũĬШ~ŔƖĲШ9ĲŰƣƖĲЯШ]ƖĲŔŉƚƽċũĬЯШ]ĲƖůċŰǃ 

ΠEŰƻŔƖŸŰůĲŰƣċũШÉĦŔĲŰĦĲƚЯШ9ŸƓĲƖŰŔĦƨƚШfŰƚƣŔƣƨƣĲШŸŉШÉƨƚƣċŔŰċĤũĲШ?ĲƻĲũŸƓůĲŰƣЯШ 
ÖƣƖĲĦőƣШÖŰŔƻĲƖƚŔƣǃЯШÖƣƖĲĦőƣЯШÑőĲШ ĲƣőĲƖũċŰĬƚ 

Ρ7рì ÅEШÅĲƚĲċƖĦőШ9ĲŰƣƖĲЯШ ŔŢůĲŊĲŰЯШÑőĲШ ĲƣőĲƖũċŰĬƚ 

 
f ÑÅ§?Ö9Ñf§  

  Rewetting drained peatlands is crucial for restoring their ecosystem functions, e.g. carbon 
storage and unique biodiversity (Joosten et al. 2012, Gunther et al. 2020). Paludiculture, the 
cultivation of wetland plants on rewetted peatland, such as Sphagnum (peat moss), holds the 
potential to promote sustainable land use, biodiversity, and carbon and nutrient sequestration 
(Gaudig et al. 2018, Temmink et al. 2017, Vroom et al. 2020).  

  Sphagnum paludiculture sites require infrastructure for irrigation to keep the water table 
close to the moss surface (Gaudig et al. 2018, Pouliot et al. 2015). However, there are 
considerable methane emissions associated with the application of conventional ditch irrigation 
(Daun et al. 2020), which calls for improved water management techniques. 

~EÑc§?É 
  Our study investigated the growth and nutrient dynamics of Sphagnum in a paludiculture 

setting in North West Germany for three years with four water management techniques: (1) 
control (ditch distance of 10 m), (2) reduced amount of irrigation ditches (distance 35 m), (3) 
gravity irrigation with subsurface pipes, and (4) pressurized irrigation with subsurface pipes. After 
1,5  years, due to clogging of the subsurface pipes, treatments 3 and 4 received ditch overflow 
irrigation for the remainder of the experiment. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
  Our experiment showed that none of the new techniques functioned as well as the control. In 

addition, our findings suggest that after three years both of the subsurface irrigation treatments 
produced a similar amount of Sphagnum biomass as the control (Fig.1). Moreover, next to 
substantially lower biomass, we found indications of drought stress, P and K limitation within the 
reduced amount of irrigation ditches treatment. 
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ΣΜ 
 

[ŔŊЮШΝЮШ7ŔŸůċƚƚШыŊоůΞШьШŸŉШÉƓőċŊŰƨůШыŊƖĲǃьШċŰĬШŸƣőĲƖШƓũċŰƣƚШыƽőŔƣĲьШ 
ŔŰШ ŸƻĲůĤĲƖШΞΜΞΟШŔŰШŉŸƨƖШƣƖĲċƣůĲŰƣƚШƣőƖĲĲШǃĲċƖƚШċŉƣĲƖШĲƚƣċĤũŔƚőůĲŰƣЮ 

9§ 9xÖÉf§ É 
We conclude that a 35 m ditch distance is too much to support optimal Sphagnum growth, 

and subsurface irrigation does not improve Sphagnum growth and nutrient dynamics compared 
to the control. Further research is needed to explore alternative emission-reducing irrigation 
techniques for Sphagnum paludiculture.  

ÅE[EÅE 9EÉ 
?ċƨŰШ9ЮЯШcƨƣőШéЮЯШ]ċƨĬŔŊШ]ЮЯШ]ƬŰƣőĲƖШ ЮЯШuƖĲĤƚШ~ЮЯШsƨƖċƚŔŰƚťŔШ]ЮШΞΜΞΟь[ƨũũрĦǃĦũĲШŊƖĲĲŰőŸƨƚĲШŊċƚШ
ĤċũċŰĦĲШŸŉШċШÉƓőċŊŰƨůШƓċũƨĬŔĦƨũƣƨƖĲШƚŔƣĲШŸŰШŉŸƖůĲƖШĤŸŊШŊƖċƚƚũċŰĬШŔŰШ]ĲƖůċŰǃЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮ
ÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣЮΥΤΤаΝΣΞΦΠΟЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƚĦŔƣŸƣĲŰƻЮΞΜΞΟЮΝΣΞΦΠΟ 

]ƬŰƣőĲƖШ ЮЯШ7ċƖƣőĲũůĲƚШ ЮЯШcƨƣőШéЮЯШsŸŸƚƣĲŰШcЮЯШsƨƖċƚŔŰƚťŔШ]ЮЯШuŸĲĤƚĦőШ[ЮЯШ9ŸƨƽĲŰĤĲƖŊШsЮШыΞΜΞΜьШ
ÂƖŸůƓƣШƖĲƽĲƣƣŔŰŊШŸŉШĬƖċŔŰĲĬШƓĲċƣũċŰĬƚШƖĲĬƨĦĲƚШĦũŔůċƣĲШƽċƖůŔŰŊШĬĲƚƓŔƣĲШůĲƣőċŰĲШĲůŔƚƚŔŸŰƚЮШ
 ċƣƨƖĲЮ9ŸůůƨŰŔĦċƣŔŸŰƚШΝΝЯШΝΣΠΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΠΣΤрΜΞΜрΝΡΠΦΦрǍ 

]ċƨĬŔŊШ]ЮЯШuƖĲĤƚШ~ЮЯШÂƖċŊĲƖШ ЮЯШìŔĦőůċŰŰШÉЮЯШ7ċƖŰĲǃШ~ЮЯШ9ċƓŸƖŰШÉЮsЮ~ЮЯШEůůĲũШ~ЮЯШ[ƖŔƣǍШ9ЮЯШ]ƖċŉШ
~ЮЯШ]ƖŸĤĲШ ЮЯШ]ƨƣŔĲƖƖĲǍШÂċĦőĲĦŸШÉЮЯШcŸŊƨĲрcƨŊƖŸŰШÉЮЯШcŸũǍƣƖęŊĲƖШÉЮЯШfƖƖŊċŰŊШÉЮЯШuęůęƖęŔŰĲŰШ ЮЯШ
uċƖŸŉĲũĬШEЮЯШuŸĦőШ]ЮЯШuŸĲĤĤŔŰŊШsЮ[ЮЯШuƨůċƖШÉЮЯШ~ċƣĦőƨƣċĬǍĲШfЮЯШ§ĤĲƖƓċƨƖШ9ЮЯШ§ĲƚƣůċŰŰШsЮЯШÅċċĤĲШ
ÂЮЯШÅċůůĲƚШ?ЮЯШÅŸĦőĲŉŸƖƣШxЮЯШÉĦőůŔũĲƽťƚŔШ]ЮЯШÉĲŰĬǏŔťċŔƣĽШsЮЯШÉůŸũĬĲƖƚШ ЮЯШÉƣрcŔũċŔƖĲШ7ЮЯШƻċŰШĬĲШ
ÅŔĲƣШ7ЮЯШìƖŔŊőƣШ7ЮЯШìƖŔŊőƣШ ЮЯШüŸĦőШxЮЯШsŸŸƚƣĲŰШcЮШΞΜΝΥЮШÉƓőċŊŰƨůШŉċƖůŔŰŊШŉƖŸůШƚƓĲĦŔĲƚШ
ƚĲũĲĦƣŔŸŰШ ƣŸШ ƣőĲШ ƓƖŸĬƨĦƣŔŸŰШ ŸŉШ ŊƖŸƽŔŰŊШ ůĲĬŔċаШ ċШ ƖĲƻŔĲƽЮШ~ŔƖĲƚЮ ċŰĬЮ ÂĲċƣШΞΜаШΝтΟΜЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΦΝΥΦо~ċÂЮΞΜΝΥЮ§~7ЮΟΠΜ 

sŸŸƚƣĲŰШcЮЯШÑċƓŔŸр7ŔƚƣƖƁůШ~ЮрxЮЯШÑŸũШÉЮШΞΜΝΞЮШÂĲċƣũċŰĬƚШрШŊƨŔĬċŰĦĲШŉŸƖШĦũŔůċƣĲШĦőċŰŊĲШůŔƣŔŊċƣŔŸŰШ
ƣőƖŸƨŊőШ ĦŸŰƚĲƖƻċƣŔŸŰЯШ ƖĲőċĤŔũŔƣċƣŔŸŰШ ċŰĬШ ƚƨƚƣċŔŰċĤũĲШ ƨƚĲЮШ ÂĲƣĲƖĤŸƖŸƨŊőаШ sŸŔŰƣШ  ċƣƨƖĲШ
9ŸŰƚĲƖƻċƣŔŸŰШ9ŸůůŔƣƣĲĲЮШ 

ÑĲůůŔŰťШÅЮsЮ~ЮЯШ[ƖŔƣǍШ9ЮЯШƻċŰШ?ŔŢťШ]ЮЯШcĲŰƚŊĲŰƚШ]ЮЯШxċůĲƖƚШxЮÂЮ~ЮЯШuƖĲĤƚШ~ЮЯШ]ċƨĬŔŊШ]ЮЯШsŸŸƚƣĲŰШcЮШ
ΞΜΝΤЮШÉƓőċŊŰƨůШ ŉċƖůŔŰŊШ ŔŰШ ċШ ĲƨƣƖŸƓőŔĦШ ƽŸƖũĬаШ ƣőĲШ ŔůƓŸƖƣċŰĦĲШ ŸŉШ ŸƓƣŔůċũШ ŰƨƣƖŔĲŰƣШ
ƚƣŸŔĦőŔŸůĲƣƖǃЮШEĦŸũŸŊŔĦċũЮ EŰŊŔŰĲĲƖŔŰŊеШ ΦΥаШ ΝΦΣтΞΜΡЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĲĦŸũĲŰŊЮΞΜΝΣЮΝΜЮΜΣΦ 

éƖŸŸůШÅЮsЮEЮЯШÑĲůůŔŰťШÅЮsЮ~ЮЯШƻċŰШ?ŔŢťШ]ЮЯШsŸŸƚƣĲŰШcЮЯШxċůĲƖƚШxЮÂЮ~ЮЯШÉůŸũĬĲƖƚШ ЮsЮÂЮЯШuƖĲĤƚШ~ЮЯШ
]ċƨĬŔŊШ]ЮЯШ[ƖŔƣǍШ9ЮШΞΜΞΜЮШ ƨƣƖŔĲŰƣШĬǃŰċůŔĦƚШŸŉШÉƓőċŊŰƨůШŉċƖůŔŰŊШŸŰШƖĲƽĲƣƣĲĬШĤŸŊШŊƖċƚƚũċŰĬШ
ŔŰШ ìШ]ĲƖůċŰǃЮШÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣШΤΞΣЯШΝΟΥΠΤΜЮШ  
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f ÑÅ§?Ö9Ñf§  

The above anthropomorphic approach to nature is, of course, a metaphor, but in my intention 
it is nevertheless more than a rhetorical figure. My initial premise is that the landscape is much 
more than the sum of perceptible attributes of space. This visual layer is a mere demonstration 
of the processes taking place in the physical and biological dimensions and the interactions 
between them, particularly acting as negative and positive feedback loops. Moreover, the natural 
landscape is a functional system in which individual elements - ecosystems - have functions and 
places assigned through biological and system evolution. Water is the most important connector 
of this system. In the lowland landscape of Central Europe, the distribution of individual 
ecosystems in the catchment both depends on and shapes the flow of water through the 
landscape - controlling water resources in terms of quantity and quality. Forests, peatlands, 
streams, riverside wetlands, floodplains, and oxbow lakes are pieces of the ecohydrological 
puzzle that make up a functional landscape, characterized by resilience, i.e. the ability to respond 
to change while maintaining key functions. Whereas large-scale catchment transformations have 
fundamentally disrupted this landscape resilience, depriving individual (wetland) ecosystems of 
their functions, ecological restoration should aim to reconstruct it. Based on examples of 
peatland landscapes from lowland Poland I will argue that our approach to restore functionality 
of degraded landscapes should stem from ecohydrological landscape analysis and aim to 
reconstruct zonation patterns and the lost interdependence of different wetland ecosystems 
rather than re-create original ecosystems in their pre-degradation locations. 

 ~EÑc§?É 
This paper is based on a review of source literature, including my own research on fen 

vegetation ecology and a series of case studies from lowland Poland т wetland landscapes which 
I analyzed for various purposes together with colleagues from our research group and Wetland 
Conservation Centre.  

I will refer to the following features of wetland types in functional landscapes and assess their 
restorability in degraded systems: primary productivity, water retention and microclimatic 
control, carbon balance and global warming potential, nutrient removal and water cleanup, 
biomass utilization options and, last but not least, species richness, species rarity and 
conservation importance.  

The following analyses helped to gain overview of wetland development and their functioning 
in the landscape: botanical and phytosociological inventories or reconnaissances, productivity 
measurements of shoots, roots and bryophytes, groundwater depth measurements in 
piezometers, in-situ peat stratigraphy analyses, digital land elevation models, and drainage 
system inventories. Additionally, socio-economical and land ownership situation was assessed, 
using open data sources, as well as direct interviews with stakeholders.   
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Lowland wetland landscapes have been developing in Central Europe at least since the onset 

of Holocene 11.5 thousand years ago. However, the feedback mechanisms т between individual 
plant level (shaped by genetic evolution) and the landscape / riverscape level (shaped by system 
evolution in the informatics sense) are much older, having developed over hundreds of millions 
of years. The position of different types of wetlands in the landscape is an effect not only of the 
original water flow and water quality, but also reflects different stages of successional 
development of these ecosystems, as well as whole landscape development. Wetlands 
accommodate available water and chemical energy (nutrients) responding to both external 
forces (climate, base geomorphology) and internal feedbacks (autogenic processes). As a result 
of water-resistent properties of peat, mires expand upward the slopes, as well as lead to rise of 
water tables in surrounding landscapes, thereby initiating development of new mires, that would 
eventually merge as mire massives. This process has been disturbed almost everywhere in 
Central and Western Europe, braking up landscape functionality. In most cases, which I review, 
protected remnants of degraded mire ecosystems suffer from drainage located in other parts of 
the former system, usually the lowest-lying parts and often originally the oldest ones.  

I will argue that only a complex approach, in which the whole landscape is taken into account, 
allows for the achievement of both climate goals (minimizing peatland emissions), biodiversity 
goals (restoration of disturbed stands of protected mire species) and minimizing social conflicts. 
Ecohydrological landscape analysis combined with a socio-economic outlook allows for sound 
zonation of landscape functions. However, the key to (partly) restoring them, lies in the lowest-
lying, intensively drained, sites. We sometimes have to accept completely novel ecosystems with 
new functions as targets in these parts of wetland landscapes, in order to prevent their further 
deterioration and re-create groundwater pressure in the surrounding landscapes. In my examples 
I will deal with: wild swamp, paludiculture cropland, shallow pond system or a wetland 
recreational park.  

 
9u §ìxE?]E~E ÑÉ 
ÉĲƻĲƖċũШ ŸŉШ ƣőĲШ ũŸĦċũŔƣŔĲƚШ ƖĲƻŔĲƽĲĬШ ƽĲƖĲШ ċŰċũǃǍĲĬШ ƽŔƣőŔŰШ ƣőĲШ ƓƖŸŢĲĦƣШ љÅĲůĲůĤĲƖШ ċĤŸƨƣШ

ƽĲƣũċŰĬƚњШĤǃШWetlands Conservation Centre (9ĲŰƣƖƨůШ§ĦőƖŸŰǃШ~ŸťƖċĬĲŮ), I want to thank 
Magdalena Siemaszko and Olga Roszkowska, co-ordinators of this project. Other sites were 
ċƚƚĲƚƚĲĬШƽŔƣőШƚƣƨĬĲŰƣƚШŸŉШůǃШĦŸƨƖƚĲШљ~ŔƖĲШĲĦŸƚǃƚƣĲůШĦŸŰƚĲƖƻċƣŔŸŰњЯШċŰĬШůǃШƣőċŰťƚШŊŸШƣŸШƣőĲШ
ƚƣƨĬĲŰƣƚШċƚШƽĲũũШċƚШůǃШĦŸũũĲċŊƨĲƚЯШƽőŸШŢŸŔŰƣũǃШũĲĬШƣőĲШĦŸƨƖƚĲЯШĲƚƓĲĦŔċũũǃШ}ƨťċƚǍШuŸǍƨĤШċŰĬШfǍċШ
Jaszczuk. 
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f ÑÅ§?Ö9Ñf§  

Traditional forest management systems aim at maximizing timber production, in comparison 
new policy calls for sustainable forest management and multiple benefits of entire forest 
landscapes. This calls for learning through evaluation to support the implementation of policies 
aiming towards multi-functional forest landscapes. The aim of this study is to quantify the 
economic trade-offs among natural, current, and re-wetted peatland forests using seven 
indicators, viz. drainage maintenance, rewetting, water retention, wood production, and three 
types of carbon sequestration as economic indicators.  

~EÑc§?É 
A 3-step framework was applied to assess the trade-ŸŉŉƚШĤĲƣƽĲĲŰШxŔƣőƨċŰŔċќƚШƓĲċƣũċŰĬШŉŸƖĲƚƣШ

(302 000 ha) and the benefits delivered by wood production, water retention and carbon 
sequestration for three different peatland forest conditions (potential natural, current, and 
rewetted (Fig 1). 

 

[ŔŊЮШΝЮШ?ŔƚƣƖŔĤƨƣŔŸŰШŸŉШxŔƣőƨċŰŔċŰќƚШƓĲċƣũċŰĬШŉŸƖĲƚƣƚШы ьШ 
ċŰĬШƣőĲШƣőƖĲĲШƓĲċƣũċŰĬШĦŸŰĬŔƣŔŸŰƚаШ ċƣƨƖċũШы7ьЯШ9ƨƖƖĲŰƣШы9ьШċŰĬШÅĲƽĲƣƣĲĬШы?ьЮШШШ 
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The cost benefit analysis showed that in a potential natural state, Lithuania's peatland forests 

would deliver an economic benefit ofḐқΝΤΣЮΝШůŔũũŔŸŰШċŰŰƨċũũǃЮШIn contrast, compared to natural 
peatland forests, the drainage of peatland forests for wood production has caused a loss of 
ḐқΟΜΦШůŔũũŔŸŰШċŰŰƨċũũǃЮШfŰШĦŸůƓċƖŔƚŸŰЯШƓĲċƣũċŰĬШŉŸƖĲƚƣШƖĲƽĲƣƣŔŰŊШŔƚШĲƚƣŔůċƣĲĬШƣŸШŔŰĦƖĲċƚĲШƣőĲШ
economic value by ḐқΝΤΜШůŔũũŔŸŰШċŰŰƨċũũǃШы[ŔŊШΞьЮШÑőŔƚШƚƣƨĬǃШƚőŸƽƚШƣőċƣШƚċƣŔƚŉǃŔŰŊШĬŔŉŉĲƖĲŰƣШ
ecosystem services is a balancing act, and that a focus on wood production has resulted in net 
losses when foregone values of water storage and carbon sequestration are considered. The 
value of different sets of ecosystems service benefits and disservices must be assessed, and can 
be used as a tool towards creating, implementing, and monitoring consequences of policies on 
both sustainability and biodiversity. Actions are needed to adapt to and mitigate the effect of 
forest draining on climate change toward securing multi-functional forest landscapes. 

 

 
 

[ŔŊЮШΞЮШ ШĦŸůƓċƖŔƚŸŰШŸŉШƣőĲШĲƚƣŔůċƣĲĬШƻċũƨĲƚШŸŉШƣőĲШƚĲƻĲŰШŔŰĬŔĦċƣŸƖƚШ 
ƨƚĲĬШŉŸƖШƣőĲШΟШĬŔǭĲƖĲŰƣШƓĲċƣũċŰĬШŉŸƖĲƚƣШĦŸŰĬŔƣŔŸŰШƚĦĲŰċƖŔŸƚЮШ 

 
9§ 9xÖÉf§ É 

Managing a diversity of ecosystem services is a balancing act and supporting policy about 
multi -functional forest landscapes requires the assessment and valuation of different sets of 
ecosystem service benefits and disservices. In this case study, we found that the traditional focus 
of wood only forest management overlooks a whole suite of important ecosystems services that 
can help mitigate the negative effects of climate change for a broad range of stakeholders and 
societies. Using seven economic indicators viz. drainage maintenance, rewetting, water 
retention, wood production, and three types of carbon sequestration, we estimated that the 
draining of peatland forests have lost ḐқΟΜΤШůŔũũŔŸŰШċŰŰƨċũũǃЮШÅĲƽĲƣƣŔŰŊШŸŉШĬƖċŔŰĲĬШƓĲċƣũċŰĬШ
forests could transform these current losses into a benefit of ḐқΟΤШůŔũũŔŸŰЮ 

  

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/climate-change-impact
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9u §ìxE?]E~E ÑÉ 
This research was carried in the framework of the EƨƖŸƓĲċŰШ ÖŰŔŸŰќƚШ cŸƖŔǍŸŰШ EƨƖŸƓĲШ

programme WET HORIZONS, grant agreement no. 101056848. Data acquired from the project 
DESIRE (Development of sustainable (adaptive) peatland management by restoration, Index 
number R3071, project number #R091 implemented in the framework of the Interreg Baltic Sea 
Region Program. 

[ŸƖШůŸƖĲШŔŰŉŸƖůċƣŔŸŰШƚĲĲаШШ~ċťƖŔĦťċƚЯШEЮЯШ~ċŰƣŸŰЯШ~ЮЯШŰŊĲũƚƣċůЯШÂЮЯШ]ƖǃŊŸƖƨťЯШ~ЮЯШΞΜΞΟЮШÑƖċĬŔŰŊШ
ƽŸŸĬШŉŸƖШƽċƣĲƖШċŰĬШĦċƖĤŸŰШŔŰШƓĲċƣũċŰĬШŉŸƖĲƚƣƚеШÅĲƽĲƣƣŔŰŊШŔƚШƽŸƖƣőШůŸƖĲШƣőċŰШƽŸŸĬШƓƖŸĬƨĦƣŔŸŰЮШ
sŸƨƖŰċũШŸŉШEŰƻŔƖŸŰůĲŰƣċũШ~ċŰċŊĲůĲŰƣЯШΟΠΝЯШΝΝΤΦΡΞЯШĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮŢĲŰƻůċŰЮΞΜΞΟЮΝΝΤΦΡΞ 

  

https://doi.org/10.1016/j.jenvman.2023.117952
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7ĲƣƣĲƖШÉũŸƽШƣőċŰШ[ċƚƣаШċŰŸƣőĲƖШÅĲƽĲƣƣŔŰŊШÉƣƖċƣĲŊǃ 
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f ÑÅ§?Ö9Ñf§  

In the realm of climate change mitigation and adaption, it is imperative that peatland 
restoration strategies employed in Europe are meticulously designed to minimize any potential 
for exacerbating climate warming or contributing to net radiative forcing, both in the short and 
long term (Zak and McInnes et al., 2022). Furthermore, it is crucial to recognize and address other 
adverse consequences, such as downstream waterbody eutrophication, threats to biodiversity 
and socio-economic impacts, in order to optimize the overall gains from restoration endeavors. 
Currently, there is a lack of knowledge regarding the most effective practices for peatland 
restoration that can maximize societal benefits. 

~EÑc§?É 
ÑőƖĲĲШ ĬŔŉŉĲƖĲŰƣШ ƚƣƖċƣĲŊŔĲƚЯШ ŰċůĲũǃШ ƣőĲШ ŉƖĲƕƨĲŰƣũǃШ ƓƖċĦƣŔƚĲĬШ ћƓĲċƣũċŰĬШ ŔŰƨŰĬċƣŔŸŰќШ ŔŰШ

ĦŸůƓċƖŔƚŸŰШƣŸШƣőĲШũĲƚƚШĦŸůůŸŰũǃШƨƣŔũŔƚĲĬШĤƨƣШƓƖŸůŔƚŔŰŊШƚƣƖċƣĲŊŔĲƚШŸŉШћƣŸƓƚŸŔũШƖĲůŸƻċũќШċŰĬШћƚũŸƽШ
ƖĲƽĲƣƣŔŰŊќЯШőċƻĲШĤĲĲŰШƚĲũĲĦƣĲĬШŉŸƖШĦŸŰƚŔĬĲƖċƣŔŸŰШƽŔƣőŔŰШƣőŔƚШĬŔƚĦŸƨƖƚĲШы[Ŕg. 1). Given that the 
former strategy may give rise to certain adverse consequences, it raises the fundamental 
question of whether alternative restoration methods should be more widely adopted across 
Europe.  

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
The impacts of restoration strategies vary, particularly concerning their effects on greenhouse 

gas emissions and waterborne nutrient fluxes. Thus, the common rewetting of peatlands has 
often led to the formation of shallow lakes, usually characterized by large methane emissions, 
high mobilization of nutrients, and slow development of target vegetation over decades (Kreyling 
et al., 2021). The removal of upper degraded peat soils, often less than 30 cm thick, before 
rewetting can mitigate high methane emissions, minimise nutrient availability and benefit both 
an active reintroduction or passive recolonisation by oligotrophic plants (Zak et al., 2018). 
According to our recent understanding of the processes and factors controlling nutrient 
ůŸĤŔũŔǍċƣŔŸŰШċŰĬШŊƖĲĲŰőŸƨƚĲШŊċƚШĲůŔƚƚŔŸŰƚЯШċШůŸƖĲШĦŸŰƣƖŸũũĲĬШċŰĬШƓƖŸŊƖĲƚƚŔƻĲШћƚũŸƽШƖĲƽĲƣƣŔŰŊќШ
strategy is proposed as an alternative to spontaneous inundation of long-term drained peatlands 
or costly topsoil removal. However, there are larger uncertainties for the timeframe under 
consideration and, in general, there is an absence of data in particular for the slow rewetting 
strategy. 
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[ŔŊЮШΝЮШÑőƖĲĲШƖĲƽĲƣƣŔŰŊШƚƣƖċƣĲŊŔĲƚШΝьШљŔŰƨŰĬċƣŔŸŰњЯШ 
ΞьШљƣŸƓШƚŸŔũШƖĲůŸƻċũњЯШċŰĬШΟьњƚũŸƽШƖĲƽĲƣƣŔŰŊњЮ 

 

9§ 9xÖÉf§ É 
Policy-makers and practitioners must grasp how peatland restoration can contribute 

significantly to global efforts which target climate change and the biodiversity crisis. Peatland 
scientists should communicate their insights effectively in a language understood in broader 
policy discussions and practical applications. Ultimately, restoring peatlands and the path 
chosen for restoration are societal decisions. It's vital that society comprehends the potential 
pros and cons of restoration to make informed choices. 

 
9u §ìxE?]E~E ÑÉ 
ÑőŔƚШƽŸƖťШŔƚШċШĦŸŰƣƖŔĤƨƣŔŸŰШƣŸШƣőĲШ f[ ШƓƖŸŢĲĦƣШћEŉŉĲťƣĲƖШƻĲĬШŉŢĲƖŰĲũƚĲШċŉШƣŸƓŢŸƖĬШƓğШŉŸƚŉŸƖƣċĤЯШ

ĬƖŔƻőƨƚŊċƚШĲůŔƚƚŔŸŰШŸŊШĤŔŸĬŔƻĲƖƚŔƣĲƣШŔШƻğĬũċŊƣĲШŸƖŊċŰŔƚťĲШũċƻĤƨŰĬƚŢŸƖĬĲќШыΟΟΜΝΜ-NIFA-20-754). 

 
ÅE[EÅE 9EÉ 
uƖĲǃũŔŰŊЯШsЮЯШÑċŰŰĲĤĲƖŊĲƖЯШ[ЮЯШsċŰƚĲŰЯШ[ЮЯШƻċŰШĬĲƖШxŔŰĬĲŰЯШÉЮЯШ ŊŊĲŰĤċĦőЯШ9ЮЯШ7ũƬůũЯШéЮЯШ9ŸƨƽĲŰĤĲƖŊЯШ
sЮЯШEůƚĲŰƚЯШìЮШsЮЯШsŸŸƚƣĲŰЯШcЮЯШuũŔůťŸƽƚťċЯШ ЮЯШuŸƣŸƽƚťŔЯШìЮЯШuŸǍƨĤЯШxЮЯШxĲŰŰċƖƣǍЯШ7ЮЯШxŔĦǍŰĲƖЯШòЮЯШ
xŔƨЯШcЮЯШ~ŔĦőċĲũŔƚЯШ?ЮЯШ§ĲőůťĲЯШ9ЮЯШÂċƖċťĲŰŔŰŊƚЯШuЮЯШÂũĲǃũЯШEЮЯШЮЮЮШsƨƖċƚŔŰƚťŔЯШ]ЮШΞΜΞΝЮШÅĲƽĲƣƣŔŰŊШ
ĬŸĲƚШŰŸƣШƖĲƣƨƖŰШĬƖċŔŰĲĬШŉĲŰШƓĲċƣũċŰĬƚШƣŸШƣőĲŔƖШŸũĬШƚĲũƻĲƚЮШ ċƣƨƖĲЮ9ŸůůƨŰŔĦċƣŔŸŰƚШΝΞЯШΡΣΦΟЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΟΥоƚΠΝΠΣΤрΜΞΝрΞΡΣΝΦрǃ 

üċťЯШ?ЮЯШ]ŸũĬőċůůĲƖЯШÑЮЯШ9ċĤĲǍċƚЯШ ЮЯШ]ĲũĤƖĲĦőƣЯШsЮЯШ]ƨƖťĲЯШÅЮЯШìċŊŰĲƖЯШ9ЮЯШÅĲƨƣĲƖЯШcЮЯШ ƨŊƨƚƣŔŰЯШ
sЮЯШ uũŔůťŸƽƚťċЯШ ЮЯШ ~ĦfŰŰĲƚЯШ ÅЮШ ΞΜΝΥЮ ÑŸƓШ ƚŸŔũШ ƖĲůŸƻċũШ ƖĲĬƨĦĲƚШ ƽċƣĲƖШ ƓŸũũƨƣŔŸŰШ ŉƖŸůШ
ƓőŸƚƓőŸƖƨƚШċŰĬШĬŔƚƚŸũƻĲĬШŸƖŊċŰŔĦШůċƣƣĲƖШċŰĬШũŸƽĲƖƚШůĲƣőċŰĲШĲůŔƚƚŔŸŰƚШŉƖŸůШƖĲƽĲƣƣĲĬШ
ƓĲċƣũċŰĬƚЮ sŸƨƖŰċũЮŸŉЮ ƓƓũŔĲĬЮEĦŸũŸŊǃ ΡΡыΝьаШΟΝΝрΟΞΜЮШ 

üċťЯШ?ЮЯШċŰĬШ~ĦfŰŰĲƚЯШÅЮШsЮШΞΜΞΞЮШ ШĦċũũШŉŸƖШƖĲǯŰŔŰŊШƣőĲШƓĲċƣũċŰĬШƖĲƚƣŸƖċƣŔŸŰШƚƣƖċƣĲŊǃШŔŰШEƨƖŸƓĲЮШ
sŸƨƖŰċũЮŸŉЮ ƓƓũŔĲĬЮEĦŸũŸŊǃЯШΡΦыΝΝьаШΞΣΦΥрΞΤΜΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΝоΝΟΣΡрΞΣΣΠЮΝΠΞΣΝ 

  

https://doi.org/10.1038/s41467-021-25619-y
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ÅċŔƚŔŰŊШƣőĲШƽċƣĲƖШũĲƻĲũШĤǃШƚŔůƓũĲШĬŔƣĦőШĤũŸĦťŔŰŊШ
ĬŔĬШŰŸƣШŔůƓƖŸƻĲШŰƨƣƖŔĲŰƣШƖĲƣĲŰƣŔŸŰШŔŰШċШŉĲŰШ 

fĬċрEůŔũŔĲШ[ƖĲĬĤĲƖŊШ ŔũƚƚŸŰċЯШÅċƚůƨƚШsĲƚШÂĲƣĲƖƚĲŰċЯШ?ŸůŔŰŔťШüċťċЯШ
cċŰƚШEƚƣƖƨƓШ ŰĬĲƖƚĲŰċЯШ9ċƖũШ9őƖŔƚƣŔċŰШcŸǭůċŰŰċ 

ċ?ĲƓċƖƣůĲŰƣШŸŉШEĦŸƚĦŔĲŰĦĲЯШċƖőƨƚШÖŰŔƻĲƖƚŔƣǃЯШ?ĲŰůċƖť 

 
f ÑÅ§?Ö9Ñf§  

Organic soils have been intensively drained for the purpose of e.g. agriculture and forestry 
ƚŔŰĦĲШċƖŸƨŰĬШƣőĲШΝΦΣΜќƚШƽŔƣőШƣőĲШŔůƓũŔĦċƣŔŸŰƚШŸŉШũċƖŊĲШĲůŔƚƚŔŸŰƚШŸŉШĦċƖĤŸŰШĬŔŸǂŔĬĲЯШĬĲĦƖĲċƚĲĬШ
biodiversity, and deterioration of water quality. Due to the many adverse effects of drainage, there 
has been an increasing focus on restoring these areas during the past three to four decades, often 
with a narrow focus for each individual project aiming to improve either, carbon balances, 
biodiversity, or mitigation of nutrients. 

~EÑc§?É 
On April 26th, 2022, the 239-ha fen of Lobæk in Southern Jutland, Denmark was rewetted with 

the aim to reduce emissions of carbon dioxide. The rewetting was accomplished by strategically 
blocking the ditches at different locations with dams to raise the water level across the entire 
area.   

For one year prior to rewetting and two years after rewetting, we monitored daily discharge and 
nutrient fluxes (total nitrogen, nitrate, ammonium, total phosphorus, and soluble reactive 
phosphorus) at four streams discharging into the fen (Fig. 1), in the middle of the fen area where 
the four streams merge/meet, and at a the outlet of the fen using continuous measurements of 
water stage and Doppler velocity and automated water samplers in combination with triweekly 
grab samples and point measurements of stream discharge. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Analysis of nutrient concentrations and fluxes revealed only minor or no significant differences 

before and after the rewetting process at the middle station and at the outlet. Since we only had 
one year of measurements before rewetting, one could argue differences in climate could 
obscure potential differences in nutrient fluxes. However, no significant differences could be 
detected in concentrations and fluxes at the four stream stations feeding into the fen area before 
and after rewetting. 

The approach of simply blocking the ditch at discrete locations may effectively raise the water 
level and thereby reduce emissions of carbon dioxide. However, this approach is likely too simple 
to also have a positive effect on nutrient retention. The simple blocking of the ditch at discrete 
locations still leaves long stretches of the ditch passable for swift passage of water, decreasing 
residence time and interaction between the nutrient-rich water and the organic fen soils.  
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[ŔŊЮШΝЮШ~ċƓШŸŉШƣőĲШŉĲŰШŔŰĦũƨĬŔŰŊШƚƨƖƖŸƨŰĬŔŰŊШƚƣƖĲċůШĦċƣĦőůĲŰƣƚШċŰĬШċƖĲċЮШ 
ÅĲĬШĬŸƣƚШƚőŸƽШůŸŰŔƣŸƖŔŰŊШƚƣċƣŔŸŰƚШыƽċƣĲƖШũĲƻĲũЯШ?ŸƓƓũĲƖШůĲċƚƨƖĲůĲŰƣƚЯШċŰĬШƽċƣĲƖШƚċůƓũŔŰŊьЮШ 

~ŔĬĬũĲШÉƣċƣŔŸŰЯШƽőĲƖĲШŉŸƨƖШŔŰũĲƣШƚƣƖĲċůƚШůĲƖŊĲЮШÉƏĤĢťШŔƚШŸƨƣũĲƣШŉƖŸůШŉĲŰШƚŔƣĲЮШ 

 

ÑċĤũĲШΝЮШ~ĲċŰШĦŸŰĦĲŰƣƖċƣŔŸŰƚШŸŉШƨŰǯũƣĲƖĲĬШƚċůƓũĲƚШŸŉШÑ ШċŰĬШÑÂШċƣШƣőĲШŉŸƨƖШŔŰũĲƣШƚƣƖĲċůƚЯШ 
ÉƏĤĢťШ~ŔĬĬũĲШƚƣċƣŔŸŰШċŰĬШċƣШƣőĲШŸƨƣũĲƣШÉƏĤĢťШƚƣƖĲċůЯШĤĲŉŸƖĲШċŰĬШċŉƣĲƖШƖĲƽĲƣƣŔŰŊЮШ 

ìŔƣőШΦΡШӖШĦŸŰǯĬĲŰĦĲШũŔůŔƣƚЮ 

ÉƣƖĲċů Ñ ШĤĲŉŸƖĲ Ñ ШċŉƣĲƖ ÑÂШĤĲŉŸƖĲ ÑÂШċŉƣĲƖ 
ŰŰċƚůŔŰĬĲƻĲŢ ΡЮΦΠΝШӆШΜЮΦΣΤ ΡЮΡΦΦШӆШΜЮΠΥΡ ΜЮΜΥΜШӆШΜЮΜΟΞ ΜЮΜΥΠӆШΜЮΜΟΥ 
 ШΞΜ ΝЮΦΞΠШӆШΜЮΣΤΦ ΝЮΣΝΞШӆШΜЮΟΥΣ ΜЮΜΥΜШӆШΜЮΜΡΟ ΜЮΜΡΦШӆШΜЮΜΝΦ 

 ƏƖƖĲőĲĬĲШ7Ģť ΞЮΡΣΠШӆШΜЮΠΥΟ ΞЮΟΦΣШӆШΜЮΞΣΥ ΜЮΜΡΠШӆШΜЮΜΞΠ ΜЮΜΣΟШӆШΜЮΜΟΠ 
éĲƚƣĲƖĲŰŊШ7Ģť ΞЮΥΠΤШӆШΝЮΞΝΤ ΞЮΜΥΠШӆШΜЮΣΡΥ ΜЮΝΠΤШӆШΜЮΞΡΝ ΜЮΝΜΠШӆШΜЮΜΣΦ 
ÉƏĤĢťШ~ŔĬĬũĲ ΟЮΡΡΝШӆШΜЮΥΡΦ ΟЮΝΟΦШӆШΜЮΟΠΥ ΜЮΜΥΠШӆШΜЮΜΞΡ ΜЮΝΟΤШӆШΜЮΜΠΤ 
ÉƏĤĢťШыŸƨƣь ΟЮΞΟΤШӆШΜЮΡΣΜ ΞЮΥΣΠШӆШΜЮΟΠΡ ΜЮΜΥΜШӆШΜЮΜΝΤ ΜЮΝΝΞШӆШΜЮΜΠΡ 

 

9§ 9xÖÉf§ É 
Our findings suggest that solely targeting the reduction of carbon dioxide emissions through 

the rewetting of organic soils may not guarantee improvements in other critical ecosystem 
services, such as nutrient retention. To maximize the benefits of rewetting efforts, a more 
comprehensive approach is necessary, prioritizing the restoration of natural hydrological 
processes. 
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ÂċũƨĬŔĦƨũƣƨƖĲШтШŉƨƣƨƖĲШƽĲƣũċŰĬШŊĲŰĲƖċƣŔŸŰШ
ŉƖŸůШĬĲŊƖċĬĲĬШƓĲċƣũċŰĬƚ 

9őƖŔƚƣŔċŰШ[ƖŔƣǍċЯĤЯШ]ċĤƖŔĲũũĲШÅЮШÄƨċĬƖċċЯШÄƨŔŰƣШƻċŰШ]ŔĲƖƚĤĲƖŊĲŰċЯШ
ìĲŔĲƖШxŔƨĤЯĦЯШ]ŔŢƚШƻċŰШ?ŔŢťĬЯċЯШÉċŰŰŔůċƖŔШ ЮШuęęƖůĲũċőƣŔċЯШÑŸůШcĲƨƣƚċЯШ
ÅĲŰƚťĲШéƖŸŸůċЯĲЯШ~ċƣƣőŔċƚШuƖĲĤƚĲЯШ7ƖŔċŰШuЮШÉŸƖƖĲũũŉЯШ ĬċůШuŸťƚĬЯċЯШ
ÉċƖċőШ[ċǃĲШcċƖƓĲŰƚũċŊĲƖĬЯċЯШ[ŸŰƚШÉůŸũĬĲƖƚċЯĬЯШ]ĲƖċũĬШsƨƖċƚŔŰƚťŔĲЯШ
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f ÑÅ§?Ö9Ñf§  
Paludiculture is a land use strategy in wetscapes (wet peatland landscapes), which combines 

the productive use of wet peatlands and the provision of ecosystem services. Wetland ecosystem 
services provide, among others, water retention, biomass production, and intact soil carbon 
stores. Regulating services may also facilitate water purification, flood control, wildfire 
prevention and regional cooling.  

Important drivers of ecosystem service provision are water level and vegetation dynamics. 
Typical wetland species can be farmed as paludiculture plants and crops, such as Sphagnum, 
Carex, Phragmites, Typha and Alnus. Some species of these genera have been recognized as 
important peat forming plants that can conserve soil carbon. While knowledge regarding biomass 
yields is quite well established, little is known about species-specific potential to promote 
ecosystem services in wet and rewetted peatlands.  

Here, we summarize findings from a range of paludiculture field studies and mesocosm 
experiments. The data are discussed and compared to existing paludiculture literature and a farm 
scale model of ecosystem service provisioning. 

~EÑc§?É 
In the different paludiculture fields and trials we recorded data on water level dynamics, 

biomass productivity, soil carbon (C) sequestration potential, and greenhouse gas emissions as 
measures for ecosystem services. Water level dynamics were measured by automated water 
gauges and hand measurements. We calculated water storage based on soil cores from the 
upper 40 cm and inferred water retention potential from flooding experiments and field water 
level observations. For C sequestration potential we collected volume-sensitive cores (10 cm by 
10 cm) and determined carbon density.  

The emissions of carbon dioxide (CO2) and methane (CH4) were determined either by eddy 
covariance or by cooled static chamber measurements. Nitrous oxide (N2O) emissions were also 
measured using chambers. We extrapolated CO2 and CH4 fluxes to yearly budgets of net 
ecosystem exchange using Random Forest machine learning or fitting of environmental 
parameters, assuming a non-linear relationship. For a subset of sites, we quantified C input by 
extrapolating concentrations of dissolved organic/inorganic C and pumping volumes over time. 
We measured potential C export by harvesting and drying biomass in both late summer and winter 
months. 
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Paludiculture practices in Germany and the Netherlands can effectively raise water levels 

close to the soil surface at a water table depth (WTD) that conserves soil organic matter and peat. 
Sphagnum paludiculture had a water management system in place that aimed at maintaining 
WTD -5 cm to -10 cm from the surface. Pilot farms with Typha and Phragmites aimed to establish 
flooding of +10 cm to + 20 cm above the surface. Maintaining high water levels required additional 
water input. Ongoing drainage in the direct vicinity of the Typha and Phragmites pilot plots may 
have been the main cause of high water demand and the need for irrigation. 

[ċƖůŔŰŊШÂőƖċŊůŔƣĲƚЯШÑǃƓőċШċŰĬШÉƓőċŊŰƨůШŊƖĲċƣũǃШŔŰĦƖĲċƚĲĬШƣőĲШƓĲċƣШƚŸŔũƚќШƽċƣĲƖШƚƣŸƖċŊĲШċŰĬШ
ability to retain water over longer periods (Fig. 1). Flood control may exceed 12 000 m3 ha-1  
event-1. We found that in Sphagnum cultures, water storage capacity was related to water quality 
(alkalinity). Flooding of Sphagnum should be limited to 2 to 5 days during the growing season or 
avoided entirely by promoting sponge formation.  

 

[ŔŊЮШΝЮШÂċũƨĬŔĦƨũƣƨƖĲШƽċƣĲƖШƖĲƣĲŰƣŔŸŰШƓŸƣĲŰƣŔċũШŸŉШΟШƣǃƓŔĦċũШǰŸŸĬШƣŸũĲƖċŰƣШĦƖŸƓƚШ 
ыůĲċŰШċŰĬШƚƣċŰĬċƖĬШĲƖƖŸƖьЮ 

Growing flood-tolerant paludiculture crops in combination with water levels close to the 
surface increased the C sequestration potential of the soil. Well-managed Sphagnum 
paludiculture showed the highest C sequestration potential (up to 3.3 t C ha-1 yr-1 ). This potential 
may come, however, at the expense of long-term harvest yields as the sequestered C mainly 
consists of Sphagnum biomass and moss litter. In contrast, growing Phragmites combines 
above-ground biomass harvest with below-ground C sequestration. For Phragmites, C 
sequestration potential was up to 2.6 t C ha-1 yr-1. The stability of the newly buried C warrants 
further investigation across water tables and productivity gradients. 

Paludiculture pilot sites and farms reduced the emission of greenhouse gases (GHG) 
compared to their drained counterparts. The climate mitigation potential (20 to 26 t CO2eq. ha-1 
yr-1) was highest in Sphagnum paludiculture when harvest, ditches and a limited area of drained 
infrastructure were also accounted for (German sites). Phragmites cultures approached a GHG 
balance close to zero before harvesting and exporting biomass C. The production and release of 
CH4 in Typha and Phragmites in Dutch paludicultures equalled or exceeded CH4 emission rates 
of dairy livestock on a per hectare base. Carex sites revealed lower CH4 emission rates than dairy 
livestock CH4 emission.  

We discuss factors, which control CH4 production (easily degradable C from the inlet 
(pumping) water, algae production in open waters, and rhizospheric C release) and options to 
mitigate wet CH4 emission. Emission of N2O was very low (<1 t CO2eq. ha-1 yr-1) compared to 
drained peatlands and net uptake was regularly observed. For Typha, Alnus and Phragmites, the 
GHG balance was greatly reduced when water-borne C-import and long-term carbon storage in 
paludiculture biomass products were taken into consideration, suggesting a net cooling effect. 

9§ 9xÖÉf§ É 
Paludiculture practices succeeded in creating and regenerating wetlands. Growing and using 

paludiculture plants and crops improved and stabilized ecosystem service provision. In the 
future, management practices may further develop to mitigate trade-offs, support plant health, 
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and decrease the dependence on active water management. Future paludiculture research 
should include biodiversity dynamics and policy instruments to create regional business 
opportunities. Finally, paludiculture ecosystems may become vital wetland buffers in space and 
time to form healthy wetscapes. 

9u §ìxE?]E~E ÑÉ 
The research was supported by WET HORIZONS GAP-101056848 and FIBSUN GAP-

101112318. Interreg VLANNED ADMIRE aided the data collection. 

ÅE[EÅE 9EÉ 
sƨƖċƚŔŰƚťŔЯШ]ЮЯШ őůċĬЯШÉЮЯШŰċĬŸŰрÅŸƚĲũũЯШЮЯШЮЮЮШѼШìƖċŊĲр~ƁŰŰŔŊЯШ ЮШΞΜΞΜЮШ[ƖŸůШƨŰĬĲƖƚƣċŰĬŔŰŊШƣŸШ
ƚƨƚƣċŔŰċĤũĲШƨƚĲШŸŉШƓĲċƣũċŰĬƚаШÑőĲШìEÑÉ9 ÂEÉШċƓƓƖŸċĦőЮШÉŸŔũЮÉǃƚƣĲůƚЯШΧыΝьаШΝΠЮ 

éƖŸŸůЯШÅЮШsЮЯШÑĲůůŔŰťЯШÅЮШsЮЯШƻċŰШ?ŔŢťЯШ]ЮЯШsŸŸƚƣĲŰЯШcЮЯШxċůĲƖƚЯШxЮШÂЮЯШÉůŸũĬĲƖƚЯШ ЮШsЮЯШЮЮЮШѼШ[ƖŔƣǍЯШ9ЮШ
ыΞΜΞΜьЮШ ƨƣƖŔĲŰƣШĬǃŰċůŔĦƚШŸŉШÉƓőċŊŰƨůШŉċƖůŔŰŊШŸŰШƖĲƽĲƣƣĲĬШĤŸŊШŊƖċƚƚũċŰĬШŔŰШ ìШ]ĲƖůċŰǃЮШ
ÉĦŔĲŰĦĲЮŸŉЮƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣЯШΪΥΩаШΝΟΥΠΤΜЮ 

]ĲƨƖƣƚЯШsЮШsЮЯШ§ĲőůťĲЯШ9ЮЯШxċůĤĲƖƣŔŰŔЯШ9ЮЯШEũũĲƖЯШ[ЮЯШÉŸƖƖĲũũЯШ7ЮШuЮЯШ~ċŰĬŔŸũċЯШÉЮШÅЮЯШЮЮЮШѼШ[ƖŔƣǍЯШ9ЮШΞΜΞΜЮШ
 ƨƣƖŔĲŰƣШƖĲůŸƻċũШƓŸƣĲŰƣŔċũШċŰĬШĤŔŸůċƚƚШƓƖŸĬƨĦƣŔŸŰШĤǃШÂőƖċŊůŔƣĲƚШċƨƚƣƖċũŔƚШċŰĬШÑǃƓőċШũċƣŔŉŸũŔċШ
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f ÑÅ§?Ö9Ñf§  

Human activities, such as moving or draining peatlands can have significant impacts on the 
peatland environment. Peatlands have primarily undergone extensive drainage for agriculture, 
forestry, and peat extraction (Fluet-Chouinard et al., 2023). Draining peatlands can lead to 
significant environmental impacts, such as growth of groundwater contamination, shifts in 
biogeochemical equilibriums, and increase in chloride concentrations due to changes in water 
table dynamics and vegetation influence (Renaud et al., 2023). Bring et al. (2022) concluded 
numerous studies to examine the effects of restoring, constructing, or draining wetlands on 
groundwater levels.  

From the point of view of the peatlandsќ "service" for the operation of the entire Earth's 
ecosystem, we will focus on a selected aspect of counteracting climate change and its predicted 
effects: i.e. groundwater retention. With the Biebrza River and the adjusting peatland in Poland 
(Europe) as a case study, we will show if/how human activity can contribute to changes in 
groundwater table in peatland and, in consequence, water retention. 

~EÑc§?É 
ÉƣƨĬǃШċƖĲċ 
The Upper Biebrza Valley, is located in North-East Poland (Fig 1a). In this area, the Biebrza 

River remains unregulated. In 1992, the Biebrza National Park was established, which includes 
the case study area, where the protection measures include a prohibition on activities such as 
river mowing and removal of water vegetation. Given that the hydrological character of the 
Biebrza Wetlands remained undisturbed, many scientists treat it as a suitable research area to 
study the natural peatland environment.  

 

 
 

[ŔŊЮШΝЮШÖƓƓĲƖШ7ŔĲĤƖǍċШéċũũĲǃШтШƚƣƨĬǃШċƖĲċШċŰĬШŔƣƚќШůŸĬĲũШƖĲƓƖĲƚĲŰƣċƣŔŸŰШ 
ыĤċƚĲĬШŸŰШ]ƖŸĬǍťċр}ƨťċƚǍĲƽƚťċШĲƣШċũЮЯШΞΜΞΞь 
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~ŸĬĲũũŔŰŊШċƓƓƖŸċĦő 
The Upper Biebrza groundwater flow model was used to calculate scenarios of different 

human activities and its environmental impact into the surrounding peatland (Grodzka-
}ƨťċƚǍĲƽƚťċШĲƣШċũЯШΞΜΞΞ). The model (Fig 1b) was calculated using FEFLOW and focused on 
detailed mapping condition in the riverbed and its hyporheic zone. The river itself was defined in 
the model using 1st type of the boundary condition, riverbed conductance was mapped by 
defining the hydraulic conductivity properties. The detailed representation of the riverbed shape 
can be found in Fig. 1c. The detailed model constitute the base for various scenarios of 
maintenance activities that are conducted in peatland were calculated.  

The modelling activities focused on calculation of scenarios of mowing of the riverbed, K1 ... 
K6, which represent different intensities of mowing the riverbed in the same hydrological 
situation. Additionally,  current reference state of the modelled section of the river (R) was 
considered. The Fig. 2 presents two extreme (R, K6) and an average scenario (K3) of riverbed 
mowing. 

 

 
[ŔŊЮШΞЮШÉĦőĲůċƣŔĦШƻŔƚƨċũŔǍċƣŔŸŰШŉŸƖШƣőƖĲĲШƚĦĲŰċƖŔŸƚШŉŸƖШůŸƽŔŰŊШƣőĲШƖŔƻĲƖĤĲĬШ 

ыÅрШĦƨƖƖĲŰƣШƚƣċƣĲбШuΟрШċƻĲƖċŊĲШůŸƽŔŰŊбШuΣрШĦŸůƓũĲƣĲШůŸƽŔŰŊь 

 
ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  

The water balances were compared for each scenario of mowing  (Figure 3). The analysis 
focused on water exchange between peatland and river. The results of comparing these balances 
for K6 scenario clearly indicate an increase in water outflow from peatland to the river from 16 to 
26%, depending on the width of the valley. This may mean that, if the river bed is completely 
mowed, we can expect that the outflow of water from the peatland into the river will increase by 
up to 25% (compared to the reference state). 

 

 
 

[ŔŊЮШΟЮШfŰĦƖĲċƚĲШыӖьШŸŉШƽċƣĲƖШŸƨƣǰŸƽШŔŰƣŸШƣőĲШƖŔƻĲƖШŉƖŸůШƣőĲШÖƓƓĲƖШ7ŔĲĤƖǍċШìĲƣũċŰĬШ 
ŉŸƖШĬŔǭĲƖĲŰƣШƚĦĲŰċƖŔŸƚШŸŉШůŸƽŔŰŊШƣőĲШƖŔƻĲƖĤĲĬЮ 
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The services provided by peatlands are optimal  only when water levels are at the appropriate 
level. Unfortunately, wetlands once drained lose their extremely valuable environmental 
properties, and rewetted wetlands do not fully return to their original functions (Ralphet al, 2023; 
Kreyling et al., 2021 or Schwieger et al., 2021).  

The presented research concerns one example of a peatland not significantly changed by 
human activity, so, we conclude that it is a good example illustrating the potential impact of 
mowing the riverbed on changing the water balance in the peatland. We are aware, however, that 
changing the peatlandќƚШƽċƣĲƖ balance depends on many environmental and human factors and 
we believe that this work may also contribute to a wider context of discussions on peatland 
conservation. 

 

9u §ìxE?]E~E ÑÉ 
The results of the activities presented in the abstract were performed as part of the project 

HORIZON (101112738); ÉƓŸŰŊĲÉĦċƓĲƚбШ љEƻŔĬĲŰĦĲШ ċŰĬШ ÉŸũƨƣŔŸŰƚШ ŉŸƖШ ŔůƓƖŸƻŔŰŊШ ÉÂ§ ]EШ
Functioning at LandSCAPE Scale in European Catchments for increased Resilience of 
9ŸůůƨŰŔƣŔĲƚШċŊċŔŰƚƣШcǃĬƖŸůĲƣĲŸƖŸũŸŊŔĦċũШEǂƣƖĲůĲШEƻĲŰƣƚњ 
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ÅĲŰċƨĬЯШ ЮЯШ?ƨƖċŰĬЯШéЮЯШ~ƬŊũĲƖЯШ9ЮЯШ~ċƖũŔŰЯШ9ЮЯШxĳŊĲƖЯШEЮЯШ ŸƖĲƣЯШ ЮЯШ~ŸŰƻŸŔƚŔŰЯШ]ЮШΞΜΞΟЮШfŰǰƨĲŰĦĲШ
ŸŉШ ƻĲŊĲƣċƣŔŸŰрŔŰĬƨĦĲĬШ ƽċƣĲƖШ ƣċĤũĲШ ƚĲċƚŸŰċũŔƣǃШ ŸŰШ ŊƖŸƨŰĬƽċƣĲƖШ ĦőũŸƖŔĬĲШ ĦŸŰĦĲŰƣƖċƣŔŸŰШ
ĬǃŰċůŔĦƚШŔŰШċШƖŔƓċƖŔċŰШŉĲŰШƓĲċƣũċŰĬЮШcǃĬƖŸũŸŊŔĦċũЮÂƖŸĦĲƚƚĲƚЯШΟΤыΝьЮШ?§fаΝΜЮΝΜΜΞоőǃƓЮΝΡΜΡΠЮ 

ÉĦőƽŔĲŊĲƖЯШÉЮбШuƖĲǃũŔŰŊЯШsЮбШ9ŸƨƽĲŰĤĲƖŊЯШsЮбШÉůŔũŢċŰŔĦЯШ~ЮЯШìĲŔŊĲũЯШÅЮЯШìŔũůťŔŰŊЯШ~ЮЯШ7ũƨůĲрìĲƖƖǃЯШ
]ЮШΞΜΞΝЮШìĲƣƣĲƖШŔƚШ7ĲƣƣĲƖаШÅĲƽĲƣƣŔŰŊШŸŉШ~ŔŰĲƖŸƣƖŸƓőŔĦШÂĲċƣũċŰĬƚШfŰĦƖĲċƚĲƚШÂũċŰƣШÂƖŸĬƨĦƣŔŸŰШ
ċŰĬШ~ŸƻĲƚШÑőĲůШÑŸƽċƖĬƚШ9ċƖĤŸŰШÉŔŰťƚШŔŰШċШ?ƖǃШòĲċƖЮШEĦŸƚǃƚƣĲůƚЯШĬŸŔаΝΜЮΝΜΜΤоÉΝΜΜΞΝрΜΞΜр
ΜΜΡΤΜрüШ 
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f ÑÅ§?Ö9Ñf§  

River floodplain wetlands are highly diverse and productive ecosystems. However, their 
ecosystem services are under threat by global change processes. The associated threats for 
society are expected to increase in the future, but adequate management of ecosystem services 
could limit degradation of environmental processes and their associated ecosystem. 
Hydrological dynamics over space and time т changing from day to say, season to season and 
between years - are the major factor that steers abiotic and biotic floodplain processes (Tockner 
& Stanford 2002), that determine nutrient availability, productivity and biodiversity. The Flood 
Pulse Concept (Junk et al., 1989) describes the coupling of yearly river dynamics and adjacent 
floodplain processes, defining the moving littoral as the indicator of the zone of high productivity. 
Where multiple hydrological flow processes play a role in flooding, this coupling is probably less 
straightforward then postulated by the concept. In that case there are unknowns related to: (1) 
the lateral reach of river flood water, sediment and nutrients on the floodplain; (2) the relevance 
of other water types besides river water for inundation water; and (3) the origin of deposited 
sediment and organic matter.  

We studied temporal interannual and seasonal dynamics in water and sediment flows in the 
Biebrza Lower Basin to shed light on how temporally varying hydrological flow processes affect 
spatial floodplain water quality and sediment-attached nutrient and organic matter deposition, 
and how the resulting abiotic patters relate to biodiversity and ecosystem services. 

 

~EÑc§?É 
We collected spatial data on the hydrochemistry of the Biebrza Lower Basin floodplain 

inundation water over the period 2001-2012, and used PCA and K-means clustering to reveal 
coherent water quality types. These inundation water types were then linked to one of the 
principal water sources in the Lower Basin (Keizer et al., 2014). 

In a follow-up study, along 3 transects from the river to the floodplain edge, we collected data 
on dissolved and sediment-attached nutrients, aboveground biomass and biodiversity, and 
topographical parameters. Lateral trends in aboveground biomass and species richness were 
compared to the spatial positions of i) the zone with high sediment-attached nutrient deposition, 
ii) the zone with river water flooding, and iii) the edge of inundation (Keizer et al., 2018). 

A third study aimed to determine origins of deposited sediment-attached nutrients and organic 
matter, by collecting soil material from potential upstream (external) sediment sources (arable 
and non-arable) and from floodplain (internal) deposited sediment material. The soil material was 
analyzed on the parameters TOC and N, and on C and N isotopes. We added two additional 
potential sources based on literature: organic matter from undrained fen soil (Groß-Schmölders 
et al 2022) and algae (Finlay & Kendall 2007). The contribution distributions of all modelled 
sources were then calculated. To study the lateral trends, we performed regression analysis for 
the contribution of each sampled and potential source to the deposition sampling points. 
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ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Linking floodplain inundation water quality to principal water sources indicated that the lateral 

extent of river-derived floodwater is limited to a relatively narrow zone along the river (Fig. 1).  

 
[ŔŊЮШΝЮШcǃĬƖŸũŸŊŔĦċũШǰŸƽШƓƖŸĦĲƚƚĲƚШċŰĬШŔŰƣĲƖċĦƣŔŸŰƚШŸŉШƓƖŔŰĦŔƓċũШƽċƣĲƖШƚŸƨƖĦĲƚШċũŸŰŊШċШƣƖċŰƚĲĦƣШ 

ŔŰШƣőĲШ7ŔĲĤƖǍċШxŸƽĲƖШ7ċƚŔŰЯШĲǂƓũċŔŰŔŰŊШƚƓƖŔŰŊШǰŸŸĬШŔŰƨŰĬċƣŔŸŰШƽċƣĲƖШƣǃƓĲШǍŸŰċƣŔŸŰШыuĲŔǍĲƖШĲƣШċũЮЯШΞΜΝΠьЮ 

 

 
[ŔŊЮШΞЮШċьШ?ĲƓŸƚŔƣŔŸŰШŸŉШƓċƖƣŔĦƨũċƣĲШƚĲĬŔůĲŰƣрĤŸƨŰĬШ ШċŰĬШÂЯШċŰĬШǰŸƽШƻĲũŸĦŔƣǃШċũŸŰŊШċШƣƖċŰƚĲĦƣШŔŰШƣőĲШ
7ŔĲĤƖǍċШxŸƽĲƖШ7ċƚŔŰШыuĲŔǍĲƖШĲƣШċũЮЯШΞΜΝΥьШċŰĬШĤьШũċƣĲƖċũШƣƖĲŰĬƚШŔŰШĦŸŰƣƖŔĤƨƣŔŸŰШŸŉШƣőĲШƨƓƚƣƖĲċůШċƖċĤũĲШ

ƚŸƨƖĦĲШċŰĬШƨŰťŰŸƽŰШũŸĦċũШƚŸƨƖĦĲШыőŔŊőШĬΝΡ ЯШƓƖŸĤċĤũǃШċũŊċĲШы[ŔŰũċǃШѼШuĲŰĬċũũШΞΜΜΤьь 
ƣŸШĬĲƓŸƚŔƣĲĬШƚĲĬŔůĲŰƣШŉƨƖƣőĲƖШƚƨƓƓŸƖƣШƣőĲШũċƣĲƖċũШĬŔůŔŰŔƚőŔŰŊШŔŰǰƨĲŰĦĲШŸŉШƣőĲШƖŔƻĲƖЮ 

Second, the particulate sediment-bound N and P deposition sharply decreased with distance 
from the river, indicating the rather limited lateral influence of the river for sediment input to the 
floodplain (Fig 2a).  

As shown in Figure 2b, sediment-bound nutrient deposition of upstream arable land use was 
only high near the river and sharply decreased with distance. Nutrient release was also shown to 
be highest in this zone (Wassen et al., 2003). Flooding with dissolved nutrients seemed to result 
in high algae growth and deposition. In the zone with non-river derived inundation water, local 
erosion and deposition of soil organic matter from dead plant litter was probably the major 
process for sediment deposition. The three studies combined show how the hydrological flow 
processes of different water sources steer inundation water quality and sediment deposition 
distributions.  
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9§ 9xÖÉf§ É 
The main conclusion related to the relevance of the Flood Pulse Concept is that the moving 

littoral is not a good indicator of the zone of high productivity. Therefore, for temperate floodplains 
with multiple hydrological flow processes, we proposed three additions: 1) delineation of the 
edge of river floodwater; 2) delineation of the zone of particulate sediment-bound nutrient 
deposition; and 3) separating the zone where upstream nutrients are imported as either 
sediment-bound or dissolved and the zone where local recycling of soil material is the major term 
in the nutrient balance.  

The ecosystem services sedimentation and nutrient retention are predominantly limited to a 
narrow zone along the river. For the service of biodiversity, the studies showed the importance of 
exfiltrating groundwater in the central part of the Biebrza Lower Basin. 

 
ÅE[EÅE 9EÉ 
[ŔŰũċǃЯШsЮЯШuĲŰĬċũũЯШ9ЮШΞΜΜΤЮШÉƣċĤũĲШŔƚŸƣŸƓĲШƣƖċĦŔŰŊШŸŉШƣĲůƓŸƖċũШċŰĬШƚƓċƣŔċũШƻċƖŔċĤŔũŔƣǃШŔŰШŸƖŊċŰŔĦШ
ůċƣƣĲƖШƚŸƨƖĦĲƚШƣŸШŉƖĲƚőƽċƣĲƖШĲĦŸƚǃƚƣĲůƚЮ fŰаШ~ŔĦőĲŰĲƖЯШÅЮШxċŢƣőċЯШuЮЯШыEĬƚЮьШÉƣċĤũĲЮŔƚŸƣŸƓĲƚЮŔŰЮ
ĲĦŸũŸŊǃЮċŰĬЮĲŰƻŔƖŸŰůĲŰƣċũЮƚĦŔĲŰĦĲеЮƚĲĦŸŰĬЮĲĬŔƣŔŸŰеШƓƓЮШΞΥΟтΟΟΟЮШìŔũĲǃЮ 

]ƖŸơрÉĦőůƁũĬĲƖƚЯШ~ЮЯШuũĲŔŰЯШuЮЯШEůƚĲŰƚЯШìЮрsЮЯШéċŰШ?ŔŊŊĲũĲŰЯШÅЮЯШ ŊŊĲŰĤċĦőЯШ9ЮШsЮШÉЮЯШxŔĦǍŰĲƖЯШòЮЯШ
[ƖŸƨǍЯШsЮЯШxĲŔŉĲũĬЯШsЮЯШ ũĲƽĲũũЯШ9ЮШΞΜΞΞЮШÉƣċĤũĲШŔƚŸƣŸƓĲƚШыΝ͋Ο9ЯШΝ͋Ρ ьШċŰĬШĤŔŸůċƖťĲƖƚШċƚШ
ŔŰĬŔĦċƣŸƖƚШŸŉШƣőĲШőǃĬƖŸũŸŊŔĦċũШƖĲŊŔůĲШŸŉШŉĲŰƚШŔŰШċШEƨƖŸƓĲċŰШĲċƚƣтƽĲƚƣШƣƖċŰƚĲĦƣЮ ÉĦŔĲŰĦĲЮŸŉЮƣőĲЮ
ÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣ ΥΟΥаШΝΡΣΣΜΟЮ 

sƨŰťЯШ ìЮШ sЮЯШ 7ċǃũĲǃЯШ ÂЮШ 7ЮЯШ ÉƓċƖťƚЯШ ÅЮШ EЮШ ΝΦΥΦЮШ ÑőĲШ ǰŸŸĬШ ƓƨũƚĲШ ĦŸŰĦĲƓƣШ ŔŰШ ƖŔƻĲƖрǰŸŸĬƓũċŔŰШ
ƚǃƚƣĲůƚЮ 9ċŰċĬŔċŰЮsŸƨƖŰċũЮŸŉЮ[ŔƚőĲƖŔĲƚЮċŰĬЮ ƕƨċƣŔĦЮÉĦŔĲŰĦĲƚЯ ΝΜΣаШΝΝΜтΝΞΤЮ 

uĲŔǍĲƖЯШ[ЮШ~ЮЯШÉĦőŸƣЯШÂЮШÂЮЯШ§ťƖƨƚǍťŸЯШÑЮЯШ9őŸƖůċűƚťŔЯШsЮЯШuċƖĬĲũЯШfЮЯШìċƚƚĲŰЯШ~ЮШsЮШΞΜΝΠЮШ ШŰĲƽШũŸŸťШ
ċƣШ ƣőĲШ ǰŸŸĬШ ƓƨũƚĲШ ĦŸŰĦĲƓƣаШ ƣőĲШ ыŔƖьƖĲũĲƻċŰĦĲШ ŸŉШ ƣőĲШ ůŸƻŔŰŊШ ũŔƣƣŸƖċũШ ŔŰШ ƣĲůƓĲƖċƣĲШ ǍŸŰĲШ
ƖŔƻĲƖƚЮ EĦŸũŸŊŔĦċũЮEŰŊŔŰĲĲƖŔŰŊЯ ΣΠаШΥΡрΦΦЮ 

uĲŔǍĲƖЯШ[ЮШ~ЮЯШéċŰШĬĲƖШxĲĲЯШ]ЮШcЮЯШÉĦőŸƣЯШÂЮШÂЮЯШuċƖĬĲũЯШfЮЯШ7ċƖĲŰĬƖĲŊƣЯШ ЮЯШѼШìċƚƚĲŰЯШ~ЮШsЮШыΞΜΝΥьЮШ
[ũŸŸĬƓũċŔŰШƓũċŰƣШƓƖŸĬƨĦƣŔƻŔƣǃШŔƚШĤĲƣƣĲƖШƓƖĲĬŔĦƣĲĬШĤǃШƓċƖƣŔĦƨũċƣĲШŰƨƣƖŔĲŰƣƚШƣőċŰШĤǃШĬŔƚƚŸũƻĲĬШ
ŰƨƣƖŔĲŰƣƚШŔŰШǰŸŸĬƽċƣĲƖЮ EĦŸũŸŊŔĦċũЮEŰŊŔŰĲĲƖŔŰŊЯ ΝΝΦаШΡΠрΣΟЮ 

ÑŸĦťŰĲƖЯШ uЮЯШ ÉƣċŰŉŸƖĬЯШ sЮШ ЮШ ΞΜΜΞЮШ ÅŔƻĲƖŔŰĲШ ǰŸŸĬШ ƓũċŔŰƚаШ ƓƖĲƚĲŰƣШ ƚƣċƣĲШ ċŰĬШ ŉƨƣƨƖĲШ
ƣƖĲŰĬƚЮ EŰƻŔƖŸŰůĲŰƣċũЮ9ŸŰƚĲƖƻċƣŔŸŰЯ ΞΦыΟьаШΟΜΥтΟΟΜЮ 

ìċƚƚĲŰЯШ~ЮШsЮЯШÂĲĲƣĲƖƚЯШìЮШcЮЯШ§ũĬĲШéĲŰƣĲƖŔŰťЯШcЮШΞΜΜΟЮШÂċƣƣĲƖŰƚШŔŰШƻĲŊĲƣċƣŔŸŰЯШőǃĬƖŸũŸŊǃЯШċŰĬШ
ŰƨƣƖŔĲŰƣШċƻċŔũċĤŔũŔƣǃШŔŰШċŰШƨŰĬŔƚƣƨƖĤĲĬШƖŔƻĲƖШǰŸŸĬƓũċŔŰШŔŰШÂŸũċŰĬЮШÂũċŰƣЮEĦŸũŸŊǃЯΝΣΡаШΞΤрΠΟЮ 
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f ÑÅ§?Ö9Ñf§  

Interactions between groundwater and surface water are of crucial importance for the 
ecological functioning of wetland systems since they control groundwater levels in the wetlands, 
water temperature in the river and exchange of solutes. Therefore, management practices aiming 
to conserve the ecological status strongly depend on estimates of groundwater т surface water 
exchange. However, currently established methods to estimate groundwater flow (i) rely on 
temporal point measurements, missing the effect of crucial short term events (e.g. precipitation), 
(ii) rely on differences in physical characteristics between the groundwater and surface water 
(e.g. temperature and/or conductivity), which are not always present or (iii) require extensive 
modelling. 

 
ÉÑÖ?òШ ÅE 

The Upper Biebrza Valley, situated in northeastern Poland, features an unregulated Biebrza 
River, unreclaimed marshlands, fens, and grasslands, and a lack of extensive human intervention 
in the hydrological system. Designated as a National Park since 1992, protective measures 
include a prohibition on river dredging and on the removal of water vegetation. The Biebrza 
Wetlands, thanks to their mostly intact hydrological processes, have been the focus of extensive 
hydroecological research done by many researchers. The hydrological system of the Upper 
Biebrza Valley is comprehensively described in Grodzka-}ƨťċƚǍĲƽƚťċШĲƣШċũЮШыΞΜΞΞьЮ 

 

~EÑc§?§x§]ò 
We performed the recalibration of a 3D transient groundwater model (Grodzka-}ƨťċƚǍĲƽƚťċШ

et. Al, 2022) based on time series of not only groundwater heads, but also in situ measured 
groundwater fluxes. This is absolutely unique and it involves the newly developed iFLUX sensors 
(Verreydt et al., 2021). Two versions of this sensors exist, for measuring horizontal and vertical 
flow, respectively. The sensor probe for horizontal flow consists of two bidirectional flow sensors 
that are superimposed and is installed in a monitoring well with dedicated pre-pack filter, 
allowing for measurement of both groundwater flux magnitude and direction. The probe 
measuring vertical flow can be installed directly in the soil, in the riverbed or in a monitoring well. 
With a broad measuring range of groundwater fluxes from 0.5 cm/day to 2000 cm/day and 
frequent measurements, this setup can map rapidly changing flow conditions.  

 

 



ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШféШрШ[x§ìШìfÑcШÑcEШì ÑEÅаШcò?Å§x§]òШ  ?Ш~§ fÑ§Åf ] 

ΥΜ 
 

ċь Ĥь 

 

Fig. 1. Horizontal (a) and Vertical (b) iFLUX sensor probes, installed at in Stary Rogozyn.  
 

We installed the iFLUX sensors in the upper Biebrza basin to (i) study the variability of 
groundwater fluxes and groundwater т surface water exchange on a small temporal scale and (ii) 
assess the possibility of incorporating groundwater flux data to reduce model uncertainty of a 
manually calibrated groundwater model. 

ÅEÉÖxÑÉШ  ?Ш?fÉ9ÖÉÉf§  
Our results show that, during most of the year, the Biebrza river is gaining, with a sharp 

increase in upward groundwater flux in the hyporheic zone during summer months. In the valley 
surrounding the river, groundwater flows towards the river, as expected. However, the data show 
a remarkable diurnal pattern of both flow magnitude and direction, with the highest flow velocity 
occurring in the late afternoon, suggesting a relation with evapotranspiration. After large 
precipitation events, the flow direction reverses, suggesting infiltration of surface water into the 
aquifer. 

 
[ŔŊЮШΞЮШ ŰŔůċƣĲĬШƻŔƚƨċũŔǍċƣŔŸŰШŸŉШůĲċƚƨƖĲĬШŊƖŸƨŰĬƽċƣĲƖШǰƨǂЯШőĲċĬШċŰĬШƚŸũċƖШƖċĬŔċƣŔŸŰ 

 
Recalibration of the 3D transient groundwater model was performed in an automated way with 

FePEST. Calibration of the model with data from the vertical flux sensors lead to a substantial 
model improvement with almost identical model output fluxes compared to the observed ones.  
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[ŔŊЮШΟЮШ§ĤƚĲƖƻĲĬШƻĲƖƚƨƚШƚŔůƨũċƣĲĬШƻĲƖƣŔĦċũШ?ċƖĦǃШǰƨǂШŔŰШ7ŔĲĤƖǍċШƖŔƻĲƖ 

 
9§ 9xÖÉf§ É 

In conclusion, the results of our measurement showed large variations in groundwater flow on 
a small temporal scale, which were never measured before in the area with traditional methods, 
and contributed significantly to the model calibration improved. As such, the flux sensors provide 
new insights in groundwater т surface water interactions and can become an invaluable tool in 
ecohydrological studies worldwide, ultimately leading to more integrated management strategies 
to protect our remaining wetlands. 

 

9u §ìxE?]E~E ÑÉ 
A comprehensive monitoring system was established and funded by the National Science 

Center (Poland), grant number OPUS 2016/21/B/ST10/03042. The field research was conducted 
in the framework of the FORCE Project, funded by the Norwegian Research Fund GRIEG grant No. 
2019/34/H/ST10/00711 and by the National Science Centre (Poland).  

 
ÅE[EÅE 9EÉ 
]ƖŸĬǍťċр}ƨťċƚǍĲƽƚťċЯШ~ЮЯШÉŔŰŔĦǃŰЯШ]ЮЯШ]ƖǃŊŸƖƨťЯШ~ЮЯШ~ŔƖŸƚŮċƽрÊƽŔĞƣĲťЯШ?ЮЯШuċƖĬĲũЯШfЮЯШѼШ§ťƖƨƚǍťŸЯШ
ÑЮШΞΜΞΞЮШÑőĲШƖŸũĲШŸŉШƣőĲШƖŔƻĲƖШŔŰШƣőĲШŉƨŰĦƣŔŸŰŔŰŊШŸŉШůċƖŊŔŰċũШŉĲŰаШ ШĦċƚĲШƚƣƨĬǃШŉƖŸůШƣőĲШ7ŔĲĤƖǍċШ
ìĲƣũċŰĬƚЮШÂĲĲƖsЯШΝΜЯШĲΝΟΠΝΥЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΤΤΝΤоƓĲĲƖŢЮΝΟΠΝΥ 

éĲƖƖĲǃĬƣЯШ]ЮЯШ9ŸŸũƚЯШuЮШѼШ~ĲĲƚƣĲƖƚЯШ[ЮШΞΜΞΝЮШ~ĲƣőŸĬШċŰĬШĬĲƻŔĦĲШŉŸƖШůŸŰŔƣŸƖŔŰŊШċШǰƨŔĬШǰƨǂЮШÂċƣĲŰƣШ
ƓƓũŔĦċƣŔŸŰЮШì§ΞΜΞΝΜΥΦΡΠΜ ΝЮШőƣƣƓƚаооƓċƣĲŰƣƚЮŊŸŸŊũĲЮĦŸůоƓċƣĲŰƣоì§ΞΜΞΝΜΥΦΡΠΜ ΝоĲŰШ 
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cŸƽШƣŸШċƚƚĲƚƚШƓĲċƣũċŰĬШĬƖǃŔŰŊШ 
ƨƚŔŰŊШƖĲůŸƣĲШƚĲŰƚŔŰŊе 

 
~ċƖƣǃŰċШìŔĲƣĲĦőċċĤЯШ?ŸůŔŰŔťШuŸƓĲħĦĤЯШsƨƚƣǃŰċШìǃũċǍŮŸƽƚťċĤЯШ 

ŊċƣċШüċťƖǍĲƽƚťċĤЯШsċŰШ ŔĲĬǍŔĲũťŸĤЯШ~ċĦŔĲŢШ]ĞĤťċĬЯШ 
~ċƖŔƨƚǍШxċůĲŰƣŸƽŔĦǍĲЯШÉƣċŰŔƚŮċƽШÅŸƚċĬǍŔűƚťŔĬЯШÉƣĲŉċŰШuŸŰĦǍċũŉ 

 
ċ?ŸĦƣŸƖċũШÉĦőŸŸũШŸŉШEǂċĦƣШċŰĬШ ċƣƨƖċũШÉĦŔĲŰĦĲƚЯШÖŰŔƻĲƖƚŔƣǃШŸŉШxŸĬǍЯШ}ŹĬǎЯШÂŸũċŰĬ 

Ĥ~]]ÂШ ĲƖŸШÉƓЮШǍШŸЮШŸЮЯШÑċƖŰŹƽЯШÂŸũċŰĬ 
Ħ?ĲƓċƖƣůĲŰƣШŸŉШ7ŔŸŊĲŸŊƖċƓőǃЯШÂċũĲŸĲĦŸũŸŊǃШċŰĬШ ċƣƨƖĲШ9ŸŰƚĲƖƻċƣŔŸŰЯШ 

ÖŰŔƻĲƖƚŔƣǃШŸŉШxŸĬǍЯШ}ŹĬǎЯШÂŸũċŰĬ 
Ĭ?ĲƓċƖƣůĲŰƣШŸŉШcǃĬƖŸĤŔŸũŸŊǃЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬ 

ĲxċĤŸƖċƣŸƖǃШŸŉШ9ũŔůċƣĲШ9őċŰŊĲШEĦŸũŸŊǃЯШ ĬċůШ~ŔĦťŔĲƽŔĦǍШÖŰŔƻĲƖƚŔƣǃЯШÂŸǍŰċűЯШÂŸũċŰĬ 
ŉìŸǍŔƽŸĬċШ[ŸƖĲƚƣШ?ŔƚƣƖŔĦƣЯШìŸǍŔƽŸĬċЯШÂŸũċŰĬ 

 
f ÑÅ§?Ö9Ñf§  

Peatlands play a crucial role in preserving global biodiversity and climate regulation. 
Unfortunately, the area of wetlands in good ecological condition is dramatically decreasing (Hu 
et al., 2017). Therefore, developing an effective, fast, and objective method for assessing the state 
of peatland ecosystems represents a crucial challenge in nature conservation. Currently, remote 
sensing (RS) is considered one of the most useful methods for assessing the condition of 
wetlands (Guo et al., 2017). In this regard, in 2022 a peatlands condition assessment was carried 
out for two forest districts т Woziwoda and Tuchola, northern Poland, using RS methods. The 
study aimed to test the usefulness of different types of remote sensing data for assessing the 
dryness of peatland. 

~EÑc§?É 
A multi-sensor aerial platform, enabling the simultaneous acquisition of hyperspectral (HS), 

thermal infrared (TIR), and airborne laser scanning (ALS) data was used in the study. The data was 
obtained on July 20, 2022. Additionally, thermal data was collected during the night of July 20-21, 
2022. The Crop Water Stress Index (CWSI) was also calculated based on TIR data and 
meteorological measurements. Field reference information was collected for 102 polygons. 

During the fieldwork, 4 features describing peatland drying were determined for each polygon: 
moss drying, vascular plant drying, water levels in the peatland, and ground moisture. Each of 
these features was classified into four levels, where the first indicated no drying, and the fourth 
indicated a site that was completely dried out. The location, size, and botanical characteristics 
of the polygons were determined. Additionally, a combined index called the Multifactorial 
Peatland Drying Index (MPDI), was also created as a sum of all levels of peatland drying within the 
polygon. The range of the MPDI is then from 4 to 16. The initial phase of the analysis involved 
examining correlations between RS and field-collected data. Selected spectral indices (SI), 
daytime temperature (TIRd), nighttime temperature (TIRn), temperature difference between day 
and night (TIRdn), and CWSI were used as remote sensing input data for the analysis. The next 
step involved predicting peatland drying for the entire area of selected peatlands using machine 
learning methods. The use of various sets of input data for modelling a Multifactorial Peatland 
Drying Index was tested. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Among the analyzed features determining peatland drying, the highest correlation with RS data 

is observed for moss drying levels (up to r=0.84 with CWSI) and Multifactorial Peatland Drying 
Index (up to r=0.75 with TIRdn). Among the analyzed hyperspectral indices, the CAI (Cellulose 
Absorption Index) displays the strongest correlation with moss drying levels (r=0.80), LCAI (Lignin 
Cellulose Absorption Index) with vascular plant drying levels (r=0.54), and mNDWI (Modified 
Normalized Difference Water Index) with peatland dehydration levels (r=-0.61) and ground 
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moisture (r=-0.66). Regarding thermal data-derived information, the TIRd, TIRdn, and the CWSI 
exhibit the strongest correlation with the characteristics determining peatland drying. In the case 
of MPDI modeling, the best results were obtained using the full dataset that includes 
hyperspectral and thermal infrared metrics. The R-squared value in this case is equal to 0.46. 
These results are promising, but further experiments are needed to improve them. 

9§ 9xÖÉf§ É 
The initial results of Spearman correlation (p=0.05) analysis demonstrate that both the 

information derived from hyperspectral and thermal data exhibit a significant correlation with the 
features determining peatland drying. Notably, thermal data exhibit a stronger correlation with 
specific features. Through the application of advanced technologies, such as hyperspectral and 
thermal remote sensing, along with the currently intensively evolving analytical methods such as 
machine learning, it is possible to obtain objective and standardized information about the 
condition of peatlands. The results of this study can be used to identify the most desiccated 
areas, which can help take actions related to their protection and restoration.  

9u §ìxE?]E~E ÑÉШ 
ÑőĲШƽŸƖťШƽċƚШĦċƖƖŔĲĬШŸƨƣШƽŔƣőŔŰШƣőĲШƣőĲШƓƖŸŢĲĦƣШљÂƖŸƣĲĦƣŔŸŰШŸŉШéċũƨċĤũĲШEĦŸƚǃƚƣĲůƚШŸŉШÑƨĦőŸũċШ

[ŸƖĲƚƣњШŉƨŰĬĲĬШĤǃШƣőĲШEƨƖŸƓĲċŰШEĦŸŰŸůŔĦШ ƖĲċШ[ŔŰċŰĦŔċũШ~ĲĦőċŰŔƚůШΞΜΝΠ-2021 within the 
framework of the Environment, Energy and Climate Change Programme MF EEA 2014-2021 
љfůƓũĲůĲŰƣċƣŔŸŰШŸŉШEĦŸƚǃƚƣĲůШ~ċŰċŊĲůĲŰƣШÂũċŰƚњШ 

 
ÅE[EÅE 9EÉШ 
cƨШÉЮЯШ ŔƨШüЮЯШ9őĲŰШòЮЯШxŔШxЮЯШüőċŰŊШcЮШΞΜΝΤЮШ]ũŸĤċũШƽĲƣũċŰĬƚаШƓŸƣĲŰƣŔċũШĬŔƚƣƖŔĤƨƣŔŸŰЯШƽĲƣũċŰĬШũŸƚƚЯШ
ċŰĬШ ƚƣċƣƨƚЯШÉĦŔĲŰĦĲЮ ŸŉЮ ƣőĲЮ ÑŸƣċũЮ EŰƻŔƖŸŰůĲŰƣШ ΡΥΣаШ ΟΝΦтΟΞΤЯШ
ĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƚĦŔƣŸƣĲŰƻЮΞΜΝΤЮΜΞЮΜΜΝ 

]ƨŸШ~ЮЯШxŔШsЮЯШÉőĲŰŊШ9ЮЯШñƨШsЮЯШìƨШxЮШΞΜΝΤЮШ ШƖĲƻŔĲƽШŸŉШƽĲƣũċŰĬШƖĲůŸƣĲШƚĲŰƚŔŰŊЯШÉĲŰƚŸƖƚЯШΝΤЯШ
ĬŸŔЮŸƖŊоΝΜЮΟΟΦΜоƚΝΤΜΠΜΤΤΤ 
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9őċŰŊĲШŔŰШìĲƣũċŰĬШ~ċŰċŊĲůĲŰƣШŸƻĲƖШÑŔůĲ 
тШuċƖŸũŔŰŹƽШƻŔũũċŊĲШŔŰШƣőĲШuċůƓŔŰŸƚШ ċƣŔŸŰċũШÂċƖť 

 
Anna AndrzejewskaaЯШ ŰŰċШułĤŮŸƽƚťċa, Julian ÅƨĬǍŔűƚťŔa 

ċШuċůƓŔŰŸƚШ ċƣŔŸŰċũШÂċƖťЯШfǍċĤĲũŔŰЯШÂŸũċŰĬ 

 

 
f ÑÅ§?Ö9Ñf§  

Kampinos National Park was created  in 1959 for the conservation of the unique nature of 
inland dunes and wetlands. It covers over 385 km2. It is protected as a national park (the highest 
form of protection in Poland), as a Natura 2000 site PLC140001 Puszcza Kampinoska and as an 
Important Bird Area PL084 by BirdLife International. Together with the ÂċƖťќƚШbuffer zone it forms 
Ö EÉ9§Ш~ 7Ш7ŔŸƚƓőĲƖĲШÅĲƚĲƖƻĲШљÂƨƚǍĦǍċШuċůƓŔŰŸƚťċњЮ 

Beginning in the 18th century, Kampinos wetlands were drained for agricultural use. In the 
1970s the land buy-up programme was started and dedicated for nature protection. In the 
beginning of the 21st century the long term program of restoration was prepared. The restoration 
works started under the projects: Kampinos Wetlands (LIFE12 NAT/PL/000084, 2013-2019), 
Kampinos Wetlife (LIFE 19/NAT/PL/000746, 2020-2026) and MERLIN (Horizon 2020, GA No 
101036337 2021-2025). 

One of the areas where restoration is nearly completed is the former Karolinów village. 

x§9 Ñf§ Ш  ?Шx  ?[§Å~É 
Kampinos National Park is situated in central Poland on the Middle Mazovian Lowland in pre-

valley of the Vistula River. It is located in the area of a hydrological node where big rivers: Bug, 
Narew, Wkra, Bzura flow into the Vistula river. Valleys of those rivers are ecological corridors of 
national and European rank. 

[ŔŊЮШΝЮШ?ŔŊŔƣċũШĲũĲƻċƣŔŸŰШůŸĬĲũШŸŉШƚƨƖƖŸƨŰĬŔŰŊƚШŸŉШƣőĲШuċƖŸũŔŰŹƽШƻŔũũċŊĲЮШ 
éŔƚŔĤũĲШĤƖċŔĬĲĬШċŰĬШůĲċŰĬĲƖŔŰŊШũŸƽĲƖŔŰŊƚЮШìċƣĲƖШǰŸƽШĬŔƖĲĦƣŔŸŰШŉƖŸůШĲċƚƣШƣŸШƽĲƚƣЮ 

 
The area of Kampinos National Park has a structure of belts extending in an east-west 

direction, parallel to the Vistula River bed. This layout was created in the Late Pleistocene period. 
The dune areas are remnants of the highest Vistula terrace. The lowerings are former river beds 
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which later changed into oxbow lakes and finally into marshes. The highest dunes reach up to 28 
m of height. The south marsh belt consists of a few separated basins. The north belt forms one 
wide, nearly flat valley. The bottom of this valley is uneven in forms of braided and meandering 
lowerings - traces of flow of water in Pleistocene. Thereafter these lowerings were filled up with 
peat. Between them remain the small sandy hills up to 2-3 m high. 

The Karolinów village was situated in western part of the north marsh belt on such elongated 
sandy hill system which is about 2000 m long. 

 
9c  ]EÉШf Шx  ?ШÖÉEШ  ?Ш?EéEx§Â~E Ñ 

Up to the middle of the 18th century most settlements were situated around Kampinos Forest. 
The demand for forest products caused people to increasingly penetrate the Forest. Two different 
communities gradually began to settle inside the area. At first they established temporary 
settlements, which later turned into villages. These were the so-called "hut-people" (named from 
poor huts in which they lived). The second community were colonists arriving here from the 
Netherlands and Germany called "Olenders." They were able to farm in areas that were often 
flooded. Such an "Olender" village was Karolinów, which was founded in the first half of the 19th 
century. The area around the village was deforested, divided into plots and used as meadows, 
pastures and arable land. Their boundaries ran perpendicular to the direction of natural water 
flow. 

[ŔŊЮШΞЮШĲƖŔċũШƓőŸƣŸШŸŉШƚƨƖƖŸƨŰĬŔŰŊƚШŸŉШƣőĲШuċƖŸũŔŰŹƽШƻŔũũċŊĲШŉƖŸůШΝΦΣΦШы9ŸƖŸŰċШŔůċŊĲƖǃьЮШ 
éŔƚŔĤũĲШĤƨŔũĬŔŰŊƚШŸŉШuċƖŸũŔŰŹƽШƻŔũũċŊĲШċŰĬШƣőĲШƓũŸƣƚШƽőŔĦőШċƖĲШũŸĦċƣĲĬШŔŰШƣőĲШ рÉШĬŔƖĲĦƣŔŸŰШ 

ƽőŔũĲШƣőĲШƽċƣĲƖШǰŸƽƚШĲċƚƣШƣŸШƽĲƚƣЮ 

 
Drainage and peat degradation resulted in lowering of the ground level and fertility loss and so 

farming became very difficult. 

Nature conservation was also impossible due to unregulated land ownership structure. In 
1976 the decision was made by the Polish Government to buy up the land inside the Park for 
nature protection. Selling properties was voluntary, which caused a mosaic of private and state 
owned plots. The process of real estate purchasing still continues and now some villages are 
bought up nearly 100%. This is the case of Karolinów where private parcels cover less than 1% of 
the area. Depending on habitat, species and local situation they are either left for natural 
succession, forested or the active protection like water level increase or mowing is maintained. 
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9c  ]EÉШf Шì ÑEÅШ~   ]E~E Ñ 
During primeval times, before people settled inside Kampinos Forest there was no permanent 

river flowing through the marsh belts. These areas were predominantly drainless, only in western 
part small streams appeared in the wet seasons. The marsh belts were covered mainly with 
swamp forests (e.g. alder forests), low and transitional mires. In the middle of 18th century when  
people started to settle and use marshes for agriculture it became a necessity to accelerate the 
outflow of water. In the first stage they dug ditches to dry their fields. In the middle of the 19th 
century the plan of a systematic drainage system was implemented. Up to the 70s of the 20th 
century over 150 km of main channels and hundreds of kilometers of ditches were built. This 
system was maintained in working condition for the next 30 years. Marshes turned into mowed 
meadows, pastures and arable fields. Over time peats were desiccated and degraded and 
resulted in ground subsidence. Inventory, research and monitoring of water, soils, habitats, 
species as well as social structure were conducted in order to find the best scenario to improve 
the condition of marshes. In the lowerings near Karolinów deposits of shallow, maximum 1,70 m 
deep wood and reed peat were identified. In 2011, poorly developed, floristically poor patches of 
wet meadows from the Calthion association, typically developed patches of reed rushes from the 
Phragmition association and large sedge rushes from the Magnocaricion association were found 
here. These communities showed a significant degree of desiccation in places, which was 
manifested, among other things, by a significant share of the turf snail Deschampsia caespitosa 
in meadows and reed canary grass Calamagrostis canescens in rushes. 

Since the buying up land program progressed, in some areas, such as Karolinów village, it 
became possible to increase ground water level and decrease outflow, especially in dry seasons, 
and reactivate processes of biomass accumulation, peat formation, and slow flow of water in 
braided meandering beds. 

In the first step for restoration proper water conditions small, nature based solutions have 
been applied. In the vicinity of Karolinów four fords on the dirt road crossing smaller ditches were 
built. In the next step rifŉũĲƚШŸŰШƣőĲШůċŔŰШ}ċƚŔĦċ channel will be built. This enables  filling with water 
lowerings surrounding the former village of Karolinów. 

 
9§ 9xÖÉf§ É 

The successful restoration of nature and water retention in parts of the Kampinos National 
Park was made possible by the decisions to establish the national park 65 years ago. This was 
achieved thanks to land buyouts and the cessation of land drainage taken almost 50 years ago. It 
is only after such a long time that we are able to carry out technical measures to ensure the best 
possible hydration of wetlands and reactivate processes of biomass accumulation and peat 
forming. In addition, thanks to this their resilience to the effects of climate change increase. 
Perhaps transitional peatland habitats will be restored, common cottongrass and sphagnum 
species will return. We realize that if it were not for these decisions, it would be impossible to 
maintain and improve nature in such close proximity to the intensely expanding capital city of 
Warsaw. 

 
ÅE[EÅE 9EÉ 
üċũĲƽƚťŔШ~ЮЯШcċƖƓĲƖШ?ЮШ~ЮЯШÅŸĤċƖƣƚШÅЮШ?ЮШΞΜΜΟЮШìċƣĲƖШ9ŔƖĦƨũċƣŔŸŰШÉƣƨĬǃШŸŉШƣőĲШuċůƓŔŰŸƚťŔШ ċƣŔŸŰċũШ
ÂċƖťЯШfŰƣĲƖŰċƣŔŸŰċũШsŸƨƖŰċũШŸŉШEĦŸőǃĬƖŸũŸŊǃШѼШcǃĬƖŸĤŔŸũŸŊǃЯШΟаΟШÂŸũŔƚőШ ĦċĬĲůǃШŸŉШÉĦŔĲŰĦĲЯШ
ìċƖƚǍċƽċ 

§ťƖƨƚǍťŸШ ÑЮЯШ ~ŔŸĬƨƚǍĲƽƚťŔШ ìЮЯШ uƨĦőċƖƚťŔШ xЮШ ΞΜΝΝЮШ§ĦőƖŸŰċШ ŔШ ƖĲŰċƣƨƖǃǍċĦŢċШ ůŸťƖċĬĲŮШ
uċůƓŔŰŸƚťŔĲŊŸШÂċƖťƨШ ċƖŸĬŸƽĲŊŸЯШìǃĬċƽŰŔĦƣƽŸШÉ]]ìЯШìċƖƚǍċƽċ 

[ŔŰċũШÅĲƓŸƖƣШΞΜΝΦЮШxŔŉĲШu ~Âf §ÉШìEÑx  ?ÉШƓũЯШxf[EΝΞШ  ÑоÂxоΜΜΜΜΥΠ 
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ÑőĲШŔůƓŸƖƣċŰĦĲШŸŉШĲŰƻŔƖŸŰůĲŰƣċũШƻċƖŔċĤũĲƚШŸŰШǃĲċƖũǃШ
ĦőċŰŊĲƚШŸŉШƖĲĲĬШƚƣċŰĬƚШċƣШxċťĲШ9ĲƖťŰŔĦċШ 

тШċШĬċƣċШůŔŰŔŰŊШċƓƓƖŸċĦő 

 ŔťШ§ŢĬċŰŔĨċЯШfŊŸƖШüĲũŰŔťċЯШũĲťƚċŰĬƖċШ]ŸũŸĤċ 

a Biotechnical Faculty, University of Ljubljana, Ljubljana, Slovenia 

 
f ÑÅ§?Ö9Ñf§  

The Common reed (Phragmites australis (Cav.) Trin. ex Steudel) is a helophytic cosmopolitan 
grass. Common reed has become an integral part of wetland vegetation, thriving in slow-flowing 
and standing waters and in habitats such as fens ы;ŖǏťŸƻČШĲƣШċũЮЯШΞΜΞΟь. At Lake Cerknica, an 
intermittent wetland, common reed plays a crucial role in providing various ecosystem services. 
Additionally, common reed stands provide a habitat for bird reedbed specialists (Kmecl et al., 
2022). However, in recent years reed stands at certain areas of Lake Cerknica noticeably started 
to decline with water level data also showing an increase in extreme droughts and floods (Blatnik 
et al., 2024). The decrease in reed stands is likely a result of mowing events conducted in late 
summer. These concerns resulted in a shift in the management approach of reed beds, which is 
being implemented in the coming years. 

While the extensive meteorological data dating back 70 years holds tremendous potential for 
explaining fluctuations in reed stands of Lake Cerknica, the dataset lacks the component of 
yearly reed stand information. Remote sensing holds significant potential for conducting long-
term studies of reed stands. By leveraging the multispectral nature of remotely sensed datasets, 
calculation of vegetation indices solves the missing puzzle piece of past information regarding 
reed stands.  

Our aim is to make use of remote sensing data, coupled with the extensive meteorological 
dataset, to acquire threshold values of environmental variables from which we can explain yearly 
changes in reed stands for the last four decades. Given the regular updates to these datasets, the 
robust predictive decision tree models generated through data mining algorithms have the 
potential to serve as valuable tools for decision-makers involved in the annual management of 
common reed at Lake Cerknica. 

 
~EÑc§?É 
9ŸůůŸŰШƖĲĲĬШƚƣċŰĬƚШċƣШÑƖƜĨĲŰťĲЯШċШƖĲĲĬ-dominated area within Lake Cerknica along the main 

ŔŰŉũŸƽЯШƖŔƻĲƖШÉƣƖǏĲŰЯШƽĲƖĲШůŸŰŔƣŸƖĲĬШƨƚŔŰŊШƚċƣĲũũŔƣĲШŔůċŊĲƚШŉƖŸůШΝΦΥΠШƣŸШΞΜΞΟЮШìĲШĲůƓũŸǃĲĬШ
atmospherically corrected Landsat Collection 2, Level-2 data archives. Each year, an image 
corresponding to the peak greenness period for common reed, at Lake Cerknica, was selected. 
We then calculated the Modified Soil Adjusted Vegetation Index (MSAVI2) for each image. The 
resulting raster images were clipped to the vector layer representing reed stands. Additionally, 
yearly differences in MSAVI2 were computed, following the methodology proposed by (Singh, 
1989). 

ÑőĲШĲŰƻŔƖŸŰůĲŰƣċũШĬċƣċШĦŸůƓƖŔƚĲĬШƽċƣĲƖШũĲƻĲũШĬċƣċШŉƖŸůШƣőĲШƓƖŔůċƖǃШŔŰŉũŸƽЯШƖŔƻĲƖШÉƣƖǏĲŰЯШċŰĬШ
temperature data obtained from a nearby climatological station. Environmental data was 
categorized into two groups: spring and summer data. From these categories, we derived 27 
distinct environmental variables, which served as predictors for the data mining process. 

The combined datasets formed the foundation for our data mining analysis. To conduct this 
analysis, we employed the WEKA software, using the M5P model tree classifier algorithm. This 
algorithm generates decision trees, wherein threshold values of the most significant predictors 
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are identified. Terminal nodes of the decision tree contain linear models predicting the yearly 
change of MSAVI2. 

To compare real data against predicted values, we computed the 40-year average of MSAVI2. 
Subsequently, we determined the percentage of yearly change relative to this 40-year average. To 
ĲƻċũƨċƣĲШƓƖĲĦŔƚŔŸŰШŸŉШĲċĦőШũŔŰĲċƖШůŸĬĲũЯШƽĲШĦŸŰĬƨĦƣĲĬШìĲũĦőќƚШƣƽŸ-sample t-tests, comparing 
the actual percentage of change against the modeled percentage of change. We further 
compared the actual MSAVI2 data with reed above-ground biomass (AGB) data collected between 
2007 and 2021 which was also converted into annual percentage change based on its 15-year 
average. 

 
ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  

The 40-year average MSAVI2 ċƣШÑƖƜĨĲŰťĲШƽċƚШƖĲĦŸƖĬĲĬШċƣШΜЮΠΦΠЮШÑőĲШ~ΡÂШĬċƣċШůŔŰŔŰŊШċũŊŸƖŔƣőůШ
created a decision tree containing 12 different rules based on 5 different predictors with a total of 
seven outcomes. Each outcome is additionally defined with a linear model that predicts the 
yearly change of MSAVI2 (Tab. 1). The most important established predictor was the previous 
ǃĲċƖќƚ MSAVI2 value with a threshold of 0.467. Instances where values were below the threshold 
led to two different outcomes (LM1 and LM2) both indicating a significant yearly increase in 
MSAVI2. The second most influential predictor was the minimum water level during summer 
months, set at a threshold of 173 cm. When the minimum water level exceeded this threshold, 
the model predicted an average decrease of 34.76 % (LM7), which closely matched the real data 
(Table 1). High water levels during summer negatively affect common reed growth in Lake 
Cerknica ы§ŢĬċŰŔĨШĲƣШċũЮЯШΞΜΞΟь, inhibiting early culm development due to reduced photosynthesis 
rates in submerged plants. On the other hand, when the minimum summer water level was below 
the threshold of 173 cm, the next important predictor was the average temperature of spring with 
a threshold value of 11.9 °C. In instances where the average spring temperature exceeded the 
threshold, a small decrease of 6.05 % was expected (LM6), however real data showed a greater 
decrease of 19.73 % (Tab. 1). The remaining important predictors were the maximum temperature 
during spring with a threshold value of 26.5 °C along with previous years MSAVI2 with a threshold 
of 0.528. All results lead to predicted minimal change which in case of LM3 differs from real data. 
This highlights the flaw of the algorithm as it becomes less reliable when environmental factors 
lead to minimal changes, while significant changes were accurately predicted.  

ÑċĤũĲШΝЮШÑőĲШƣċĤũĲШƓƖĲƚĲŰƣƚШƣőĲШċƻĲƖċŊĲШƖĲċũШċŰĬШƓƖĲĬŔĦƣĲĬШƓĲƖĦĲŰƣċŊĲШŸŉШǃĲċƖũǃШĦőċŰŊĲШ 
ŸĤƣċŔŰĲĬШŉƖŸůШƣőĲШũŔŰĲċƖШůŸĬĲũƚШŊĲŰĲƖċƣĲĬШĤǃШƣőĲШ~ΡÂШĬċƣċШůŔŰŔŰŊШċũŊŸƖŔƣőůЮШ 

ĬĬŔƣŔŸŰċũũǃЯШŔƣШŔŰĦũƨĬĲƚШƣőĲШƓрƻċũƨĲƚШƖĲƚƨũƣŔŰŊШŉƖŸůШƣőĲШìĲũĦőШƣрƣĲƚƣЮ 

xŔŰĲċƖШůŸĬĲũ 
ċƻĲƖċŊĲШƖĲċũШĦőċŰŊĲШ

ыӖь 
ċƻĲƖċŊĲШƓƖĲĬŔĦƣĲĬШĦőċŰŊĲШ

ыӖь 
ƓрƻċũƨĲ 

x~Ν ΟΤЮΝΠШӆШΝΜЮΡΦ ΟΞЮΣШӆШΥЮΜΥ ΜЮΠΜΤ 
x~Ξ ΝΥЮΤΤШӆШΡЮΞΞ ΞΜЮΤΡШӆШΟЮΦΝ ΜЮΣΥΦ 
x~Ο ΝΜЮΣΥШӆШΟЮΜΤ ΞЮΣΦШӆШΥЮΠΠ ΜЮΜΝΥ 
x~Π ΝЮΥΥШӆШΠЮΠΥ рΟЮΤΤШӆШΞЮΤΠ ΜЮΜΡΝ 
x~Ρ рΟЮΟΝШӆШΞЮΦΞ рΞЮΣШӆШΡЮΣΞ ΜЮΥΡΥ 
x~Σ рΝΦЮΤΟШӆШΡЮΦΣ рΣЮΜΡШӆШΣЮΦΟ ΜЮΝΤΣΡ 
x~Τ рΟΠЮΤΣШӆШΝΝЮΦΝ рΟΟЮΝΠШӆШΝΞЮΜΝ ΜЮΤΣΠ 

 

When examining both the AGB and MSAVI2 data it is evident that common reed stands undergo 
significant annual fluctuations. The peak AGB was observed in 2009 marking the highest yearly 
increase according to the 15-year average. Interestingly, in the same year, the model predicted a 
substantial change (LM2) based on the preceding years MSAVI2 values (Tab. 2). Notably, the most 
substantial reduction in AGB occurred in 2010. The model correctly predicted a significant 
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decrease (LM7). Though the AGB and MSAVI2 data correlates, it is not possible to predict the exact 
change in yearly productivity. 

ÑċĤũĲШΞЮШÑőĲШƣċĤũĲШƓƖĲƚĲŰƣƚШƣőĲШċƻĲƖċŊĲШǃĲċƖũǃШċĤŸƻĲрŊƖŸƨŰĬШĤŔŸůċƚƚЮШ 
ĬĬŔƣŔŸŰċũũǃЯШƣőĲШƣċĤũĲШŔŰĦũƨĬĲƚШƣőĲШċŰŰƨċũШƓĲƖĦĲŰƣċŊĲШŸŉШĦőċŰŊĲШ 
ŸŉШĤŸƣőШƣőĲШ~É éfΞШċŰĬШċĤŸƻĲрŊƖŸƨŰĬШĤŔŸůċƚƚШĬċƣċЮ 

òĲċƖ ]7ШыŊоůΞь ]7ШыӖь ~É éfΞШыӖь 
ΞΜΜΤ ΡΠΥЮΝ ШШШШШШШШШШШоШ ШШШШШШШШШШШШШШШШШо 
ΞΜΜΥ ΟΣΟЮΞ рΠΝЮΤ рΝΠЮΣ 
ΞΜΜΦ ΦΡΟЮΠШ ΝΟΟЮΜ ΞΣЮΣ 
ΞΜΝΜ ΡΠΡЮΡШ рΦΝЮΦ рΟΞЮΥ 
ΞΜΝΝ ΟΜΥЮΟШ рΡΟЮΠ ΝΝЮΜ 
ΞΜΝΞ ΣΞΟЮΣ ΤΝЮΜ ΞΞЮΣ 
ΞΜΝΟ ΟΣΥЮΜШ рΡΤЮΣ рΝΜЮΡ 
ΞΜΝΠ ΞΦΜЮΤ рΝΤЮΠ рΟΞЮΠ 
ΞΜΝΡ ΟΠΠЮΜШ ΝΞЮΜ ΞΡЮΜ 
ΞΜΝΣ ΟΜΞЮΤШ рΦЮΟ ΝΥЮΡ 
ΞΜΝΤ ΟΣΣЮΦШ ΝΠЮΡ рΜЮΠ 
ΞΜΝΥ ΟΦΜЮΜШ ΡЮΞ рΝΜЮΝ 
ΞΜΝΦ ΞΝΡЮΟШ рΟΦЮΠ рΟΝЮΟ 
ΞΜΞΜ ΡΝΣЮΡШ ΣΤЮΦ ΞΦЮΠ 
ΞΜΞΝ ΡΞΝЮΞШ ΝЮΝ ΦЮΜ 

 

9§  9xÖÉf§ É 
Acquired models robustly predict significant increases and decreases of common reed 

vitality. The models, however, contain a drawback as predicting minimal yearly changes is less 
reliable. Since decision makers regarding reed stands need to recognize years, where reed vitality 
drops significantly, the robust predictive model holds potential for a useful management tool. 

9u §ìxE?]E~E ÑÉ 
This work was funded by the Slovenian Research Agency (grant numbers P1-0212 and 5585 т 

 ŔťШ§ŢĬċŰŔĨьШ 

 
ÅE[EÅE 9EÉ 
7ũċƣŰŔťЯШ~ЮЯШ]ċĤƖŸƻƜĲťЯШ[ЮЯШÅċƻĤċƖЯШ ЮЯШ[ƖċŰƣċƖЯШÂЮЯШ]ŔũũЯШxЮìЮШΞΜΞΠЮШ ƚƚĲƚƚůĲŰƣШŸŉШĦũŔůċƣŔĦШċŰĬШ
ċŰƣőƖŸƓŸŊĲŰŔĦШĲǭĲĦƣƚШŸŰШǰŸŸĬШĬǃŰċůŔĦƚШŔŰШƣőĲШ9ĲƖťŰŔƜťŸШÂŸũŢĲШыÉìШÉũŸƻĲŰŔċьШĤċƚĲĬШŸŰШċШΤΜр
ǃĲċƖШŸĤƚĲƖƻċƣŔŸŰШĬċƣċƚĲƣЮШsŸƨƖŰċũЮŸŉЮcǃĬƖŸũŸŊǃжЮÅĲŊŔŸŰċũЮÉƣƨĬŔĲƚЯШΡΝЯШΝΜΝΣΜΦЮ 

;ŖǏťŸƻČЯШcЮЯШuƨĨĲƖċЯШÑЮЯШÂŸƨũŔŰЯШ7ЮЯШuƻĵƣЯШsЮШΞΜΞΟЮШEĦŸũŸŊŔĦċũШĤċƚŔƚШŸŉШĲĦŸƚǃƚƣĲůШƚĲƖƻŔĦĲƚШċŰĬШ
ůċŰċŊĲůĲŰƣШŸŉШƽĲƣũċŰĬƚШĬŸůŔŰċƣĲĬШĤǃШĦŸůůŸŰШƖĲĲĬШыÂőƖċŊůŔƣĲƚЮċƨƚƣƖċũŔƚьаШEƨƖŸƓĲċŰШ
ƓĲƖƚƓĲĦƣŔƻĲЮШ?ŔƻĲƖƚŔƣǃЯШΝΡыΡьЯШΣΞΦЮ 

uůĲĦũЯШÂЮЯШ]ċůƚĲƖЯШ~ЮЯШÂũŸŢЯШ ЮЯШsċŰĨċƖЯШÑЮШΞΜΞΞЮШÑőĲШĦőċũũĲŰŊĲƚШŸŉШĤŔƖĬШĦŸŰƚĲƖƻċƣŔŸŰШŸŰШċŰШ
ŔŰƣĲƖůŔƣƣĲŰƣШťċƖƚƣШũċťĲаШÑőĲШŔŰƣĲƖƓũċǃШĤĲƣƽĲĲŰШĦőċŰŊŔŰŊШƽċƣĲƖШũĲƻĲũШċŰĬШċŊƖŔĦƨũƣƨƖĲЮШƕƨċƣŔĦЮ
9ŸŰƚĲƖƻċƣŔŸŰжЮ~ċƖŔŰĲЮċŰĬЮ[ƖĲƚőƽċƣĲƖЮEĦŸƚǃƚƣĲůƚЯШΟΞыΦьЯШΝΡΠΠтΝΡΡΣЮ 

§ŢĬċŰŔĨЯШ ЮЯШüĲũŰŔťЯШfЮЯШcŸũĦċƖЯШ~ЮЯШ]ċĤĲƖƜĨŔťЯШ ЮЯШ]ŸũŸĤЯШ ЮШΞΜΞΟЮШ9ŸŰƣƖċƚƣŔŰŊШĬǃŰċůŔĦƚШŸŉШũŔƣƣŸƖċũШ
ċŰĬШƖŔƓċƖŔċŰШƖĲĲĬШƚƣċŰĬƚШƽŔƣőŔŰШċШƽĲƣũċŰĬШĦŸůƓũĲǂШŸŉШxċťĲШ9ĲƖťŰŔĦċЮШÂũċŰƣƚЯШΝΞыΡьЯШΝΜΜΣЮ 

ÉŔŰŊőЯШ ЮШΝΦΥΦЮШÅĲƻŔĲƽШ ƖƣŔĦũĲШ?ŔŊŔƣċũШĦőċŰŊĲШĬĲƣĲĦƣŔŸŰШƣĲĦőŰŔƕƨĲƚШƨƚŔŰŊШƖĲůŸƣĲũǃрƚĲŰƚĲĬШĬċƣċЮШ
fŰƣĲƖŰċƣŔŸŰċũЮsŸƨƖŰċũЮŸŉЮÅĲůŸƣĲЮÉĲŰƚŔŰŊЯШΝΜыΣьЯШΦΥΦтΝΜΜΟЮ 
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 ƨůĲƖŸƨƚШĲŰƻŔƖŸŰůĲŰƣċũШŊƖċĬŔĲŰƣƚШƚőċƓĲШ 
ƓũċŰƣШĦŸůůƨŰŔƣǃШƓċƣƣĲƖŰШŔŰШŔŰƣĲƖůŔƣƣĲŰƣШxċťĲШ9ĲƖťŰŔĦċ 

fŊŸƖШüĲũŰŔťċЯШ ŔťШ§ŢĬċŰŔĨċЯШũĲťƚċŰĬƖċШ]ŸũŸĤċ 

aDepartment of Biology, Biotechnical Faculty, University of Ljubljana,  
Ljubljana, Slovenia 

 
f ÑÅ§?Ö9Ñf§  

Wetland vegetation in different habitats of intermittent Lake Cerknica was studied. The 
ůĲŰƣŔŸŰĲĬШũċťĲШőċƚШĤĲĲŰШƚƣƨĬŔĲĬШŉŸƖШĬĲĦċĬĲƚЯШĤƨƣШŰĲƽШƖĲƚĲċƖĦőШƕƨĲƚƣŔŸŰƚШƖĲůċŔŰЮШ]ċĤĲƖƜĨŔťШĲƣШ
al. (2018) found a great diversity of plant communities and plant species along the hydrological 
gradient on Lake Cerknica. We have focused on differences in the structure of marsh vegetation 
with dominant Phragmites australis, Phalaris arundinacea and Carex elata. Besides, two plant 
communities with dominant Schoenus nigricans and S. ferrugineus characteristics of fens were 
studied. The main questions were 1) how these vegetation types differ in plant species 
composition and diversity and 2) which site conditions drive the structure of the studied 
vegetation significantly and differ between the sites.   

 

~EÑc§?É 
Vegetation was analyzed according to Braun-Blanquet (1964) method. Along with the plant 

composition of the selected plots, soil samples were collected and analyzed to reveal the soil 
properties of these sites. Compound soil samples were dried, homogenized, and analyzed for pH, 
conductivity, plant-available phosphorous and potassium, total nitrogen and organic carbon, 
exchangeable basic cations, and content of the carbonates. Cluster analysis was performed to 
classify the plant stands (Euclidean distance, UPGMA). Multivariate analyses of the vegetation 
records and results of soil analyses were performed with CANOCO v.5.  

 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  

 

[ŔŊЮШΝЮШÅĲƚƨũƣШŸŉШƣőĲШĦũƨƚƣĲƖŔŰŊШċĦĦŸƖĬŔŰŊШƣŸШƣőĲШƚŔůŔũċƖŔƣǃШŸŉШƣőĲШƓũċŰƣШƚƣċŰĬƚШĦċũĦƨũċƣĲĬШƽŔƣőШ
EƨĦũŔĬĲċŰШŔŰĬĲǂШыÖÂ]~ ШůĲƣőŸĬьЮШÂ ШÅШтШÂőċũċƖŔƚЮċƖƨŰĬŔŰċĦĲċШљƖŔƓċƖŔċŰњШƚƣċŰĬƚбШ 
Â ШxШтШÂдЮċƖƨŰĬŔŰċĦĲċШљũŔƣƣŸƖċũњШƚƣċŰĬƚбШÂcÅШÅШтШÂőƖċŊůŔƣĲƚЮċƨƚƣƖċũŔƚШљƖŔƓċƖŔċŰњШƚƣċŰĬƚбШ 

ÂcÅШxШтШÂдЮċƨƚƣƖċũŔƚШљũŔƣƣŸƖċũњШƚƣċŰĬƚбШÂcÅШ[ШтШÂдЮċƨƚƣƖċũŔƚШљŉĲŰњШƚƣċŰĬƚбШ9 ÅШтШ9ċƖĲǂЮĲũċƣċШƚƣċŰĬƚбШ 
É f]ШтШÉĦőŸĲŰƨƚЮŰŔŊƖŔĦċŰƚШƚƣċŰĬƚбШÉ[EÅШтШÉдЮŉĲƖƖƨŊŔŰĲƨƚШƚƣċŰĬƚЮ 
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[ŔŊЮШΞЮШ7ŔƓũŸƣШŸĤƣċŔŰĲĬШŸŰШƣőĲШĤċƚĲШŸŉШ99 ЮШ§ŰũǃШƣőĲШŉċĦƣŸƖƚШƣőċƣШƚŔŊŰŔǯĦċŰƣũǃШƚőċƓĲĬШƣőĲШƓũċŰƣШ
ĦŸůƓŸƚŔƣŔŸŰШċƖĲШĬŔƚƓũċǃĲĬЮШÉƓĲĦŔĲƚШĬċƣċШƽĲƖĲШũŸŊрƣƖċŰƚŉŸƖůĲĬЮШ 

 

ÑċĤũĲШΝЮШÉŸŔũШƓƖŸƓĲƖƣŔĲƚШƣőċƣШƚŔŊŰŔǯĦċŰƣũǃШĲǂƓũċŔŰШƣőĲШǰŸƖŔƚƣŔĦШĦŸůƓŸƚŔƣŔŸŰШŸŉШƣőĲШċŰċũǃǍĲĬШƽĲƣũċŰĬШ
ƻĲŊĲƣċƣŔŸŰШċŰĬШƓƖŸƓŸƖƣŔŸŰƚШŸŉШƣőĲШƣŸƣċũШƻċƖŔċŰĦĲШĲǂƓũċŔŰĲĬШĤǃШƚƓĲĦŔǯĦШŉċĦƣŸƖƚЮШ 

 

[ċĦƣŸƖ EǂƓũċŔŰƚШШяӖѐ Ɠ 

Ñ ШыӖь ΝΝЮΡ ΜЮΜΜΞ 
9ċΞҼШыůůŸũШ9оΝΜΜŊь ΦЮΟ ΜЮΜΜΞ 
ƻċŔũċĤũĲШÂШыÂΞ§ΡШůŊоΝΜΜŊь ΠЮΥ ΜЮΜΜΞ 
ŸƖŊċŰŔĦШ9ШыӖь ΠЮΤ ΜЮΜΝΞ 
ƓcШыŔŰШ9ċ9ũΞь ΟЮΥ ΜЮΜΜΞ 
ĦŸŰĬƨĦƣŔƻŔƣǃШыƨÉоĦůь ΟЮΤ ΜЮΜΞΣ 
9ċƖĤŸŰċƣĲШĦŸŰƣĲŰƣШыӖь ΞЮΡ ΜЮΜΡΣ 

 

The cluster analysis divided recorded plant stands into three groups (Fig. 1): one with dominant 
Phalaris, the second with Phragmites, and the third was fen vegetation, where dominant species 
was either S. nigricans or S. ferrugineus. The most important soil parameters shaping the 
vegetation composition were the content of total nitrogen (TN) and exchangeable Ca, which 
explained 20% of the vegetation variability. Other significant factors were the content of plant-
available P, organic C, pH, conductivity, and carbonate content. They cumulatively explained 
40.3% of plant species composition. The distribution of the 44 plots along these gradients is 
evident (Fig. 2), and mostly enables clear detachment of specific plant communities. These 
results match the results of cluster analysis (Fig. 1).  

The vegetation type with the highest number and diversity of plant species were stands with 
Phragmites on fen sites. The common reed here does not form so thick stands as in the riparian 
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and littoral sites, allowing lower, less competitive plant species to thrive. These soils on fen sites 
have significantly lower pH than the other two groups.  

 
 

[ŔŊЮШΟЮШ7ŸǂрƽőŔƚťĲƖШƓũŸƣШŸŉШƣőĲШĦŸŰĦĲŰƣƖċƣŔŸŰƚШŸŉШƓũċŰƣрċƻċŔũċĤũĲШÂШŔŰШƣőĲШƚŸŔũШ 
ůĲċƚƨƖĲĬШŔŰШƚƓĲĦŔǯĦШƻĲŊĲƣċƣŔŸŰШƣǃƓĲƚЮШ 

The sites of the riparian and littoral reeds differ in the amount of available P in the soil, which 
is significantly higher in riparian sites than in littoral as well as fen sites (Fig. 3), which aligns with 
§ŢĬċŰŔĨШĲƣШċũЮШыΞΜΞΟьЯШƽőŸШĦũċŔůШƣőċƣШmore favorable conditions at the riparian site benefited the 
productivity of Phragmites. The content of available P is confirmed as a significant difference 
between the riparian and littoral Phalaris stands, which also thrive on the sites with a significantly 
higher content of carbonates. Available P content is also significantly higher in tall sedges than in 
fens with S. ferrugineus and S. nigricans, respectively.  

 
9§ 9xÖÉf§ É 

A great diversity of vegetation types and plant species on the intermittent lake Cerknica results 
from many gradients and their spans that shape the distribution of plant communities and the 
species they are hosting.  

 
9u §ìxE?]E~E ÑÉ 
The authors ƣőċŰťШůċƚƣĲƖШƚƣƨĬĲŰƣƚШ ŰċШsċťũŔĨЯШuċƣŢċШuŸŰĦЯШċŰĬШ?ċƻŔĬШuŰĲǍШŉŸƖШƣőĲŔƖШőĲũƓШƽŔƣőШ

fieldwork. The work was funded by Slovenian Research and Innovation Agency through research 
program No.  P1-0212 and young researcher grant 55856 т  ŔťШ§ŢĬċŰŔĨЮ 

 
ÅE[EÅE 9EÉ 
]ċĤĲƖƜĨŔťЯШ ЮЯШuƖĲťЯШsЮxЮЯШüĲũŰŔťЯШfЮШΞΜΝΥЮШcċĤŔƣċƣШĬŔƻĲƖƚŔƣǃШċũŸŰŊШċШőǃĬƖŸũŸŊŔĦċũШŊƖċĬŔĲŰƣШŔŰШċШ
ĦŸůƓũĲǂШƽĲƣũċŰĬШƖĲƚƨũƣƚШŔŰШőŔŊőШƓũċŰƣШƚƓĲĦŔĲƚШĬŔƻĲƖƚŔƣǃЮ EĦŸũŸŊŔĦċũШEŰŊŔŰĲĲƖŔŰŊШΝΝΥаШΥΠтΦΞЮШ 

7ƖċƨŰр7ũċŰƕƨĲƣЯШsЮШΝΦΣΠЮШÂǰċŰǍĲŰƚŸǍŔŸũŸŊŔĲЯШ]ƖƨŰĬǍƬŊĲШĬĲƖШéĲŊĲƣċƣŔŸŰƚťƨŰĬĲЯШΟƖĬШĲĬЮбШÉƓƖŔŰŊĲƖаШ
7ĲƖũŔŰоcĲŔĬĲũĤĲƖŊЯШ]ĲƖůċŰǃбШΣΟΝШƓЮШ 

ÑĲƖШ7ƖċċťЯШ9ЮsЮ[ЮШċŰĬШËůŔũċƨĲƖЯШÂЮШΞΜΜΞЮШ9  §9§ШÅĲŉĲƖĲŰĦĲШ~ċŰƨċũШċŰĬШ9ċŰŸ?ƖċƽШŉŸƖШìŔŰĬŸƽƚШ
ÖƚĲƖќƚШ]ƨŔĬĲаШÉŸŉƣƽċƖĲШŉŸƖШ9ċŰŸŰŔĦċũШ9ŸůůƨŰŔƣǃШ§ƖĬŔŰċƣŔŸŰШыƻĲƖЮШΠЮΡьбШƽƽƽЮĦċŰŸĦŸЮĦŸůаШ
fƣőċĦċЯШ òЯШÖÉ Ю 

§ŢĬċŰŔĨЯШ ЮЯШüĲũŰŔťЯШfЮЯШcŸũĦċƖЯШ~ЮЯШ]ċĤĲƖƜĨŔťЯШ ЮЯШ]ŸũŸĤЯШ ЮШΞΜΞΟЮШ9ŸŰƣƖċƚƣŔŰŊШĬǃŰċůŔĦƚШŸŉШũŔƣƣŸƖċũШ
ċŰĬШƖŔƓċƖŔċŰШƖĲĲĬШƚƣċŰĬƚШƽŔƣőŔŰШċШƽĲƣũċŰĬШĦŸůƓũĲǂШŸŉШxċťĲШ9ĲƖťŰŔĦċЮ ÂũċŰƣƚШΝΞыΡьаШΝΜΜΣЮШ
ĬŸŔа ΝΜЮΟΟΦΜоƓũċŰƣƚΝΞΜΡΝΜΜΣЮ 
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ìĲƣũċŰĬШċƖĲċШċƚƚĲƚƚůĲŰƣШŔŰШ ŸƖƣőШ~ċĦĲĬŸŰŔċ 

~ċƖŔŢċШ9őŸĤċŰŸƻċċЯШ?ċŰŔĲũċШsŸƻċŰŸƻƚťċċЯШÉũċƻĦőŸШcƖŔƚƣŸƻƚťŔċ 

aInstitute of Biology, Ss. Cyril and Methodius University,  
Skopje, North Macedonia 

 
f ÑÅ§?Ö9Ñf§  

Positioned amidst predominant (non-wet) forests and pastures, wetlands in North Macedonia 
hold a distinctive status owing to their significant provisioning of diverse ecosystem services. 
Even so, in recent times, they have received insufficient attention by researchers and decision-
makers. Various databases (e.g. European Environmental Agency databases, Mediterranean 
Wetlands Observatory, Global Peatland Database etc.), provide wetland-related spatial data, 
nevertheless, notable spatial data gaps endure, particularly regarding high-altitude mires. 
Additionally, clarity is lacking regarding additional wetland information such as their 
heterogeneity or condition. As a consequence, the precise spatial extent remains inadequately 
assessed, contributing to their oversight by both practitioners and policymakers. 

The aim of our study was to create the first comprehensive map of wetlands in the country in 
order to assess their spatial extent, distribution and characteristics. Additionally, potential 
wetland areas were investigated in order to provide guidance for future studies.   

~EÑc§?É 
Available spatial data were collected and additional digitalisation was conducted in order to 

fill spatial data gaps. Additional mapping was done by visual interpretation and manual 
digitalization by using topographic maps, national land use cadastre (2002-2004) including Orto-
photo (2017), combined with Google Earth Pro satellite imagery (2016 to 2022 sensing date). For 
wetlands, especially peatlands not detectable on satellite imagery, field spatial records were 
used from available data sources (projects, studies, papers, personal records etc.).  

Upon completion of the map, a set of criteria was discerned, focusing on the paramount 
aspects of wetlands, namely soils, water, and vegetation. Subsequently, the riparian wetland 
area was extracted, while a non-hierarchical multivariate clustering method (K-means) was 
employed to systematically categorize the other wetland area.  

For the analysis of areas with high wetland potential , several datasets were used and updated 
or modified (water and wetness 2018 layer (EEA 2020), national map of hydrogeological potential 
(1977), drainage channels layer (Hristovski et al. 2020)). Mapping and processing was performed 
using ArcGIS 10.7 and ArcGIS Pro. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
ÉƓċƣŔċũЮĬŔƚƣƖŔĤƨƣŔŸŰеЮĲǂƣĲŰƣЮċŰĬЮĦőċƖċĦƣĲƖŔƚƣŔĦƚЮŸŉЮƽĲƣũċŰĬЮċƖĲċ 

Integration of available data, alongside digitalization and processing efforts, resulted in the 
creation of the first comprehensive map depicting wetland areas with current wetland vegetation 
in North Macedonia (Fig. 1). Initially, the mapping focused on habitats to facilitate the 
development of a national habitat map (Hristovski et al, 2024). However, utilization of EUNIS 
structured classification system somewhat obscured wetland information. Therefore, our map 
endeavors to delineate various wetland types, encompassing reedbeds, wet meadows, wetland 
forests, mires, springs, temporary lakes and ponds, inland salt marshes, rice fields, and other 
unclassified wetland areas. According to our results, the current wetland extent is 382.92 km2 or 
1.5% of the country area. 186.40 km2 refers to riparian forests, while 196.52 km2 to other wetland 
area. 
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ÉEÉÉf§ ШféШрШ[x§ìШìfÑcШÑcEШì ÑEÅаШcò?Å§x§]òШ  ?Ш~§ fÑ§Åf ] 

ΦΠ 
 

 
[ŔŊЮШΝЮШ~ċƓШŸŉШƽĲƣũċŰĬШċƖĲċШŔŰШ ŸƖƣőШ~ċĦĲĬŸŰŔċ 

 
Defining wetland categories based only on wetland habitat types can be limiting in potential 

use of the data. Therefore, it is crucial to have more holistic approach and encompass all aspects 
of wetland ecosystems, including water, soils and vegetation. In this context, we identify riparian 
forests as a distinct wetland category prevalent across the country with high heterogeneity of 
environmental variables. Optimised pseudo-F statistics of the other wetland area highlighted two 
clusters based on national-scale environmental data (altitude, soil types, geology type, 
vegetation type, hydrology, water and wetness status, precipitation, temperature and slope), with 
altitude being statistically most important variable. Considering this, we can clearly divide the 
wetland area in lowland and mountainous (Fig. 2). 

[ŔŊЮШΞЮÉƓċƖŔċũШĬŔƚƣƖŔĤƨƣŔŸŰШŸŉШƣőĲШƽĲƣũċŰĬШċƖĲċШ 
ĬŔƻŔĬĲĬШŔŰШƣƽŸШĦũƨƚƣĲƖƚШĤċƚĲĬШŸŰШĲŰƻŔƖŸŰůĲŰƣċũШĬċƣċ 

ŰċũǃƚŔƚЮŸŉЮċƖĲċƚЮƽŔƣőЮőŔŊőЮƽĲƣũċŰĬЮƓŸƣĲŰƣŔċũ 
The comprehensive representation of different wetland habitat types in our map led to 

restrictions in relation to areas without current wetland vegetation, in particular the omission of 
potential peatland areas. To address this, we conducted initial analyses to identify high-potential 
wetland areas. Agriculture intensified in North Macedonia post-World War II, leading to the 
construction of drainage systems (Fig. 3 A), particularly impacting lowland wetlands also due to 
malaria concerns. Mapping efforts using historical topographic sources were hindered by data 
availability constraints pre-1950s. However, the national hydrogeological potential map from the 
1970s (Fig. 3 B) offers valuable insights, aligning well with recent data from the Water and 
Wetness (2018) layer (Fig. 3 C). Synthesizing this data with the data presented in Fig. 1 allows 
identification of high-significance areas in wetland potential (Fig. 3 D). Nevertheless, it should be 
noted that this mainly refers for the wetland area in the lowlands, while high-altitudes differ in 
land use but are also represented with mainly small-sized scattered wetland areas.  
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ÉEÉÉf§ ШféШрШ[x§ìШìfÑcШÑcEШì ÑEÅаШcò?Å§x§]òШ  ?Ш~§ fÑ§Åf ] 

ΦΡ 
 

 
[ŔŊЮШΟЮШŰċũǃƚŔƚШŸŉШċƖĲċƚШƽŔƣőШőŔŊőШƽĲƣũċŰĬШƓŸƣĲŰƣŔċũЮ 

9§ 9xÖÉf§ É 
Wetlands occupy 1.5% of North Macedonia (382.92 km²), including riparian forests (186.40 

km²) and other wetlands (196.52 km²). Relying solely on vegetation types may limit data use, thus 
more holistic approach including environmental data was essential. The current wetland map 
incorporates the first high resolution data for high-altitude mires underscoring the urgency for 
further mapping in the Balkan area, particularly addressing these unique peatlands. Historical 
mapping constraints were mitigated by integrating hydrogeological and recent wetness data, 
revealing areas of wetland potential, primarily in lowlands. These results should guide future 
research for collecting ground truth data in order to better estimate the lowland wetland area and 
thus help future restoration efforts. 
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ÅE[EÅE 9EÉ 
EE ШыEƨƖŸƓĲċŰШEŰƻŔƖŸŰůĲŰƣċũШ ŊĲŰĦǃьШΞΜΞΜЮШ9ŸƓĲƖŰŔĦƨƚШcŔŊőШÅĲƚŸũƨƣŔŸŰШìċƣĲƖШċŰĬШìĲƣŰĲƚƚШ
ыì ìьШΞΜΝΥШƖċƚƣĲƖШũċǃĲƖЮШ9ŸƓĲƖŰŔĦƨƚЮxċŰĬЮ~ŸŰŔƣŸƖŔŰŊЮÉĲƖƻŔĦĲЮ 

]ŢƨǍĲũťŸƻƚťŔЯШ?ЮШċŰĬШuŸƣĲƻƚťŔЯШ]ЮШΝΦΦΤЮШcǃĬƖŸŊĲŸũŸŊŔĦċũШůċƓШŸŉШÉŸĦŔċũŔƚƣШÅĲƓƨĤũŔĦШŸŉШ~ċĦĲĬŸŰŔċЮШ
]ĲŸũŸŊŔĦċũЮfŰƚƣŔƣƨƣĲЮшЮÉťŸƓŢĲЮ 

cƖŔƚƣŸƻƚťŔЯШÉЮЯШxĲƻťŸƻЯШüЮЯШsŸƻċŰŸƻƚťċЯШ?ЮЯШ9őŸĤċŰŸƻċЯШ~ЮЯШüċŸƻċШ?ЮШΞΜΞΠЮШfŰũċŰĬШƚƨƖŉċĦĲШƽċƣĲƖƚШ
ċŰĬШƽĲƣũċŰĬШőċĤŔƣċƣƚЮШfŰаШ~ċŰĲťŸШÉŸũƨƣŔŸŰƚШыEĬƚЮьШ[ŔŰċũШƓƖŸŢĲĦƣШƖĲƓŸƖƣаШcċĤŔƣċƣШůċƓШŸŉШ ŸƖƣőШ
~ċĦĲĬŸŰŔċЮШ ŸƖƣőЮ~ċĦĲĬŸŰŔċжЮ7ŔŸĬŔƻĲƖƚŔƣǃЮċŰĬЮ ċƣƨƖċũЮcċĤŔƣċƣƚЮ~ċƓƓŔŰŊЮŉŸƖЮÑE цÑЮÉťŸƓŢĲц
uŸƚŸƻŸЮ7ŸƖĬĲƖЮ ΧЮ~ŸƣŸƖƽċǃеЮŉƨŰĬĲĬЮĤǃЮEƨƖŸƓĲċŰЮ7ċŰťЮŉŸƖЮÅĲĦŸŰƚƣƖƨĦƣŔŸŰЮċŰĬЮ?ĲƻĲũŸƓůĲŰƣЮ
ёE7Å?ђаШΥΦЮ 

cƖŔƚƣŸƻƚťŔЯШÉЮЯШ9őŸĤċŰŸƻċЯШ~ЮЯШxĲƻťŸƻЯШüЮЯШ ƻƨťċƣŸƻЯШéЮШΞΜΞΜЮШìĲƣũċŰĬƚШŔŰШ ŸƖƣőШ~ċĦĲĬŸŰŔċШŔŰаШ
~ċĦĲĬŸŰŔċŰШEĦŸũŸŊŔĦċũШÉŸĦŔĲƣǃШыEĬƚЮьШ[ŔŰċũШƓƖŸŢĲĦƣШƖĲƓŸƖƣаШ~ċƓƓŔŰŊШċŰĬШċƚƚĲƚƚůĲŰƣШŸŉШ
ĲĦŸƚǃƚƣĲůƚШċŰĬШƣőĲŔƖШĦŸŰĬŔƣŔŸŰШŔŰШ ŸƖƣőШ~ċĦĲĬŸŰŔċЮШ ċƣƨƖĲЮ9ŸŰƚĲƖƻċƣŔŸŰЮÂƖŸŊƖċůЮŉƨŰĬĲĬЮĤǃЮ
ƣőĲЮÉƽŔƚƚЮċŊĲŰĦǃЮŉŸƖЮĬĲƻĲũŸƓůĲŰƣЮċŰĬЮĦŸŸƓĲƖċƣŔŸŰЮёÉ?9ђЮŔůƓũĲůĲŰƣĲĬЮĤǃЮ[ċƖůċőĲůЮшЮ
ÉťŸƓŢĲаШΝΦΟШыŔŰЮ~ċĦĲĬŸŰŔċŰЮũċŰŊƨċŊĲьЮ
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ΦΣ 
 

ÑőĲШƓőŸƣŸƚǃŰƣőĲƣŔĦШĦċƓċĦŔƣǃШŸŉШĤŸŊШĦƖċŰĤĲƖƖǃШ
ыéċĦĦŔŰŔƨůЮŸǂǃĦŸĦĦŸƚШxЮьШċŰĬШÉƓőċŊŰƨůШůŸƚƚШ
ыÉƓőċŊŰƨůШƚƓƓЮьШŔŰĦƖĲċƚĲƚШƽŔƣőШƽċƖůĲƖШũċƣĲШƽŔŰƣĲƖШ
ċŰĬШĲċƖũǃШƚƓƖŔŰŊаШ ШĦũŔůċƣĲШůċŰŔƓƨũċƣŔŸŰШƚƣƨĬǃ 

~ŔĦőċũШ ŰƣċũċċЯШĤĬċũũċőШòƨƚƚƨŉШ ũŔШ ĤĬĲũůċŢĲĲĬċЯШ 
~ċƖĦŔŰШÉƣƖŹǐĲĦťŔċЯШìŮŸĬǍŔůŔĲƖǍШuƖǍĲƚŔűƚťŔĤЯШ ŰƚőƨШÅċƚƣŸŊŔċЯШ

ÅċĬŸƚŮċƽШsƨƚǍĦǍċťċ 

ċxċĤŸƖċƣŸƖǃШŸŉШ7ŔŸĦũŔůċƣŸũŸŊǃЯШ?ĲƓċƖƣůĲŰƣШŸŉШEĦŸũŸŊǃШċŰĬШEŰƻŔƖŸŰůĲŰƣċũШÂƖŸƣĲĦƣŔŸŰЯШ 
ÂŸǍŰċŰШÖŰŔƻĲƖƚŔƣǃШŸŉШxŔŉĲШÉĦŔĲŰĦĲƚЯШÂŸǍŰċŰЯШÂŸũċŰĬ 

Ĥ?ĲƓċƖƣůĲŰƣШŸŉШéĲŊĲƣċĤũĲШ9ƖŸƓƚЯШÂŸǍŰċŰШÖŰŔƻĲƖƚŔƣǃШŸŉШxŔŉĲШÉĦŔĲŰĦĲƚЯШÂŸǍŰċŰЯШÂŸũċŰĬ 

 
f ÑÅ§?Ö9Ñf§  

Northern peatlands are a specific ecosystem that plays an essential role in the global carbon 
cycle, disproportionally larger than their global coverage (Antala et al., 2022). Peat moss 
(Sphagnum spp.) and ericoid shrubs like bog cranberry (Vaccinium oxycoccos L.) are some of 
the most common plant functional groups (PFGs) found in the northern peatlands. Both PFGs 
can be characterized as evergreen, which means they start to be photosynthetically active as 
soon as the conditions in spring become favourable, without the need to grow leaf first (Buttler 
et al., 2015; Chiapusio et al., 2021). Increasing global temperature undoubtedly impacts the 
peatland vegetation spring phenology and the start of photosynthetic activity (Antala et al., 
2022; Peichl et al., 2015). However, it is unclear how different PFGs react to the same increase 
ŔŰШƣĲůƓĲƖċƣƨƖĲШċŰĬШƽőċƣШůĲĦőċŰŔƚůƚШċƖĲШĤĲőŔŰĬШƣőĲШƚƓĲĦŔŉŔĦШƖĲċĦƣŔŸŰƚШŸŉШÂ[]ƚќШƓőŸƣŸƚǃŰƣőĲƣŔĦШ
apparatus. Because such knowledge is important for further refinement of peatland or global 
carbon cycle models, we performed an experiment aiming to clarify the impact of late winter 
and early spring warming on the photosynthetic capacity of bog cranberry and peat moss.  

 

~EÑc§?É 
ÑőĲШĬċƣċШƽċƚШĦŸũũĲĦƣĲĬШċƣШƣőĲШĲǂƓĲƖŔůĲŰƣċũШƚƣċƣŔŸŰШũŸĦċũŔǍĲĬШŔŰШÅǍĲĦŔŰШƓĲċƣũċŰĬШыΡΞӯќΠΡќΠΝњШ

 ЯШΝΣӯΝΥќΟΡ҆ШEЯШΡΠШůШċЮƚЮũЮьЯШƽĲƚƣĲƖŰШÂŸũċŰĬЯШƽőĲƖĲШƣőĲШƽċƖůŔŰŊШċŰĬШƖĲĬƨĦĲĬШƓƖĲĦŔƓŔƣċƣŔŸŰШ
experiment was established in 2017. A detailed description of the site is provided by Antala et 
al. (2024). The plots of control (C) and warming (W) conditions of the CR (dominant graminoid is 
beaked sedge; Carex rostra Stokes) site were used for this study. Warming of the plots was 
induced by the combination of open-top chambers and 100 W infrared heaters switched on for 
nighttime only (Antala et al., 2024). 

The temperature was measured next to every plot 30 cm above the surface by HygroVue5 
thermohygrometers (Campbell Sci., USA) and recorded every half hour on datalogger CR1000 
(Campbell Sci., USA; (Antala et al., 2024). The summary of thermal conditions during winter and 
the first two weeks of meteorological spring is presented in Table 1.  

The measurements by FluorPen FP 110/D (Photon System Instruments, Drasov, Czech 
Republic) with detachable dark adaptation clips were done on 13th March 2024. 5 leaves of 
different bog cranberry plants and 5 plants of Sphagnum plants, irrespective of species, were 
measured by OJIP and NPQ3 protocols provided by the manufacturer. The measurement light 
ƽċƚШƚĲƣШƣŸШΥΡӖЯШƽőŔũĲШƣőĲШċĦƣŔŰŔĦШũŔŊőƣШŉŸƖШƣőĲШ ÂÄΟШƓƖŸƣŸĦŸũШƽċƚШΟΜΜШ͓ůŸũШů-2 s-1. The 
wavelength of the used light was 455 nm. All measurements were done after at least 25 minutes 
of dark adaptation on a cloudy day. The maximum quantum yield of photosystem II 
ƓőŸƣŸĦőĲůŔƚƣƖǃШы·Â§ьШƽċƚШĦċũĦƨũċƣĲĬШŉƖŸůШĬċƣċШŉƖŸůШĤŸƣőШƓƖŸƣŸĦŸũƚЮШÑőĲШċĦƣƨċũШƕƨċŰƣƨůШǃŔĲũĬШ
ŸŉШƓőŸƣŸƚǃƚƣĲůШffШƓőŸƣŸĦőĲůŔƚƣƖǃШы·ÂьЯШƣőĲШƕƨċŰƣƨůШǃŔĲũĬШŸŉШũŔght-induced energy dissipation 
ы· ÂÄьЯШ ƣőĲШ ƕƨċŰƣƨůШ ǃŔĲũĬШ ŸŉШ ũŔŊőƣ-ŔŰĬĲƓĲŰĬĲŰƣШ ĲŰĲƖŊǃШ ĬŔƚƚŔƓċƣŔŸŰШ ы· §ьЯШ ċŰĬШ ŰŸŰ-
photochemical quenching of maximum fluorescence (NPQ) were calculated from NPQ3 
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ΦΤ 
 

ƓƖŸƣŸĦŸũЮШÑőĲШƕƨċŰƣƨůШǃŔĲũĬШŸŉШĲũĲĦƣƖŸŰШƣƖċŰƚƓŸƖƣШċƣШƣŔůĲШΜШы·EŸьЯШċŰĬШƣőĲШĲŉŉŔĦŔĲŰĦǃШŸŉШĲũĲĦƣƖŸŰШ
ƣƖċŰƚƓŸƖƣШ ĤĲǃŸŰĬШ ƓũċƚƣŸƕƨŔŰŸŰĲШ ы̠ŸьШ ƽĲƖĲШ ĬĲƣĲƖůŔŰĲĬШ ŉƖŸůШ §sfÂШ ůĲċƚƨƖĲůĲŰƣƚЮШ ũũШ
parameters were calculated based on Kalaji et al. (2017). 

ÑċĤũĲШΝЮШ ƻĲƖċŊĲЯШċĤƚŸũƨƣĲШĬċŔũǃШůŔŰŔůċũШċŰĬШċƻĲƖċŊĲШĬċŔũǃШůŔŰŔůċũШƣĲůƓĲƖċƣƨƖĲƚШŸŉШĦŸŰƣƖŸũШċŰĬШ
ƽċƖůŔŰŊШƓũŸƣƚШĬƨƖŔŰŊШƣőĲШƓĲƖŔŸĬШŸŉШΠЯШΞШċŰĬШΝШůŸŰƣőШċŰĬШΞШċŰĬШΝШƽĲĲťШĤĲŉŸƖĲШƣőĲШĦőũŸƖŸƓőǃũũШ

ǰƨŸƖĲƚĦĲŰĦĲШůĲċƚƨƖĲůĲŰƣƚШыΝΟƣőШ~ċƖĦőЯШΞΜΞΠь 

 9ŸŰƣƖŸũ ìċƖůŔŰŊ 

 
ċƻĲƖċŊĲ ċĤƚŸũƨƣĲШůŔŰ ċƻĲƖċŊĲШůŔŰ ċƻĲƖċŊĲ ċĤƚŸũƨƣĲШůŔŰ ċƻĲƖċŊĲШůŔŰ 

ΠШůŸŰƣőƚ ΞЮΣШ҄9 рΝΝЮΦШ҄9 ΝЮΥШ҄9 ΞЮΥШ҄9 рΝΠЮΥШ҄9 ΝЮΦШ҄9 

ΞШůŸŰƣőƚ ΠЮΝШ҄9 рΡЮΠШ҄9 ΟЮΜШ҄9 ΠЮΡШ҄9 рΤЮΠШ҄9 ΟЮΟШ҄9 

ΝШůŸŰƣő ΡЮΣШ҄9 рΡЮΠШ҄9 ΟЮΣШ҄9 ΣЮΟШ҄9 рΠЮΞШ҄9 ΠЮΞШ҄9 

ΞШƽĲĲťƚ ΡЮΠШ҄9 рΡЮΠШ҄9 ΞЮΥШ҄9 ΣЮΠШ҄9 рΠЮΞШ҄9 ΟЮΠШ҄9 

ΝШƽĲĲť ΠЮΝШ҄9 рΡЮΠШ҄9 ΜЮΞШ҄9 ΡЮΞШ҄9 рΠЮΞШ҄9 ΝЮΜШ҄9 

 
ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
ÑőĲШŔŰĦƖĲċƚĲĬШƣĲůƓĲƖċƣƨƖĲШĦũĲċƖũǃШŔůƓċĦƣĲĬШƣőĲШ·Â§ШŸŉШĤŸƣőШPFGs with a higher increase of ·Â§ 
due to W for bog cranberry than for peat moss (Fig 1A). As evergreen plants were found to 
downregulate their photosynthetic capacity during winter and then upregulate it back to normal 
without apparent damage, our results indicate the phenological shift of plant physiology due to 
warmer conditions (Gilmore and Ball, 2000). Interestingly, no significant differences in the ·Â 
measured at ΟΜΜШ͓ůŸũШů-2 s-1 were found (Fig 1B).  

[ŔŊЮШΝЮШÑőĲШůċǂŔůƨůШƕƨċŰƣƨůШǃŔĲũĬШŸŉШƓőŸƣŸƚǃƚƣĲůШffШƓőŸƣŸĦőĲůŔƚƣƖǃШы·Â§бШ ьЯШƣőĲШċĦƣƨċũШƕƨċŰƣƨůШ
ǃŔĲũĬШŸŉШƓőŸƣŸƚǃƚƣĲůШffШƓőŸƣŸĦőĲůŔƚƣƖǃШы·ÂьШċƣШΟΜΜШů͓ŸũШůрΞШƚрΝШы7ьЯШÑőĲШƕƨċŰƣƨůШǃŔĲũĬШŸŉШĲũĲĦƣƖŸŰШ
ƣƖċŰƚƓŸƖƣШċƣШƣŔůĲШΜШы·EŸбШ9ьЯШċŰĬШƣőĲШĲǭŔĦŔĲŰĦǃШŸŉШĲũĲĦƣƖŸŰШƣƖċŰƚƓŸƖƣШĤĲǃŸŰĬШƓũċƚƣŸƕƨŔŰŸŰĲШыŸ̠бШ?ьШŸŉШ
ĤŸŊШĦƖċŰĤĲƖƖǃШċŰĬШƓĲċƣШůŸƚƚШƚƨĤŢĲĦƣĲĬШƣŸШĦŸŰƣƖŸũШы9ьШċŰĬШƽċƖůŔŰŊШыìьШĦŸŰĬŔƣŔŸŰƚЮШÑőĲШƣőŔĦťШũŔŰĲШŔŰШƣőĲШ
ĤŸǂƓũŸƣШƖĲƓƖĲƚĲŰƣƚШƣőĲШůĲċŰЯШƽőŔũĲШƣőĲШƓŸŔŰƣƚШƖĲƓƖĲƚĲŰƣШƚŔŰŊũĲШůĲċƚƨƖĲůĲŰƣƚЮШљŰƚњШŰŸŰрƚŔŊŰŔǯĦċŰƣЯШйШ

ӃΜЮΜΡЯШййШӃΜЮΜΝЯШйййШӃШΜЮΜΜΝЯШййййШӃΜЮΜΜΜΝЮ 

 

·EŸ of bog cranberries and peat moss increased by 31% and 22%, respectively, due to 
warmer conditions (Fig. 1C). These results further prove the higher readiness of both species to 
use the trapped energy for photochemical reactions. However, while ̠ŸШŸŉШƓĲċƣШůŸƚƚШincreased 
in W condition, it remained stable for bog cranberry (Fig. 1D). 
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ΦΥ 
 

[ŔŊЮШΞЮШ ŸŰрƓőŸƣŸĦőĲůŔĦċũШƕƨĲŰĦőŔŰŊШŸŉШůċǂŔůƨůШǰƨŸƖĲƚĦĲŰĦĲШы ÂÄбШ ьЯШƕƨċŰƣƨůШǃŔĲũĬШŸŉШũŔŊőƣр
ŔŰĬƨĦĲĬШĲŰĲƖŊǃШĬŔƚƚŔƓċƣŔŸŰШы· ÂÄбШ7ьЯШċŰĬШƕƨċŰƣƨůШǃŔĲũĬШŸŉШũŔŊőƣрŔŰĬĲƓĲŰĬĲŰƣШĲŰĲƖŊǃШĬŔƚƚŔƓċƣŔŸŰШы· §бШ
9ьШůĲċƚƨƖĲĬШċƣШΟΜΜШů͓ŸũШůрΞШƚрΝШŉƖŸůШĤŸŊШĦƖċŰĤĲƖƖǃШċŰĬШƓĲċƣШůŸƚƚШƚƨĤŢĲĦƣĲĬШƣŸШĦŸŰƣƖŸũШы9ьШċŰĬШ
ƽċƖůŔŰŊШыìьШĦŸŰĬŔƣŔŸŰƚЮШÑőĲШƣőŔĦťШũŔŰĲШŔŰШƣőĲШĤŸǂƓũŸƣШƖĲƓƖĲƚĲŰƣƚШƣőĲШůĲċŰЯШƽőŔũĲШƣőĲШƓŸŔŰƣƚШƖĲƓƖĲƚĲŰƣШ

ƚŔŰŊũĲШůĲċƚƨƖĲůĲŰƣƚЮШйШӃΜЮΜΡЯШййШӃΜЮΜΝЮ 

A significant increase of NPQ was observed for both studied PFGs (Fig. 2A). A better 
ƨŰĬĲƖƚƣċŰĬŔŰŊШŸŉШ ÂÄШĦċŰШĤĲШƖĲċĦőĲĬШĤǃШĲǂċůŔŰŔŰŊШŔƣƚШƚŔŰŊũĲШĦŸůƓŸŰĲŰƣƚЯШ· ÂÄШċŰĬШ· §ЮШ
7ŸƣőШÂ[]ƚШĲǂőŔĤŔƣШŔŰĦƖĲċƚĲĬШ· ÂÄШċŰĬШĬĲĦƖĲċƚĲĬШ· §ШŔŰШƽċƖůĲƖШĦŸŰĬŔƣŔŸŰƚШы[ŔŊЮШΞ7ЯШ9ьЯ which 
increase NPQ. The differences between PFGs are more pronounced than differences within 
Â[]ƚШĦċƨƚĲĬШĤǃШőŔŊőĲƖШƣĲůƓĲƖċƣƨƖĲƚЮШcŔŊőĲƖШ· ÂÄШċŰĬЯШċƣШƣőĲШƚċůĲШƣŔůĲЯШũŸƽĲƖШ· §ШŸŉШƓĲċƣШ
moss compared to bog cranberry indicate that peat moss is able to quickly react on even shorter 
periods of favourable conditions during winter by increased rates of photochemistry, while bog 
cranberries utilize the strategy of more constant protection of photosynthetic machinery that 
relaxes comparatively slower ы7ċƚƚŔШċŰĬШ?ċũũќŸƚƣŸЯШΞΜΞΝбШuċũċŢŔШĲƣШċũЮЯШΞΜΝΤь. Therefore, peat 
mosses are a major contributor to the peatland vegetation carbon uptake during the beginning 
of vegetation season, as found also by Peichl et al. (2015).  

9§ 9xÖÉf§ É 
In this work, we showed that 0.7-1°C warmer late winter and early spring lead to a significant 

increase in ·Â§ ŸŉШĤŸŊШĦƖċŰĤĲƖƖŔĲƚШċŰĬШƓĲċƣШůŸƚƚЮШÑőŔƚШŔŰĦƖĲċƚĲШŔƚШƖĲŊƨũċƣĲĬШĤǃШƓũċŰƣƚќШ
decreasing dependency on · § and increased capacity of · ÂÄ. Moreover, we demonstrated 
that different PFGs rely on different strategies of photosynthetic apparatus protection during 
winter. These findings help to understand the impact of ongoing climate change on some of the 
most abundant plants in northern peatlands and shed light on physiological changes happening 
in these plants during the winter and spring months. 
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ÅE[EÅE 9EÉ 
ŰƣċũċЯШ~ЮЯШsƨƚǍĦǍċťЯШÅЮЯШƻċŰШĬĲƖШÑŸũЯШ9ЮЯШÅċƚƣŸŊŔЯШ ЮЯШΞΜΞΞЮШfůƓċĦƣШŸŉШĦũŔůċƣĲШĦőċŰŊĲрŔŰĬƨĦĲĬШ
ċũƣĲƖċƣŔŸŰƚШŔŰШƓĲċƣũċŰĬШƻĲŊĲƣċƣŔŸŰШƓőĲŰŸũŸŊǃШċŰĬШĦŸůƓŸƚŔƣŔŸŰШŸŰШĦċƖĤŸŰШĤċũċŰĦĲЮШÉĦŔĲŰĦĲЮŸŉЮ
ƣőĲЮÑŸƣċũЮEŰƻŔƖŸŰůĲŰƣЮΥΞΤЯШΝΡΠΞΦΠЮШĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƚĦŔƣŸƣĲŰƻЮΞΜΞΞЮΝΡΠΞΦΠ 

ŰƣċũċЯШ~ЮЯШÅċƚƣŸŊŔЯШ ЮЯШ9ŸŊũŔċƣŔЯШÉЮЯШÉƣƖŹǐĲĦťŔЯШ~ЮЯШ9ŸũŸůĤŸЯШÅЮЯШsƨƚǍĦǍċťЯШÅЮЯШΞΜΞΠЮШÉƨŰрŔŰĬƨĦĲĬШ
ǰƨŸƖĲƚĦĲŰĦĲШƚƓĲĦƣƖƨůШċƚШċШƣŸŸũШŉŸƖШċƚƚĲƚƚŔŰŊШƓĲċƣũċŰĬШƻĲŊĲƣċƣŔŸŰШƓƖŸĬƨĦƣŔƻŔƣǃШŔŰШƣőĲШ
ŉƖċůĲƽŸƖťШŸŉШƽċƖůŔŰŊШċŰĬШƖĲĬƨĦĲĬШƓƖĲĦŔƓŔƣċƣŔŸŰШĲǂƓĲƖŔůĲŰƣЮШÅĲůŸƣĲЮÉĲŰƚЮEŰƻŔƖŸŰШΟΜΝЯШ
ΝΝΟΦΞΝЮШĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƖƚĲЮΞΜΞΟЮΝΝΟΦΞΝ 

7ċƚƚŔЯШÅЮЯШ?ċũũќŸƚƣŸЯШxЮЯШΞΜΞΝЮШ?ŔƚƚŔƓċƣŔŸŰШŸŉШxŔŊőƣШEŰĲƖŊǃШ ĤƚŸƖĤĲĬШŔŰШEǂĦĲƚƚаШÑőĲШ~ŸũĲĦƨũċƖШ
~ĲĦőċŰŔƚůƚЮШŰŰƨШÅĲƻШÂũċŰƣШ7ŔŸũШΤΞаΠΤрΤΣЮШΝΜЮΝΝΠΣоċŰŰƨƖĲƻрċƖƓũċŰƣрΜΤΝΤΞΜрΜΝΡΡΞΞШ 

7ƨƣƣũĲƖЯШ ЮЯШÅŸĤƖŸĲťЯШ7ЮsЮ~ЮЯШxċŊŊŸƨŰр?ĳŉċƖŊĲЯШ[ЮЯШsċƚƚĲǃЯШéЮEЮsЮЯШÂŸĦőĲũŸŰЯШ9ЮЯШ7ĲƖŰċƖĬЯШ]ЮЯШ
?ĲũċƖƨĲЯШ[ЮЯШ]ŸŊŸЯШÉЮЯШ~ċƖŔŸƣƣĲЯШÂЮЯШ~ŔƣĦőĲũũЯШEЮ Ю?ЮЯШ7ƖċŊċǍǍċЯШxЮЯШΞΜΝΡЮШEǂƓĲƖŔůĲŰƣċũШƽċƖůŔŰŊШ

https://doi.org/10.1016/j.scitotenv.2022.154294
https://doi.org/10.1016/j.rse.2023.113921
https://doi.org/10.1146/annurev-arplant-071720-015522
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ΦΦ 
 

ŔŰƣĲƖċĦƣƚШƽŔƣőШƚŸŔũШůŸŔƚƣƨƖĲШƣŸШĬŔƚĦƖŔůŔŰċƣĲШƓũċŰƣШƖĲƚƓŸŰƚĲƚШŔŰШċŰШŸůĤƖŸƣƖŸƓőŔĦШƓĲċƣũċŰĬЮШ
sŸƨƖŰċũЮŸŉЮéĲŊĲƣċƣŔŸŰЮÉĦŔĲŰĦĲШΞΣЯШΦΣΠтΦΤΠЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΝΝΝоŢƻƚЮΝΞΞΦΣ 

9őŔċƓƨƚŔŸЯШ]ЮЯШ7ŔŰĲƣЯШÂЮЯШ7ĲƖƣőĲċƨЯШ9ЮЯШÂƖŔċƨũƣЯШÂЮЯШΞΜΞΝЮШÉƓőċŊŰƨůШƓőǃƚŔŸũŸŊŔĦċũШƖĲƚƓŸŰƚĲƚШƣŸШ
ĲũĲƻċƣĲĬШ ƣĲůƓĲƖċƣƨƖĲШ ЯШ ŰŔƣƖŸŊĲŰШ ЯШ 9§ΞШċŰĬШ ũŸƽШ ůŸŔƚƣƨƖĲШ ŔŰШ ũċĤŸƖċƣŸƖǃШ ċŰĬШ ŔŰШ ƚŔƣƨШ
ůŔĦƖŸőċĤŔƣċƣƚаШċШƖĲƻŔĲƽЮШƕƨċƣЮEĦŸũШΥЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΜΤоƚΝΜΠΡΞрΜΞΝрΜΦΦΞΠрΥ 

]ŔũůŸƖĲЯШ Ю~ЮЯШ 7ċũũЯШ ~Ю9ЮЯШ ΞΜΜΜЮШ ÂƖŸƣĲĦƣŔŸŰШ ċŰĬШ ƚƣŸƖċŊĲШ ŸŉШ ĦőũŸƖŸƓőǃũũШ ŔŰШ ŸƻĲƖƽŔŰƣĲƖŔŰŊШ
ĲƻĲƖŊƖĲĲŰƚЮШÂƖŸĦĲĲĬŔŰŊƚЮ ŸŉЮ ƣőĲЮ  ċƣŔŸŰċũЮ ĦċĬĲůǃЮ ŸŉЮ ÉĦŔĲŰĦĲƚШΦΤЯШ ΝΝΜΦΥтΝΝΝΜΝЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΤΟоƓŰċƚЮΝΡΜΞΟΤΣΦΤ 

uċũċŢŔЯШ~ЮcЮЯШ]ŸũƣƚĲƻЯШéЮ ЮЯШüƨťр]ŸũċƚǍĲƽƚťċЯШuЮЯШüŔƻĦċťЯШ~ЮЯШ7ƖĲƚƣŔĦЯШ~ЮЯШΞΜΝΤЮШ9őũŸƖŸƓőǃũũШ
[ũƨŸƖĲƚĦĲŰĦĲШрШ7ċƚŔĦƚШċŰĬШ ƓƓũŔĦċƣƖŔŸŰƚЮШ9Å9ШÂƖĲƚƚЮ 

ÂĲŔĦőũЯШ~ЮЯШÉŸŰŰĲŰƣċŊЯШ§ЮЯШ ŔũƚƚŸŰЯШ~Ю7ЮЯШΞΜΝΡЮШ7ƖŔŰŊŔŰŊШ9ŸũŸƖШŔŰƣŸШƣőĲШÂŔĦƣƨƖĲаШÖƚŔŰŊШ?ŔŊŔƣċũШ
ÅĲƓĲċƣШÂőŸƣŸŊƖċƓőǃШƣŸШfŰƻĲƚƣŔŊċƣĲШÂőĲŰŸũŸŊǃШ9ŸŰƣƖŸũƚШŸŉШƣőĲШ9ċƖĤŸŰШ?ŔŸǂŔĬĲШEǂĦőċŰŊĲШŔŰШċШ
7ŸƖĲċũШ~ŔƖĲЮШEĦŸƚǃƚƣĲůƚШΝΥЯШΝΝΡтΝΟΝЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΜΤоƚΝΜΜΞΝрΜΝΠрΦΥΝΡрǍ 
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ΝΜΜ 
 

~ƨũƣŔƓũĲШĲŰƻŔƖŸŰůĲŰƣċũШŉċĦƣŸƖƚШŔŰƣĲƖċĦƣШ 
ƣŸШċŉŉĲĦƣШƽĲƣШŊƖċƚƚũċŰĬШ9§ΞШċŰĬШ9cΠШĲůŔƚƚŔŸŰƚ 

uĲŔƣőШÅЮШEĬƽċƖĬƚċЯШÑŸůČƜШÂŔĦĲťċЯШEƻċШuċƜƣŸƻƚťČċЯШ 
sŖƘŔШ7ČƣƖċċЯШcċŰċШËċŰƣƖƹĨťŸƻČċ 
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f ÑÅ§?Ö9Ñf§  

 Greenhouse gases (GHG) emissions result from biological processes influenced by the 
environmental conditions at the particular site. Carbon dioxide (CO2) is produced by plants, 
microbes and animals while only soil microbes produce methane (CH4) and nitrous oxide (N2O). 
Site hydrology is the most influential abiotic factor affecting all GHG emissions (Oertel et al. 
2016). CO2 emissions tend to decrease with higher water levels while both CH4 and N2O 
emissions usually increase (Zhao et al. 2020). Other factors, such as soil type and nutrient 
content, also greatly affect GHG emissions. All GHG emissions are also strongly affected by 
plants. About half of all CO2 emissions originate as plant respiration. Microbial respiration is 
affected by the quality and quantity of plant inputs, as plant litter or root exudates, which 
increase the availability of organic substances to the microbes (Jones et al. 2009; Pokhalar and 
Chang 2019). 

GHG emissions are variable over time and space since they result from many biological 
processes. These effects are still not well understood nor easily quantified. Many past studies 
focused on the effects of individual factors, but often reached contradictory conclusions 
(Brechet et al. 2019). In a past field study, we found that nutrient addition accelerated nutrient 
fluxes in two wet grasslands, one with organic and the other on mineral soils, but nutrients 
interacted with site hydrology to influence these processes (Picek et al. 2008). Therefore, 
multiple environmental factors seemed to interact to affect the ecological functioning of these 
wet grasslands, however the importance of these factors could not be disentangled in the field. 

We established a mesocosm to conduct a multifactorial study to determine how these 
factors, either singly or interactively, affected plant and soil parameters and how these then 
influence GHG emissions. We expected that GHG emissions would be the most affected by 
water level, followed by soil type and nutrient level. Further, these effects would differ between 
vegetated and un-vegetated conditions. 

~EÑc§?É 
We established the mesocosm in 2009. The mesocosm consisted of three treatment factors 

(soil type = organic, mineral (Cambisol); water level = 15 cm below the soil surface; saturated 
but not flooded; nutrient addition = un-fertilized, 300 kg NPK * ha-1 * yr-1) in a full factorial design. 
Treatment combinations were randomly assigned to basins into which were placed pots with 
plants of Carex acuta (rhizosphere conditions) or without plants (bulk soil). Samples were taken 
in 2013, five years after mesocosm establishment. Plant and soil samples were collected four 
times during 2013 (March, May, July, October) to determine seasonal effects on the measured 
parameters (plant biomass, soil physico-chemical traits, soil microbial density). GHG 
emissions were measured monthly using the static chamber method (Livingston and 
Hutchinson 1995) in randomly selected pots which were fitted with collars on the outside of the 
pots. GHG were sampled from May to October. 

Generalized linear mixed models (GLMM) were used to test the treatment effects on the 
collected plant and soil parameters, following natural logarithm or square root transformations 
of the data if needed. The GLMM tests were run in R v 4.0.5 using the nlme package (Pinheiro et 
al. 2016). The experimental treatments were the fixed effects while time was a random effect. 
Principal components analysis (PCA) and redundancy analysis (RDA) were conducted in PC-
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ORD v. 7.0 (McCune and Mefford 2018) on a separate dataset to determine the effects of the 
experimental treatments on GHG emissions. Regression analyses were then run in Statistica v 
14.0 (TIBCO Software Inc, 2020) to determine which plant and soil parameters most correlated 
with GHG emissions. The regression and multivariate analyses were conducted separately on 
vegetated and un-vegetated datasets. 

Finally, structural equation models (SEM) were developed for both vegetated and un-
vegetated samples to determine the possible connections between the treatment factors, 
measured parameters and GHG emissions (Grace 2006). The SEMs were constructed using 
AMOS v. 21. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
All environmental factors affected the measured plant, soil and GHG parameters, both singly 

and interactively. Most parameters reached their maxima in organic, fertilized conditions, 
except for soil pH (mineral, unfertilized soil) and CH4 (unfertilized), as noted by PCA and RDA 
analyses. Higher water level decreased CO2 emissions while increasing those of CH4. Nutrient 
addition had a direct, positive effect on plant biomass and production, which was most related 
to GHG emissions, with plant respiration being the largest contribution to CO2 emissions. Plant 
litter and root exudate inputs supplied soil microbes with organic substrates, thereby 
supporting microbial growth and increasing microbial respiration and CH4 production. 

Almost all parameters showed a distinct seasonality, except for soil pH, microbial biomass 
nitrogen (Nmic) and bacterial abundance. GHG emissions were low in the cooler parts of the 
growing season with the highest rates at the time of peak plant biomass in July and August, again 
showing the strong connection between plant growth and GHG emissions. 

SEMs for vegetated and un-vegetated samples illustrate these direct and indirect 
connections (Fig. 1, 2). In vegetated conditions, nutrient addition directly promoted plant 
biomass which then affected CO2 emissions. Water level directly increased CH4 emissions but 
decreased bacterial abundance, while soil type affected the Soil Traits latent variable (Fig. 1). 
Several plant-soil feedbacks indicate that increased C and nutrient inputs from plants (litter, 
root exudates) would greatly affect the soil component. Water level also directly affected the 
GHG emissions in the un-vegetated SEM (Fig. 2). All three environmental factors indirectly 
affected CO2 emissions by influencing NO3

- content. 

9§ 9xÖÉf§ É 
Our results indicate the importance of multiple factor interactions. Additive relationships 

seem to govern the biotic components (plant biomass, microbial abundance) while factor 
interactions were more important in affecting soil parameters and GHG emissions. Such 
interactions could have large consequences for managing and/or restoring wet grasslands and 
other wetland habitats. Also, while CH4 emissions were low and usually associated with plants, 
emissions were greater from un-vegetated than vegetated samples in mineral soil. Therefore, 
the formation of bare patches resulting from the activities of animals or agricultural practices 
could result in these patches becoming CH4 emission hotspots. 
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[ŔŊЮШΝЮШÉƣƖƨĦƣƨƖċũШĲƕƨċƣŔŸŰШůŸĬĲũШыÉE~ьШŉŸƖШƣőĲШƻĲŊĲƣċƣĲĬШƣƖĲċƣůĲŰƣЮШ ƖƖŸƽШƽŔĬƣőШŔŰĬŔĦċƣĲƚШĬĲŊƖĲĲШŸŉШ
ƚŔŊŰŔǯĦċŰĦĲЮШ7ũċĦťШċƖƖŸƽƚШӀШŸŰĲрƽċǃШĲǭĲĦƣƚбШƖĲĬШċƖƖŸƽƚШӀШƣƽŸрƽċǃШĲǭĲĦƣƚЮШ7ŔŸxШӀШũŔƻĲШƓũċŰƣШĤŔŸůċƚƚбШ
7ŔŸ?ШӀШĬĲċĬШƓũċŰƣШĤŔŸůċƚƚбШÑÉ ШӀШƣŸƣċũШƚŸũƨĤũĲШŰŔƣƖŸŊĲŰбШ9ůŔĦШӀШůŔĦƖŸĤĲШĤŔŸůċƚƚШ9ЮШÑőĲШůŸĬĲũШƽċƚШ
ċĬůŔƚƚŔĤũĲЮШ~ŸĬĲũШǯƣƚаШΞ͞ШӀШΡΝЮΠΠΠШыƓШӀШΜЮΝΡΝьбШÅ~ÉE ШӀШΜЮΜΦΦШыƓШӀШΜЮΞΞΟьбШ ťċŔťĲШŔŰŉŸƖůċƣŔŸŰШĦƖŔƣĲƖŔċШ

ы f9ьШӀШΝΞΟЮΠΠΠЮ 

 

[ŔŊЮШΞЮШÉƣƖƨĦƣƨƖċũШĲƕƨċƣŔŸŰШůŸĬĲũШыÉE~ьШŉŸƖШƣőĲШƨŰрƻĲŊĲƣċƣĲĬШƣƖĲċƣůĲŰƣЮШ ƖƖŸƽШƽŔĬƣőШŔŰĬŔĦċƣĲƚШĬĲŊƖĲĲШŸŉШ
ƚŔŊŰŔǯĦċŰĦĲЮШ7ũċĦťШċƖƖŸƽƚШӀШŸŰĲрƽċǃШĲǭĲĦƣƚбШƖĲĬШċƖƖŸƽƚШӀШƣƽŸрƽċǃШĲǭĲĦƣƚЮШ~ŔĦƖŸĤĲШÅĲƚƓШӀШůŔĦƖŸĤŔċũШ
ƖĲƚƓŔƖċƣŔŸŰбШ9ůŔĦШӀШůŔĦƖŸĤĲШĤŔŸůċƚƚШ9ЮШ~ŸĬĲũШƽċƚШċĬůŔƚƚŔĤũĲЮШ~ŸĬĲũШǯƣƚаШ͞ΞШӀШΠΝЮΞΤΞШыƓШӀШΜЮΝΥΟьбШ

Å~ÉE ШӀШΜЮΜΦΣШыƓШӀШΜЮΞΡΠьбШ ťċŔťĲШŔŰŉŸƖůċƣŔŸŰШĦƖŔƣĲƖŔċШы f9ьШӀШΝΜΡЮΞΤΞ 

ÅE[EÅE 9EÉ 
7ƖĲĦőĲƣЯШxЮЯШ9ŸƨƖƣŸŔƚЯШEЮ ЮЯШÉċŔŰƣр]ĲƖůċŔŰЯШÑЮЯШsċŰƚƚĲŰƚЯШfЮ ЮЯШ ƚĲŰƚŔŸЯШ?ЮЯШÅċůŔƖĲǍрÅŸŢċƚЯШfЮЯШ
ÉŸŸŰŊЯШsЮxЮЯШéċŰШxċŰŊĲŰőŸƻĲЯШxЮЯШéĲƖĤƖƨŊŊĲŰЯШEЮЯШÉƣċőũЯШ9ЮЯШΞΜΝΦЮШ?ŔƚĲŰƣċŰŊũŔŰŊШĬƖŸƨŊőƣШċŰĬШ
ŰƨƣƖŔĲŰƣШĲǭĲĦƣƚШŸŰШƚŸŔũШĦċƖĤŸŰШĬŔŸǂŔĬĲШċŰĬШůĲƣőċŰĲШǰƨǂĲƚШŔŰШċШƣƖŸƓŔĦċũШŉŸƖĲƚƣЮШ[ƖŸŰƣдЮEŰƻŔƖŸŰдЮ
ÉĦŔдШΤЯШΝΥΜЮШĬŸŔаШΝΜЮΟΟΥΦоŉĲŰƻƚЮΞΜΝΦЮΜΜΝΥΜЮ 

]ƖċĦĲЯШsЮ7ЮЯШΞΜΜΣЮШÉƣƖƨĦƣƨƖċũШĲƕƨċƣŔŸŰШůŸĬĲũŔŰŊШċŰĬШŰċƣƨƖċũШƚǃƚƣĲůƚЮШ9ċůĤƖŔĬŊĲШÖŰŔƻĲƖƚŔƣǃШ
ÂƖĲƚƚЯШ9ċůĤƖŔĬŊĲЯШÖuЮ 

sŸŰĲƚЯШ?ЮxЮЯШ ŊƨǃĲŰЯШ9ЮЯШ[ŔŰũċǃЯШÅЮ?ЮЯШΞΜΜΦЮШ9ċƖĤŸŰШǰŸƽШŔŰШƣőĲШƖőŔǍŸƚƓőĲƖĲаШĦċƖĤŸŰШƣƖċĬŔŰŊШċƣШƣőĲШ
ƚŸŔũтƖŸŸƣШŔŰƣĲƖŉċĦĲЮШÂũċŰƣЮÉŸŔũШΟΞΝЯШΡрΟΟЮШ?§fШΝΜЮΝΜΜΤоƚΝΝΝΜΠрΜΜΦрΦΦΞΡрΜЮ 

xŔƻŔŰŊƚƣŸŰЯШ ]ЮÂЮЯШ cƨƣĦőŔŰƚŸŰЯШ ]ЮxЮЯШ ΝΦΦΡЮШ EŰĦũŸƚƨƖĲрĤċƚĲĬШ ůĲċƚƨƖĲůĲŰƣƚШ ŸŉШ ƣƖċĦĲШ ŊċƚШ
ĲǂĦőċŰŊĲаШċƓƓũŔĦċƣŔŸŰƚШċŰĬШƚŸƨƖĦĲƚШŸŉШĲƖƖŸƖЯШŔŰаШ~ċƣƚŸŰЯШÂЮ ЮЯШcċƖƖŔƚЯШÅЮ9ЮЯШыEĬƚЮьЯШ7ŔŸŊĲŰŔĦШ
ÑƖċĦĲШ]ċƚĲƚаШ~ĲċƚƨƖŔŰŊШEůŔƚƚŔŸŰƚШŉƖŸůШÉŸŔũШċŰĬШìċƣĲƖЮШ7ũċĦťƽĲũũШÉĦŔĲŰĦĲЯШ§ǂŉŸƖĬШÖuЯШƓƓЮШ
ΝΠтΡΝЮ 

Soil

Water

Fert

pH

NH4NO3

CH4

CO2

Cmic
Microbe

Resp

Bacteria < 0.05

< 0.01

< 0.001

> 0.05

0.450

-0.397

0.443

0.450

-0.527

-0.607

-0.496

0.923

-0.359

-0.808

0.845

-0.428

0.268

-0.143

0.564

0.547

-0.454

-0.569

0.472

0.160

0.556

0.934

0.586

0.974

0.779

0.203

0.391

0.799

0.150
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~Ħ9ƨŰĲЯШ7ЮЯШ~ĲǭŸƖĬЯШ~ЮsЮЯШΞΜΝΥЮШÂ9р§ƖĬЮШ~ƨũƣŔƻċƖŔċƣĲШ ŰċũǃƚŔƚШŸŉШEĦŸũŸŊŔĦċũШ?ċƣċЯШƻĲƖƚЮШΤЮШ
]ũĲŰĲĬĲŰШ7ĲċĦőЯШ§ƖĲŊŸŰЯШ~Ţ~ШÉŸŉƣƽċƖĲШ?ĲƚŔŊŰЮ 

§ĲƖƣĲũЯШ9ЮЯШ~ċƣƚĦőƨũũċƣЯШsЮЯШüƨƖĤċЯШuЮЯШüŔůůĲƖůċŰŰЯШ[ЮЯШEƖċƚůŔЯШÉЮЯШΞΜΝΣЮШ]ƖĲĲŰőŸƨƚĲШŊċƚШ
ĲůŔƚƚŔŸŰƚШ ŉƖŸůШ ƚŸŔũШтШ Ш ƖĲƻŔĲƽЮШ 9őĲůŔĲШ ĬĲƖШ EƖĬĲШ ΤΣЯШ ΟΞΤрΟΡΞЮШ
őƣƣƓаооĬǂЮĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮĦőĲůĲƖЮΞΜΝΣЮΜΠЮΜΜΞЮ 

ÂŔĦĲťЯШÑЮЯШuċƜƣŸƻƚťČЯШEЮЯШEĬƽċƖĬƚЯШuЮЯШüĲůċŰŸƻČШuЮЯШ?ƨƜĲťШsЮЯШΞΜΜΥЮШÉőŸƖƣШƣĲƖůШĲǭĲĦƣƚШŸŉШ
ĲǂƓĲƖŔůĲŰƣċũШĲƨƣƖŸƓőŔĦċƣŔŸŰШŸŰШĦċƖĤŸŰШċŰĬШŰŔƣƖŸŊĲŰШĦǃĦũŔŰŊШŔŰШƣƽŸШƣǃƓĲƚШŸŉШƽĲƣШŊƖċƚƚũċŰĬЮШ
9ŸůůƨŰдЮEĦŸũЮШΦаΥΝтΦΜЮШ 

ÂŔŰőĲŔƖŸЯШsЮЯШ7ċƣĲƚЯШ?ЮЯШÅШ9ŸƖĲШÑĲċůЮЯŰũůĲаШxŔŰĲċƖШċŰĬШ ŸŰũŔŰĲċƖШ~ŔǂĲĬШEǭĲĦƣƚШ~ŸĬĲũƚЮШÅШƓċĦťċŊĲШ
ƻĲƖƚŔŸŰШΟЮΝтΝΞΤЯШőƣƣƓаоо9Å  ЮÅрƓƖŸŢĲĦƣЮŸƖŊоƓċĦťċŊĲӀŰũůĲоШы ĦĦĲƚƚĲĬШΝΤШ ƓƖŔũШΞΜΝΥьЮШ 

ÂŸťőċũĲƖЯШÂЮЯШ9őċŰŊЯШÉЮñЮЯШΞΜΝΦЮШ~ċŰƨƖĲШƓĲũũĲƣЯШƽŸŸĬĦőŔƓШċŰĬШƣőĲŔƖШĤŔŸĦőċƖƚШĬŔǭĲƖĲŰƣũǃШċǭĲĦƣШ
ƽőĲċƣШǃŔĲũĬШċŰĬШĦċƖĤŸŰШĬŔŸǂŔĬĲШĲůŔƚƚŔŸŰШŉƖŸůШĤƨũťШċŰĬШƖőŔǍŸƚƓőĲƖĲШƚŸŔũƚЮШÉĦŔдЮÑŸƣдЮEŰƻŔƖŸŰдШ
ΣΡΦЯШΠΣΟрΠΤΞЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣоŢЮƚĦŔƣŸƣĲŰƻЮΞΜΝΥЮΝΞЮΟΥΜЮ 

Ñf79§ШÉŸŉƣƽċƖĲШfŰĦЮЯШΞΜΞΜЮШÉƣċƣŔƚƣŔĦċШ?ċƣċШÉĦŔĲŰĦĲШìŸƖťĤĲŰĦőЯШƻЮШΝΠЮШőƣƣƓаооƣŔĤĦŸЮĦŸůЮ 

üőċŸЯШ~ЮxЮЯШcċŰЯШ]ЮñЮЯШxŔЯШsЮòЮЯШÉŸŰŊЯШìЮ~ЮЯШÄƨЯШìЮ?ЮЯШEũũĲƖЯШ[ЮЯШìċŰŊЯШsЮÂЮЯШsŔċŰŊЯШ9ЮÉЮЯШΞΜΞΜЮШ
ÅĲƚƓŸŰƚĲƚШŸŉШƚŸŔũШ9§ΞШċŰĬШ9cΠШĲůŔƚƚŔŸŰƚШƣŸШĦőċŰŊŔŰŊШƽċƣĲƖШƣċĤũĲШũĲƻĲũШŔŰШċШĦŸċƚƣċũШƽĲƣũċŰĬЮШ
sдЮ9ũĲċŰĲƖЮÂƖŸĬдШΞΣΦЯШΝΞΞΟΝΣЮШĬŸŔаШΝΜЮΝΜΝΣоŢЮŢĦũĲƓƖŸЮΞΜΞΜЮΝΞΞΟΝΣЮ 

 

  

http://dx.doi.org/10.1016/j.chemer.2016.04.002
https://doi.org/10.1016/j.scitotenv.2018.12.380
http://tibco.com/


ÉìÉШEƨƖŸƓĲШ~ĲĲƣŔŰŊЯШΞΠрΞΣƣőШШsƨŰĲШΞΜΞΠ 

ÉEÉÉf§ ШéfШрШf Ñ§ШÑcEШ[ÖÑÖÅEаШÂÅE?f9Ñf ]Ш  ?ШÂx   f ] 

ΝΜΠ 
 

 ŸƣĲƚШŸŰШĲĦŸũŸŊŔĦċũШŉċĦƣŸƖƚШƚőċƓŔŰŊШƻĲŊĲƣċƣŔŸŰШ
ĬŔƻĲƖƚŔƣǃШŸŉШůŔƖĲƚШŔŰШ ŸƖƽĲŊŔċŰШ[ŔŰůċƖť 

sċŰШuƨĦőċƖǍǃťċЯШEƽċШsċĤŮŸűƚťċċ 
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f ÑÅ§?Ö9Ñf§  

Undisturbed peatlands (mires) play an extremely important role for all life on Earth. They are 
perfect stores of water and carbon, stabilizing the Earth's climate. They are also home to many 
endangered species. In Europe, most peatlands have been destroyed by humans. The most 
undisturbed peatlands are found in the northernmost parts of our continent, for example in 
Finnmark in Norway. So far, there have been no detailed, large-scale studies of peatland flora 
and vegetation in this region. Isolated data on the distribution of some mire species come from 
herbarium material from the 19th century. In the second half of the 20th century, surveys were 
made of the vegetation in Finnmark, including wetlands (e.g. Vorren 1979a, Vorren 1979b). 
However, these studies were either characterized by a small number of samples or were carried 
out on a very small area. I therefore decided to carry out a study that would describe the mire 
vegetation of Finnmark and its habitat preferences in detail. 

 

~EÑc§?É 
ÉƣƨĬǃШċƖĲċ 

I began my research on the mires of Finnmark with preparatory work. I collected the results 
of previous research on the vegetation of the northern part of Norway and, with the help of freely 
available geological maps and aerial photographs, selected potentially interesting objects 
(mires) in the field. 

[ŔĲũĬƽŸƖť 
During the fieldwork I visited pre-selected sites. At each investigated site I took a square 

shaped relevee (25 m2) in extended Braun-Blanquet scale including both vascular plants and 
cryptogams. If the vegetation of the surveyed site was diverse I collected more than one relevee 
(sample) per site. 

Within each of the relevees I measured pH and EC in situ, both from the surface water, which 
probably better reflects the conditions for bryophyte development and from the top 15 cm soil 
porewater, which might better reflect the conditions for the vascular plants. I also collected 
porewater from the same top soil layer for determination of selected elements. 

?ċƣċШċŰċũǃƚŔƚ 
After the fieldwork additional data on climate (from CHELSA database, Kager et al. 2018) and 

elevation (from global GLO-30 Copernicus DEM) were obtained with the use of QGIS software 
for each of the sampling plots. Collected porewater samples were analyzed with ICP-MS for Ca, 
Mg, Na, K, Si, S, P, Fe, Sr, B, Ba, Zn, Al, Mn, Cu, Li, Cr, Ti, As, Cd, Co, Mo, Ni, Pb, and V. The 
vegetation and environmental data were then analyzed with JUICE (build-in TWINSPAN 
algorithm, Tichý 2002) and R software (vegan package, Oksanen et al. 2022). As I am still in the 
process of identifying cryptogams, I have used only vascular plant data for the results presented 
here. 

 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
An Unsupervised TWINSPAN algorithm divided 104 relevees into 7 groups. The general 

characteristics of the vascular plant composition suggest that groups no. 1 and 2 are probably 
relatively dry rich fens, group no. 3 represents very acidic poor fens, groups no. 4 and 5 are 
similar and represent intermediate fens, and group no. 6 includes moderately rich but 
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waterlogged fens. Group 7 was represented only by two relevees representing an unique type of 
arctic-alpine rich fens dominated by Carex saxatilis. 

In the DCA diagram based on the vascular plant composition of the relevees, clear separation 
of groups 1, 2 and 6, and to some extent also 3, and a slight differentiation of groups 4 and 5 is 
visible. Addition of strongly significantly (p< 0.01) related environmental variables to the DCA 
diagram proves a very multidimensional character of the vegetation differentiation, with both 
local (pH, EC, and probably also waterlogging), regional (availability of selected elements 
related to the geology) and macroecological (climate) factors shaping the diversity of mire 
ecosystems of Finnmark. The main gradient of vegetation differentiation represented by the first 
(horizontal) axis seems to be, unsurprisingly) correlated with the pH of the sites. But at the same 
time it seems to reflect the climatic gradient with warmer conditions at its left end (e.g. Drosera 
anglica was absent from the colder regions). The second (vertical) gradient axis probably 
indicates the moisture content of each site (at the bottom of the graph there are species 
associated with habitats with high groundwater levels, e.g. Comarum palustre and Equisetum 
fluviatile or Salix lapponum, and at the top there are taxa found in non-flooded sites, e.g. 
Sausarea alpina, Thalictrum alpinum or Tofieldia pusilla). However this gradient seems to 
represent also to some extent base saturation (with more mineral-rich sites at the top) and 
altitude and summer precipitation (with higher lying and wetter sites at the bottom). These 
differences between groups were further explored by between-groups comparisons, which 
indicate that for example water conductivity clearly separates groups 1 (very high conductivity), 
2 (high conductivity), 3 (very low conductivity) and 4 and 5 together (moderate conductivity). In 
case of climate vegetation of group 1 clearly prefers areas with relatively high average annual 
temperatures.  

 

[ŔŊЮШΝЮШ?9 ШċŰċũǃƚĲƚШŸŰШƣőĲШƻĲŊĲƣċƣŔŸŰЮШ9ŸũŸƖƚШƖĲƓƖĲƚĲŰƣШÑìf ÉÂ  ШŊƖŸƨƓƚаШĤũƨĲШтШŊƖŸƨƓШΝЯШƻŔŸũĲƣШтШ
ŊƖŸƨƓШΞЯШƖĲĬШтШŊƖŸƨƓШΟЯШŸƖċŰŊĲШШрШŊƖŸƨƓШΠЯШǃĲũũŸƽШтШŊƖŸƨƓШΡЯШũŔŊőƣШŊƖĲĲŰШтШŊƖŸƨƓШΣЯШĬċƖťШŊƖĲĲŰШтШŊƖŸƨƓШΤЮШÅĲĬШ
ċƖƖŸƽƚШƖĲƓƖĲƚĲŰƣШƚŔŊŰŔǯĦċŰƣũǃШыƓӃΜЮΜΝьШĦŸƖƖĲũċƣĲĬШƖĲũċƣĲĬШƽŔƣőШƣőĲШůċŔŰШŊƖċĬŔĲŰƣƚШĲŰƻŔƖŸŰůĲŰƣċũШ

ƻċƖŔċĤũĲƚШыÂőЮƖШтШƓcШŸŉШƣőĲШƣŸƓƚŸŔũШƓŸƖĲƽċƣĲƖЯШEĦЮƖШтШE9ШŸŉШƣőĲШƣŸƓƚŸŔũШƓŸƖĲƽċƣĲƖЯШċũƣШтШċƣũŔƣƨĬĲЯШŰЮĬċǃƚЮΡШтШ
ŰƨůĤĲƖШŸŉШĬċǃƚШƽŔƣőШůĲċŰШƣĲůƓĲƖċƣƨƖĲШӄШΡ҄Ш9ЯШƣЮůĲŰЮƽċƖůЮƕШтШůĲċŰШƣĲůƓĲƖċƣƨƖĲШŸŉШƣőĲШƽċƖůĲƚƣШ

ƕƨċƖƣĲƖЯШůċǂЮƽċƖůЮůШтШůĲċŰШůċǂŔůƨůШƣĲůƓĲƖċƣƨƖĲШŸŉШƣőĲШƽċƖůĲƚƣШůŸŰƣőЯШƓƖĲĦЮƽċƖůЮƕШтШƓƖĲĦŔƓŔƣċƣŔŸŰШ
ŸŉШƣőĲШƽċƖůĲƚƣШƕƨċƖƣĲƖЯШĲũĲůĲŰƣƚШĦŸŰĦĲŰƣƖċƣŔŸŰƚШŔŰШƓŸƖĲƽċƣĲƖШċƖĲШƖĲƓƖĲƚĲŰƣĲĬШĤǃШƣőĲŔƖШƚƣċŰĬċƖĬШ

ċĤĤƖĲƻŔċƣŔŸŰƚьЮ 
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9§ 9xÖÉf§ É 
ÑőĲШƓƖĲũŔůŔŰċƖǃШċŰċũǃƚĲƚШƓƖĲƚĲŰƣĲĬШċĤŸƻĲШŔŰĬŔĦċƣĲШƣőċƣШ[ŔŰŰůċƖťѣƚШůŔƖĲƚШċƖĲШőŔŊőũǃШĬŔƻĲƖƚĲЮШ
ÑőĲŔƖШĬŔǭĲƖĲŰƣŔċƣŔŸŰШŔƚШŔŰǰƨĲŰĦĲĬШĤǃШĦũŔůċƣŔĦЯШŊĲŸũŸŊŔĦċũШċŰĬШũŸĦċũШőċĤŔƣċƣШŉċĦƣŸƖƚЮШ9ŸŰƚŔĬĲƖŔŰŊШ
ŸŰũǃШőĲƖĤċĦĲŸƨƚШƓũċŰƣƚШċŰĬШƚőƖƨĤƚЯШΣШƣǃƓĲƚШŸŉШƓĲċƣũċŰĬШƻĲŊĲƣċƣŔŸŰШőċƻĲШĤĲĲŰШŔĬĲŰƣŔǯĲĬЯШŸŉШ
ƽőŔĦőШċƣШũĲċƚƣШΟШыŊƖŸƨƓƚШΝЯШΞШċŰĬШΟьШċƖĲШĦũĲċƖũǃШĬŔƚƣŔŰŊƨŔƚőċĤũĲШŉƖŸůШƣőĲШŸƣőĲƖƚЮ 

Groups 4 and 5, and partly also 6, are compositionally very similar, but at the same time they 
are distinguished by selected biotic and abiotic factors. I therefore assume that they will 
differentiate strongly when cryptogams are added to the analysis. It is worth mentioning that 
was also important from the point of view of biodiversity inventorying. For example I discovered 
two localities of Meesia longiseta т a moss, which has been recorded in Finnmark only once 
since the 19th century (Kyrkjeeide 2021). The significant increase in knowledge about the 
distribution of rare peatland plant species after one season of research indicates the need for 
further scientific work, including on the flora and ecology of mires in the Finnmark region. 
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ÅE[EÅE 9EÉ 
9ŸƓĲƖŰŔĦƨƚаШ9ŸƓĲƖŰŔĦƨƚШ?E~ШтШ]ũŸĤċũШċŰĬШEƨƖŸƓĲċŰШ?ŔŊŔƣċũШEũĲƻċƣŔŸŰШ~ŸĬĲũШы9§Âр?E~ьЯШ]x§р
ΟΜЯШ EÉ ЯШ 9ŸƓĲƖŰŔĦƨƚШ яĬċƣċШ ƚĲƣѐЯШ őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΡΞΤΜоEÉрĦΡĬΟĬΣΡЯШ ũċƚƣШ ċĦĦĲƚƚаШ ΝΡШ
sċŰƨċƖǃШΞΜΞΠЮ 

uċƖŊĲƖШ?Ю ЮЯШ9ŸŰƖċĬЯШ§ЮЯШ7ƁőŰĲƖЯШsЮЯШuċƽŸőũЯШÑЮЯШuƖĲŉƣЯШcЮЯШÉŸƖŔċр ƨǍċЯШÅЮìЮЯШüŔůůĲƖůċŰŰЯШ ЮEЯШ
xŔŰĬĲƖЯШcЮÂЮЯШuĲƚƚũĲƖЯШ~ЮШΞΜΝΥаШ?ċƣċШŉƖŸůаШ9ũŔůċƣŸũŸŊŔĲƚШċƣШőŔŊőШƖĲƚŸũƨƣŔŸŰШŉŸƖШƣőĲШĲċƖƣőќƚШũċŰĬШ
ƚƨƖŉċĦĲШċƖĲċƚЮШEŰƻŔ?ċƣЮШőƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΣΦΜΠоĲŰƻŔĬċƣЮΞΞΥЮƻΞЮΝ 

uǃƖťŢĲŔŔĬĲШ~Ю§ЮШΞΜΞΝЮШ~ĲĲƚŔċЮũŸŰŊŔƚĲƣċЮШ ƖƣƚĬċƣċĤċŰťĲŰШтШuƨŰŰƚťċƓƚĤċŰťШŉŸƖШŰċƣƨƖůċŰŊŉŸũĬШ
яĬċƣċШĤċŰťѐЯШőƣƣƓƚаооċƖƣƚĬċƣċĤċŰťĲŰЮŰŸоЯШũċƚƣШċĦĦĲƚƚаШΝΜШ~ċƖĦőШΞΜΞΠЮ 

§ťƚċŰĲŰЯШsЮЯШÉŔůƓƚŸŰЯШ]ЮЯШ7ũċŰĦőĲƣЯШ[ЮЯШuŔŰĬƣЯШÅЮЯШxĲŊĲŰĬƖĲЯШÂЯШ~ŔŰĦőŔŰЯШÂЮЯШ§ѣcċƖċЯШÅЮЯШÉŸũǃůŸƚШ
ÂЮЯШÉƣĲƻĲŰƚШ~ЮЯШÉǍŸĲĦƚЯШEЮЯШìċŊŰĲƖЯШcЮЯШ7ċƖĤŸƨƖЯШ~ЮЯШ7ĲĬƽċƖĬЯШ~ЮЯШ7ŸũťĲƖЯШ7ЮЯШ7ŸƖĦċƖĬЯШ?ЮЯШ
9ċƖƻċũőŸШ]ЯШ9őŔƖŔĦŸЯШ~ЮЯШ?ĲШ9ċĦĲƖĲƚЯШ~ЮЯШ?ƨƖċŰĬЯШÉЮЯШEƻċŰŊĲũŔƚƣċЯШcЮЯШ[ŔƣǍsŸőŰЯШÅЯЯШ[ƖŔĲŰĬũǃЯШ
~ЯЯШ[ƨƖŰĲċƨǂЯШ7ЮЯШcċŰŰŔŊċŰЯШ]ЮЯШcŔũũЯШ~ЮЯШxċőƣŔЯШxЮЯШ~Ħ]ũŔŰŰЯШ?ЮЯШ§ƨĲũũĲƣƣĲЯШ~ЮЯШÅŔĤĲŔƖŸШ9ƨŰőċЯШ
EЮЯШÉůŔƣőЯШÑЮЯШÉƣŔĲƖЯШЮЯШÑĲƖШ7ƖċċťЯШ9ЮЯШìĲĲĬŸŰЯШsЮЯШΞΜΞΞЮШƻĲŊċŰаШ9ŸůůƨŰŔƣǃШEĦŸũŸŊǃШÂċĦťċŊĲЮШÅШ
ƓċĦťċŊĲШƻĲƖƚŔŸŰШΞЮΣрΠЯШӃőƣƣƓƚаоо9Å  ЮÅрƓƖŸŢĲĦƣЮŸƖŊоƓċĦťċŊĲӀƻĲŊċŰӂЮ 

ÑŔĦőǄЯШxЮШΞΜΜΞЮШsƨŔĦĲЯШƚŸŉƣƽċƖĲШŉŸƖШƻĲŊĲƣċƣŔŸŰШĦũċƚƚŔǯĦċƣŔŸŰЮШsŸƨƖŰċũЮŉŸƖЮéĲŊĲƣċƣŔŸŰЮÉĦŔĲŰĦĲШΝΟаШ
ΠΡΝрΠΡΟЮ 

éŸƖƖĲŰЯШ uЮШ ?ЮШ ΝΦΤΦċЮШ~ǃƖŔŰƻĲŰƣĲƖŔŰŊĲƖШ ŔШ  ŸƖĬũċŰĬЯШ ÑƖŸůƚШ ŸŊШ [ŔŰŰůċƖťЯШ ƚŸůůĲƖĲŰШ ΝΦΤΣЯШ
ŉŸƖĤŔŰĬĲũƚĲШůĲĬШĬĲŰШŰŸƖƚťĲШůǃƖƖĲƚĲƖƻċƣƓũċŰĲŰЮШтШÑƖŸůƨƖċШ ċƣƨƖƻŔƣĲŰƚťċƓĲũŔŊШÉĲƖŔĲШΟаШΝрΝΝΥЮ 

éŸƖƖĲŰЯШuЮШ?ЮШΝΦΤΦĤЮШéĲŊĲƣċƣŔŸŰċũШŔŰƻĲƚƣŔŊċƣŔŸŰƚШŸŉШċШƓċũƚċШĤŸŊШŔŰШ ŸƖƣőĲƖŰШ ŸƖƽċǃЮШÑƖŸůƨƖċШ
 ċƣƨƖƻŔƣЮШΡаШΝтΝΥΞЮ 
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https://artsdatabanken.no/
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fůƓũĲůĲŰƣċƣŔŸŰШŸŉШƣőĲШ ċƣƨƖĲШÅĲƚƣŸƖċƣŔŸŰШxċƽШ
ůŸƖĲШŰĲĲĬĲĬШƣőċŰШĲƻĲƖаШ ШĦċƚĲШƚƣƨĬǃШŉƖŸůШƣőĲШ
ůŸƚƣШƓƖŔƚƣŔŰĲШыеьШƖŔƻĲƖŔŰĲШƽĲƣũċŰĬƚШŔŰШÂŸũċŰĬ 

ŰĬƖǍĲŢШuċůŸĦťŔċЯШÂŔŸƣƖШ7ċŰċƚǍƨťċЯШ~ċƣĲƨƚǍШ]ƖǃŊŸƖƨťĤ 
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f ÑÅ§?Ö9Ñf§  

Recent decades have been critical and destructive for various freshwater wetlands in Poland 
and elsewhere. The situation seems set to get even worse in the coming decades. Pressures 
from agribusiness due to increasing demand for food and fodder, as well as water shortages due 
to increased evapotranspiration under climate change, are likely to significantly affect the 
hydrology of water-dependent ecosystems. The result is a progressive loss of wetlands located 
in diverse landscape and catchment contexts (Craft, 2016). This problem is particularly evident 
in the extensive peatland complex of the Biebrza Basin (NE Poland), which has been identified 
as a well-preserved, 'reference' wetland area. 

~EÑc§?É 
A soil survey was conducted in 2020-2022. Two hundred and ninety hand auger drill holes 

were completed, reaching down to the mineral substrate underlying organic deposits. For our 
study, we also used 353 soil borings by the Bureau for Forest Management and Geodesy in 
Bialystok in 2019-2021, our 84 soil cores from 2014 and 77 cores from 2009, and archival soil 
survey data covering the last three decades of the 20th century (1,112 soil samples). 

Maps, as GIS feature classes, were generated using the QGIS 3.28.4-Firenze software (Free 
and Open Source Software (FOSS); Free Software Foundation, Inc., USA; www.qgis.org). 

The material was statistically compiled using Statgraphics 18. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Soil survey conducted in the Biebrza Basin, protected as the Biebrza River National Park 

(59,729.63 ha), has shown that histosols are subject to unfavourable changes resulting from 
deteriorating hydrology (Banaszuk, 2023). The area of peat soils characterised by progressive 
subsidence and loss of organic matter amounted in 2022 to 22 323 ha, which is more than half 
of their area, while in 1999, the share of peat soils in the decession stage was 16 374 ha (36%). 
The disappearance of peat soils is particularly evident in peatlands in the middle Biebrza basin. 
These soils are deeply drained and formed of highly decomposed peats, which are highly 
susceptible to intensive mineralisation. There is a severe transformation of organic soilsу
histosolsуinto murshic histosols. Shallow histosols change to mineral soils like gleysols, 
umbric gleysols, and gleyic/stagnic phaeozems (WRB 2022). 
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[ŔŊЮШΝЮШ9ŸŰƣĲůƓŸƖċƖǃШƚƣċƣƨƚШŸŉШƓĲċƣШƚŸŔũƚШŔŰШƣőĲШ7ŔĲĤƖǍċШÅŔƻĲƖШ ċƣŔŸŰċũШÂċƖťШ 
рШƽċƣĲƖрƚċƣƨƖċƣĲĬШŸƖŊċŰŔĦШƚŸŔũƚШƽŔƣőШċĦƣŔƻĲШċĦĦƨůƨũċƣŔŸŰШƓƖŸĦĲƚƚШŸĦĦƨƓǃШƚůċũũĲƖШċƖĲċƚШ 

ƣőċŰШƽŔƣőШĬĲĦċǃШĬƨĲШƣŸШƣőĲШĬƖǃŔŰŊШƓƖŸĦĲƚƚШы7ċŰċƚǍƨťЯШΞΜΞΟьЮ 

 

Peat soils are estimated to be getting shallower at a 1.0-2.0 cm/year rate. Boosted decay of 
organic matter is associated with a release of CO2 (minimum emission: 12.6-20.1 tons per 
hectare per year (Ghezelayagh et al., in press); maximum emission 25-46 tons per hectare per 
year (own estimates)). In places, a loss of more than 100 cm of peat has been recorded 
compared to the 1960s-70s (Fig. 2). 

 

[ŔŊЮШΞЮШÑőĲШĬĲĦũŔŰĲШŸŉШőŔƚƣŸƚŸũƚШŔŰШƖĲũċƣŔŸŰШƣŸШƣőĲШŸƖŊċŰŔĦШƚĲĬŔůĲŰƣШƣőŔĦťŰĲƚƚШ 
ƚċůƓũĲĬШĤĲƣƽĲĲŰШΝΦΤΜШċŰĬШΝΦΦΦЮ  
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9§ 9xÖÉf§ É 
Changes in wetland and soil conditions in the Biebrza River Basin are occurring at an alarming 

pace, posing a severe threat to the quality of the environment, biodiversity, and climate. Large-
scale restoration of wetlands is now more necessary than ever. A broad consensus is needed to 
develop a cooperative model for wetland conservation that satisfies not only conservationists 
but, above all, owners and stakeholders managing grasslands in wetlands. 

 
9u §ìxE?]E~E ÑÉ 
Soil survey in Biebrza River National Park was supported by the Operational Program 

Infrastructure and Environment (POIS.02.04.00-00-0025/17) as part of the project "Preparation 
of a Management Plan for the Biebrza River National Park". 

 

ÅE[EÅE 9EÉ 
9ƖċŉƣЯШ9ЮЯШΞΜΝΣЮШ9ƖĲċƣŔŰŊШċŰĬШÅĲƚƣŸƖŔŰŊШìĲƣũċŰĬƚаШ[ƖŸůШÑőĲŸƖǃШƣŸШÂƖċĦƣŔĦĲЮШEũƚĲƻŔĲƖЯШƓƓЮШΝΣΝтΝΦΞЮШ
őƣƣƓƚаооĬŸŔЮŸƖŊоΝΜЮΝΜΝΣо9ΞΜΝΞрΜрΜΟΣΠΤрΞЮШ 

]őĲǍĲũċǃċŊőЯШÂЮЯШ§ũĲƚǍĦǍƨťЯШÅЮЯШÉƣċĦőŸƽŔĦǍЯШ~ЮЯШÅĲǍċШEŔŰŔЯШ~ЮЯШuċůŸĦťŔЯШ ЮЯШ7ċŰċƚǍƨťЯШÂЮЯШ
]ƖǃŊŸƖƨťЯШ ~ЮШ Ш ƖĲůŸƣĲрƚĲŰƚŔŰŊрĤċƚĲĬШ ŉƖċůĲƽŸƖťШ ƣŸШ ċƚƚĲƚƚШ ƓĲċƣШ ƚƨƖŉċĦĲШ ƻĲƖƣŔĦċũШ
ĬŔƚƓũċĦĲůĲŰƣаШ ШĦċƚĲШƚƣƨĬǃШŸŉШƣőĲШ7ŔĲĤƖǍċШéċũũĲǃЯШÂŸũċŰĬЮШÉƨĤůŔƣƣĲĬШƣŸШEĦŸũŸŊŔĦċũЮfŰĬŔĦċƣŸƖƚд 

fÖÉÉШìŸƖťŔŰŊШ]ƖŸƨƓШìÅ7ЮШΞΜΞΞЮШìŸƖũĬШÅĲŉĲƖĲŰĦĲШ7ċƚĲШŉŸƖШÉŸŔũШÅĲƚŸƨƖĦĲƚЮШfŰƣĲƖŰċƣŔŸŰċũШƚŸŔũШ
ĦũċƚƚŔǯĦċƣŔŸŰШƚǃƚƣĲůШŉŸƖШŰċůŔŰŊШƚŸŔũƚШċŰĬШĦƖĲċƣŔŰŊШũĲŊĲŰĬƚШŉŸƖШƚŸŔũШůċƓƚЮШΠƣőШĲĬŔƣŔŸŰЮШ
fŰƣĲƖŰċƣŔŸŰċũШÖŰŔŸŰШŸŉШÉŸŔũШÉĦŔĲŰĦĲƚШыfÖÉÉьЯШéŔĲŰŰċЯШ ƨƚƣƖŔċЮ 

ÉƣƨĬǃШŉŸƖШƣőĲШĦŸŰƚĲƖƻċƣŔŸŰШŸŉШċĤŔŸƣŔĦШŰċƣƨƖĲШċŰĬШƚŸŔũƚЮШ7ŔĲĤƖǍċШÅŔƻĲƖШ ċƣŔŸŰċũШÂċƖťШ~ċŰċŊĲůĲŰƣШ
ÂũċŰШΞΜΞΟЮШ7ċŰċƚǍƨťШÂЮШыEĬƚЮьЯШůċŰƨƚĦƖŔƓƣЮ  

https://doi.org/10.1016/C2012-0-03647-2
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EǂƓũŸƖŔŰŊШƣőĲШfůƓċĦƣƚШŸŉШÑƖĲĲШEŰĦƖŸċĦőůĲŰƣШ
ċŰĬШ~ŸƽŔŰŊШŸŰШ[ƨŰŊċũШ9ŸůůƨŰŔƣŔĲƚШŔŰШ[ĲŰƚ 

Nina Trochanowskaa, Olsza BorysaЯШ}ƨťċƚǍШuŸǍƨĤb,  
ũĲťƚċŰĬƖċШuƨťƨŮťċa,cЯШ ũŔĦŢċШ§ťƖċƚŔűƚťċdЯШsƨũŔċШÂċƽŮŸƽƚťċd, 

Mateusz Wilka 
 

ċ[ċĦƨũƣǃШŸŉШ7ŔŸũŸŊǃЯШ7ŔŸũŸŊŔĦċũШċŰĬШ9őĲůŔĦċũШÅĲƚĲċƖĦőШ9ĲŰƣƖĲЯШ 
ÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШìċƖƚċƽЯШÂŸũċŰĬ 

ĤfŰƚƣŔƣƨƣĲШŸŉШEŰƻŔƖŸŰůĲŰƣċũШ7ŔŸũŸŊǃЯШ[ċĦƨũƣǃШŸŉШ7ŔŸũŸŊǃЯШ7ŔŸũŸŊŔĦċũШċŰĬШ
9őĲůŔĦċũШÅĲƚĲċƖĦőШ9ĲŰƣƖĲЯШÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШìċƖƚċƽЯШÂŸũċŰĬ 

Ħ E9§~ЯШìċƖƚċƽЯШÂŸũċŰĬ 
ĬfŰƚƣŔƣƨƣĲШŸŉШEƻŸũƨƣŔŸŰċƖǃШ7ŔŸũŸŊǃЯШ7ŔŸũŸŊŔĦċũШċŰĬШ9őĲůŔĦċũШÅĲƚĲċƖĦőШ9ĲŰƣƖĲЯШ 

[ċĦƨũƣǃШŸŉШ7ŔŸũŸŊǃЯШÖŰŔƻĲƖƚŔƣǃШŸŉШìċƖƚċƽЯШìċƖƚċƽЯШÂŸũċŰĬ 
 

f ÑÅ§?Ö9Ñf§  
Fens are the dominating peatland type in temperate Europe, and due to the high density of 

human population in this region, they face high anthropogenic pressure. Historically, many of 
them have been drained, primarily for agricultural purposes. The desiccation of peat results in 
its decomposition and emission of greenhouse gasses. Moreover, draining allows for tree 
encroachment, further transforming these ecosystems. Currently, mowing is used the most 
widely to prevent this process. Although successful in restoring plant communities (Hájková et 
al., 2022), its impact on the belowground microbial communities is unknown.  

The dominant functional group of fungi in peatlands are saprotrophs (Juan-Ovejero et al., 
2020). Typically, the physicochemical properties of the substrate have the most significant 
impact on the species composition of fungal communities in peatlands (Andersen et al., 2013). 
However, mycorrhizal fungi, also occurring in these habitats, are an exception, as their presence 
is correlated with the presence of plant partners. Ectomycorrhizal fungi (ECMF) form non-
antagonistic interactions predominantly with trees and shrubs, while arbuscular mycorrhizal 
fungi (AMF) т with most herbaceous plants, and some trees and shrubs. 

The objective of this study was to evaluate the impact of tree encroachment and mowing on 
fungal diversity and community composition in fens. 

~EÑc§?É 
Peat samples were collected at the depth of 10-20 cm, from open and wooded patches in 24 

fens with varying management histories, distributed across northern Poland. The isolation of 
environmental DNA from peat samples was followed by the amplification of ITS2 rDNA 
fragments. Additionally, to detect AMF fungi, a nested PCR approach with Glomeromycota-
specific primers was utilized to amplify 18S rDNA fragments. Subsequently, all resulting 
fragments were sequenced using the Illumina NovaSeq platform. Bioinformatic analysis was 
conducted using Qiime2 (Bolyen et al. 2019). 18S and ITS2 rDNA amplicons data were analysed 
separately. To classify OTUs into taxa we employed UNITE (Abarenkov et al. 2023ab) and 
MaarjAM (Öpik et al. 2010) databases for ITS2 and 18S rDNA fragments respectively. Then we 
assigned functional guilds to fungi using the FungalTraits database (Põlme et. al. 2020). All 
biodiversity comparisons and the statistical analysis were performed in the R programming 
language. 

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Based on ITS2 amplicons we detected 21119 OTUs of fungi belonging to 16 phyla and based 

on 18S rDNA fragments т 1345 OTUs of Glomeromycota. We found that in case of both AMF and 
fungi overall (Fig.1), the total diversity indices were affected neither by tree encroachment on 
natural fens, nor by mowing on disturbed fens. The overall dissimilarity of fungal communities 
between open and wooded patches was relatively low in disturbed fens, indicating the existence 
of a legacy effect, possibly linked to a degradation of peat. The dissimilarity in AMF community 
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composition between the groups - open and wooded, as well as between fens with different 
management statuses was very low. The relative abundance of ECMF (mainly Cortinariaceae 
and Inocybaceae) was consistently higher in wooded patches (Fig.2), while for AMF there were 
no differences. 

[ŔŊЮШΝЮШÑőĲШƻċũƨĲƚШŸŉШĬŔƻĲƖƚŔƣǃШŔŰĬŔĦĲƚШŸŉШŉƨŰŊċũШĦŸůůƨŰŔƣŔĲƚШыĤċƚĲĬШŸŰШfÑÉΞШƖ?  ьШыũĲŉƣьШ 
ċŰĬШŸŉШ ~[ШыĤċƚĲĬШŸŰШΝΥÉШƖ?  ьШыƖŔŊőƣьШŔŰШƚċůƓũĲƚШĬŔƻŔĬĲĬШŔŰƣŸШŉŸƨƖШƻċƖŔċŰƣƚШ 
тШĬŔƚƣƨƖĤĲĬШċŰĬШƨŰĬŔƚƣƨƖĤĲĬШĤǃШůŸƽŔŰŊЯШŸƓĲŰШċŰĬШƽŔƣőШƣƖĲĲШċŰĬШƚőƖƨĤШĦŸƻĲƖЮ 

 

 

[ŔŊЮШΞЮШÑőĲШŉƖċĦƣŔŸŰШŸŉШ§ÑÖƚШċƚƚŔŊŰĲĬШƣŸШƣƽŸШŸŉШƣőĲШŉƨŰĦƣŔŸŰċũШŊƖŸƨƓƚШ 
ŔŰШ[ƨŰŊċũÑƖċŔƣƚШтШE9~[ШċŰĬШ ~[ЯШƓĲƖШċũũШ§ÑÖƚШƽŔƣőШċƚƚŔŊŰĲĬШƣƖċŔƣƚЮ 
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9§ 9xÖÉf§ É 
Mowing has little effect on the overall fungal diversity and AMF appear to be relatively resilient 

towards this procedure. The main impact of mowing is the reduction in abundance of 
ectomycorrhizal fungi. 

 
9u §ìxE?]E~E ÑÉ 
This study was funded by the National Science Centre, Poland, grant no 

2019/35/D/NZ9/03212. 

 
ÅE[EÅE 9EÉ 
ĤċƖĲŰťŸƻШuЮЯШüŔƖťШ ЮЯШÂŔŔƖůċŰŰШÑЮЯШÂƁőƁŰĲŰШÅЮЯШfƻċŰŸƻШ[ЮЯШ ŔũƚƚŸŰШÅЮШcЮЯШuƑũŢċũŊШÖЮШΞΜΞΟЮШÖ fÑEШ
Äff~EШƖĲũĲċƚĲШŉŸƖШ[ƨŰŊŔЮШéĲƖƚŔŸŰШΝΥЮΜΤЮΞΜΞΟЮШÖ fÑEШ9ŸůůƨŰŔƣǃЮШ 

ĤċƖĲŰťŸƻШuЮЯШüŔƖťШ ЮЯШÂŔŔƖůċŰŰШÑЮЯШÂƁőƁŰĲŰШÅЮЯШfƻċŰŸƻШ[ЮЯШ ŔũƚƚŸŰШÅЮШcЮЯШuƑũŢċũŊШÖЮШΞΜΞΟЮШÖ fÑEШ
Äff~EШƖĲũĲċƚĲШŉŸƖШ[ƨŰŊŔШΞЮШéĲƖƚŔŸŰШΝΥЮΜΤЮΞΜΞΟЮШÖ fÑEШ9ŸůůƨŰŔƣǃЮШ 

ŰĬĲƖƚĲŰШÅЮЯШ9őċƓůċŰШÉЮsЮЯШ ƖƣǍШÅЮÅЮEЮШΞΜΝΟЮШ~ŔĦƖŸĤŔċũШĦŸůůƨŰŔƣŔĲƚШŔŰШŰċƣƨƖċũШċŰĬШĬŔƚƣƨƖĤĲĬШ
ƓĲċƣũċŰĬƚаШ ШƖĲƻŔĲƽЮШÉŸŔũЮ7ŔŸũŸŊǃЮċŰĬЮ7ŔŸĦőĲůŔƚƣƖǃШΡΤаШΦΤΦрΦΦΠЮШ 

7ŸũǃĲŰШEЮЯШÅŔĬĲŸƨƣШsЮÅЮЯШ?ŔũũŸŰШ~ЮÅЮЯШ7ŸťƨũŔĦőШ Ю ЮЯШ ĤŰĲƣШ9Ю9ЮЯШ ũр]őċũŔƣőШ]Ю ЮЯШ ũĲǂċŰĬĲƖШcЮЯШ ũůШ
EЮsЮЯШ ƖƨůƨŊċůШ~ЮЯШ9ċƓŸƖċƚŸШsЮ]ЮШĲƣШċũЮШΞΜΝΦЮШÅĲƓƖŸĬƨĦŔĤũĲЯШŔŰƣĲƖċĦƣŔƻĲЯШƚĦċũċĤũĲШċŰĬШ
ĲǂƣĲŰƚŔĤũĲШůŔĦƖŸĤŔŸůĲШĬċƣċШƚĦŔĲŰĦĲШƨƚŔŰŊШÄff~EШΞЮШ ċƣƨƖĲЮ7ŔŸƣĲĦőŰŸũŸŊǃШΟΤаШΥΡΞрΥΡΤЮШ 

cČŢťŸƻČЯШÂЮЯШcŸƖƚČťŸƻČЯШéЮЯШÂĲƣĲƖťċЯШÑЮЯШsċŰĲĨĲťЯШÉЮЯШ]ċũƻČŰĲťЯШ?ЮЯШ?ŖƣĵЯШ?ЮЯШcŸƖŰŖťЯШsЮЯШcŸƖƚČťЯШ~ЮЯШ
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f ÑÅ§?Ö9Ñf§  

Knowledge about hydro-ecological processes and feedback-mechanisms in more or less 
pristine, peat-forming peatlands is essential for 1) determining the right restoration perspectives 
and strategies in degraded peatlands and 2) to determine the extent to which undisturbed mires 
and peatlands are under pressure from recent changes in regional hydrology and climate 
change.  

The Rospuda Valley in NE-ÂŸũċŰĬШŔƚШĬĲƚĦƖŔĤĲĬШċƚШċŰШљƨŰĬŔƚƣƨƖĤĲĬњШƓĲƖĦŸũċƣŔŸŰШƖŔĦőШŉĲŰШ
ыsċĤŮŸűƚťċШ ĲƣШ ċũЮЯШ ΞΜΝΝьЯШ ƽőŔĦőШ ůċťĲƚШ ŔƣШ ƻĲƖǃШ ŔůƓŸƖƣċŰƣШ ŉŸƖШ ƓƖĲƚĲƖƻċƣŔŸŰШ ŸŉШ ĤŔŸĬŔƻĲƖƚŔƣǃЮШ
Nonetheless, the cover of (birch) forest has increased by about 70% after cessation of haying in 
ƣőĲШĲċƖũǃШΝΦΤΜќƚЯШŔŰĬŔĦċƣŔŰŊШƽċƣĲƖШũĲƻĲũƚШыċƣШũĲċƚƣШƓĲƖŔŸĬŔĦċũũǃьШĤĲũŸƽШƣőĲШƚƨƖŉċĦĲШ(Wassen et al., 
1992; Schippers et al., 2007). Additionally, Sphagnum-dominated small sedge vegetations are 
present in specific parts of the mire (JabŮŸűska et al., 2011, 2019), pointing to acidification due 
to changes in the throughflow mechanism (Van Loon et al., 2009). Because most forest grow on 
woodless peat types, we suggest that the development of most forest vegetations is a more 
recent development, which suggests that the percolation rich fens of the Rospuda Valley might, 
from a landscape ecological perspective, not be as pristine as has been assumed so far. In this 
research, we explore the hydro-ecological functioning of the Rospuda mire at landscape scale 
and try to understand how hydrological conditions have changed over time and how this 
affected vegetation patterns.  

~EÑc§?É 
To get an understanding of the hydro-ecological functioning of the percolation rich-fen of the 

Rospuda, we collected data of peat types, water chemistry, vegetation composition, water level 
fluctuations between April and August 2023 and flow direction on three transects. All transects 
cover the entire gradient from mineral edge (east side) up to the river (west side). We conducted 
about 40 peat corings up to 6 meters in all vegetation types and collected water samples from 
the uppermost peat layer (10-15 cm - surface level) as well as from some deeper peat layers (up 
to 100 cm - surface level) in April, June and August 2023. At all locations we also conducted EC-
measurements up to 3 meter depth to get an understanding of the stratigraphy in water quality. 
All data was processed into hydro-ecological cross sections. We analyzed water chemistry with 
PCA-analysis and, classified the data in three significantly different water types based on a 
hierarchical clustering analysis.  

ÅEÉÖxÑÉШċŰĬШ?fÉ9ÖÉÉf§  
Although the peat was mainly formed by brown-moss peat and small-sedge peat, every 

cross-section shows a different spatial pattern in peat stratification. Spatial differences in peat 
thickness, peat stratification and degree of humification indicate different vegetation types and 
hydrological conditions during peat formation throughout the mire (Fig. 1). There are also some 
specific areas with a thin layer of sphagnum т small sedge peat (<20 cm), which was developed 
on the recent root layer.  
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Water levels stayed on average within 10 cm (±1.2cm) from the mires surface in brown moss 
and small sedge vegetations. In forest vegetations summer water levels (August 2023) dropped 
more than 21 cm (±2,4cm) below the surface level. This confirms the conclusion that water level 
dynamics explain most differeŰĦĲƚШŔŰШƻĲŊĲƣċƣŔŸŰШƣǃƓĲƚШыsċĤŮŸűƚťċШĲƣШċũЮШΞΜΝΝьЮШÑőĲШÅŸƚƓƨĬċШ
River has a draining effect, as it has a 30-70 cm lower water level compared to the mire (Figure 
1). Daily measurements of water level fluctuations in the mire show a water level decrease by 
about 15 cm between April and August, whereby the rivers level increased by about 10 cm. High 
and stable groundwater tables close to the river in the northern parts of the mire, can only be 
explained by a constant inflow of groundwater. In the southern part of the mire (with large areas 
of forest), water levels in August were equal to the water level of the river, indicating that the 
influence of inflowing groundwater is considerably less dominant and depends much more on 
the rivers water level. 

 

 
[ŔŊЮШΞЮШE9рůĲċƚƨƖĲůĲŰƣƚШŔŰШƣőĲШƓĲċƣШƨƓШƣŸШΟШůĲƣĲƖШĬĲĲƓШċŰĬШĬŔƚƣƖŔĤƨƣŔŸŰШŸŉШĬŔǭĲƖĲŰƣШƽċƣĲƖШƣǃƓĲƚШċƚШ
ŉŸƨŰĬШŔŰШƣőĲШőŔĲƖċƖĦőŔĦċũШĦũƨƚƣĲƖШċŰċũǃƚŔƚШΝьШĤċƚĲрƓŸŸƖШƣǃƓĲЯШΞьШĤċƚĲрƖŔĦőШƣǃƓĲШċŰĬШΟьШċũťċũŔŰĲШƣǃƓĲЮ 

Water samples were classified into three significantly different water types: 1) relatively 
base-poor, 2) base-rich and 3) highly alkaline groundwater. EC-measurements in the peat show 
the spatial distribution of the water types (Fig. 2). Stagnation of base-poor water implies that 
these areas do not receive enough base-rich groundwater through the uppermost peat layer to 
maintain a rich fen vegetation. Base-rich groundwater from the mires edge (west site) is not 
























































































