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Sunday(23Jung
20:0021:00 Registration and welcome receptiofHotel)
Monday (24 Juné
8:00¢ 9:00 Registration(Hotel)
9:00-10:45 | OPENING PLENARY SESSION: WETLANDS ACROSS TIME SCAEESIre roomA)
(chair Wiktor Kotowski)
09:00 Opening addresses
09:10 Keynote lecture- Jane MadgwickWetlands as essential global commons
09:50 Keynote lecture- Mariusz LamentowicZ2Wetlands across time: exploring, understandin
and predicting their development and functions at local and global scales
10:30 _dz] I &1 Introductidzromidconference field trips
10:4511:15 Coffeebreak
PARALLEL SESSIONS
11:1513:00 | ¢ LEARNING FROM THE PAST| II¢ THE RACE AGAINST POLLUTIC
- chair Mariusz Lamentowicz - chair Dominik Zak
(lecture roomA) (lecture roomB)
11:15 WI 1 dz6 b A S olgladdi [bk® &nbl Z { Jan VymazalEcosystem Services of Urban
wetland: a palaeoecological and Wetlands
geoarchaeological reconstruction of Early
Bronze Age and Early Iron Age settlemer
in Bruszczew@Western Poland)
11:30 Karina ApolinarskaThe temporal Adam SaochackiSubsurface flow constructe
variability of the Holocene CagO wetlands for the treatment of agricultural
deposition at four alkaline fens in the drainage: over five years of operation

young glacial area of central Europe

11:45 {I YO2N) / THBWHB A Z&a | A Renske VroomFloating ferns for wetland
paleoenvironmental data obtained from | restoration? Lessons learnt from four years
peatlands (and lakes) can fill the gap in | of Azolla cultivation on former agricultural
archaeological and historical sources soils

12:00 Eliise KaraHolocene wetness and growin| Niels van Putte Historical soil compaction
season changes in Linje mire, Poland impairs biogeochemical cycling in restored

tidal marshes through reduced groundwate
dynamics

12:15 Harry RobertsExploring the effects of Andrew S. Wolff Characterizing the
human activity and fire on vegetation, Beneficial Uses of Arcata Marsh Construct
hydrology and carbon accumulation in | Wetland System and Wildlife Sanctuary
adz2ai 2NNIBS:T b2NIKgS

12:30 ~¢ NI ¢ 013U ¢ Nedards §f1 ¢ Stefan LorenzSimultaneous pesticide
Western Polesie (E Poland) under the dynamics in surface water and subsurface
human impack; palaeolimnological shallow groundwater in depressional
perspective wetlands of northeast Germany

12:45 Mar Albert-Saiz The importance of water | Luca MarazziA Citizen Science and
table depth thresholds in peatlands' Engagement Approach to Tackle Plastic
restoration Pollution in England

13:00-14:00 LUNCH
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Monday (24 Jun¢

PARALLEL SESSIONS

11 RESTORATION: TRADIE-S
AND LEGACIES OF THE PAST
- chair Christian Fritz
(lecture roomA)

IV¢ FLOW WITH THE WATER:

HYDROLOGY AND MONITORING

-OKFANI LE 2V
(lecture roomB)

14:00 Gerald JurasinskBright spots of peatland| Maria Grodzka dz] | 41: Séa 1 |
rewetting Quantification the Mowing and Draining
Debate using a model of the Biebrza
Wetlands
14:15 Tom Heuts Rewetting without lanelise Floris KeizerRevisiting the Flood Pulse
change: Have your peat and eat it too Concept; Hydrological processes steering
spatial floodplain zonation
14:30 { I VYV AYLl NR :EffecishodtBiérdant Goedele VerreydtUpdating an Upper
irrigation techniques oisphagnungrowth | Biebrza Valley model based on unique fe
and nutrient dynamics in Sphagnum time measurement of groundwater fluxes
paludiculture
14:45 Wiktor Kotowski Learning to think like thg Martyna Wietecha How to assess
landscape. How to avoid traew#fs and peatland drying using remote sensing?
maximize synergies in wetland restoratio
15:00 Michael Manton Time for a change in Wdzt A |y :@hlRgk ih Weétlang
peatland forest management: rewetting | Management over TimeY | NB f A Yy 5
RSt AGSNE emnn 0Af f [inthe Kampinos National Park
production
15:15 Dominik Henrik ZakBetter Slow than Fas| b A 1 __h :@'Relinyparténce of
another Rewetting Strategy environmental variables on yearly change
of reed standg; a data mining approach
15:30 Carl Christian HoffmannRaising the watel Igor Zelnik Numerous gradients shape
level by simple ditch blocking did not diverse wetland plant communities on
improve nutrient retention in a fen intermittent Lake Cerknica
15:45 Christian FritzPaludicultureg future Marija ChobanovaWetland area
wetland generation fom degraded assessment in North Macedonia
peatlands
16:0017:00| Poster session and drinkschair Piotr Banaszukecture room A
17:00-18:00 SWS technical meeting Walk to the floodplains
(lecture room B of Biebrza(optional)
19:00-20:00 Dinner
20:0022:00 Students gettogether (lecture room B
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Tuesday25 June
9:00-17:00 Fieldtrips 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 DUPOHISH RESEARCH COLLABORATION IN BIEBRZA W
(chair Tomasz Okruszko)

Laudation by Artur Wiatr, director of Biebrziational Park

Keynote lecture- Martin Wassen Thank you Biebrza!

Panel discussiotBiebrza for science science for Biebrzgthaired by Tomasz Okrus3k

22:20-24:00 Banquet at the Biebrza River bank
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Wednesday 26 June
PARALLEL SESSIONS
V¢ PEATLAND ECOLOGY VI¢INTO THE FUTURE:
IN A CHANGING WORLD PREDICTING AND PLANNING
- chair Rudy van Diggelen - chair Magdalena Suchora
(lecture roomA) (lecture roomB)

09:00 Michal Antala The photosynthetic Robert MclnnesSetting the global agenda fq
capacity of bog cranberry (Vaccinium wetlands: The past and future of strategic
oxycoccos L.) and sphagnum moss planning for the Convention on Wetlands
(Sphagnum spp.) increases with warmer
late winter and early spring: A climate
manipulation study

09:15 Keith EdwardsMultiple environmental Christopher CraftTidal Forest Productivity
factors interact to affect wet grassland C( and Biodiversity: A Southeastern U.S.
and CH4 emissions perspective

09:30 Jan KucharzyKNotes on ecological factors a A O K I O : Poedligield &ffects of climate
shaping vegetation diversity of mires in | change on native and alien fishes in a large
Norwegian Finmark floodplain river (Middle Vistula River, Polang

09:45 Andrzej Kamockilmplementation of the [t NI SY & & U gHigh FesoNB®IO | A
Nature Restoration Law more needed thg assessment of the state of river
ever: A case study from the most pristine| hydromorphology in Poland: legacy of the
(?) riverine wetlands in Poland. past, challenges for now and for the future

10:00 Nina TrochanowskaExploring the Impactd L f 2 vV | : RéstSrRtiNdoZrivers in Poland
of Tree Encroachment and Mowing on | Experiences and challenges.

Fungal Communities in Fens

10:15 Remco VersluijsHow changed river Mathais ScholzLand requirements for
dynamics affected flow patterns in the floodplain development and restoration in
percolation rich fen of the Rospuda Valle] Europe
NEPoland.

10:30 Izabela Jaszczustability is the key the Matthew Simpson Transformative change
peat formation potential of fens increaseq for wetlands: learning the lessons from
with decreasing water level fluctuations | communities to governments

10:30-11:00 Coffebreak

11:0012:30 | CLOSING PLENARY SESSION: TIME TO RESTORE (lecture roomA)
- chair Matthew Simpson

11:00-11:40 | Keynote lecture- Rudy van DiggelerTime to restore. What can science do to bring pow
to the peatlands?

11:4012:20| Keynote lecture- Viktar Fenchuk? SGf F YR NBAG2NF GA2Yy Ay 0
LJdzO §theéBelarusian part of the Bialowieza forest. Summary of the two decades of v

12:20-12:30 | Students award announcement

12:2013:00 | Generaldiscussion and closing ceremony

13:00-14:00 Lunch

14:00 Departure by bus to Warsaw
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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 timend space, have
been important to design ongoing conservation and restoration initiatives, mentioning some
dilemmas and gaps to be resolved. | will consider the growing case to bring focus on safeguarding
s Jqadc U7t Wet WowNGYHCE O WHY Bringpldnetary idkiliéhieel inRha eorteéxtofiiielJ ¢ Ut Lq
Anthropocene. | 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.

scBI1dgllnNs RAT

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
Global Commons Alliance in May 2023. Previously Jane wedk for Wetlands International, as well as WWF
in Europe and Australia. As CEO of Wetlands International for almost 20 years, she enabled multi
stakeholder coalitions conserve and restore wetland landscapes for biodiversity, human welbeing and
reduced climate risks and to bring the values of wetlands into the global agenda. Jane is committed to
enable urgent action for an environmentally safe and socially just future.
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Wetlands' history on Earth ishighly 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 appearancef
wetlands' beginnings and peatforming 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 ewation 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 onsef 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 midd
late Devonian; however, peat accumulation on the full scale began in the late Devonian
Carboniferous 350360 Ma. Different wetlands were identified at that time, resembling coastal
marshes or mangroves (Greb et al., 2022).

9 A78 f[EAg8OELW

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). Peddrming wetlands were affecting he 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), witho 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, hillions of tons of carbon are stored in the geological strata. Mosses also formed
Carboniferous peatlands, but their fossils are rarely found (Hibers and Kerp, 2012). Phylogenetic
analyses tell that Bryophyta (mosses) diverged from other land plants befotee vascular plants
T R21I + R31JT LWHtoddteFPEI¢bIbm (ShhlM&rd Renzaglia, 2004).

9E susfoul

Wetlands in the Cenozoic starting 66 Ma became more diverse while vascular plants adapted
to the salty water, and a new taxon/engineer evolvedSphagnum 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 peatlais provided thick deposits of lignites (Widera, 2021).
Earth wetlands history occurred in the complex gological 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 underrepresentaion of nonpeat-forming wetlands in contrast to wellpreserved coal
strata. Another problem is the limited information about the past biodiversity, including
functional traits and evolutionary aspects of organisms constructing wetland ecosystems.

0]
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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.
AO NEA Aol

After over 470 My of evolution, the Quaternary (starting 2,58 Ma) marked the time of the
modern wetland, which existed in pulses of glaciainterglacial cycles. While time, climate,
geology, and astronomic drivers were shaping them in deep time, the Quatery provided
another evolutionary product that started changing wetlands on a global scaly humans.
Wetlands were destroyed and then regenerated by ice sheet expansions. In tl@@uaternary
Sphagnum peatlands started to dominate in the N hemisphere peatlads. 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 poits related to global warming, drainage and exploitation
(Fluet-Chouinard et al., 2023; Treat et al., 2024}. For example, highsolution 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 laketo-GlJ¢ qd ¢ UT W ql ¢ Ut RugYROVeUR AL thilli ¢1J o@LR (E1GEHES L
Subsequently, modern forestry ca 200 years BP affected wetlands again (Bak et al., 2D24
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 wetlandecosystems 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 longerm prY #1J+ + 13+ WI D¢ HSERUNWs I q i ¢
Earth to predict their future during the progressing ecological crisis.
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Mariusz and his team at the Climate Change Ecology Research Unit (Adam Mickiewd@t) R2 131 + Rq! AWA Y A (
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, Mngolia, 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 specialisttuslying the
morphology and taxonomy of these organisms. His lonterm aim is the implementation of interdisciplinary
research on the impact of climate change on peatlands through the integration of monitoring, experiments,
and paleoecology. Recently, ProfLamentowicz 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.

NN
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Thank you Biebrza !

What started almost 40 years ago, when | 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 | experienced during these almost 4 decadeBoing 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 alo dark sides, the happiness we shared at a bonfire or being on my
own for a day in the marshes. All this | cherish with gratitude. | have, not only as scientist, but also
as a person benefitted enormously from Biebrza.

Today in my presentation | will take you on a tour. | will travel through time over the past
40 years of Polisht Dutch cooperation. On the way | will highlight projects in which various
consortia of researchers have worked together iminravelling 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 |
would like to express our sincere gratude.

Thank you Biebrza !

~¢l qRUWI ¢ttt 3OW

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 i®oo-
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. Havas head of the research group Environmental Sciences
(2000-2023) and was head of the Copernicus Institute of Sustainable Development (20@016) 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 honary 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 Reantroduction Project, National Park Zuid Kennemerland and is member of the Advisory
Committee National Parks for the minister of Agdulture, Nature and Food supply (NL) and is a member of
the Dutch Ecological Authority. He was vicepresident of the board of Vereniging Natuurmonumenten
(2007-2015), an influential NGO for nature protection in the Netherlands with ¢. 900.000 members.
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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 fuw 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 Restation 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 insteadthat it is in progress by then. The Commission sees restoration as a process,
not necessarily an endpoint.

Despite this, according to some relativelymodest 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, | will describe how the process has developed and analyze the role of
scientists therein. | will assess the positions of the different interest groups and discuss
opportunities to cooperate with crucial stakeholders in order to bring bek the power to the
peatlands. | will discuss possible restoration pathways outside the NRL and identify areas where
scientists can play an important role.

AeT 1 w2¢U0W?RNNDIIGIIU

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, emphasizig watersoil-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 ar restoration.
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82,5thousand hectares constitute the Belarusian part of the crossborder belarus-polish
UNESCO World Heritage Site Bialowieza forest.

[ YI Ut qft WYNW7RUJDGE2RUTt t¢TEco7ReOYs RIJAC WS I 13WT 132131
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 BielaR IJT + t ¢ T¢ 07 R¢ "Y' 5 RIJA¢ L
century, continued in 1920N ®OMK t We¢ Ul WGWet T Wl 2 INRPY Mt YORUR 1 dilld) & R LD
over 50% of mires were drained, the majority of rivers canalized and an extensive system of
drainage canals created. Such largescale drainage caused a general drop in the ground water
GUu200WYUWq6 JWae!l NI WGE | Bl TeRdihg o 2aRckde keftectsTre WG e WT
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 ARBirdLife Belarus as part of implementation of the
site management plans for three key breeding sites for the globglithreatened Aquatic warbler
Acrocephalus paludicola developed in 1998. Following this work, the need for wetland
I Jt qYl ¢ qRYUWE GGUWel BT WRULWaq 6 IMahagemenikplaritl A ¢ld &N & KDg WG O

The first complex inventory of potential wetland restoration sites was implemented in 2010.
The inventory focused on melioration systems drained mires and screened the state of 14 sites,
of which 10 sites were identified as requiring restoration (Kozuliet al., 2010). In 20122013 the
second inventory focused on small and seasonal watercourses in the central part of
7RUOGC2RUTHt¢TeWGa Wl ¢We UT W W2RUs U1 W6 W q¢ qlWyYnw
which of which only 8 were of natural originSubsequent 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
HYUO#HG2T OT WHWDqs JWUWaq6 WW ¢ qRY UcHirdlgdeldrudland Rahkfuwit2 R1IJT +
zoological society. This cooperation gave an impetus to wetland restation 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 864 hectares. The
smallest restoration site was 36 ha (canaln the upper course of Salomienka river) and the largest
TIZOYW6 ¢ Wt el t ¢caWl! U¢ WnY.L)JFAgd)WT | ¢RUcNUIWUONGs Y1 t b Wil

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 2014021. Preliminary list
of restoration sites included 34 territories, located in different functicmal zones of the National
park. Further field work narrowed down this list to 19 sites with the area of 2ZBB9 hectares,
I ¢cUNRUNDWNI YOWPTAYWSe WetAcUct Ret Rb W YWNOK X NMLUG ¢ Wl
Gueéaqic Ul W It qVYl @& HRUGILRIUAUNRDG R @ IRETIV O M oL
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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 iplement 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.

AE[ EAE 9EE
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A wetland conservationists and wildlife biologist from Belarus. He is a former director of APBirdLife

700¢l et AW qéWlWHY2Uql ! kKt WG ¢ thd 1@8ader LofIate 2iRernEtionallMildemessll ] § LW ¢ (
conservation programme for APB and the Frankfurt Zoological Society. Viktar was one of the initiators and

leaders of several largescale 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 oPB and governmental cooperation, he was many

times part of Belarus national delegations to UNFCCC and Ramsar Convention meetings and organizer of

Gel ¢aaNiIwWwI200qt WGI YaYqRUNDWGUWeE qacecUOT W Wt qY!l ¢qRYUWe UT Wt 6
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 Pland.
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dInstitut fur Ur- und Frilhgeschichte, Christian Albrecht University in Kiel, Germany

f NAg?O9Nf §
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 buieen 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 highresolution chronological
b HE G WeRIOUKOW] 6RGCT T RWIIqLWE G OW=MMY6W?2Y! 30WIqLWE Tt
the environmental reconstruction of a wetland associated with a particular site in Western Poland
T Bruszczewo.

The Early Bronze Age settlement in Bruszczewo belongs to the most known sites in terms of
the earliest fortifications in CentralEastern Europe (Czebreszuk et gl2004). It was inhabited
between app. 4200 and 3400 BP by the people of the Unetice cultureone of the first proto
civilizations in this part of Europe (Czebreszuk et gl2015). 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. 2903100 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 peningar in prehistory, however, based
only on a single core and lowesolution radiocarbon dating of events (Haas et al2010).

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.

~ENcS8?E

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 ) 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 Ipothesis of the existence of a probable island.

Afterwards, a series of cores were taken, using mechanical vibreoring 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).

NY



Eil Hz | WEIW qREXEH @AM=N

EEEEf guBAUfAIW ] W[ Ag4Nc EWA EN

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 higtesolution age-depth model spanning the
sequence between the EBA and Medieval times. The sediments within there 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 lithologi@al 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.

Lusatian Urnfield .- i

culture oeme3ery' j—-

Unetice culture
fortified settlement N
Lusatian Urnfield N
culture ritual center NAER,
Medieval settlement {

)

Lusatian Umfield \ 7
culture cemetery 1
l
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Fig. L The reconstruction of Bruszczewo palaeolake and fen based on coring data

AEEOMNERIf E9Q OEET §

The stratigraphy of the basin, according to coring and AMS dating, represents the evolution of
a postglacial lake, which has gradually started diminishing around 290BP and turn into a fen
¢l YeUl W6 WWaqdé! It 6YGT WYnWadé Wl ¢t Awe Ul Lk@aidna 13T We U
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. Despte 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 eventsT long-lasting terrestrialization and shortterm 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 hgpening at the time of the EBA
¢ Ul WEf We RIUAROA)AHRAC G t RWIJaqWE G tO

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, separateoly 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 resnbling 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 potery fragments as well as animal bones app. 1.2 m b.g.l
bl RDARWt AHARY.t t RWIJq e G

98 9xOEf&§ E

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 corresponddirectly
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, &nsgression, 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.

9u 8§8ixE?] E~E NKNE
The study was funded by the National Science Centre, Poland, grant no.
2019/33/B/HS3/00193.
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Calcium carbonate depositing alkaline fens,are a specific type of wetland,the functioning of
which depends on the supplyof Ca?*enriched groundwater atambient temperature. Precipitation
of CaCGQ; (tufa), results from loss of CQ due to biotic and abiotic processes as the groundwater
emerges at the fen surfacePeat and tufa intercalations are characteristic deposits of alkaline
fens. Studies of the recent alkaline fencondition 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 CaCQ precipitation), makes alkaline fens a habitatfor many rare and
protected species of plants and animals. Since thenumber of alkaline fens is declining this
ecosystem is protected by the European Union law. Investigation of the palaeoevnironment of the
alkaline fens reveas their past development pattern, which is crucial for conservation issues.
Secondly, alkaline fens arecarbon sinks, since they entrap C in theform of the organic matter
and CaCQ.

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 (igtA1J5 + t,RLW IJq Ll ¢
2UGz2HIRt 6T bAWCUT Wxet q3T1 tcdUt Wel GYGRUCIt t ¢ WIqlLUCE
factors responsible for the temporal variability of tufa deposition.

~ENc8?E

The geochemical composition of the sediments, including the percentage concentrations of
CaCG;, measured at tcm 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 oHC dates from terrestrial plant macrofossils.

AEEORINEBf E9Q OEETf §

The time frames of CaC®@accumulation varied between the fens. In northeastern 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 2022). The
early Holocene onset of CaC@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 mieHolocene. Declined temperatures affected
the conditions of tufa precipitation and indirectly decreased the C& supply controlled by
chemical denudation of the scattered CaCQ from glacial sediments in the aquifer. Also, after
progressive leaching during the early Holocene, this carbonate reservoir became a less efficient



Ca?" source (Apolinarska et al, 2024). The Holocenelong tufa deposition at Puszcza Romincka
fen, exceptional in northeastern Poland, likely resulted from sitespecific hydrogeological
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conditions assuring an efficient supply of C&"-rich artesian waters.

fens, enhanced tufa accumulation has been observed only since ca. 3508200 cal yr BP, when
the increased climate humidity resulted in increased water tables abogs 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 sumers with reduced precipitation, and return to the
predominately zonal mode of circulation (Heikkila 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 €dons, assures intensive
CaCQ; precipitation at Latvian sites as long as the groundwater level remainsigh and the fens
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The high temporal variability of tufa deposition at thealkaline fens investigated can be
attributed to the complexity of factors controlling CaCQ precipitation. The most critical are local
climate fluctuations including both temperature changes and shifts in precipitation, type and

E

richness of C&* source, and hydrogeological conditions.
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In recent years, there has been a significant increase in the use of higbsolution methods for
reconstructing past environments. It involves reconstructing past environmental changes as
accurately as possible, both in terms of placing events precisely othe 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 highresolution 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 continueu
finds that make it impossible to assign them to a definite age.

f~W ?W-~-ENc8?E

This presentation aims to explore the opportunities and limitations of the highesolution
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.

~ NEAf xE

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 medial’strongholds. A
detailed time scale was established for these sites, with akeast 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 beveen samples.
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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 spatialaviations 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 "10entury.

9u 8i xE?] E~E NE

Project funded by National Science Centre, Polandnumber: 2021/41/N/ST10/02044 and
2019/33/B/HS3/00193) and founds of the Palae&cience and History Research Group, Max
Planck Institute of Geoanthropology (Pl Adam Izdebski)
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f NAg?2O9Nf §
In this multi-proxy study, we present an exceptional peat record from Central Europe that
represents the environmental dynamics of the whole Holocene. This téheter core was extracted
from the center of Linje mire,¢ WGl YqUHEqUT WGWe qic¢ U1 WRU Watbekhll 9 6 130 G |
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 microphenologicahalysis of
subfossil dwarf birch Betula nang) leaves.

~ENc8?E

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 x20 AMS dates. Testate
amoebae analysis (Boothet al.,, 2010) was undertaken to reconstruct palaeohydrological
conditions at the site. Plant macrofossil analysis follows the Quadrat and Leaf Count protocol
(Mauquoyet al. 2010). SubfossilB. nanaleaves were picked out and stored separately to perform
a microphenological analysis of their cuticles (WagnetCremeret al., 2010; Amonet al., 2022).

Microphenological training set Ercan et al. (2021) have already demonstrated thaBetula
nana epidermal cell properties are responsive to warming experiments in Linje mir&Ve intend
to analyze the epidermal cell growth of maturd3. nanaleaves collected from Linje mire between
2018 and 2024 to obtain a higiguality 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 (Ul). Thiglata will be compared to local meteorological data to develop an
accurate training set for past growing season estimations following WagnetZremeret al., 2010.
AEEORINEBf E9 OEETf §

Sphagnumstratigraphy shows a clear division between the Middle Holocene hummockeat
period (ca 76004600 cal. BP) withSphagnum sect. Acutifolia (S. rubellum & S. fuscum) and
hollow peat periods in the Late and Early Holocene witBphagnum sect. Cuspidata aligning with
the climatostratigraphic division of the Holocene (Hangget 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 taxaCentropyxis aculeataand
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 ar&rcherella 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 76006500 cal. BP). A higher abundance of species lik&aleripora
discoides and Alabasta militaris during the last 200 years indicates drier conditions and more
fluctuating water table. Also, Trigonopyxis arculaand Cyclopyxis arcelloides indicate an
additional mineral input during this period.

For the microphenological analysis, suitable subfossil leaves of the glacial reliBetula nana
were found from two time periods: 11160-8200 cal. BP (early Holocene) and 4400850 cal. BP
(Late Holocene). We will estimate the growing season length after completing the local
microphenological training set.

The continuous peat record for over 1500-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 nepollen-palynomorph data that will
strengthen our interpretation of climatic signal.

9u 8ixE?] E~E NE

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.
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Peatlands are one of the most important ecosystems for carbon storage, storing 280% of
global soil carboninT 2t qWOEWYNWEC! q6 Kkt Waldl | 3t ql ROt al né¢ #HIJK
qYWG!I Wttt el JWnl YOWHRGRGecqUWHEcUNWIWeUT WseacUWEHQR2
turning them from carbon stores, to carbon sources. One of the most damaging human tagties
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 hydroby 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.

ENO?o0WEf NEW ?2W~ENc8?E

The focus of this study is Mustjarve 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), vegtation 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 (poplation, 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.

AEEORINEBf E9 OEETf §

Our data reveals that whilst climate was the predominant influence oMustjarve 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 areharacterised by limited human activity, as the water table
FqUeT RO! W Rt Wt WeUT Wneddt AWGI YACHO! WsRq6RUWRGqt WHK
Sphagnumsect. Cuspidatum, however after the water table decrease ca. 250 BC drier taxa such as
Ericaceae andSphagnumsect. 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 ajor fire
period ca. 440450 AD. This zone is notable for a sudden increase @alluna Vulgaris which likely
exacerbated the presence of fire in this period.

11
©



Eil Hz | WEIW qREXEH @AM=N

EEEEf guBAUfAIW ] W[ Ag4Nc EWA EN
Zones: 5 ' 4 I3 | 2 g
[ PHASED | PHASEC | " PHASEB [ PHASE A |
| | | I
0- | I |
[ 1 I I
E_ o Tin
= E 16 4 1
Lo, 1 | ! |
£ 0 24 1
88 | | |
8 321 | 1L |
40 ] 1 v ! ' 1 ¥ 1 l v I |l L 1 L 1 L |l 'I 1
0 20 40 60 80 100 120 140 160 180
Depth (cm)
20'20 20'05 19'55 15'35 7&5 565 41IO 2%0 1;5 6'0 -:;0 -1'80 -3150
Age (BC/AD)

[ RMOUWE q6 WaVYWs ¢qldl Wae HGWWeiHG s W WEYUL ql e #gqldT WH! Waldt q¢ q
FRUIGEl ¢qT WA WT ¢t 61T Wi ROt IOWAS ¢t 13t W RAGE qIT WAH! WYH I 2
caqll UcqRUNDWNI B! os8RaqWt 6¢T RUNIO

In Zone 4, the water table fluctuates neaconstantly. 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, increasig 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 unstake water table, vegetation dynamics also shift frequently; the
makeup of Sphagnumis 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 lilea result of peat
drainage postWorld War Il. 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 Musijrve has become drier, indicated by the encroachment dPinus
Sylvestrisand Betula Nanaonto the site. We find little evidence for a significant climatic influence
on Mustjarve from 500 AD onwards, as increasing anthropogenic pressure appears to override
the palaeoclimate signal seen in Zones 1 and 2.

9u 8§8ixE?] E~E NKNE

Study financed by the National Science Centre, Poland, under research projecisNRGGRUN
points in boreal and permafrost peatland ecosystems of Western Siberia under the global climate
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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 (GHG%)eifeld & 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 §ak & Mclnnes (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 peatorming plants), which completes the restoration
process.

The study of vegetation succession related to moist conditions is often analysed through
palaeoecological reconstructions, revealing the longterm context. However, to implement the
right restoration strategies, we still need to better understand this proess at a short time scale.
A metaanalysis 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.

~ENc8?E

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 wititles 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 aiicles 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 nestegraded/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 oreasonal 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.

ON



Eil Hz | WEIW qREXEH @AM=N

EEEEf guBAUfAIW ] W[ Ag4Nc EWA EN

Lastly, the statistical methods used to determine the thresholds of WTD was the segmented
linear regression with 50 bootstraps and a tolerance of 105, employed for tipping point
determination (Jassey et al., 2018; Muggeo, 2017). The breakpoints were sl 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 @ussian distribution (right of the maximum density) and
values in the left tail part of the Gaussian distribution (left of the maximum density).
AEEORINEf EQ OEET §

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 th&VTD is similar,
with 50% of the data ranging from10 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 belod8 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 WIDs. Graminoid dominance is spread from45 to -

21 cm, showing the highest adaptation to deeper WTDs, while mosses dominance ranges frem
32 to-15 cm, with the highest density of data between25 and-10 (Table 1). The data of shrubs
and trees shows the rarrowest distribution around -21 + 10 cm and-30 + 10 cm, respectively.
Lastly, rewetted peatlands seem to diminish the differences between PFTSs, partly recovering the
similarities between the distribution of forbs, mosses and graminoids. However, they peent
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 Withe 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 Upper Lower

Functional Type  threshold threshold Q1 Q2 Q3
Mosses 15833254 2911507405 123317251  -42[195-101  -114.915
Forbs 13.914968.4  -24.2-138.2-31 114145110  -15[936/-7.38  -4.6-74.830.5
Graminoids 185[27.5/18  -28.4/-59.6/26.4  -7|-45/-112.4 31411 41-21.9/10
Shrubs 47178116 -209/295/-37.8  -27.924.6/-12.1 -20.8}215[-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 shrubstrees dominances is placed with WI'Ds 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 fiferent adaptation capabilities. This has been
observed by other researchers, showing how some vascular plants can even respond positively
to higher WTD, while in mosglominated 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 GO
This strategy effectively reduces emissions, and its prompt implementation yields optimal results
(Gunther 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 CQ 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
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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.

98 9xOEf§ E

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/maintairhé "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 treeshrubs from annualaverage WTDs below20 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.

9u 8§8ixE?] E~E NKNE
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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 urbanizationurban 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 constructedvetlands 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 servigasamely 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).

AARAséfEfg§ f | WEEAéf9EE

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 waitlds 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 fislgmds were built in many cities and villages as
early as during 14th to16 centuries.

Water storage and retention with further reuse usually applies in urban wetlands for
VYl Gsceaqlll W 2U0YnntoWNGWWG! YHIIY + WRY Wedat Ywt UYs Owet
term was invented in Australia where most of the country suffers from wateshortage. The
retained water is mostly used in urban areas for irrigation of public green spaces.

AE] Ox Nf ] WEEAéf 9EE

Urban wetlands help to mitigate climate change in the sense that they cool down the areas
surrounding the wetlands (Hesslerova et al., 2022). Bounding solar energy by water
evapotranspiration, i.e., cooling, in places with surplus energy and releasing sal&nergy in cold
areas where water condensates is the principle how natural aiconditioning operated by water
and plants works (Pokorny, 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 areasuch as streets,
parking lots, airports or nurseries (Vymazal and Kropfelova, 2008). The stormwater runoff
wetlands can be considered a part of the concept of Sustainable Urban Drainage Systems (Garcia
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 BeijingTianjin-Hebei metropolitan area in China(Mao et al., 2023).
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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 ecosyste services and landscape
recreation activities to improve the natural eceefficiency 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 interactiongghotography and
natural play space (Andrews and Russo, 2022).
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Natural wetlands are able to retain nitrogen from freshwaters, which was reported asarly as
in the 1970s (Mitsch et al., 1979). Constructed wetlands (CWSs) 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 ppose 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 foragricultural 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 a@worldwide
bic2] AT Y2CWIJqWe G OW=ZMNY b OWE UWY n L a-Gdddtiated Rdllution Y 2 a 13+ LU
into the aquatic environment is agricultural drainage waters, surface runoff and improper
disposal of pesticide wastes (e.g. from spray equipmentleaning) (Damalas et al.,, 2008).
Denitrifying CWs are a costeffective 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 notas favourable for the degradation of pesticides and their metabolites as
aerobic conditions. The goal of this research was to evaluate the efficiency of pikscale CW
systems treating agricultural drainage for the removal of total nitrogen (TN) and pesties over a
period of five years and to propose methods for the improvement of their efficiency.

~ENc§?E

This study included two complimentary systems (Fig. 1): a pileicale system treating
agricultural drainage water and a smalscale column system treating pond water spiked with
nitrates and pesticides or their metabolites.
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In 2018, three experimentahorizontal-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 watershedloé
Tl RUt RUNDWs ¢cqll W Wt Wl 2YRI WE2RE6Y2AWq6IWacTYI W 2 GG
surface areas of 79 M(M1), 90 nt (M2) and 98 m(M3) and are planted with a combination ofeed
canarygrass(Phalaris arundinaceg andsweet mannagrass (Glyceria maximg planted in parallel
bands. The substrate in the first two CWs is crushed rock {8 mm) mixed with airdried 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 wetlandNi2), the water is kept 5 cm below the surface. The third
wetland (M3) has a 20 cm layer of birch woodchips on top of gravelr@mm) and water level is
kept about 10 cm above the surface to make sure the woodchips are flooded. All wetlagédre 1.0
m deep and lined with 1 mm plastic liner (Vymazal et al., 2020).

E! t q oWl ducaasac o o wo i 4

The potential improvement in the removal of TN and pesticides in the CWs were tested in
small-scale systems mimicking the conditions in the pilotscale CWs and enhanced systems with
water-unsaturated filtering bed (aerobic) or with reactive amendments as anganese oxides and
steel chips.

AEEORINEf E9Q OEES §
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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 sage.

In the system 1, The overall concentratiorbased 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 (NovemberMay) was 16%, 19% and 26%, for M1, M2 a3,
respectively. The removal in arbitrarily assumed warm period (Jurf@eptember) 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 statisticallf RDURNRHAC Uq Wb Gl W
increased efficiency in the warm period is associated with greater activity of denitrifying
organisms. The timedependent removal has slightly decreasing trend with at the same time
decreasing influent concentration of TN, suggsting 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 rermaal of pesticides
was negligible (1%), which was probably associated with long halife degradation time (D)
under anoxic conditions. The negative removal (release from CWSs) can result from flow
fluctuations and retransformation or desorption from suspended particles in the CWs.

E! t q O GOMIGEC T 1JH09 1 #

The presence of steel chips in watesaturated 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 removalfd@N 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 manganse 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 watennsaturated
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CWs as an posttreatment step after denitrifying CWs did not provide considerable removal of
pesticides nor their metabolites.

98 9xOEf&§ E

The horizontatflow CWs have been found to be efficient for the removal of TN with seasonal
decline in the NovemberMay period. The application mode of woodchips in CWs, either mixed
within or placed on top of the filtering bed, does not considerably affecthe 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 metabolies create a considerable challenge for the
treatment in CWs. Horizontatflow 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 proide 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.

9u 8i xE?]E~E NE
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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, cosffective way, Azolla
filiculoides (water fern) could be cultivaied 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.

~ENc8?E

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.

AEEORINEf E9 OEET §

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 lels dropped, presumably due to
organic matter accumulation and subsequent decomposition. On suitable soils, P extraction
rates up to 122 kg ha yr* were measured, while surface water P concentrations remained low.
Methane emissions (diffusion and ebulliton) were highly dependent on time frame, season, and
development of other macrophytes and algae.

98 9xOEf&§ E

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 largescale implementation.

oo



Ei BBel WEIDqRETAE BM=T
EEEEf giNGUEF IAULIO EWI ] f ENWA8§xx ONf §

Ve cRt qYl RAcIOGW YRIWHYUOGeHqRYUL
soceryy HRYPNDWUDYHGSWAORAcCGWH! ARGRUNDWRULWI 1
Linmse Gl t 610t W6l YensW W7 e #IIT WNI Ye

SCIENTISTS

| Eucpecrev | e 6L
[ 1 0¢ 0 RAY

RIJG ¢ & qUR E 0 ldj NIFENCRII qilleEUse Ul aq T 13 Ut
1 YIIT 130 13 ESHILINIRIA Y Toyd A9 W2 1B i &R @ kARl é ¢ U WA 1T q
Acql REt W~WUJRI I

aUniversity of Antwerp, Antwerp, Belgium
PIFLUX, Niel, Belgium
VITO, Mol, Belgium

f NAg§?O9Nf §

Tidal marshes are highly valued for the delivery of ecosystem services, such e regulation
of water quality through removal of nitrogen and retention of phosphorusSoilgroundwater
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 andreduction of soil porosity (Spencer et al., 2017) which
leads to reducedgroundwater level fluctuations in restored tidal marshes as compared to natural
tidal marshes (Van Putte et al., 202Q)

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 soll
profile the main form of dissolved nitrogn (nitrate vs. ammonium)occurs in the porewaterand
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 soll
amendments) that alter soil aeration patterns,on biogeochemical cycling.

~ENc8?E

We studied soil hydraulic properties and groundwater dynamics in function of depth and
distance from the nearest tidal creekon several transectsin 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 nutrientsn 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 waterWe then linked
these measured concentrations to the calculated soil saturationindex Sl the proportion of time
the soil is saturated at a certain depth).
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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 interiand especially
in the restored marsh, nitrogen accumulates in the porewater in the form of ammonium. NH
HYOUHWDUq!l ¢ qRYUY WE T DWGYY RqR21JG! WHYI I Wa¢qlT Ws Rq6 Waéb
prevent nitrification and promote ammonification. In the compact agricultural soil, which has a
lower organic matter content, ammonum stays in solution In the upper zones where the SSI is
lower, nitrogen is mainly present as N@ Hence, nitrate concentrations are negatively correlated
q Y Waq 6 1JHRE p 10H01)Pbrévater NQ 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 aréower as NQ is removed
by denitrification and the porewater is less often refreshed.
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Since coupled nitrification T 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 groundwatelynamics are reduced.

N6 WWrHRYURDUq! ¢ qRYUWYNnWI RY Y0201 WG6Yt G6¢ qUWRYE W q
MIOMMN b O NS Wt ¢ G WWeE GGI RVt WqYWaqéWWHY UHIDIURBIhe qRY UL
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 agation 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 barks (Chambers and Odum, 1990; Megonigal and Neubauer, 20®)Un Y| G RUN We¢ U Wh
Hel qc RUKWaq6cqllagl ¢Gt WT R YU2UT WGEYE GEYI 2t WHWERUHRAL
reduces the extent of the aerated zone, this trapping of phosphate ions is expected to imepaired
as less sorption sites for phosphate are available.

98 9xOEf§ E

Where the presence of a historically compacted subsoil hampers groundwater drainage,
nitrification is impaired and dissolved nitrogen is mainly present as ammonium. In wetlrained
zones, such as near creeks in the natural tidal marsh, denitrification is impaired and high nitrate
concentrations build up, suggesting the benefit of the ceexistence of both saturated and
unsaturated zones in the marsh soil to maximize nitrogenemoval. 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 soll
aeration for improved P retention. h general, we conclude that soil aeration patterns and
associated biogeochemical cycling is highly depending on preestoration land use and post
restoration subsurface hydrology.
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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
Ralt 31 2107 Wet W DJWHEHRq! kKt WGI RA ¢ ! tiemts3 millan gadjddd Wa | J¢ a
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 igshe 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 Califoria (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 asanstructed 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 nutrientrich 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 naturéovers 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 tsidents 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), l¢ares, 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 antbr all.

~ENc8?E

The beneficial uses of the Arcata Marsh have been identified and methods to characterize and
guantify them have been developed. Some of these beneficial uses include: ¥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 staytip, and the
performance of each part of the wetland treatment system can be assessed and compared
annually. This will show us a sideby-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

no
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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
wEET 6! wWIHEYE It qUdo6¢cHRagcqloW[ 2l q6JI GYI DAWq6 R W6 ¢
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 wallins and paid activities done at Arcata Marsh. This can
be used to determine the amount of foottraffic into the system. Furthermore, surveys will be
conductedtogdaq ¢ Ulle UT U1+ q¢c¢ UT RUNWYnWaé WWHRa! Kkt WG HIJGa
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 eventsWetland 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 nonstorm events. Sewage spillage/overflow violations will be
investigated at the Arcata Marsh and a nearby conventional WWTP and compared.
AEEORINEf E9Q OEET §

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 BQBAnd 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 B@Bchieved by the whole system from the
inlet to the outlet. This figure demonstrates that precent removal for BOLhas 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 ma 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 wailk, paid
lectures, and special events recorded by the Friends of Arcata MarggOAM) from the years 2013
to 2022. While there is a significant decline during 2020 and 2021, which reflects the lockdowns
occurring during the COVIBR19 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 Arcatilarsh 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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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 varietf 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 Marstrs ¢ + qlJs ¢ qlJI WU URDGUIUqwuWUY
the water quality, but also enhances the surroading 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 8i xE?]E~E NE
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Wetland water quality in agricultural landscapes is expected to reflect surrounding
agricultural activities on the local scale. This especially applies to fieléspecific application of
pesticides, which are expected to be mainly transported into aquatic sstems 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 nah-eastern Germany presents monitoring results of
pesticides in kettle holes at agricultural fields and adjacent shallow groundwater.

~ENc8?E

In the period from February 2020 to the present day, a total of seven kettle holes in necrth
eastern Germany (Brandenburg, Uckermark region) were analyzed monthly (depending on water
level) for residues of pesticide active substances. Neasurface shallow goundwater 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 contaiing >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 highpotential 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 (a#izine, 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 (LEESFMS/MS) using the
internal standard method after solid phase extraction (Chromabond HAP, MachereyNagd,
Germany, 50100, § WG¢ | q R #iddiudhn Rofluided 20amg filling quantity). We used a 1290
Infinity Il LC system (Agilent, USA) coupled to a QTRAP 6508ass spectrometer (SCIEX, USA)
and the previously mentioned system (LEESIMS/MS). Reference sindards in solvent were
used. For pyrethroids, the active substances in the water sample were concentrated by liquid
liquid extraction and then analyzed by gas chromatographynass spectrometry (GGMS) 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 0.00060, N o x FOWN & 1J LU
limits of quantification (LOQ) were activesubstance specific ranging from 0.001 to 0.050 N o x LU
The limits of detection (L) were half the LOQs.

AEEORINEf E9Q OEET §

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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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, nicosulfuon, terbuthylazine).

A logTUmax> 0 corresponds to an exceedance of the halimaximum 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 doistances (Fig. 3).
These dynamics are not restricted to individual locations but are found on a larger scale with a
maximum distance of 12km between the study sites. We suspect subsurface hydrology to be a
driver of similar patterns in surface water and allow groundwater.

ny



Ei BBel WEIDqRETAE BM=T
EEEEf giNGUEF IAULIO EWI ] f ENWA8§xx ONf §

X Azoxystrobin
s = Bixafen Matrix
Bentazon  EEE—— i
Chlortoluron Boscaid [ Someusser
= _ Difenoconazol Oberflichenwasser
Dimoxystrobin
Dimethenamid-P EI 3 ; | SUbs'anz,grque
poxiconazol 1 Herbizid
Florasulam Fenpropidin L Fungizid
Flufenacet Fenpropimorph I Insektizid g
Foramsulfuron s Fludioxonil %
Isoproturon — F Fluopicolide &
Lenacll  mmm g Fluquinconazol
MCPA & g Fluxapyroxad
Mesosulfuron-methyl  § Pr'z::z:sz::g
Metazachlor Propiconazol
Nicosulfuron & Spiroxamin
Pendimethalin  j— Tebuconazol
ok 7
Propy Chlorpyrifos  — z
Prosulfocar  i— Esfenvalerat g
S- or Methiocarb  § g
Terbuthylazin Thiacloprid s g
0 20 40 60 0 20 40 60
Fundrate, % Fundrate, %

[ RDOWg IHgqRYUW ¢qUWeim[ 20T 1 ¢qUAWEwb WYNWE I HRART 1t Allne
bi/bE HIJI ] eR6WUs ¢t t Ul wAWIRNSEqWHE! + b We UT Wt 6¢00GYs WNI Ye
Y21l WagéWWt ¢ 6 GaRUNWGHWI RYT 1O

Dinoterb
>
Q
r3
o
>
(e}
=
@
N
>
&
@
w
. >
— 2
o [}
2 &
S
I 5
x
: &
» (4,]
0.05
0.04 Qs
0.03 52
0.02 )
0.01 3=
0.00 a
0.04 (0]
0.03 S o
0.02 =X
0.01 =
0.00 =

- Grundwasser - Oberflachenwasser

Fig. 3 Pattern of ubiquitous pollution through longterm continuous inputs, exemplified by the
occurrence of dinoterb (herbicide/rodenticide, banned in the EU since 1997) into surface water
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for seven small standing water bodies.
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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 ecosystemand human health gan Emmerik and
Schwarz, 2020) The Plastic Free Mersey(1l) 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 grougs with regional partners, such as Rivers Trusts,
and national NGOs, such as Keep Britain Tidy to try to upscale river (and beach) clagrs. These
projects are complementary in addressing plastic pollution with an alhands-on-deck approach
from the individual and community / local level to the regional and national level.

~ENc8?E

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 Mergeproject 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 sabtchment of the Thames.
gsUNWYnWYeal WY2W0qt WRU?2 ¥ Naydd Stellec lteIdmGINdYhi EHignBr dyiyidtA 1IN R VY (
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, o 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 informatiomn successes, challenges, and
lessons learnt on the part of local river clearup 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 &ive been surveyed and/or interviewed. A Roadmap is being finalized
to scale up river clearup group activities, which includes advice on estimating costs for local
litter pick groups. We also ran a national conference attended by >60 people (see Figurev@here
Thames?21, partners, volunteers, and stakeholders including academics and a Member of
Parliament of a London constituency presented and discussed their respective work on cleaup
activities and policies on littering prevention.

AEEOxNEWe UT W?f E9QOEET §

(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 andher 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 abundane of litter fragments was most often 19 and 1099 fragments in
the riverbank 60nt sections surveyed; fragments were slightly more abundant on riverbanks than
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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 othercitizen 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).
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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 ¢hpresence 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 19 or 1099, which is not surprising based on other studies
(Figure 2). This data on fragmentepresent 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).
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(2) Plastics Action. Volunteer surveys and workshops highlighted successful approaches and
ongoing challenges when running local litter pick / river cleatp groups and events (see Figure
4). Online surveys, conducted in July 2022 by Thames21, have highted key data on group size,
number and frequency of events, lessons learnt and challenges. Twentwo volunteers
responded to our 18 question online survey. Median values from surveys show that: the volunteer
groups enlist 30 people, hold a monthly clearup event, where just under 10 bags of litter are
removed, with 50% of litter being plastics. Volunteers may get tired ahopping the floor by
cleaning litter only for it to reaccumulate 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 undstand 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 tobest 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.
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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 volunteeri& 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 clearup rivers and prevent further pollution. Citizen
science can also drav on collaboration with artists and teachers to stimulate meaningful change
at the local and regional levels.

T
11



Ei BBel WEIDqRETAE BM=T
EEEEf giNGUEF IAULIO EWI ] f ENWA8§xx ONf §

9u 8ixE?] E~E NE

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 lamowledged. We thank the
National Lottery Community Fund and the Thames Rivers Trust for funding the Plastics Action

project.

AE[ EAE 9EE

2¢UWEGG VU Rt AWNOWe UT WEHGSs ¢ 1 AAWl 104 T IMI= RMOHIAE & R R IFILLE
i ¢CaqAdIT bINb AWGKIINO®Y IO

~¢l cAARAWX OAWX YRt DGO WAWELAW UT I+ YUAWxdO} tod WA Y H @
CHqRYU WaVYW U7 e #HUIWGH ¢t gfiR RE@Y RE dld RERLRYADNINREHKS 01 4
YUAWNPbY b AWGHIM=ZOZ NMNMIO

i RUqYUdauw?tostoaWw OT U1t YUAWx O] DAWAYHRHGIRoUWAWELOW ¢ UT W
nl Ut 6s¢qlll WIU2RI YOGWUqt all] FHRKWBHDWOG: D6 & B\ d ¢UE K
TMNAWGKONOP=ZMNZIO

PO



Ei Bz | WEIDqRETS EAM=T
EEEEf SQABENE WMWNT § Ba NREALX ER WO f EEWS [ WNc EWA ER
7 RD6qWt GYqt WY nWGW¢eqdce Ul Wl

]l gl AEmYB ORI Y aeq) BROAIRD t Al YIJHT H6
AcliGSWNRLUARUY ¢ JVAISIER&B WY G DUWALE W2 ¢ UW~2 at 1J

WETLAND

SCIENTISTS . . . .
apeatland Science, Institute of Botany and Landscape Ecology, University

of Greifswald, Greifswald, Germanyr Partner in theGreifswald Mire Centre
®Copernicus Institute of Sustainable Development, Utrecht University,
Utrecht, The Netherlands

f NAg§?2O9Nf §

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)natdrpeatland and to rewet 50
million ha of drained and/or degraded peatland is huge and largscale 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
Dt q¢ HORt 6 T WRUWt RG2RHAzOqel WAWGHe¢qacec Ul W6e¢20WAHIIWIU
first scientific book on peatlands (de Schook 1965) included a chaptesn peatland restoration
and addressed the question of their longterm 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 landreclamation for agriculture and settlements (UNEP
2022).

ARARGC!I T WxRUT Yt ¢! WeatNOdd=b WRUq! YT 28T W6 Wl G W 9RL
were neglected in nature conservation and public discourse because the parallels between
Cinderella in the fairytale, whose beauty and importance are not recognise@nd society's view
of peatlands were quite striking. While rewetting and restoration of peatlands are now discussed
much more widely (e.g., Zak & Mclnnes 2023, Temmink et al. 2024), the early warning from Findorf
(1764) that restoration success may be sl can only now be quantified at a substantial amount
of rewetted sites, across continental scales and multiple ecosystem functions.Kreyling et al
(2021)t 6 Ys W6 ¢ aqWl Ws Waqaqlll WGKWe¢qdacUT + Wel WWRUT 13T WY nqldl

Starting in the second half of the 20 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 problemoriented focus of many peatland scientists
and practitioners with a positive perspective that emphasizes the successeachieved despite
the difficulties. By reviewing peatland conservation and restoration projects across various
gl REL Alls WWRT JUqRN! sibcessiRIBcatigril br @rgjerts thall ciiRdO@st GIJHR N
models for future restoration efforts. We vant 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.

~ENc8?E

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
TRnnWI DOqWHEqUINY!I RIUYt WY nWj GI YTUHqt mAWHDHAC 2t DWedt
GecsAWRCUWHI Wz OT 31+ qY VYT Wet WelWlj HI RN6qt GYqmpAls 6 3UL
the following categories of bright spots in peatland protectio and restoration:

P I



Ei Bz | WEIDqRETS EAM=T

EE

- 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
law* 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.
AEEOXxNEWe UT W?f E9QOEET §

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 befits 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 naturbased solution to
mitigate climate, conserve and restore unigie biodiversity and support human livelihoods.
Despite beingin 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.

98 9xOEf§ E

The task we have before us is enormous. In many peatlafich regions, drainagebased land
use is still a vital source of income, but it also contributes substantially to the multiple crisis
humanity currently faces including climate change, biodiversitydss 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 solition-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.
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1Whenwe started our endeavor, we were still consideringthe EUnature restoration law as such a bright
spot but meanwhile the future of this important law remains unsure.
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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 invwing a landuse shift to
paludiculture or nature. This conflicts with current stakeholders, who rely on current landise,
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 winwin scenario), but stored phosphorus could
be released under anoxic conditions (a tradeoff).

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 biegchemistry and vegetation
diversity.

~ENc§?E

We visited fourteen agricultural peatlands in Friesland (the Netherlands) and several extensive
agricultural peatlands in MecklenburgVorpommern (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 statistichpower.

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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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 theeird 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 diversityFig 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 siz@hich
allows for the persistence of the current land use, is negligibleThe range in land use intensity,
expressed asgrass harvest and fertilization strongly correlates with increased vegetation
diversity, showing the need to reduce LU intensityWhile 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 wateable close to the surface level, around 10 cm below
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(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 landse
change, but coupling WLM with a reduction in landise intensity correlates with an increase in
diversity, with effective emissions reduction also leading to lanelise change.
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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 asSphagnum (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 ditchrrigation
(Daun et al. 2020), which calls for improved water management techniques.

~ENc8?E

Our study investigated the growth and nutrient dynamics oSphagnumin a paludiculture
setting in North West Germanyfor 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. Afte
1,5 years, due to clogging of the subsurface pipes, treatment3 and 4 receivedditch overflow
irrigation for the remainder of the expement.

AEEORINEf E9Q OEET §

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 (Figl). 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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We conclude that a 35 m ditch distance is too much to support optimaSphagnumgrowth,
and subsurface irrigation does not improveSphagnumgrowth and nutrient dynamics compared
to the control. Further research is needed to explore alternative emissiereducing irrigation
technigues for Sphagnumpaludiculture.
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The above anthropomorphic approach to nature is, of course, a metaphor, but in niiytention
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 iblogical 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 throwgh 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¢he ability to respond
to change while maintaining key functions. Whereas largecale 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 | 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 predegradation locations.

~ENc 8?E
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 Polandvetland landscapes which
| analyzed for various purposes together with colleagues from our researdroup 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 remeal 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 oreconnaissances, productivity
measurements of shoots, roots and bryophytes, groundwater depthmeasurements in
piezometers, in-situ peat stratigraphy analyses, digital land elevation models, and drainage
system inventories. Additionally, sociceconomical and land ownership situation was assessed,
using open data sources, as well as direct interviews withtakeholders.
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Lowland wetland landscapes have been developing in Central Europe at least since the onset
of Holocene 115 thousand years ago. However, the feedback mechanisnmsbetween 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 hundredas 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 | review,
protected remnants of degraded mire ecosystems suffer from drainage locatéin other parts of
the former system, usually the lowestlying parts and often originally the oldest ones.

| 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 speciesand minimizing social conflicts.
Ecohydrological landscape analysis combined with a socieeconomic outlook allows for sound
zonation of landscape functions. However, the key to (partly) restoring them, lies in the lowest
lying, intensively drained, sitesWe 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.
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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 implem#ation of policies
aiming towards multi-functional forest landscapes. The aim of this study is to quantify the
economic trade-offs among natural, current, and rewetted peatland forests using seven
indicators, viz. drainage maintenance, rewetting, wateratention, wood production, and three
types of carbon sequestration as economic indicators.

~ENc§?E

A 3step framework was applied to assess the trade¥ nnt WHWqs W UWx Raqée ¢ URCE Kkt
(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).

- Forest - Peatland Forest c_loo km
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The costbenefit analysis showed that in a potential natural state, Lithuania's peatland forests
would deliver an economic benefit oDk N T Z FON LG R @ GIiRcériikasc dordparéditdi natkoall
peatland forests, the drainage of peatland forests for wood production has caused a loss of
Dk OMOWAaRGGRYUOWecUUec¢caa! OWf OWHRYGGE!I Rt YOAWGWeqiaceUT L
economic value byDk NTMW G RGGRYUWe¢ UUz¢Ob! We[ ROWZb OWNGSRY W
ecosystem services is a balancing act, and that 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 toward 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 multfunctional forest landscapes.

[ €582 ha/yr ][ -€439 ha/yr ]{ €122 ha/yr ]

-800

-1000

Potential peatland forests Current peatland forests Rewetted peatland forests
with no drains with drains
M Drainage maintenance M Rewetting ® Wood volume
m Water retention m SoilCO, m Wood CO,
W Wood processing CO, m Balance
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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 fourttat the traditional focus
of wood only forest management overlooks a whole suite of important ecosystems services that
can help mitigate the negativeeffects of climate changefor a broad range of stakeholders and
societies. Using seven economic indicatorsviz. drainage maintenance, rewetting, water
retention, wood production, and three types of carbon sequestration, we estimated that the
draining of peatland forests have lostDk OMT WG RGGRYUWcec UUzcda! HOWAIs JaqF
forests could transform these current losses into a benefitoDk OT WG R G RY U IO
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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 forcinghoth in the short and
long term(Zak and Mclnnes et al., 2022). Furthermore, it is crucial to recognize and address other
adverse consequences, such as downstream waterbody eutrophicationthreats to biodiversity
and socio-economic impacts, in order to opimize 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.

~ENc8§?E

NI 3JIWT RnnJI JOqWt gl ¢cqPUNRIJE AW UecaDG! W qé W nl Whe
HYOGGe !l Rt YUWqVY Wa6 WGt weYGGYUG! WeqRORY T WHe qWGH Y
| Us DaqaqRUNK AWGE ¢ 2 WHIWJIULWY BGUHEqUT Wng 1).u6RehEHatRAe 11 ¢ qRY
former strategy may give rise to certain adverse consequences, it raises the fundamental
guestion of whether alternative restoration methods should be more widely adopted across
Europe.
AEEORINIEBEf E9 OEETf §

The impacts of resbration strategies vary, particularly concerning their effects on greenhouse
gas emissions and waterborne nutrient fluxes. Thus, the common rewetting of peatlandsas
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 emissons, 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 controllinghutrient
OYHRGRACqRYUWcUT WNI 3YUGYet JWNEt WIGRYH RYUY Alle WG Y
strategy is proposed as an alternative to spontaneous inundation of lonrtgrm drained peatlands
or costly topsoil removal. However, there are larger uncertaint® 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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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 chixes.

9u 8§81 xE?] E~E NE
N6 Rt Ws VI t WRY We WHYUql RAe qRYUWqYWg6W f[ WGl YTWH
T1R262t Nét WIGRET RYOWYNWARYT R21J1 + Ra KNGFAPOIIRAG T G ¢ N 1J L

AE[ EAE 9EE

ul B! dRUNAWSs toAWNe UUARTI NI AW toaws ¢ Ut yoauw[ toawz ¢ U wi
sIOAWEGt WUt AW oWs toAWs YYH quUAWc OAWU G RO Yst t ¢ AWl HOS
x Rz Alllc AW~ RHG ¢ JG Rt ALW? HOAILE i SOEDEDIOS LI R DA tUR & LW tOLE Rd Nk
TYOt wOYquwl gel OWT 1 ¢ ROUJT Wn PIAdEGIIE QR 01N HiLREY B L5y OB
6aqaqGt aool YRIOY IgMeRMINMOY ot MNMET

Uct AW?OAW] YOaT 6¢Gall AWNOAWY ¢ AIJAcH AW OAW] DG HI DHGE q ¢
SIDAWUTORAOt Yst tcAWl WNEIHHYRO LW ALG X DRI EMNWIO2 #IJt W 5 ¢
G6Yt G6Yl et WeUT WIT Rt YU2UWT WYI RECURHWG ¢ qapdnig a3l W
GUcqisVad It B G HOY n 1O POGKIMNREN E MBOHY 0 Y D!

¢t AUOpBeF U U1t AWA WS KIWW=M=Z=Z1OW WHcGaWnY! W B3URUNWGq ¢
sYel Uc¢ 0 KOYn 0O AEE @RIDIGIEVHTM@LLIG I q Gt a 0 o | YERKIYT KINoMNEMEKON N N N

2T


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

Ei Bz | WEIDqRETS EAM=T

EEEEf SQABENE WMWNT § Ba NREALX ER WO f EEWS [ WNc EWA ER

AcRt RUNDW6 WIWs ¢ qldl WaK21340WH! W R
Il RT WOYqWRGG!I Y2l WUz ql RIJUqLWI Ja

SOCIETY-
WETLAND ¢ The 0 RO RID W[ | 1 Fstl ¢of @Al LBSHIIAHWAT & B RI1I 10
cCcC

>0t WEY ql ec@d | WiwdI6H IRD ofR¢ Ullc Yo G ¢ UU

2 1Ge¢ | dpiEA)g = RUEU HDHARIZ I + Rq! AW?2 WUG¢ | ¢

f NAg§?2O9Nf §

Organic soils have been intensively drained for the purpose of e.g. agriculture and forestry
t RURDWe! Ya Ul W6 WWNPIMKkt Ws Raé W6 DWRGGIRAC qRY UL WY
biodiversity, and deterioration of water quality. Due to the many adhrse 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, ormitigation of nutrients.

~ENc§?E

On April 26th, 2022, the 23%ha fen of Lobaek 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 weer 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 tmeiddle 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 seam discharge.

AEEORINEBf E9Q OEET §

Analysis of nutrient concentrations and fluxes revealed only minor or no significant differences
before and after therewetting 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 coulde
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 sirp 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 nutrientrich water and the organic fen soils.
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Our findings suggest that solely targeting the reduction of carbon dioxide emissions through
the rewetting of organic soils may not guarantee improvements iother 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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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, biomassproduction, 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 cropssuch as Sphagnum
Carex, Phragmites, Typhaand Alnus. Some species of these genera have been recognized as
important peat forming plantsthat can conserve soil carbon While knowledge regarding biomass
yields is quite well established, little is known about speciesspecific 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.

~ENc8?E

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 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 colleted volume-sensitive cores (10 cm by
10 cm) and determined carbon density.

The emissions of carbon dioxide (C& and methane (CH) were determined either by eddy
covariance or by cooled static chamber measurements. Nitrous oxide (XD) emissions were also
measured using chambers. We extrapolated C©and CH, fluxes to yearly budgets of net
ecosystem exchange using Random Forest machine learning or fitting of environmental
parameters, assuming a nonlinear relationship. For a subset of sites, we quantified C input by
extrapolating concentrations of dissolved aganic/inorganic C and mumping volumes over time.
We measured potential C export by harvesting and drying biomass in both late summer and winter
months.
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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 thaimed 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 déct vicinity of the Typha and Phragmites pilot plots may
have been the main cause of high water demand and the need for irrigation.

[ ¢l GRUNDWAGI ¢cNGRaIt AWN! G6c¢ Wec Ul WEGEecNUa @ WNI Deaqi! L
ability to retain water over longer periodg(Fig 1). Flood control may exceed 12000 n¥ ha?
event!. 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.
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Growing floodtolerant paludiculture crops in combination with water levels close to the
surface increased the C sequestration potential of the soil. Wellmanaged Sphagnum
paludiculture showed the highest C sequestration potential (up to 3.3 t C hayr!). This potential
may come, however, at the expense of longerm harvest yields as the sequestered C mainly
consists of Sphagnum biomass and moss litter. In contrast, growing Phragmites combines
above-ground biomass harvest with belowground C sequestraton. For Phragmites, C
sequestration potential was up to 2.6 t C ha yr'. 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 C@q. ha*
yr') 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 piuction and release of
CH. in Typha and Phragmites in Dutch paludicultwes equalled or exceeded Chlemission rates
of dairy livestock on a per hectare base. Carex sites revealed lower Cémission rates than dairy
livestock CH, emission.

We discuss factors, which control CH production (easily degradable C from the inlet
(pumping) water, algae production in open waters, and rhizospheric C release) and options to
mitigate wet CH, emission. Emission of NO was very low (<1 t Cé&q. ha® yr') compared to
drained peatlands and net uptake was regularly observed. For Typha, Alnus and Phragmites, the
GHG balance was greatly reduced when wateborne C-import and long-term carbon storage in
paludiculture biomass products were taken into consideraton, suggesting a net cooling effect.

98 9xOEf§ E

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 tradeoffs, 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 buffersn space and
time to form healthy wetscapes

9u 8ixE?] E~E NKNE
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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 (FluetChouinard et al, 2023). Draining peatlands can lead to
significant environmental impacts, such as growth of groundwater contamination, shifts in
biogeochemical equilibriums, and increasein chloride concentrations due to changes in water
table dynamics and vegetation influence (Renaud et al., 2023Bring 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 peatland&"service" for the operation of the entireEarth's
ecosystem, we willfocus on a selectedaspect of counteracting climate change and itgredicted
effects: i.e. groundwater retention. With the Biebrza River and thedjusting 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.

~ENc§?E
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The Upper Biebrza Valley, is located iNorth-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 hydrologicaharacter of the
Biebrza Wetlands remained undisturbedmany scientists treat it as a suitable research area to
study the natural peatland environment.
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The Upper Biebrza groundwater flow model was usedo calculate scenarios of different
human activities and its environmental impact into the surrounding peatland(Grodzka
}Jet ¢t Alds t t ¢ )Mhe mbdel (Al BHMEES 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 F' type of the boundary condition, riverbed conductance was mapped by
defining the hydraulic conductivity properties. The detailed represntation 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 werecalculated.

The nodelling activities focused on calculation of scenarios of mowing of the riverbedK1 ...
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.
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The water balances were comparel for each scenario of mowing (Figure 3).The analysis
focused on water exchange between peatland and rivemhe results of comparing these balances
for K6 scenarioclearly indicate an increase in water outflow from peatland to the river from6 to
26%, depending on the width of the valleyThis 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 stie).
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The services provided by peatlands areptimal 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., 2021or Schwieger et al., 2021).

The presented research concerns one example of a p#and 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 theeatland. We are aware, however, that
changing the peatlandk t LUsbalapkkl depends on many environmentahnd humanfactors and
we believe that this work may also contribuie to a wider context of discussions on peatland
conservation.

9u 8§8ixE?] E~E NKNE

The results of the activities presented in the abstract were performed as part of the project
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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 esgstem services
could limit degradation of environmental processes and their associated ecosystem.
Hydrological dynamics over space and timer changing from day to say, season to season and
between years- are the major factor that steersabiotic and biotic floodplain processes (Tockner
& Stanford 2002), that determine nutrient availability, productivity and biodiversityThe Flood
Pulse Concept (Junk et aJ 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 isrpbably less
straightforward then postulated by the concept. In that case there are unknowns relatetb: (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 studiedtemporal interannual and seasonal dynamics invater 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.

~ENc8?E

We collected spatial data on the hydrochemistry of the Biebrza Lower Basin floodplain
inundation water over the period 20012012, and used PCA and-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.ak014).

In a follow-up study, along 3 transects from the river to the floodplain edge, we collected data
on dissolved and sedimentattached nutrients, aboveground biomass and biodiversity, and
topographical parameters. Lateral trends in aboveground biomass and smées richness were
compared to the spatial positions of i) the zone with high sedimerattached nutrient deposition,

i) the zone with river water flooding, and iii) the edge of inundation (Keizer ef, 2018).

A third study aimed to determine origins of deposited sedimenattached nutrients and organic
matter, by collecting soil material from potential upstream (external) sediment sources (arable
and non-arable) and from floodplain (internal) deposited sedimentnaterial. 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 (Gre®chmdlders
et al 2022) and algae (Finlay & Kendall Q@). 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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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 (Fit.
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Second, the particulate sedimentbound 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, sedimenbound nutrient deposition of upstream arable land use was
only high near the river and sharply decreased with distanc®lutrient release was also shown to
be highest in this zone (Wassen et g312003). Flooding with dissolved nutrients seemed to result
in high algae growth and deposition. In the zone with neriver 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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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 threeadditions: 1) delineation of the
edge of river floodwater; 2) delineation of the zone of particulate sedimertiound nutrient
deposition; and 3) separating the zone where upstream nutrients are imported as either
sediment-bound or dissolved and the zone whee 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 Lowdsasin.
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Updating an Upper Biebrza Valley model
based on unigque real-time measurement
of groundwater fluxes
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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, managemt practices aiming
to conserve the ecological status strongly depend on estimates of groundwatersurface water
exchange. However, currently established methods to estimate groundwater flow (i) rely on
temporal point measurements, missing the effect ofcrucial 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.

ENO?2o0W AE
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 199protective 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 researclrs. The hydrological system of the Upper
Biebrza Valley is comprehensively described in Grodzka 2 t ¢ AlJst t ¢ WIJq ¢ @ Wb = M= =
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We performed the ecalibration of a 3D transient groundwater model(Grodzka} 2 t ¢+ AlJst t ¢ Wl
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 thsensors 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 installel in a monitoring well with dedicated prepack 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.
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Fig. 1L Horizontal (a) and Vertical (b) iFLUX sensor probes, installed at in Stary Rogazyn

We installed the iFLUX sensors in the upper Biebrza basin to (i) study the variability of
groundwater fluxes and groundwater surface water exchange on a small temporal scale and (ii)

assess the possibility of incorporating groundwater flux data to reduce el uncertainty of a
manually calibrated groundwater model.
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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 expecteddowever, 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 directionreverses, suggesting infiltration of surface water into the
aquifer.
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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 comparedto the observed ones.
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Observed vs. simulated vertical Darcy velocity
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In conclusion, the results of our measurement showed large variations in groundwater flow on
a small temporal scale, which were never measured before in tharea with traditional methods,
and contributed significantly to the model calibration improved. As such, the flux sensors provide
new insights in groundwatert 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.
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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 @&Rgfeant No.
2019/34/H/ST10/00711 and by the National Science Centre (Poland).
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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
etal.,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 asssing the condition of
wetlands (Guo et al, 2017). In this regad, in 2022 a peatlands condition assessment was carried
out for two forest districts T 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.

~ENc8?E

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 colléed during the night of July 2@1,
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 indated 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), wadso 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 fiel¢ollected data. Selected spectral indices (Sl),
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 selectegeatlands usingmachine
learning methods. The use of various sets of input data fonodelling a Multifactorial Peatland
Drying Index was tested.
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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 hyperspectmatlices, 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) wih peatland dehydration levels (r=0.61) and ground
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moisture (r=0.66). Regarding thermal datederived 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 fuldataset that includes
hyperspectral and thermal infrared metrics. The Rsquared value in this case is equal to 0.46.
These results are promising, but further experiments are needed to improve them.

98 9xOEf§ E

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 @tronger 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 ®tain 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.
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Kampinos National Park was created in 1959 for the conservation of the unique nature of
inland dunes and wetlands. It covers over 385 kflt is protected as a national park (the highest
form of protection in Poland) as a Natura 2000 site PLC140001 Puszcza Kampinoskand as an
Important Bird Area PL084y BirdLife International. Together with thél ¢ | Buier Zdheit forms
O EE98§W~ 7W7RYt G6II VWAL I 2 WnAzt ARAcWuc GGRUYY T ¢

Beginning inthe 18th century, Kampinos wetlands were drained foragricultural use. In the
1970s the land buyup programme was started and dedicated for nature protection. In the
beginning of the 21st century the long term program of restoration was preparetdhe restoration
works started under the projects: Kampinos Wetlands (LIFE12 NAT/PL/000084, 202®19),
Kampinos Wetlife (LIFE 19/NAT/PL/000746, 202026) and MERLIN (Horizon 2020, GA No
1010363372021-2025).

One ofthe areas where restoration is nearly completed is the former Karolinéwillage.
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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.

Karolinow vill
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The area of Kampinos National Park has a structure of belts extending in an easst
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 lokregs 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 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-3 m high.

The Karolindéw village was situated in western part of the north marsh belt on such elongated
sandy hill system which is about 2000 m long.
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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 the established temporary
settlements, which later turned into villages. These were the soalled "hut-people” (named from
poor huts in which they lived). The second community were colonists arriving here from the
Netherlands and Germany called "Olenders." fiey were able to farm in areas that were often
flooded. Such an "Olender" village was Karolinéw, 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 arabk land. Their boundaries ran perpendicular to the direction of natural water
flow.
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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 P#ok
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 Karolinbw where fate parcels cover less than 1% of
the area. Depending on habitat, species and loal 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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During primeval times, before people settled inside Kampinos Forest there was no permanent
river flowing through the marsh belts. These areas were predominantlyanless, 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 miredn the middle of 18th century when
people started to settle and use marshes for agriculture it beame a necessity to accelerate the
outflow of water. In the first stage hey dug ditches to dry their fields. In the middle of the 19th
century the plan of a systematic drainage system was implemented. Up tthe 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 destated and degradedand
resulted in ground subsidence. Inventory, research and monitoring of water, soils, hahts,
species as well as socialstructure were conducted in order to find the best scenario to improve
the condition of marshes. In the lowerings near Karolindbw 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 theCalthion association, typically developed patches of reed rushes from the
Phragmitionassociation and large sedge rushes from th&lagnocaricionassociation 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 snadleschampsia caespitosa
in meadows and reed canary gras€alamagrostis canescensin rushes.

Since the buying up land program progressed, in some areas, such as Karolindw village, it
became possible to increase ground water level and decrease outflow, especially in dry seasons,
and reactivate processes of biomass accumulation, peat formation, andslow 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 Karolinéw four fords on the dirt road crossing smaller ditches were
built. Inthe nextstep in G 13+ WY U Waq 6 e¢hdhihal vRIbelBuitk. This Bables filling with water
lowerings surrounding the former village of Karolinéw.
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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 takealmost 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 theirresilience 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.
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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 slefowing
and standing waters and in habitats such as fensi; RT t Y 2 C W 1JA¢ lbkeli GORiEE, BE O b
intermittent wetland, common reed plays a crucial role in providing various ecosystem services.
Additionally, common reed stands provide a habitat for bird reedbed specialist¢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 floo@latnik
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 potentlaor 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 dates to these datasets, the
robust predictive decision tree models generated through data mining algorithms have the
potential to serve as valuable tools for decisiormakers involved in the annual management of
common reed at Lake Cerknica.
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atmospherically corrected Landsat Collection 2, Level2 data archives. Eachyear, 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 (MSA)for each image. The
resulting raster images were clipped to the vector layerepresenting reed stands. Additionally,
yearly differences in MSAVIwere computed, following the methodology proposed by(Singh,
1989).
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temperature data obtained from a nearby climatological station. Environmental data was

categorized into two groups: spring and summer data. From these categoriesje 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 mogignificant predictors
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are identified. Terminal nodes of the decision tree contain linear models predicting the yearly
change of MSAVI

To compare real data against predicted values, we computed the 4fear average of MSAYI
Subsequently, we determined the percentage of yearly change relative to this 4@ar average. To
J2clec¢cqlWGI ARt RYUWYnWW¢ HG WG R Usknaple tiésts, I chimpatings 1 WH Y Ul
the actual percentage of change against the modeled percentage ofhange. We further
compared the actual MSAVddata with reed aboveground biomass (AGB) data collected between
2007 and 2021 which was also converted into annual percgage change based on its 15ear
average.
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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 predictshe
yearly change of MSAY[Tah 1). The most important established predictor was the previous
I 13 ¢ MSAWV} 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
MSAV4. 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 matchedktteal data
(Table 1). High water levels during summer negatively affect momon reed growth in Lake
Cerknicabl § TT ¢ URT LUinhibitingieky tiFn\d&/&lapment 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 % (Tall). The remaining important predictors werelte maximum temperature
during spring with a threshold value of 26.5 °C along with previous years MSANith 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 significath changes were accurately predicted.

NE¢tHN FOWN S D Wage A WG 3t WU0qt W6 WWe 2131 ¢nwl yeduwe U7 WGl 3T
YAq¢ RUUT Wn! Yo Wags WWaRUWE! Wa YT WGt wnRyUOWl ¢ qll WH! Wab |
TTRaqRYUC O 0! A LueRaULRRIN AL 21J 1 1%t LemRoUIMIEA ¥ Wa 6 W 10 H#E LW

C2l ¢enNW J¢e231 ¢NIWGH IT F s

x RUIJ¢ | Wa HE L HE b Geci
X ~N OT KON W WN O=1zZ Wn Wy K M HOM
X~ = NY OT T Wy WF =MKT P Wn WO M OZ
x ~0 NMIKOZ Y LW WC ZHZ oln WY K M HOM
x ~ Tl N Y Y Wn W POKT T W W=K M HOM
X ~P PO KON W W= = Oz Wi WP KO3 MY
X ~ 2 MN @ HOT O W Wi EIOMP W WX K MIONT
X ~T PO M KT X Wn Wwn POOKONTM W WN MIOT

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 15year average. Interestingly, in the same year, the model predicted a
substantial change (LM2) based on the preceding years MSAVéalues (Tah 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 MSAMata correlates, it is not possible to predict the exact
change in yearly productivity.
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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.
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Wetland vegetation in different habitats of intermittent Lake Cerknica was studied. The
GUUqRYUWUT Wacect DWEct WHRIXIOW qel RIT WnY! W WHEeT It AWAza
al. (2018) found a great diversity of plant communities and plant specied@ng the hydrological
gradient on Lake Cerknica. We have focused on differences in the structure of marsh vegetation
with dominant Phragmites australis, Phalaris arundinaceaand Carex elata Besides, two plant
communities with dominant Schoenus nigricansand S. ferrugineuscharacteristics 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 ges.

~ENc8?E

Vegetation was analyzed according to BrauBlanquet (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, homogenizeénd 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, UBMA). Multivariate analyses of the vegetation
records and results of soil analyses were performed with CANOCO v.5.
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The cluster analysis divided recorded plant stands into three groups (Fig. 1): one with dominant
Phalaris, the second withPhragmites, 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 thevegetation variability. Other significant factors were the content of plant
available P, organic C, pH, conductivity, ad 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 reaults of cluster analysis (Fig. 1).

The vegetation type with the highest number and diversity of plant species were stands with
Phragmiteson 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.
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The sites of the riparian and littoral reeds differ in the amount of available P in the soil, which
is significantly higher in riparian siteghan in littoral as well as fen sites (Fig. 3which aligns with
§TI ¢ URT WIJq W¢ O FOW birAdkeTadasadlélooriifdhshiitce Rigatiag §ité mphifited the
productivity of Phragmites. The content of available P is confirmed as a significant difference
between the riparian and littoralPhalaris stands, which also thrive on the sites with a significantly
highercontent of carbonates. Available P content is also significantly higher in tall sedges than in
fens with S. ferrugineusand S. nigricans respectively.
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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.
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Positioned amidst predominant (norrwet) 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 haveeceived insufficient attention by researchers and decision
makers. Various databases (e.g. European Environmental Agency databases, Mediterranean
Wetlands Observatory, Global Peatland Database etc.), provide wetlantklated spatial data,
nevertheless, notable spatial data gaps endure, particularly regarding highltitude 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 fortiure studies.
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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 (2002004) including Orte
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 (projectsstudies, 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 norhierarchical multivariate clustering method (K-means) was
employed to systematically categorize the other wetland area.

For theanalysis of areas with high wetlangotential, 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. 2020Mapping and processing was performed
using ArcGIS 107 and ArcGIS Pro.

AEEORINEf E9Q OEET §
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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 abitats to facilitate the
development of a national habitat map (Hristovski et al, 208). However, utilization of EUNIS
structured classification system somewhat obscured wetland information. Therefore, our map
endeavors to delineate various wetland typesencompassing 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 kor
1.5% of the country area. 186.40 krrefers to riparian forests, while 196.52 krito other wetland
area.
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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, soilsand vegetation. In this context, we identify riparian
forests as a distinct wetland category prevalent across the country with high heterogeneity of
environmental variables. Optimised pseudoF statistics of the other wetland area highlighted two
clusters based on nationalscale 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 mountainousFig. 2)
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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 analyss to identify highpotential
wetland areas. Agriculture intensified in North Macedonia posWorld War |Il, leading to the
construction of drainage systems (Fig3 A), particularly impacting lowland wetlands also due to
malaria concerns. Mapping efforts usng 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 (Fig3 C). Synthesizing this data with the data presented in Fig. 1 allows
identification of high-significance areasin wetland potential (Fig.3 D). Nevertheless, it should be
noted that this mainly refers for the wetland area in the lowlandswhile high-altitudes differ in
land use but are also represented with mainly smalkized scattered wetland areas.
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Wetlands occupy 1.5% of North Macedonia (382.92 km?), including riparian forests (186.40
km?2) and otherwetlands (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 highkaltitude 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 lovdnds. 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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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
(Sphagnumspp.) and ericoid shrubs like bog cranberryMaccinium oxycoccosL.) 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, withot the need to grow leaf firs{Buttler
et al., 2015; Chiapusio et al., 2021)Increasing global temperature undoubtedly impacts the
peatland vegetation spring phenology and the start of photosynthetic activityAntala et al.,
2022; Peichl et al., 2015)However, it is unclear how different PFGs react to the same increase
ROWqUWaGGUIl ¢qel DWeUT Ws6¢cqWaHEGEcURY Gt Wel WWHWSRUT Waé
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.

~ENc8?E
NSWWT ¢cqéclis ¢t WARYGGUWHqUT WEqWqé BWI+FGIl RGWDUqedWt q¢
AWNZYNYKOP' WEAWPMNWG We¢ KOt OG0 0b Allls 13t 1 OWAYG¢e UT aWl:

experiment was established in 2017. A detailed description of the site jsrovided byAntala 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 opentop chambers and 100 W infrared heaters swehed 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 iffable 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 spegewere
measured by OJIP and NPQ3 protocols provided by the manufacturer. The measurement light
s5ct Wt DaqWaqYWYPEAWs RIGNVWq6NWeHqRURAWGRASThEI N Y Waq 6
wavelength of the used light was 455 nm. All measurements were done aftat least 25 minutes
of dark adaptation on a cloudy day. The maximum quantum yield of photosystem Il
GOYqYHGEUDAGRY ql ! Wel- A8blWs ¢t WHcOAR2GCqUT Wnl YAGLWI ¢aqc¢Wnl
YnWGEYqVYt !t quUGWFf WGEYaqYHS IO ghtiopucedlésergh disSipdps 1J Whe ¢ U
bl- AAb AW q60W hve ¢ UeRWIW GROL U Migvh WWR MW al T Rt + RGE qRY
photochemical quenching of maximum fluorescence (NPQ) were calculated from NPQ3
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parameters were calculated based orKalaji et al. (2017)
NCtHNED2 D1 ¢ DWAWE HY YieqUWWI ¢ RUG! WG RURG¢e¢aWeUT We21 ¢nNIWI ¢ R
s¢cl GRUNDWGHYqt W21 RUNWaS VWG RYT WYynwnawW=we OT wNWaVYUqéb
JeYl 3t #0RIIWG 1 cetekel | IFGIALGE MEM-0

9vYU0ql Ya ¢l aRUD
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N6 WWRUHI Wet BT Waqlad Gl ¢ qe |l 1JWPRGHWIth dihighd#Rinci@asdoq A§ La 6 1 LW
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 bplant physiology due to

warmer conditions (Gilmore and Ball, 2000) Interestingly, no significant differences in the A

measured atO MM LU, & & ieteifound (Fig 1B).
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Bog cranber ry ssssss Bog cranberry Peat moss
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Conditions B3 ¢ B8 W

[ RNDIDEUNKDG ¢ # RG 2 & Whue ¢ Ugqe G W RIJGT WY n-LAGH® YLy Yot A LU aof 1JICLLLE f Hf giLE GE 61 VLLbY
P RUGT WYNWGEYqYt !+ qAS WE UVGKEVGY YIS 6 DA RNG I WHIsi¢c Ugqe G W RIJGT
aql ¢U0t GY| qEY G QR FIWdNMiltlg s WWI) RERIVUA! WY n WIHWE WP & Wi we U4
AYNWHEI ¢ OAWI 1 WeUT WGWeaqWayYtt Wt eATWHqUT WaqYWHEYOql YO W96
AY+GaYaqWl WGl Wt W0qt W6 wWwa e Uals 6 R WId i doiLal & B EIE g a0 6 & ILLiE |

K MIOMP A LA i @dIKIK M KM MN S Wi i i i WK MIOMMMN O

E ¥f 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 Y LUY n WG lihcrepsdd Y+ + LU
in W condition, it remained stable for bog cranberry (Fig. 1D).
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Conditons B3 ¢ B W
[ RNDUIDWE Y q Y HS6 WG RHEC G Whe DURSRUNDWY nWa ¢+ RG22 G W epYl 13t HIDUHWD
RUT eHIT WU R AR RWT RBIE d RTY W Ay ¢RI 21360 UR 133001 quindInOund 800 dlsf Rt + R
9b WG et 2| 10TV lEgrIOMMYLIG WAYNWHEI ¢ UAKI 1! Wwe U7 WGW¢ qWb Yt t W e
s¢l ORUNDWwT b WHYUT RqRY Ut IOWNG6 W Wa6 RAL Wi RUVWRUWqE DIWAY + Ga Y
FRUODGUWENWEY 21 WaWUqt OWi WK MIOMP A LW i WK MIOMN K

A significant increase of NPQ was observed for both studied PFGs (Fig. 2A). A better
2UT U1t qeUT RUDWYnW AAWHRcUOWAHDWI DeHSIT WHAH! WW+*¢ 8 RURU
7Yq6WA[ ]t WIFS6RARqWRUKAI et T W AAwWe UT Wi wkdhiJéet 13T W-
increase NPQ. The differences between PFGs are more pronounced than differences within
A[ ]t WHecat DT WAH! WERNG6WI Waqldad Gl ¢qel 13t IOWc RN I W-  AA]
moss compared to bog cranberry indicate that peat moss is able to quickigact 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 slowerbi 7 ¢ + + RW¢ UT W2 ¢ a0k Yt qV AlheFekdENoatlu ¢ ¢ TR
mosses are a major contributor to the peatland vegetation carbon uptake during the beginning
of vegetation season, as found also b{Peichl et al. (2015)

98 9xOEf§ E
In this work, we showed that 0.71°C warmer late winter and early spring lead to a significant
increase in- AY nWAYNWHI ¢UADI | Rt We¢UT WGUEqWaYtt IOWNGS R
decreasing dependency on  &nd increased capacity of:  A.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 Ight on physiological changes happening
in these plants during the winter and spring months.
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Greenhouse gases (GHG) emissions result from biological processes influenced by the
environmental conditions at the particular site. Carbon dioxide (Cg) is produced by plants,
microbes and animals while only soil microbes produce methane (CH and nitrous oxide (NO).
Site hydrology is the most influential abiotic factor affecting all GHG emissions (Oertel et al.
2016). CQ emissions tend to decrease with higher water levels while both CHand N.O
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 CQ 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 microbegJones 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 contradicbry 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 the® 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 affied by
water level, followed by soil type and nutrient level. Further, these effects would differ between
vegetated and unvegetated conditions.

~ENc8?E

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 = unfertilized, 300 kg NPK * h&d* yr?) 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 measd
parameters (plant biomass, soil physicechemical traits, soil microbial density). GHG
emissions were measured nonthly 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 njmaekage (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

NMM



Ei BBel WEIDqRETAE BM=T
EEEEf il WA & WNc EWI] ONOAEaWAAE?2f 9Nf ] W

ORD v. 7.0 MicCune and Mefford 2013 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, 20200 determine which plant and soil parameters most correlated
with GHG emissions. The regression and multivariate analyses were conducted separately on
vegetated and unvegetated 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].he SEMs were constructed using
AMOS v. 21
AEEORINIEBf E9 OEETf §

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 CH(unfertilized), as noted by PCA and RDA
analyses. Higher water level decreased C&emissions while increasing those of Chl Nutrient
addition had a direct, positive effect on plant biomass and production, which was most related
to GHG emissions, with plant respiration beig the largest contribution to CQ emissions. Plant
litter and root exudate inputs supplied soil microbes with organic substrates, thereby
supporting microbial growth and increasing microbial respiration and Cliproduction.

Almost all parameters showed a distinct seasonality, except for soil pH, microbial biomass
nitrogen (Nnc) 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 wvegetated samples illustrate these direct and indirect
connections (Fig. 1, 2). In vegetated conditions, nutrient addition directly promoted plant
biomass which then affected CQ emissions. Water level directly increased CHemissions but
decreased bacterial abundance, while soil type affected the Soil Traits latent variable (Fig. 1).
Several plantsoil 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 urvegetated SEM (Fig. 2). All three environmental factors indirectly
affected CO, emissions by influencing NQ' content.

98 9xOEf§ E

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 emissits. Such
interactions could have large consequences for managing and/or restoring wet grasslands and
other wetland habitats. Also, while CH emissions were low and usually associated with plants,
emissions were greater from unavegetated than vegetated samfes in mineral soil. Therefore,
the formation of bare patches resulting from the activities of animals or agricultural practices
could result in these patches becoming CHemission hotspots.

NMN



Ei BBel WEIDqRETAE BM=T

EEEEf il WA & WNc EWI] ONOAEaWAAE?2f 9Nf ] W ? WA

0.001
0850 —_ P

[ RNDOWNez Agel ¢ WIhe ¢ qRYUWGYT DI WLEE~bWnY! Wqd DW2UINKIaqeqldl
t RDUR3 He URIJIOWT7 B & # LUN® I3 16 il ¥ Gudio ¢ 1Y s & LUHOWIE B ¥ x W1 Wd R2 W WG
7RY?2 W W WeT WGHacUqUARY B @ 1 LU GAGLE RO (MEHNIgLEHRM & ¢ + + W9 IOWN 6 1J LW
¢T GRY+ RAG JFMMKIP N KOO I b & W WMIONPNbL 6 WWA~EE W WMIOM® ® Wel G LI LU
bl f 9b W WN=OKMMNMIO

-0569

[ RNDIEDGI=E #0R g2 | ¢ O WIJhe ¢ aq RY WALE YD addi dUdlELEG b WEnayd gep HOUL2101 Y s Ws RT q
t RDUR3 Hc URIJIOWT7 B & # 4L® I3 16 Wl ¥ fudio ¢ ¥ & & LLiole & # 1 Y AW WA 10+ GU
| Ut GRI ¢ qRYUG W9 G RALWI WA RHET Y A ULHALR W T G HLLLE O RESMHDA ITVEF@NEYS GEbt LG T

A~EE Wl WMIOM®S WeiGWI WMIO=ZPNb6W t ¢Rt WWRUNYI G¢qRYU

AE[ EAE 9EE

71 WHEDqAWX OA LW Waldl aqiveRR GFHAILENGDAHOFsLE EDd R Uday) + spALVE TH@ 1 HoFLILF KO AL
EYYUnAwWstoxtoaweée Uix ¢ UNIWUG Y 2 13 AR HAHA e dJU rHia R (mwiUIA YiE
Uzql RUUqUWUo WHEgt wWYUW YRGWHe!I AYOWT RY + RUIG ) ¢0E TURIRID o
EHRALWNY MIOWT YRa WNMIKOOY ®donlJU2t IO= MN ®IOMMNY MIO

] ¢RUAWS IO7 AW =ZMMIIOWEq!l eHgel ¢cidWPlhecqRYUWAYT WaRUN
Al Dt AW9¢GAl RTnuawoduto

sYUmiogoalw ne! yuoawooaWw] RUG ¢! AWAK? IOA W= MMeOW9 ¢ AY UL
b YTRY Y q WR Ad g IUnpasa@ioLw? § f LN M HWNEdET BAON N N M

x R2RUNt qYUALW ] IOAOAW c 2 qH 6 R I AL A 13@xt keda WI N O @ By oWl ¥ @ Hic
DEH6¢c UNUalle GGORAECqRY Ut We UT Wt Yal AW WYNWWIIT YI AWR
NI ¢ HIW] ¢t Wt aW~Wet el RUNDWEGRY + RYUt Wnl VOB BRIGIE M
N P N O

NM=



Ei BBel WEIDqRETAE BM=T
EEEEf il WA & WNc EWI] ONOAEaWAAE?2f 9Nf ] W ? WA
~H920NAW7OAW~ 130 VBl dUuDHIio=0gR2 KN RO BAl Ucd! + Rt WYnW
] GRORT WO0W7WerHEAWS!T INYUAW~T~WEYngsel WW? 13t RNUIO

Ul qUIAWoAW~¢cqt H6allcqAWsOAWUzl AcAWuOAWUGRG G 1]
DGR RYUY W mitla W H YRRWs OW 96KJGRIIW T IJOBR=ZHEW T 1JW
daqaqGaool 1Ol YRIOYI Do NMKEDIMNZ o THOHG IJ0G 1J1 FO= MN X IOMN IOMM =

ARHIUt AWNKAWuU e WaqVY2t t CAWEAWET s¢l T+ dAWlutoadWalac0yY2
D+ GUI RGWUqecdWNleql YG6RAcqRYUWYUWHE! AYUWe UT WURGq !
9 Y G e U pEma ¥NTOLL

ARUG6URI YAWs IOAW7 ¢ qlt AW? roAWA W9 Y1 WWN¢e atoalaadawx RUWY
201t RINEBGHTa o @AY T I3GAq OY | N ¢ HEENWWULNDW Gl RI W= M

AYt 6c¢alll AWACAW9 6¢ UNAWEIOA OAW=ZMN®OW~¢ Uzl DWGUGTaUq4a
s60cql! RIGT wWe UT WrHel AYUWT RY+#RT DWWERR A RNV din lOF U 2R
SPOAMIME @Gt aool YRIOYI Do NMIONMNZ o THF HRaVY qllU2 0= MNY |

Nf 798 WEYnas ¢l WWf URIOALWE=Z M= MIOWE q ¢ @dRd GRAC WOR 16 18 ¢ HIHE HR 1J

U6cYAW~tOx oAWc ¢ UALWI] tOA IOAW X RAW S KOOAWEY UN AW O~ HOA WA
At GYUt 134 HIEY GhmovicRRo LHORsY Ut W Y WHGS6 ¢ UNRUNLWSs ¢ qlJ1 Waé¢ HEO 1
sA T NCEHBDPMANYEANZ IOWI YRaWUINMIONMNZ o THOTHGIUGI YIO=Z M= |

NMO


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

Ei BBel WEIDqRETAE BM=T
EEEEf il WA & WNc EWI] ONOAEaWAAE?2f 9Nf ] W ? WA
Yt WYUWIHYOGYNDRACOGWNEHaY! t W &
IT R2JIt Rq! WY nWadR!I ¥t WRUW YI 513N

SOCIETY. s ¢ Ulllu e FAALEESSERD ¥ G 1 ¢ ¢
WETLAND
anstitute of Environmental Ecology, Faculty of Biology,

University of Warsaw Warsaw, Poland

f NAg?O9Nf §

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, largeale studies of peatland flora
and vegetation in this region. Isolated data on the distribution of sommire species come from
herbarium material from the 19" century. In the second half of the 2® century, surveys were
made of the vegetation in Finnmark, including wetlandge.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. | therefore decided to carry out a study that would describe thdre
vegetation of Finnmark and its habitat preferences in detail.

~ENc§?E
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| began my research on thenires of Finnmark with preparatory work. | 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.

[ RDGTI s Yl ¢t

During the fieldwork | visited preselected sites. At each investigated site took a square
shaped relevee (25 n¥) in extended BraunBlanquet scale including both vascular plants and
cryptogams. If the vegetation of the surveyed site was diverse | collected more than one relevee
(sample) per site.

Within each of the releveed measured pH and EC in situ, both from the surface water, which
probably better reflects the conditions for bryophyte developmentand from the top 15 cm sail
porewater, which might better reflect the conditions for the vascular plants | also collected
porewater from the same top soil layefor determination of selected elements.
?2¢cqecwWeUcal! t R

After the fieldwork additional data on climate (from CHELSA database, Kager et al. 2018) and
elevation (from global GLG30 Copernicus DEM) were obtained with the use of QGIS software
for each of the sampling plots. Collected porewater samples were analyzedith ICP-MS forCa,
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 TWINSPAN
algorithm, Tichy 2002) andR software (vegan package©ksanen et al. 2022) As | am still in the
process of identifyingcryptogams, | have used onlyascular plant datafor the results presented
here.

AEEORINEEf E9Q OEETf §

An Unsupervised TWINSPAN algorithm divideiO4 relevees into 7 groups. The general
characteristics of the vascular plant composition suggestthat groups no. 1 and 2are probably
relatively dry rich fens, group no. 3epresents very acidic poor fens, groups no. 4 and 5 are
similar and represent intermediate fens, and group no. @ncludes moderately rich but
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waterloggedfens. Group 7 was represented only by two relevees representing an unique type of
arctic-alpine rich fens dominated byCarex saxatilis

In the DCAdiagrambased on the vascular plant composition of the releveesclear separation
of groups 1, 2 and 6, and to some extent also 3, and a slight differentiation of groups 4 anig 5
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 sklected elements
related to the geology) and macroecalgical (climate) factors shaping the diversity of mire
ecosystems of Finnmark.Themain gradient of vegetation differentiation represented by the first
(horizontal) axisseems to be, unsurprisinglyxorrelated with the pHof the sites.But at the same
time it seems to reflect the climatic gradient with warmer conditions at its left end (e.dorosera
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 gralp there are species
associated with habitats with high groundwater levels, e.gComarum palustre and Equisetum
fluviatile or Salix lapponum, and at the top there are taxa found in nofiooded sites, e.g.
Sausarea alping Thalictrum alpinum or Tofieldia pusilla). However this gradient seems to
represent also to some extent base saturation (with more mineralich sites at the top) and
altitude and summer precipitation (with higher lying and wetter sites at the bottom). These
differences between groups were futher explored by betweengroups 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.
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Groups 4 and 5, and partly also 6, areompositionally very similar, but at the same time they
are distinguished by selected biotic and abiotic factors. | therefore assume that they will
differentiate strongly when cryptogams are addedto the analysis It is worth mentioning that
was alsoimportant from the point of view ofbiodiversity inventorying. For example | discovered
two localities of Meesia longisetaT 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 speciesafter one season of research indicates the need for
further scientific work, including on the flora and ecology ofnires in the Finnmark region.
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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 agater shortages due
to increased evapotranspiration under climate change, are likely to significantly affect the
hydrology of waterdependent ecosystems. The result is a progressive loss of wetlands located
in diverse landscape and catchment contexts (Crfi, 2016). This problem is particularly evident
in the extensive peatland complex of the Biebrza Basin (NE Poland), which has been identified
as a wellpreserved, 'reference' wetland area.

~ENc8?E

A soil survey was conducted in 2022022. 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 a@e&odesy in
Bialystok in 20192021, 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 3.28idenze software (Free
and Open Source Software (FOSS); Free Software Foundation, Inc., USA; www.qgis.org).

The material was statistically compiled using Statgraphics 18.
AEEORINEf E9Q OEET §

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 charactsd 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 particulagl 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 soyls

histosolsy into murshic histosols. Shallow histosols change to mineral soils like gleysols,
umbric gleysols, and gleyic/stagnic phaeozems (WRB 2022).
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Peat soils are estimated to be getting shallower at a 1-2.0 cm/year rate. Boosted decay of
organic matter is associated with a release of C@(minimum emission: 12.6-20.1 tons per
hectare per year (Ghezelayagh et al., in press); maximum emission-26 tons per hectare per
year (own estimates)). In places, a loss of more than 100 cm of peat has been recorded

compared to the 1960s70s (Fig. 2).
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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.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 8ixE?] E~E NE

Soil survey in Biebrza River National Park was supported by the Operational Program
Infrastructure and Environment (POIS.02.04.0@0-0025/17) as part of the project "Preparation
of a Management Plan for the Biebrza River National Park".
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Fensare the dominating peatland type in temperate Europe, and due to the high density of
human population in this region, they facehigh 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 gassesMoreover, 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 (Hajkova et
al., 2022), its impact on the belowground microbial communities isinknown.

The dominant functional group of fungi in peatlands are saprotrophs (Jua@vejero et al.,
2020). Typically, the physicochemical properties of the substrate have thenost 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. Ectomycorrtdal fungi (ECMF) form non
antagonistic interactions predominantly with trees and shrubs, while arbuscular mycorrhizal
fungi (AMPF)r 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.

~ENc8?E

Peat samples were collected at the depth of 1420 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 ofTIS2 rDNA
fragments. Additionally, to detect AMF fungi, a nested PCR approach withlomeromycota-
specific primers was utilized to amplify 18S rDNA fragments. Subsequently, all resulting
fragments were sequenced using the Illlumina NovaSeq platform. Bioinforatic 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 (Opik et al. 2010) databases for ITS2 and 18S rDisgments respectively. Then we
assigned functional guilds to fungi using the FungalTraits database (P6lme et. al. 2020). All
biodiversity comparisons and the statistical analysis were performed in the R programming
language.

AEEOxNEWe UT WwW?f E9OEET §

Based on ITS2 amplicons we detected 21119 OTUs of fungi belonging to 16 phyla and based
on 18S rDNA fragments 1345 OTUs ofslomeromycota. 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, indicatirthe existence
of a legacy effect, possibly linked to a degraation 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 (mainBortinariaceae
and Inocybaceae) wasconsistently higher in wooded patches FEig.2), while for AMF there were
no differences.
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Mowinghas little effect on the overall fungal diversity and AMF appear to be relatively resilient

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

9u 8ixE?] E~E NKNE
This study was funded by the National Science Centre Poland, grant no
2019/35/DINZ9/03212.
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Knowledge about hydreecological processes and feedbackmechanisms 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 weh undisturbed mires
and peatlands are under pressure from recent changes in regional hydrology and climate
change.

The Rospuda Valley in NB Y& ¢ UT WWRt WT It #1 RAWJT Weéet wWe Ullmwe UT R q ¢
bisc HUYGt t ¢cWWqWeaAW=MNNb Alls 6 RASGW G ¢t Wt WRall2JI !
Nonetheless, the cover of (birch) forest has increased by about 70% after cessan of haying in
qéWIec! G! WNPTMKkt AWRUT RAc qRUNWs ¢ q | Wiakkgnétid., Wl ¢ q W |
1992; Schippers et al., 2007). AdditionallySphagnumdominated small sedge vegetations are
present in specific parts of the mire (Jab Yka et al., 2011, 2019), pointingto 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 percol#ion 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 hydreecological functioning of the Rospuda mire at landscap scale
and try to understand how hydrological conditions have changed over time and how this
affected vegetation patterns.

~ENc8?E

To get an understanding of the hydrecological 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 orhiree 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 (1615 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 hydreecological 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.

AEEORINEBf E9Q OEETf §

Although the peat was mainly formed by browsmoss peat and smallsedge peat, every
cross-section shows a different spatial pattern in peat stratification. Spatial differences in peat
thickness, peat stratification and degree of humification indicate diffeent vegetation types and
hydrological conditions during peat formation throughout the mire (Figl). There are also some
specific areas with a thin layer of sphagnunt small sedge peat (<20 cm), which was developed
on the recent root layer.
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Water levels stayed on average withicO 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 differdd #1Jt WRUW2 IJNWaqé¢ qRYULWq! GUWt Wus ¢ HOY Gt t
River has a draining effect, as it has a 300 cm lower water level compared to the mire (Figure
1). Daily measurements of water level fluctuéions 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 cmstant 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 dependsiuch more on
the rivers water level.
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Water samples were classified into three significantly different water types: 1) relatively
base-poor, 2) baserich and 3) highly alkaline groundwater. E@neasurements in the peat show
the spatial distribution of the water types (Fig2). Sagnation of basepoor water implies that
these areasdo not receive enough baserich groundwater through the uppermost peat layer to
maintain a rich fen vegetation. Baseich groundwater from the mires edge (west site) is not
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