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Streszczenie

Torfowiska, pierwotnie peligce kluczowa role w sekwestracji wegla na
kontynentach, po osuszeniu stajg si¢ istotnym zrdédlem emisji dwutlenku wegla do
atmosfery. Odtwarzanie torfowisk, ktorego pierwszym krokiem jest zazwyczaj ich
powtérne uwodnienie, przywraca ich zdolnos¢ do sekwestracji wegla w glebie. W
zwigzku z tym, odtwarzanie torfowisk uznaje si¢ za niezb¢dny element strategii mitygacji
zmiany klimatu. Efektywne planowanie restytucji torfowisk nadal napotyka jednak
istotne bariery, w tym niedostateczng ilo§¢ danych o dynamice przebiegu ich odwadniania
i restytucji. Wdrazanie restytucji torfowisk napotyka z kolei na ograniczenia wynikajace

z niedostatecznej wiedzy i $wiadomosci o korzysciach ptynacych z tych dziatan.

Niniejsza rozprawa, majaca charakter dokumentacyjny, metodyczny i analityczny,
stanowi probe uzupetnienia wiedzy w zakresie ilo§ciowej dokumentacji przeksztatcen
torfowisk w skali regionu (na przykladzie Kotliny Biebrzanskiej), opracowania
algorytmu oceny aktualnej sytuacji hydrologicznej tych ekosystemow na podstawie
danych teledetekcyjnych (na przyktadzie Biebrzanskiego Parku Narodowego), oceny
skuteczno$ci powtdrnego uwodnienia torfowisk wysokich (na przyktadzie norweskich
torfowisk Kaldvassmyra, Aurstadmésan i Midtfjellmédsan) oraz analizy korzysci w
procesie restytucji torfowisk (w skali transgranicznej zlewni Niemna). Badania wykonane
w ramach rozprawy doktorskiej wykazaty, ze torfowiska Kotliny Biebrzanskiej sg pod
wplywem intensywnej presji antropogenicznej, ktora nasilita si¢ na przestrzeni XIX-XXI
wieku, a glownym jej przejawem jest znaczna rozbudowa sieci rowoéw melioracyjnych.
Opracowany model predykcji sytuacji hydrologicznej torfowisk, korzystajacy z tatwo
dostepnych danych teledetekcyjnych oraz wykorzystujacy sieci bayesowskie, pozwala na
miarodajne oszacowanie $redniego poziomu wod podziemnych na torfowiskach. Analiza
odpowiedzi hydrologicznej torfowisk wysokich na powtérne uwodnienie wykazata, ze w
wyniku podjetych dziatan restytucyjnych nastgpil $redni wzrost zwierciadta wod
podziemnych o 0,06 m, a zasieg oddziatywania uwodnienia wynosi w analizowanym
okresie okoto 17,4 m. Analiza kosztow 1 korzys$ci w procesie odtwarzania torfowisk w
transgranicznej zlewni Niemna wykazala, Ze restytucja torfowisk na tym obszarze
pozwolilaby na zwigkszenie zdolnosci retencjonowania wody na tym obszarze o nawet
0,7% rocznego odplywu Niemna, a korzysci wynikajace ze zwigkszenia retencji w
wyniku ponownego nawadniania osuszonych torfowisk poprzez blokowanie rowow

przewyzszaja koszty poniesione na te dziatania.



Wyniki badan przedstawione w niniejszym studium dokumentujg przemiany sieci
hydrograficznej Kotliny Biebrzanskiej oraz jej stan na rok 2023. Opracowana metoda
oceny Sredniego stanu wod podziemnych na torfowiskach na podstawie fatwo dostgpnych
danych teledetekcyjnych rozszerza mozliwosci analizy sytuacji hydrologicznej torfowisk
na  obszary dotychczas niepodlegajace  monitoringowi  hydrologicznemu.
Udokumentowana zmiana stanu wod podziemnych torfowisk wysokich w wyniku ich
powtdrnego uwodnienia jest istotnym glosem w dyskusji o skutkach restytucji torfowisk
ombrogenicznych. Analiza kosztow i korzysci w procesie odtwarzania torfowisk w skali
zlewni dostarcza argumentdOw o istotno$ci tego dziatania, zar6wno w kontekscie
przywracania odpowiedniego stanu ekologicznego siedlisk bagiennych, jak rowniez w

kontekscie gospodarki wodne;.

Abstract

Peatlands, originally playing a key role in carbon sequestration on continents, become
significant sources of carbon dioxide emissions to the atmosphere when drained. Peatland
restoration, typically starting with rewetting, restores their ability to sequester carbon in
the soil. Peatland restoration is therefore considered an essential component of climate
change mitigation strategies. However, effective peatland restoration planning still faces
significant barriers, including insufficient data on the dynamics of peatland drainage and
restoration. The implementation of peatland restoration, in turn, faces constraints due to

insufficient knowledge and awareness of the benefits of these activities.

This dissertation, which has a documentary, methodological and analytical character,
aims to fill knowledge gaps in several key areas: quantitative documentation of peatland
transformations at a regional scale (using the Biebrza Basin as a case study), the
development of an algorithm for assessing the current hydrological condition of these
ecosystems based on remote sensing data (examined in Biebrza National Park),
evaluation of the effectiveness of rewetting raised bogs (analyzed in the Norwegian
peatlands of Kaldvassmyra, Aurstadmasan, and Midtfjellmésan), and an assessment of
the benefits of peatland restoration (at the scale of the transboundary Neman River
catchment). The research conducted within this doctoral dissertation has demonstrated
that the peatlands of the Biebrza Basin are under significant anthropogenic pressure,
which has intensified between the 19th and 21st centuries, primarily through extensive

expansion of drainage ditch networks. The developed predictive model for peatland



hydrological conditions, utilizing readily available remote sensing data and Bayesian
networks, enables a reliable estimation of the average groundwater level in peatlands. The
analysis of the hydrological response of raised bogs to rewetting has shown that
restoration efforts have led to an average groundwater level rise of 0.06 m, with the
influence of rewetting extending approximately 17.4 m during the analyzed period. The
cost-benefit analysis of peatland restoration in the transboundary Neman River catchment
revealed that rewetting peatlands in this area could enhance water retention capacity by
up to 0.7% of the annual Neman River discharge. Additionally, the benefits of increased

retention through blocking drainage ditches outweigh the costs of these interventions.

The findings presented in this study document the transformation of the hydrographic
network in the Biebrza Basin and its status as of 2023. The developed method for
assessing average groundwater levels in peatlands using readily available remote sensing
data expands the possibilities for analyzing peatland hydrological conditions in areas that
have not previously been subject to hydrological monitoring. The documented changes
in groundwater levels in raised bogs following rewetting provide important insights into
the effects of ombrotrophic peatland restoration. Furthermore, the cost-benefit analysis
of peatland restoration at the catchment scale provides arguments for the relevance of this
measure, both in the context of restoring adequate ecological status of wetland habitats

and in the context of water management.
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1. Wstep

Torfowiska magazynuja 21% $wiatowych zasobow wegla glebowego, mimo ze
zajmujg jedynie okoto 3% powierzchni ladowej Ziemi (Liu 1 in., 2020). Sa jednym z
najcenniejszych siedlisk, oferujac szereg kluczowych ustug ekosystemowych (Costanza
i in., 1997), obejmujacych miedzy innymi regulacj¢ krazenia wody w krajobrazie
(Bourgaultiin., 2017) oraz sekwestracj¢ wegla (Amesbury iin., 2019; Mitsch i in., 2013),
co czyni je waznym ogniwem dzialan dazacych do lagodzenia post¢pujacej zmiany
klimatu (Leifeld i Menichetti, 2018; Strack i in., 2022). Ponadto, dobrze zachowane
torfowiska charakteryzuja si¢ unikalng rdéznorodno$cia biologiczng obejmujaca
charakterystyczne gatunki flory (Rana i in., 2024) i fauny (Desrochers i van Duinen,
2006). Ich obecnos¢ jest rowniez istotna w krajobrazach rolniczych, gdzie moga petnic
role bagiennych stref buforowych, zatrzymujac zwigzki biogenne transportowane do
ciekow w drodze sptywu powierzchniowego, podpowierzchniowego i podziemnego
(Jablonska 1 in., 2020; Walton i in., 2020). Wszystkie wymienione funkcje torfowisk
moga by¢ pelnione przez te ekosystemy wylacznie w odpowiednich warunkach
siedliskowych, przy wysokich stanach wod podziemnych oraz odpowiednim nasyceniu
woda wierzchniej warstwy torfu, co jest wypadkowa glebokosci od zwierciadta wody

(Mitsch iin., 2023).

Wysoki stan wody na torfowiskach umozliwia rozktad materii organicznej w
warunkach beztlenowych, co warunkuje przebieg procesu torfotworczego (Okruszko,
1977) oraz utrzymanie przyrostu netto zwigzanego wegla i akumulacj¢ torfu (Rydin i
Jeglum, 2013). Zatrzymanie we¢gla w pierscieniach aromatycznych uniemozliwia jego
przedostawanie si¢ do atmosfery w formie dwutlenku wegla (Normand i in., 2021).
Ponadto, dobrze zachowany torf cechuje si¢ wysoka porowatoscia, siegajacg nawet ponad
90% catkowitej jego objetosci (Rezanezhad i in., 2016). Ta wilasciwo$¢ sprawia, ze
dobrze nasycony torf petni znaczacg role retencyjng, do pewnego stopnia wptywajaca na

stabilno$¢ odplywu ciekow (Kharanzhevskaya i in., 2020).

Zalezno$¢ funkcjonowania ekosystemoéw bagiennych od obecnosci wody czyni je
jednak wrazliwymi na wszelkie presje prowadzace do zmian warunkéw hydrologicznych
(Holden, 2006). Gtowne zagrozenia dla stabilno$ci hydrologicznej torfowisk zwigzane sg
z odwadnianiem na potrzeby rolnictwa i le$nictwa (Hammerich i in., 2024; Ranniku i in.,
2024), ale tez przeksztatcaniem krajobrazu powodujacym uszczelnienie zlewni i zmiang

warunkoéw infiltracji 1 akumulacji wody opadowej (Habib 1 Connolly, 2023). Ponadto,
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zagrozenie dla torfowisk stanowig zmiany klimatu (Gatka i in., 2023). W wyniku tych
presji znaczna cz¢$¢ powierzchni ekosystemow bagiennych zostata zdegradowana (Fluet-
Chouinard i in., 2023) i ocenia si¢, ze ponad 50% torfowisk Europy zostalo utraconych
(Joosten 1 Clarke, 2002). Osuszone torfowiska stajg si¢ istotnym zrddlem emisji
dwutlenku wegla do atmosfery (Evans i in., 2021; Loisel i Gallego-Sala, 2022; Mattila,
2024). Degradacja tych ekosysteméw doprowadzila do znacznego zachwiania
réwnowagi ekologicznej 1 zaburzenia procesow przeplywu wody w krajobrazie,

powodujac potrzebe ich odtwarzania i zrbwnowazonego zarzadzania (Isoaho i in., 2024).

W S$wietle aktualnej sytuacji globalnej, gdzie niezbgdne staje si¢ wprowadzanie
strategii zmniejszajacych emisje gazow cieplarnianych (IPCC, 2021), odtwarzanie
osuszonych ekosysteméw bagiennych staje si¢ niezbednym krokiem pozwalajacym na
osiggnigcie neutralnosci klimatycznej (Convention on Wetlands, 2021; Gewin, 2020;
Giinther 1 in., 2020). Umozliwitoby ono réwniez zwigkszenie utraconej réznorodnos$ci
biologicznej i poprawe ilosci 1 jakosci zasobéw wodnych (Farrell i in., 2024). Ze wzgledu
na fakt, ze obecno$¢ wody jest decydujacym czynnikiem w dynamice ekosystemow
bagiennych (Helbig i in., 2020), dziatania restytucyjne skupiajg si¢ przede wszystkim na
przywroceniu warunkéw hydrologicznych, poprzez podniesienie zwierciadta wody
podziemnej (Monteverde i in., 2022). Najcze$ciej wykonywane jest to poprzez
blokowanie odptywu z rowow melioracyjnych znajdujacych si¢ na terenie odwodnionych

torfowisk (Chimner i in., 2017).

Znaczenie, metody oraz niepewna skuteczno$¢ restytucji torfowisk od przeszto
dekady sa przedmiotem szerokiej dyskusji (Bonn i in., 2014). Dotychczas nie udato si¢
osiggnaé konsensusu w sprawie sformutowania wymuszen prawnych nakazujacych
odtwarzanie zdegradowanych torfowisk, a dziatania podejmowane w tym zakresie,
zamiast stawac si¢ podstawowa metoda zarzadzania zdegradowanymi torfowiskami,
wcigz pozostaja aktywnos$cig niszowg podejmowang przez nielicznych interesariuszy.
Pewne nadzieje mozna wigza¢ z niedawno uchwalonym Rozporzadzeniem (UE)
2024/1991 Parlamentu Europejskiego i Rady z dnia 24 czerwca 2024 r. w sprawie
odbudowy zasobow przyrodniczych i zmiany rozporzadzenia (UE) 2022/869 (Tekst
majacy znaczenie dla EOG), EU Nature Restoration Law, ktorego celem jest mobilizacja
panstw cztonkowskich do dzialan na rzecz odtwarzania ekosysteméw, w tym do
ponownego nawadniania osuszonych torfowisk (European Commission Directorate-

General for Environment, 2022). Restytucja ekosysteméw bagiennych wymaga jednak
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szerokiego spojrzenia i uwzglednienia — poza komponentami przyrodniczymi - réwniez
kontekstu spolecznego, gospodarczego i politycznego, w ktorym te ekosystemy istniejg
(Fleming 1 in., 2021; Grygoruk i Rannow, 2017). Skuteczne strategie odtwarzania
torfowisk musza by¢ zatem oparte na uwzglednieniu lokalnych uwarunkowan
przyrodniczych, spotecznej i gospodarczej dynamiki regionalnej i — niekiedy — wyzwan

transgranicznych (Inglezakis i in., 2016; Masoumeh i in., 2021).

Odtwarzanie torfowisk jest dzialaniem niezbednym do osiggni¢cia zalozonych celéw
neutralnos$ci klimatycznej (Ekardt i in., 2020) i staje si¢ coraz cze$ciej stosowang metoda
systemowego zarzadzania tymi ekosystemami. Problemami stanowigcymi wyzwanie we
wlasciwym planowaniu odtwarzania wtasciwych warunkéw hydrologicznych torfowisk
jest znikomy zaséb danych opisujacych przeszty i aktualny stan przeksztatconych
torfowisk (European Environment Agency, 2021; Rowland i in., 2021), niemal zupeiny
brak obiektéw referencyjnych oraz brak informacji o korzysciach ptynacych z
wlasciwego zarzadzania tymi ekosystemami w skali regionu i zlewni (Anderson, 2014).
Niezbedne staje si¢ zatem opracowanie zintegrowanego podejscia do zarzadzania
ekosystemami zdegradowanych torfowisk, uwzgledniajacego (1) precyzyjny opis
przyczyn i przebiegu ich degradacji, (2) ocene ich stanu w warunkach ograniczonych
informacji o ich przeszlym i aktualnym stanie hydrologicznym, (3) ocen¢ skutecznos$ci
podejmowanych dziatan restytucyjnych oraz (4) ocene¢ korzysci ptynacych z wlasciwego
gospodarowania tymi obszarami w skali catej zlewni. Wymienione powyzej cztery
elementy procesu zarzadzania ekosystemami przeksztalconych torfowisk staty sie
podstawg probleméw badawczych sformutowanych w cyklu publikacji, ktérych

rozwigzania podj¢to probe w niniejszej rozprawie doktorskie;.

2. Cel badan i hipotezy badawcze

Niniejsza rozprawa doktorska ma na celu weryfikacj¢ nastepujacej hipotezy

badawczej:

»Skuteczna restytucja ekosysteméw bagiennych jest mozliwa, mimo istniejagcych
ograniczen pochodzenia hydrologicznego i1 antropogenicznego, oraz prowadzi do
osiggnigcia mierzalnych korzy$ci przyrodniczych 1 spoleczno-ekonomicznych,

mozliwych do ilo$ciowej kwantyfikacji w réznych skalach przestrzennych.”
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Weryfikacja hipotezy badawczej zostala dokonana poprzez realizacje czterech

wymienionych ponizej, osobnych zadan badawczych, na ktére sktadaty sig:

1)

2)

3)

4)

Analiza zmian warunkéw hydrologicznych i hydrograficznych, jakie nastapity na
przestrzeni ostatnich 200 lat (okresu krytycznego dla zachowania wlasciwego
stanu torfowisk na Nizu Europejskim) na obszarze rozlegtych torfowisk nizinnych,
Opracowanie metody oceny $redniego stanu wody na torfowiskach, bgdacego
kluczowym wskaznikiem ich stanu, niezbednym w procesie decyzyjnym
dotyczacym okreslenia celow 1 wskaznikéw ich odtwarzania, niewymagajacej
wieloletniego monitoringu hydrologicznego,

Analiza odpowiedzi hydrologicznej osuszonych torfowisk na powtdrne ich
uwodnienie, jakie nastgpito w wyniku podjetych dziatan ograniczenia odptywu
wody w systemach melioracyjnych oraz

Ocena warto$ci $wiadczen ekosystemow bagiennych oraz analiz¢ kosztow i
korzysci ich restytucji w skali duzej, transgranicznej zlewni nizinnej Srodkowej

Europy.

3. Zarys rozprawy doktorskiej wraz z wykazem publikacji naukowych

Rozprawa doktorska zostala przygotowana w postaci zbioru czterech

opublikowanych i1 powigzanych ze sobg tematycznie artykutéw naukowych. Kazda z

publikacji rozwigzywala jedno sposrdd czterech wskazanych w rozdziale 2. zadan

badawczych, realizujac postawione cele badawcze. Ponizej przedstawiono cztery

publikacje naukowe wchodzace w sktad rozprawy doktorskie;j:

1.
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Stachowicz, M., Venegas-Cordero, N., Ghezelayagh, P., 2024b. Two centuries of
changes - revision of the hydrography of the Biebrza Valley, its transformation
and probable ecohydrological challenges. Ecohydrology & Hydrobiology, 24(4),
738-748 (IF = 2.7). https://doi.org/10.1016/j.ecohyd.2023.08.008,

Stachowicz, M., Banaszuk, P., Ghezelayagh, P., Kamocki, A., Miroslaw-Swiqtek,
D., Grygoruk, M., 2024a. Estimating mean groundwater levels in peatlands using
a Bayesian belief network approach with remote sensing data. Scientific Review
Engineering and Environmental Sciences (SREES), 1-21 (SCOPUS: 2023 SJR =
0,187). https://doi.org/10.22630/srees.9939,



3. Stachowicz, M., Lyngstad, A., Osuch, P., Grygoruk, M., 2025. Hydrological
response to rewetting of drained peatlands — a case study of three raised bogs in
Norway. Land, 14(1), 142 (IF = 3.2). https://doi.org/10.3390/land 14010142,

4. Stachowicz, M., Manton, M., Abramchuk, M., Banaszuk, P., JaraSius, L.,
Kamocki, A., Povilaitis, A., Samerkhanova, A., Schifer, A., Sendzikaité, J.,
Wichtmann, W., Zableckis, N., Grygoruk, M., 2022. To store or to drain — to lose
or to gain? Rewetting drained peatlands as a measure for increasing water storage
in the transboundary Neman River Basin. Science of the Total Environment, 829,

154560 (IF = 8.2). https://doi.org/10.1016/j.scitotenv.2022.154560.

Koncepcja rozprawy doktorskiej polegata na zastosowaniu zintegrowanego podejscia
obejmujacego analize presji, opracowanie autorskiej metody oceny stanu ekosystemu
torfowiska, ocen¢ skutecznosci oraz korzysci plynacych z restytucji ekosystemow
bagiennych, mogacego usprawni¢ efektywne i1 zrownowazone zarzadzanie tymi
obszarami. Podejscie to obejmowato w pierwszym kroku dokumentacje i identyfikacje
presji pochodzenia hydrologicznego i antropogenicznego w skali regionalnej,
wypracowanie metodyki oceny warunkow hydrologicznych torfowisk oraz dokumentacje
odpowiedzi na restytucj¢ w skali lokalnej. Wykonane analizy dopehita ocena kosztow i
korzysci restytucji w skali duzej zlewni transgranicznej (Rys. 1). Artykuty nr 1. 1 4.
stanowig dokumentacj¢ badan stosowanych, a artykuly 2. oraz 3. prezentuja wyniki
przeprowadzonych badan podstawowych obejmujacych dokumentacje stanu

ekosystemow bagiennych w dyscyplinie naukowej inzynieria Srodowiska.

Artykut 1 Artykut 2

Dokumentacja presji Opracowanie metodyki
pochodzenia oceny sytuacji
antropogenicznego i hydrologicznej

hydrologicznego ' torfowisk

o) « Skala regionalna » Skala lokalna ®
§ * Analiza zmian sieci * Predykcja ZW na a.
8 hydrograficznej torfowiskach (model) %
=0

— e
& ‘ g
< : 2
< _ Analiza kosztéw Analiza odpowiedzi g
g i korzysci ponownego hydrologicznej na 3
o nawodnienia ponowne nawodnienie g

osuszonych torfowisk - torfowisk

« Skala lokalna

* Analiza Before-After-
Control-Impact

* Prace w terenie

» Skala duzej zlewni
transgraniczne;j

Artykut 4 Artykut 3

Rysunek 1. Struktura rozprawy doktorskie;.
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W kazdym z artykuléw bylam pierwszym i wiodagcym autorem, a moje zadania
obejmowaly: konceptualizacj¢, wypracowanie metodyki, pozyskanie danych,
przeprowadzenie analiz, prace terenowe, przygotowanie tekstu publikacji, jego recenzja
i edycja oraz opracowanie materiatlow graficznych wizualizujacych wyniki badan. W
kazdym z artykutéw bytam réwniez autorem korespondencyjnym. Wyjasnienia moze
wymagac duza liczba wspotautorow Artykutu nr 4. Badania w ramach tej publikacji
obejmowaly duza zlewni¢ transgraniczng. Do przeprowadzenia analiz opisanych w
artykule niezbedne bylo pozyskanie danych z kazdego z czterech krajoéw potozonych na
obszarze zlewni Niemna. Wymagane dane nie byly publicznie dostgpne i zostaty
stworzone w wyniku mi¢dzynarodowego projektu Interreg Baltic Sea Region Programme
- DESIRE-Development of Sustainable (adaptive) peatland management by Restoration
and paludiculture for nutrient retention and other ecosystem services in the Neman River
catchment, ktérego bytam jednym z wykonawcow. Ponadto, pozyskanie cz¢sci danych
odbyto si¢ z pomoca wspotautorow z Litwy, Biatorusi oraz Rosji, poniewaz wymagato
biegtosci w jezykach narodowych tych krajow. Jednakze, nawet pomimo wspotpracy, nie
udalo si¢ pozyskaé czeSci danych z Bialorusi i Rosji. Duza liczba wspotautorow
artykutéw wchodzacych w sktad rozprawy pozwolita mi jednak roéwnolegle na
rozwinigcie umiejetnosci pracy w miedzynarodowych zespotach badawczych z
badaczami z réznych dyscyplin naukowych (m.in. lesnictwo, biologia i geografia),

stosujacych zréznicowane metody analityczne 1 warsztaty badawcze.

Badania wykonane w ramach rozprawy doktorskiej wpisuja si¢ w model DPSIR
opracowany przez Europejska Agencje Srodowiska (EEA) jako zintegrowane podejscie
do sprawozdawczosci w zakresie stanu S$rodowiska 1 zarzadzaniu $rodowiskiem,
utatwiajace identyfikacj¢ problemow i mozliwych rozwiazah naprawczych istotnych dla
decydentow (European Environment Agency, 2021; Lager i in., 2023). W skiad modelu
wchodzi 5 elementéw: czynniki sprawcze (Drivers), presje (Pressures), stan (State),
wptyw (Impact) oraz odpowiedzi (Responses) (Carr i in., 2007). Badania w ramach
artykuhu nr 1. ilo§ciowo zidentyfikowaty presje oddzialywujace na ekosystemy bagienne,
a model opracowany w artykule 2. umozliwia dokumentacj¢ ich stanu (Rys. 2).
Konsekwencje wynikajace z presji oraz pogorszenia stanu torfowisk wymagaja
konkretnych diagnoz i podj¢cia dziatania. Artykuly 3. i 4. zawieraja praktyczne wnioski,
ktére wskazuja kierunek reakcji poprzez poszerzenie wiedzy o skuteczno$ci dziatan

restytucyjnych na osuszonych torfowiskach oraz korzysciach ptynacych z tych dziatan.
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Znajac role czynnikow sprawczych warunkujacych degradacje oraz restytucj¢ torfowisk,
niniejsza praca stanowi zintegrowang analize DPSIR opisujaca kolejne kroki zarzadzania

torfowiskami.

Stan
*  Obnizanie ZW gruntowej
Murszenie torfu
*  Obnizanie stanéw wéd w
rzekach

Presje
Budowa kanatéw
*  Budowa rowéw mel. Wplyw
Regulacja rzek Utrata torfowisk

Mniej wody w krajobrazie
Utrata siedlisk

i bioréznorodnosci
Zmiany w hydrografii

i morfologii rzek

Czynniki sprawcze
*  Rolnictwo
*  Lesnictwo

Reakcje
Dziatania restytucyjne
(ponowne nawadnianie
torfowisk, renaturyzacja
rzek)

Rysunek 2. Model DPSIR dla ekosystemow bagiennych.

4. Materialy i metodyka

4.1. Obszary badawcze

Badania przeprowadzone w ramach artykuléw bedacych czgécia rozprawy
doktorskiej zostaty wykonane na r6znych obszarach badawczych, na terenie kilku panstw
oraz w roéznych skalach przestrzennych i czasowych (Rys. 3). Praca nad dokumentacja
presji pochodzenia antropogenicznego i hydrologicznego na ekosystemy bagienne
(Artykut 1) oraz opracowanie modelu umozliwiajacego predykcje zwierciadta wody na
torfowiskach (Artykut 2) zostaly wykonane na obszarze Kotliny Biebrzanskiej, w

wigkszosci - Biebrzanskiego Parku Narodowego (BbPN).
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Rysunek 3. Obszary i obiekty badane w ramach rozprawy doktorskiej.

Obszar ten wybrano w zwigzku ze znaczng ré6znorodnoscig ekosystemow bagiennych
wystepujaca na tym terenie, zrdznicowanym stopniem ich zachowania i przeksztalcenia
oraz dostgpnoscig materiatéw i danych z monitoringu umozliwiajacych przeprowadzenie
wyzej wymienionych badan. Analiza odpowiedzi torfowisk wysokich na dzialania
restytucyjne (Artykut 3) zostatla przeprowadzona na przykladzie trzech torfowisk
ombrogenicznych potozonych w Norwegii (Kaldvassmyra, Aurstadmasan i
Midtfjellmésan), gdzie udokumentowano przeprowadzenie takich dzialan oraz
prowadzono monitoring zgodnie z protokolem Before-After Control-Impact (ang. przed-
po, obszar kontrolny-obszar pod wpltywem podjetego dziatania). W artykule 4.
przedstawiono badania przeprowadzone w skali transgranicznej zlewni Niemna — jedne;j
z najwigkszych rzek zlewiska Morza Baltyckiego, gdzie — w przyjetym zestawie zatozen
— wykonano analiz¢ kosztow i1 korzysci wynikajacych z restytucji zdegradowanych
torfowisk na terenie calej zlewni Niemna, obejmujacej tereny Litwy, Biatorusi, Rosji

(obwdd krolewiecki) oraz Polski.
4.2. Dokumentacja i identyfikacja presji na torfowiska

Badania przeprowadzone w ramach publikacji nr 1. stanowig analiz¢ zmian sieci
hydrograficznej w aktualnych granicach BbPN, jakie nastapity na przestrzeni ostatnich
200 lat, dokumentujac presje pochodzenia gldwnie antropogenicznego, ktore maja staty

wplyw na obecne warunki hydrologiczne ekosystemow torfowisk tego obszaru.
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Podstawowym celem bylo poréwnanie historycznej i wspotczesnej sieci hydrograficznej
w granicach BbPN oraz zobrazowanie przeksztalcen i zmian, jakie zaszty w tym regionie.
Schemat metodyki badan wykonanych w ramach artykulu nr 1. przedstawiono na
Rysunku 4. Na podstawie wstepnych prac nad publikacja obejmujacych zapoznanie si¢ z
historia obszaru stwierdzono, ze najwicksze przeksztatcenia sieci hydrograficznej
rozpoczely si¢ w pierwszej potowie XIX wieku, w zwigzku z czym analizy rozpoczeto
od tego okresu. Ocena przeksztalcen sieci hydrograficznej obejmowala analize
poréwnawcza z wykorzystaniem dostgpnych materialdow kartograficznych i1 zrodet
historycznych, takich jak zdjecia lotnicze, mapy historyczne i archiwalne oraz dane ze
wspotczesnych map hydrograficznych i ortofotomap (z lat 1998-2003 1 2021). Analizy
przestrzenne uzupetniono informacjami z istniejacych zrdodet literaturowych. Elementami
sieci hydrograficznej analizowanymi w opracowaniu byly: rzeki, kanaly, rowy

melioracyjne oraz starorzecza.

Prace Pozyskanie Opracowanie Analiza
wstepne danych danych danych

; ' ; E Analiza poréwnawcza:
i ; . E o dtugo$é, kretosé i :
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1 1 » Zdjecia lotnicze ! = i 2 ! St i
obszaru ] ' sieci hydrograficznej ! » rozbudowa sieci rowéw
H X * Ortofotomapy H S H 4 i
* Ustalenie . & * Weryfikacja (prace i melioracyjnych

! R ! (archiwalnei ! ! . !
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starorzeczy

E E E E * potozenie dna koryta
! ! ! i rzekiBiebrzy
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Rysunek 4. Schemat metodyki artykutu 1.

Na podstawie zebranych materialtbw dokonano digitalizacji analizowanych
elementow sieci hydrograficznej w oprogramowaniu GIS (ArcGIS 10.7.1, ESRI i QGIS
Desktop 3.10.4 "A Coruda"), ktéora umozliwita wykonanie dokladnej analizy
poréwnawczej. Wybrano cztery materialy zrodtowe do digitalizacji: mapy historyczne z
XIX 1 XX wieku (Topographisch - Militaerische Karte vom vormaligen Neu Ostpreussen
oder dem jetziger Nordlichen Theil des Herzogthums Warschau nebst dem Russischen
District by Johann Christoph von Textor z roku 1808 oraz Karte des Westlichen
Russlands z lat 1915 i 1921) i ortofotomapy z okresu 1998-2003 oraz z roku 2021.
Wykonana wspolczesna warstwa sieci rowdéw melioracyjnych zostata dodatkowo

zweryfikowana w terenie w ponad 1000 lokalizacjach, gdzie wykonano pomiary
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glebokosci, szerokosci oraz rzednej dna rowow, jak rowniez wykonano obserwacje
obecnosci (przeptywu) wody. Na podstawie opracowanych danych wykonano analizy
poréwnawcze obejmujace analiz¢ zmian dlugosci, kretosci 1 pojemnosci korytowej
ciekow, udokumentowano rozbudowe sieci rowow melioracyjnych i przeksztalcenia
starorzeczy. Dodatkowo, na podstawie danych z pomiaréw hydrometrycznych,

sprawdzono zmiany w potozeniu dna koryta rzeki Biebrzy.
4.3. Opracowanie metodyki oceny sytuacji hydrologicznej torfowisk

W artykule nr 2. podjeto probe opracowania metodyki oceny stanu torfowisk na
podstawie wskaznika — §redniego wieloletniego stanu wody. Oceny wskaznika dokonano
na podstawie samodzielnie opracowanego modelu sieci bayesowskiej, umozliwiajacego
predykcje zwierciadta wod podziemnych na torfowiskach z wykorzystaniem danych
teledetekcyjnych. Wybor tego wskaznika do oceny stanu ekosystemoéw torfowiskowych
jest uzasadniony, poniewaz §redni stan wod podziemnych z wielolecia jest jednym z
kluczowych wskaznikow stanu torfowisk oraz przebiegu szeregu procesow
przyrodniczych i biogeochemicznych. Co wigcej, wartosci $wiadczen ekosystemow
torfowisk w znacznym stopniu zalezag od obecnosci wody. Ponadto, glebokos¢ do
zwierciadla wody warunkujaca wilgotno$¢ wierzchniej warstwy gleb organogenicznych
jest jednym z dominujacych czynnikéw wplywajacych na emisje gazéw cieplarnianych
(Koch 1 in., 2023; Tanneberger i in., 2024). Sieci bayesowskie, bedace modelami
probabilistycznymi, sa powszechnie stosowane m.in. w optymalizacji procesow
decyzyjnych w zarzadzaniu srodowiskiem (Marcot i Penman, 2019). Model ten definiuje
warunkowe zalezno$ci migdzy zmiennymi przy uzyciu twierdzenia Bayesa i okresla
zakres mozliwych wartosci obliczanej zmiennej z pewnym poziomem niepewnosci w
postaci prawdopodobienstw warunkowych (Liu i in., 2016; Neapolitan, 2007; Rohmer,
2020). Metodyka prac badawczych w ramach publikacji nr 2. zostata przedstawiona na

Rysunku 5.
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Rysunek 5. Schemat metodyki artykutu 2.

Konieczne jest podkreslenie, ze celem modelu jest predykcja sredniego zwierciadia
wody na okreslonym obszarze (np. w siedlisku, na dzialce geodezyjnej lub w ptlacie
ro$linnosci), a nie w punkcie. Dane wejsciowe do modelu, dotyczace poziomu wod
podziemnych, byly usrednionymi warto$ciami z wielolecia, zebranymi z sieci 45
piezometréw zlokalizowanych na terenie BbPN. Dane teledetekcyjne obejmowaly
wspotczynnik rozproszenia wstecznego SAR z satelity Sentinel-1, osiadanie torfu oraz
odlegtos¢ do ciekdw wodnych. Wszystkie dane zostaly sklasyfikowane, poniewaz sieci
bayesowskie najlepiej operuja na danych dyskretnych (Cobb i in., 2007). Sie¢ zostata
zaprojektowana jak na Rysunku 6, z parametrami teledetekcyjnymi jako weztami
nadrzednymi oraz poziomem wody jako weztem podrzednym. Model zbudowano oraz
nauczono w oprogramowaniu GeNle Academic Version 4.1 BayesFusion, LLC. Ze
wzgledu na ograniczong dostepno$¢ danych zastosowano dwa podejscia walidacyjne
modelu. Pierwsze podejscie polegalo na utworzeniu 12 losowych poligonéw o
powierzchni 100 ha, z ktérych kazdy obejmowat co najmniej dwa piezometry (Rys. 7A),
w celu obliczenia $redniego poziomu wod podziemnych w danym obszarze. Drugie
podejscie do walidacji wykorzystalo 26 rzeczywistych dziatlek BbPN (bazujacych na
katastrze) (Rys. 7B). W przypadku dzialek BbPN poziom zwierciadta wody podziemne;j
zostal wyznaczony na podstawie jednego piezometru lub $redniej z kilku piezometrow
znajdujacych si¢ w obrebie dzialki. Na obszarach wyznaczonych 100-hektarowych
poligondéw oraz dziatek BbPN obliczono procentowy udzial poszczegélnych klas danych
teledetekcyjnych. Wartosci te stanowily dane wejsciowe do modelu, umozliwiajac
estymacje¢ rozktadu prawdopodobienstw réznych klas poziomu woéd podziemnych.

Proces walidacji miat na celu ocen¢ zgodnosci przypisanej klasy obserwowanego
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poziomu wéd podziemnych na obszarach walidacyjnych z klasg przewidywang przez

model, tj. klasg o najwyzszym prawdopodobienstwie wystapienia.

Wspétczynnik -
rozproszenia Osiadanie torfu Odle'glo's g
ciekow
wstecznego SAR

Poziom ZW

Rysunek 6. Koncepcyjny model sieci bayesowskiej opracowanej w pracy Stachowicz i in.
(20244).

SAR o°class O piezometers
I:] 1 :] polygons/plots
| E :
| E

Rysunek 7. Mapy przedstawiajace 100-hektarowe poligony (A) 1 dziatki BbPN (B) z warstwa
rastrowa wspotczynnika rozproszenia wstecznego SAR jako warstwa podktadowa. Zrodto:
Stachowicz i in. (2024a).

Skuteczno$¢ modelu zostala oceniona za pomocg macierzy btedow (ang. confusion
matrix) i doktadnosci predykcyjnej. Macierz btedow podsumowuje wydajnos¢ modelu
poprzez poréwnanie przewidywanych i rzeczywistych klas i jest wykorzystywana do
walidacji modeli probabilistycznych w zadaniach klasyfikacyjnych (Chen i Pollino, 2012;
Marcot, 2012). Doktadnos¢ predykeji zostata obliczona jako stosunek liczby wiasciwych
okreslen glebokosci do wody w poszczegdlnych klasach do catkowitej liczby
wykonanych predykcji.

4.4. Analiza odpowiedzi hydrologicznej na restytucje¢ torfowisk
Badania przedstawione w artykule nr 3. byly studium przypadku trzech osuszonych

torfowisk wysokich w Norwegii, gdzie przeanalizowano odpowiedz hydrologiczng na ich
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ponowne nawodnienie poprzez zablokowanie rowdéw melioracyjnych. Poszczegodlne

etapy przeprowadzonej analizy przedstawiono na Rysunku 8.
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Rysunek 8. Schemat metodyki artykutu 3.

Badania przeprowadzono na trzech przesuszonych i powtdrnie uwodnionych
torfowiskach ombrogenicznych: Kaldvassmyra, Aurstadmésan i Midtfjellmésan, zgodnie
z protokotem Before-After Control-Impact. W kazdej lokalizacji zainstalowany byt zbior
piezometréw do pomiaru poziomu wod podziemnych (wykonanych z rur PVC o $rednicy
50 mm i dlugo$ci max. 3 m, ujmujacych wody z pierwszego, swobodnego horyzontu
wodono$nego), rozmieszczonych w zasiggu oddzialywania rowow melioracyjnych oraz
w punktach referencyjnych, potozonych poza spodziewanym obszarem oddziatywania
podjetych dziatan restytucyjnych (Rys. 9). W kazdym z piezometréw znajdowaly si¢
automatyczne rejestratory ci$nienia, z ktdrych dane po pobraniu poddano kompensacji z
cisnieniem atmosferycznym 1 przeliczono na glgbokosci do zwierciadla wody
pierwszego, najplytszego horyzontu wodonos$nego. Dane obejmowaty okres od instalacji
piezometréw w sierpniu 2015 r. do konica gromadzenia danych w lipcu 2021 r. Dziatania
restytucyjne obejmowaly blokowanie rowow tamami torfowymi, ktore zostato
przeprowadzone w r6znych terminach dla kazdej lokalizacji: Aurstadméasan w 2016 r.,

Kaldvassmyra w 2017 r. a Midtfjellmésan w 2018 r.

Skuteczno$¢ blokowania rowow zostata oceniona w drodze statystycznej analizy
porownawczej standow wod podziemnych przed i po ponownym nawodnieniu. Zbadano
takze zmiany w czasie trwania korzystnych dla funkcjonowania torfowisk poziomow
zwierciadla wody oraz okreslono zasigg wplywu zatamowah rowow. Analizy
statystyczne, w tym regresja liniowa i nieparametryczny test Wilcoxona dla par
obserwacji, zostaly przeprowadzone przy uzyciu oprogramowania statystycznego R

wersja 4.1.2 (R Core Team, 2023). Dodatkowo przeanalizowano warunki
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meteorologiczne (opad) w okresie przed i po nawodnieniu, aby okresli¢ tto zmienno$ci
warunkow hydrologiczno-meteorologicznych mogacych wptyna¢ na koncowe wyniki

analizy skuteczno$ci dziatan restytucyjnych.

K4.20Pg4 50P
+

Rysunek 9. Mapy z lokalizacjami piezometrow na torfowiskach Aurstadmésan (A),
Kaldvassmyra (B) i Midtfjellmésan (C) (,,*” oznacza punkt referencyjny; strzatki wskazuja
kierunki przeplywu w rowach). Widoczne tamy torfowe zbudowane w Kaldvassmyra (D) i

Aurstadmasan (E) z lokalizacja piezometrow. Na podstawie Stachowicz i in. (2025).
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4.5. Analiza kosztow i korzySci restytucji osuszonych torfowisk

Glownym celem badan wykonanych w ramach publikacji nr 4. byto ilo§ciowe
okreslenie 1 ocena korzysci plynacych z ponownego nawadniania torfowisk w
transgranicznej zlewni Niemna, w szczegolno$ci poprzez oszacowanie mozliwych zmian
w zdolno$ci magazynowania wody w wyniku restytucji torfowisk. Metodyka badan do
artykulu zostata przedstawiona na Rysunku 10. Analizy wstepne opieraty si¢ na danych
z kazdego z krajow bedacych na obszarze zlewni — warstwy torfowisk oraz warstwy sieci
rowow melioracyjnych. Warstwy torfowisk zlewni Niemna oraz sie¢ rowow
melioracyjnych na terenie Litwy oraz Polski zostaty pozyskane dzigki pracom na rzecz
projektu DESIRE, wspomnianego w rozdziale 3. Dla obszarow zlewni Niemna
potozonych na terenie Biatorusi oraz Rosji samodzielnie wykonatam kartowanie sieci
rowow melioracyjnych na podstawie danych przestrzennych i teledetekcyjnych. Do
dalszych analiz wykluczono torfowiska o powierzchni mniejszej niz 5 ha oraz wybrano
tylko te, ktdrych teren przecinaty rowy melioracyjne. Ostateczna baza danych zawierata
8885 poligondow torfowisk. Zastosowanym scenariuszem dziatan restytucyjnych byto

tamowanie rowOow melioracyjnych.

Pozyskanie Opracowanie Analiza danych Analiza danych
danych danych (retencja wody) (koszty i korzysci)

* Wykluczenie torfowisk o
pow. mniejszej niz 5 ha * Okreslenie ilosciowe
* Warstwy torfowisk w * Wybér torfowisk, na zwigkszenia zdolnosci

i i * Oszacowanie kosztéw
kazdym z krajow ! terenie ktérych znajdujg ! magazynowania wody

restytucji torfowisk
¢ Poréwnanie kosztéw i
korzysci

* Sie¢ rowéw sig rowy mel. w scenariuszu
melioracyjnych * Obliczenie dtugosci restytucji torfowisk
rowéw mel. na kazdym * Wycena retencji wody
obiekcie

______________________________________________________________________________________________________________

Rysunek 10. Schemat metodyki artykutu 4.
Do oszacowania mozliwego zwigkszenia zdolno$ci magazynowania wody w

scenariuszu restytucji zdrenowanych torfowisk uzyto rownania (Grygoruk i in., 2018):

V = ahl (S + %) (Rownanie 1)

gdzie V to ilo$¢ wody zatrzymanej w wyniku zablokowania rowoéw w m?’; a jest
wspoOtczynnikiem  korygujacym  rzeczywista zdolno$¢  pietrzenia w  rowie

(bezwymiarowy); h oznacza wysoko$¢ pietrzenia w rowie w m; / oznacza dtugos$¢ rowow,
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ktére znajdujg si¢ w granicach kazdego torfowiska w m; b to $rednia szeroko$¢ rowu w
m; 7 to $redni promien zasiggu oddziatywania pigtrzenia w przekroju poprzecznym od
rowu; p jest srednig porowatos$cia gleby (bezwymiarowa). Zastosowano kilka scenariuszy
wartosci /4, r oraz p (facznie 18 scenariuszy). W zwiazku z duzg skalg badan oraz brakiem
danych dla kazdego z torfowisk, nalezy podkresli¢, ze konieczne bylo zastosowanie
r6znych zatozen (np. o szeroko$ci rowow). Wartos$¢ oczekiwanych korzysci z ponownego
nawodnienia torfowisk zostala zmierzona w jednostkach monetarnych poprzez
oszacowanie warto$ci retencji wody w EUR-m’rok!. Dokonano tego poprzez
zastosowanie podejscia Grygoruka i in. (2013), opartego na S$rednich kosztach
projektowania, budowy, obstugi i amortyzacji sztucznych zbiornikéw wodnych, gdzie

zastosowano rownanie 2.:

Spal = - Dr1 (Réwnanie 2)

i(RC + M)/iRv

gdzie Syu oznacza jednostkowg warto$¢ magazynowania wody w EUR-m3-rok’!; Rc

oznacza calkowita sum¢ wydatkéw poniesionych na projekt i budowe zbiornika w EUR;
M oznacza koszty utrzymania zbiornika w EUR (w tym badaniu przyj¢to warto$¢ rowna
0, poniewaz nie udalo si¢ uzyska¢ informacji w tym zakresie); Rv oznacza catkowitg

objetos$¢ zbiornika w m?; Dr oznacza roczng stope amortyzacji (bezwymiarowa).

Kolejnym krokiem prac badawczych bylo oszacowanie kosztow ponownego
nawadniania torfowisk na podstawie dostgpnych danych dotyczacych réznych dziatan
zwigzanych z nawadnianiem. Przeanalizowano trzy rdzne scenariusze w zaleznosci od
typoOw tamy 1 szerokosci rowow. W badaniu zalozono, ze rowy melioracyjne
zlokalizowane na torfowiskach w zlewni Niemna zostang zablokowane zaporami
umieszczonymi co 0,2 m w spadku. Zatozono, ze trwalo$¢ i zywotno$¢ tamy wynosi 40
lat, co odpowiada stopie amortyzacji wynoszacej 2,5% rocznie, typowej dla instalacji
hydrotechnicznych w UE. Wykonane analizy umozliwity porownanie kosztow i korzysci
ponownego odtwarzania torfowisk w réznych scenariuszach, aby okresli¢ optacalnosé

tych dziatan.
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S. Wyniki i dyskusja
S5.1. Dokumentacja i identyfikacja presji na torfowiska

Badania wykonane w ramach artykutu nr 1. wykazaly szereg zmian, ktére zaszty w
sieci hydrograficznej obszaru BbPN na przestrzeni XIX-XXI wieku. Nalezy podkresli¢,
ze dane historyczne, w szczegdlnosci XIX-wieczna mapa Textora z 1808 roku, sa
obarczone znacznym btedem. W zwigzku z tym poroéwnanie catosciowej zmiany dlugosci
rzek (ciekow naturalnych) od XIX jest niemiarodajne — w efekcie analiza wykazata, ze
taczna dlugos$¢ rzek jest mniejsza o okoto 12 km niz obecnie. Btad ten wynika z
niedoktadnego przedstawienia ciekow na mapie Textora, gdzie przebieg meandrow nie
odzwierciedlat rzeczywisto$ci, a czg¢$¢ ciekow w ogodle pominigto. Inaczej wyglada
porownanie wspotczesnej dlugosci rzek z dhugoscia w XX wieku. Warstwa ciekow
wodnych wykonana na podstawie arkuszy mapy Karte des Westlichen Russlands z lat
1915-1921 wykazuje znacznie wigksza dokladno$¢. Na podstawie tej mapy mozna
zaobserwowac spadek obecnej dtugosci rzek o okoto 24 km w stosunku do XX wieku.
Dane z 1808 r. wykazuja, ze na obszarze BbPN nie byto woéwczas kanaldéw, co pokrywa
si¢ z informacjami z literatury - pierwsze kanaly zbudowano w latach 1846-1861
(Maleszewski, 1861). Na przestrzeni badanego okresu wybudowano ich kilka, m.in.
Kanat Woznawiejski i Kanat Rudzki, facznie o dtugosci okoto 44 km. Zmiany mozna
réwniez wykazaé¢ na poziomie indywidualnych ciekéw. Czg$¢ z nich ulegla znacznemu
skroceniu w wyniku przeprowadzonych regulacji koryta i odcigciu meandrow a
wspotczynnik kretosci oraz pojemno$¢ korytowa zmalaly. Dotyczy to gtownie rzek Netty
1 Kosodki, ktorych bieg zostal wyprostowany, a dlugo$¢ zmniejszyta si¢ o 41 i 47%,

odpowiednio.

Gesto$¢ sieci rowdw melioracyjnych réwniez ulegla znacznym zmianom na
przestrzeni lat. Laczna dlugo$¢ rowow melioracyjnych na terenie dzisiejszego BbPN,
obliczona na podstawie analizy arkuszy mapy Karte des Westlichen Russlands z lat 1915-
1921, wynosita okoto 88 km. W XXI wieku wartosci te sg ponad 6-krotnie wyzsze —

dhugos¢ wszystkich rowdéw melioracyjnych wynosi 542 km.
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Rysunek 11. Rozkiad gestosci sieci rowdw melioracyjnych w latach 1915-1921 i w 2021 r.
Zrddto: (Stachowicz i in., 2024b).

W latach 1915-1921 najgestsza sie¢ rowow znajdowata sie w Basenie Gornym
Biebrzy, powyzej wsi Sztabin, gdzie gestos$¢ sieci dochodzita do ok. 51 m-ha'!. Obecnie
sie¢ rowow melioracyjnych rozciagga si¢ na calym obszarze BbPN, w tym obejmuje
znaczng cze$é Dolnego i Srodkowego Basenu Biebrzy oraz prawie caly Basen Gorny,
gdzie gesto$¢ sieci rowow melioracyjnych siega ok. 114 m-ha! (Rys. 11).
Przeprowadzone analizy wykazaly znaczng intensywno$¢ antropogenicznych
przeksztalcen sieci hydrograficznej na badanym obszarze, gtéwnie w celu umozliwienia
dziatalnosci rolniczej. Dziatania te, poza zaburzeniem naturalnego rezimu
hydrologicznego rzek, spowodowaty istotne osuszenie sgsiadujgcych cennych torfowisk
biebrzanskich, prowadzac do ich degradacji. Takie zmiany w strukturze sieci rzecznej
moga mie¢ daleko idace konsekwencje ekohydrologiczne, wptywajac zardwno na
ekosystemy, jak i dobrostan ludzki. W obliczu udokumentowanych przeksztatcen
konieczne jest wdrozenie zintegrowanego zarzadzania systemami rzecznymi, ktore

zapewni ich zrbwnowazone uzytkowanie oraz ochrong.
5.2. Opracowanie metodyki oceny sytuacji hydrologicznej torfowisk

Wyniki z opracowanej w wyniku badan nad artykulem nr 2. sieci bayesowskiej
wykazaty, ze stworzony model skutecznie przewiduje klasy poziomu wédd podziemnych
na torfowiskach, chociaz ma pewne ograniczenia. Wydajnos¢ modelu zostata oceniona
przy uzyciu dwoéch podej$¢ walidacyjnych: jednego obejmujacego 100-hektarowe losowe

wielokaty, a drugiego wykorzystujacego rzeczywiste dziatki z Biebrzanskiego Parku
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Narodowego. Wyniki modelu, po wprowadzeniu procentowych udziatéw
poszczego6lnych parametrow teledetekcyjnych na badanym obszarze, przedstawione sag w

postaci rozktadu prawdopodobienstw w wezle podrzednym (Rys. 12).

Peat subsidence rate
Subs1 333
Subs2 66.7
Subs3 0

Distance to the watercourse
D1 ol

Rysunek 12. Wyniki sieci bayesowskiej na przyktadzie jednej z analizowanych dziatek BbPN.
Zrédto: Stachowicz i in. (2024a).

Model osiggnat doktadnos$¢ predykcyjng na poziomie 83,3% przy walidacji metoda
100-hektarowych wielokatow, prawidtowo przewidujac 10 z 12 klas, chociaz niektore
klasy (C1 i1 C3) nie byly reprezentowane w zbiorze walidacyjnym (Rys. 13A). Przy uzyciu
dzialek BbPN, dokladno$¢ modelu spadta do 73,1%, przewidujac poprawnie 19 z 26
predykcji (Rys. 13B). Obserwowane wartosci zwierciadta wody podziemnej w obu
zestawach  walidacyjnych  wykazywaly = ograniczong  zmiennos¢,  gléwnie
odzwierciedlajac klase C5, co powoduje potencjalny brak rownowagi w dystrybucji klas,
wptywajacy na dokladno$¢ modelu. Analiza wrazliwosci wykazata, ze wspotczynnik

rozproszenia wstecznego SAR mial najsilniejszy wptyw na wynik modelu.

A B
» C5 0 0 0 5 o & o . 0 ! 0 .
7] 2] r
L ikl Scs 0 1 0 11 0 eqw
gca| 0 0 0 1 s 2
S Ocs 0 2 1 0 0
o (5}
£ O i : 0 gc2| 0 [ 7 | 1] 0| o0
o o O 0
C2 0 0 1 ci| 0 2 0 0 0
Cc2 C3 C4 C5 C1 Cc2 C3 C5 C6
Predicted GWL class Predicted GWL class

Rysunek 13. Macierze bledow dla dwoch metod walidacyjnych modelu: 100-hektarowych
poligonow (A) i dziatlek BbPN (B). Zrédto: Stachowicz i in. (2024a).
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Pomimo niepewnosci, opracowany model sieci bayesowskiej moze by¢ oplacalng
(efektywna kosztowo) i1 skuteczng alternatywa dla tradycyjnych metod pomiaru
zwierciadla wody podziemnej na torfowiskach, szczeg6lnie w miejscach, gdzie pomiary
terenowe nie s3 mozliwe ze wzgledu na uwarunkowania geopolityczne lub topograficzne.
Wynika to ze znaczacej roli tatwo dostepnych danych teledetekcyjnych o wysokiej
rozdzielczo$ci. Kolejnym krokiem bedzie wprowadzenie dalszych ulepszen poprzez
wlaczenie dodatkowych parametrow 1 stworzenie modelu regresji wielorakiej
umozliwiajacego powigkszenie zbioru danych. Wypracowane podejscie nalezy rowniez

przetestowa¢ na innych obszarach, poza BbPN.
5.3. Analiza odpowiedzi hydrologicznej w restytucji torfowisk

W badaniu przeanalizowano zmiany giebokosci wod podziemnych w latach 2015-
2021 na wybranych torfowiskach wysokich, w 29 piezometrach, po zablokowaniu rowow.
Po wdrozeniu $rodkow nawadniajacych odnotowano wzrost $redniego poziomu wod
podziemnych we wszystkich monitorowanych obiektach. Poziom zwierciadta wody w
piezometrach po zablokowaniu rowéw wykazat §redni wzrost o 0,08, 0,04 1 0,08 metra,
odpowiednio dla Kaldvassmyra, Aurstadmésan i Midtfjellmésan (Rys. 14). Biorgc pod
uwage wszystkie obiekty tacznie, $rednio poziom wody wzrost o 0,06 metra. Z kolei w
piezometrach referencyjnych, na ktére nie miaty wplywu dzialania restytucyjne,
odnotowano $redni spadek o 0,01 metra. Wyniki te sg poréwnywalne z badaniami Karimi
i in. (2024), gdzie uzyskano doktadnie taka samg warto§¢ wzrostu zwierciadta wody po

ponownym nawodnieniu osuszonego torfowiska niskiego w Szwecji.

Stabilny poziom wod podziemnych ma zasadnicze znaczenie dla zachowania
wlasciwosci torfu i rownowagi pomigdzy emisja gazow cieplarnianych a akumulacja
wegla. Badania wskazuja, ze poziom wod podziemnych glebszy niz 30 cm zmniejsza
tempo sekwestracji dwutlenku wegla (Liu i in., 2022), podczas gdy poziom okoto 11,7
cm ma kluczowe znaczenie dla utrzymania funkcji ekosystemu torfowiska (Lamentowicz
iin., 2019). Biorac pod uwage te wartosci jako wskaznik, dziatania restytucyjne znaczaco
zwigkszyly czasy trwania zwierciadta wody powyzej wymienionych w literaturze
warto$ci. W ogdlnym ujeciu, ponowne nawadnianie wydhuzyto czas, w ktdrym poziom
wod podziemnych wynosit 30 cm lub wiecej o 11,5%. W przypadku wartosci 11,7 cm
jako wskaznika, zablokowanie rowow wydluzylo $rednio o 27,7% okres, w ktorym

poziom wod podziemnych wynosit 11,7 cm lub wigcej. Podsumowujac, czas z
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korzystnymi warunkami hydrologicznymi dla funkcjonowania torfowisk zostat

wydluzony po dziataniach restytucyjnych (Rys. 15).

Srednia odleglo$é od rowéw, na ktorej zaobserwowano wzrost poziomu wod
podziemnych po zablokowaniu odptywu, wyniosta 24,8 m w Kaldvassmyra, 12,7 m w
Aurstadmasan i 14,1 m w Midtfjellmasan. Sredni zasieg oddziatywania blokady rowu,

obliczony jako §rednia arytmetyczna z powyzszych wartosci, oszacowano na 17,2 m.
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Rysunek 14. Wykresy pudetkowe ilustrujace poréwnanie zwierciadta wod podziemnych w
roznych okresach przed i po ponownym nawodnieniu. Wiersz A reprezentuje srednie poziomy
wod podziemnych z piezometréw bedacych w zasiggu oddziatywania tamowan, podczas gdy
wiersz B pokazuje dane z piezometrow kontrolnych. "ns" —p > 0,05; "*" —p <= 0,05;
mEEREY < =(,0001. Zrodho: Stachowicz i in. (2025).
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Rysunek 15. Krzywe czasu trwania gigbokosci wod podziemnych przed i po ponownym
nawodnieniu w Kaldvassmyra, Aurstadmasan i Midtfjellmasan. Zrodlo: Stachowicz i in. (2025).

Nalezy podkresli¢, ze chociaz mozna zaobserwowac niemal natychmiastowa reakcje
stanow wod podziemnych powtdrnie uwadnianych torfowisk na podje¢te dziatania
blokowania odptywu z rowdw, inne elementy charakterystyki ekosystemu, takie jak
roslinno$¢ (Kreyling i in., 2021; Kyrkjeeide i in., 2024), fizyczne wiasciwosci torfu
(Schimelpfenig i in., 2014) czy emisje gazdéw cieplarnianych (Schaller i in., 2022),
wymagaja wigcej czasu na reakcje (Menberu i in., 2016). Monitoring $rodowiska
odtwarzanych torfowisk powinien wigc obejmowaé dluzsze okresy, aby skutecznie
udokumentowa¢ te zmiany (Page 1 Baird, 2016). Jakkolwiek, przywrocenie
odpowiednich warunkéw hydrologicznych rozumianych jako wysokie uwilgotnienie
wierzchniej warstwy gleby jest niezbedne, poniewaz degradacja osuszonych torfowisk
bez zadnej interwencji moze postgpowaé, szczegdlnie w zmieniajacych si¢ warunkach

klimatycznych (Loisel i Gallego-Sala, 2022).
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5.4. Analiza kosztow i korzysci restytucji osuszonych torfowisk

Na podstawie analiz wykonanych w ramach artykulu nr 4. odkryto, ze ponowne
nawodnienie osuszonych torfowisk moze znacznie zwigkszy¢ retencje wody w dorzeczu
rzeki Niemen, przy potencjalnym wzroscie od ok. 24 do 118 milionéw m?,
odpowiadajacemu okoto 0,14-0,7% calkowitego rocznego odplywu rzeki. Srednia
warto$¢ retencji wody wyniosta 0,51 EUR-m*-rok™! (Tab. 1), co pozwolito na porownanie
zyskow ekonomicznych z ponownego nawadniania torfowisk z poniesionymi kosztami

(Tab. 2).

Sredni koszt dzialan zwigzanych z ponownym nawadnianiem wyniost okoto 1114
EUR za pojedyncza tame, przy czym konkretne koszty r6znig si¢ znacznie w zaleznos$ci
od zastosowanej metody. Proste tamy wykonane z torfu i drewna moga kosztowaé
zaledwie 50 EUR za tame. Bardziej ztozone tamy drewniano-torfowe moga kosztowac
od 1500 do 1850 EUR. Tamy wyposazone w urzadzenia do regulacji przeptywu moga
podwoi¢ koszty od okoto 3000 do 3680 EUR za tamg¢. Do obliczen przyj¢to trzy rozne
scenariusze kosztow budowy tam. W zalezno$ci od zastosowanego scenariusza kosztow
tamowan, koszt ponownego nawodnienia wszystkich osuszonych torfowisk w zlewni

Niemna wyniostby od ok. 4,2 mIn EUR-rok™!' do ok. 31,2 min EUR-rok ..

Tabela 1. Przyktadowe koszty budowy zbiornikow na Biatorusi, Litwie i w Polsce
wykorzystane do oszacowania $redniej rocznej wartosci magazynowania wody. Na podstawie
Stachowicz i in. (2022).

Rok Objetosé Przeliczone Wal:.toéé .
Panstwo Nazwa zbiornika budowy — kosz[tlyz Il}ll;(]lowy [ ll{‘:eé(;{l.cl:ll;:zﬂ_yl | Zrédlo
PL Kuznica - Loso$na 2004 0,053 591 487 0,28 1
PL Suwatki 2021 0,004 267 920 1,67 2
LT Angiriai 1980 15,5 25317382 0,04 3
LT Vaitiekiinai 1980 0,5 22163 603 1,11 3
LT Krekenavos 1978 0,34 1 899 432 0,14 3
LT Balsupiai 1977 0,848 2938 149 0,09 3
BY OctpoB (Ostrov) 1997 2,12 22 004 527 0,26 4
Srednia arytmetyczna 0,51

1 - Siemieniuk i in. (2015), 2 - Guibourgé-Czetwertynski (2020), 3 - Anon (1982), 4 - https://feeder.by
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Tabela 2. Szacunkowe koszty dziatan technicznych majacych na celu ponowne nawodnienie
torfowisk i wartosci retencji wody (gdy r = 50 m i p = 0,83). Na podstawie Stachowicz i in.

(2022).
Obliczone wartosci BY LT PL RU Lacznie
Koszt tam — scenariusz A
4156 61 2529851 10928 49 725 68454
[EUR-rol 3 9 9287 97 77
Koszt tam — scenariusz B
18395821 11196301 483670 220068 30295861
[EUR rok”'|
Koszt tam — scenariusz C 31286939 19042259 822608 374284 51526091
[EUR rok™'|
0.1 16153631 6913182 324286 203665 23594763
Laczna objetosé
retencjonowanej wody 0.3 48460892 20739546 972857 610994 70784 289
[m?]
0.5 80768 154 34565910 1621429 1018323 117973815
0.1 8238352 3525723 165386 103869 12033329
Laczna warto$¢
retencjonowanej wody 0.3 24 715 055 10577 168 496 157 311 607 36 099 987
[EUR rok™]
0.5 41191758 17628614 826929 519345 60 166 646
Wartosé 0.1 4081720 1030432 58426 54148 5224726
retencjonowanej wody 03 20558423 8081877 389198 261886 29291384
netto — scenariusz A
[EUR'rok™] 0.5 37035127 15133323 719969 469624 53358 043
Wartosé 0.1  -10157553 -7517626  -307983  -116178  -18 099 340
retencjonowanej wody 0.3 6319151  -466 181 22 789 91 560 5967318
netto — scenariusz B
[EUR'rok™] 0.5 22795854 6585265 353560 299297 30033977
Wartosé 0.1  -23048728 -15256401 -639702  -270379  -39215210
retencjonowanej wody 0.3 6572025  -8204955  -308931  -62642  -15148552
netto — scenariusz C
[EUR'rok™] 0.5 9904678  -1153509 21841 145 096 8918 106

Analiza wykazala, Ze korzy$ci ekonomiczne wynikajace z warto§ci magazynowania

wody, szacowane miedzy 12 a 60,2 min EUR rok!, w wiekszos$ci przewyzszaty koszty

ponownego nawadniania, ktére wahaty si¢ od 6,8 do 51,5 mln EUR rocznie w zaleznosci

od zastosowanego scenariusza kosztow tam. Najkorzystniejsze wyniki ekonomiczne byty

zwigzane z wyzszymi wysoko$ciami pigtrzenia (0,3 i 0,5 metra), gdzie warto$¢ netto

retencji wody pozostata dodatnia, co wskazuje, Zze ponowne nawadnianie osuszonych

torfowisk jest optacalng 1 ekonomicznie efektywna strategia zrownowazonego

zarzadzania krajobrazem i praktykami rolniczymi w regionie. Uzyskane wyniki stanowig

podstawe do wykorzystania torfowisk jako zwigkszenia retencji w krajobrazie i

podkreslaja znaczenie optymalizacji strategii nawadniania w celu maksymalizacji

korzy$ci i minimalizacji kosztow.
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6. Whnioski

W niniejszej rozprawie doktorskiej, poprzez realizacj¢ czterech odrebnych,
powigzanych tematycznie artykulow naukowych, dokonano pozytywnej weryfikacji

postawionej hipotezy badawczej.
Gltowne wnioski rozprawy doktorskie;j:

e Skuteczna restytucja ekosysteméw bagiennych jest mozliwa, a istniejace
ograniczenia (tj. czasowa 1 przestrzenna dynamika opadéw oraz wieloletnie,
drenujace oddziatywanie systemow melioracyjnych) nie uniemozliwiajg osiggnig¢cia
mierzalnych korzys$ci przyrodniczych i1 spoleczno-ekonomicznych. Co wigcej,
korzysci te sag mierzalne w roznych skalach przestrzennych oraz w czasie.

e FEkosystemy bagienne s3 pod wplywem intensywnej presji antropogenicznej i
hydrologicznej, ktéra nasilita si¢ na przestrzeni XIX-XXI wieku, a gtéwnym jej
czynnikiem jest regulacja rzek oraz znaczna rozbudowa sieci row6éw melioracyjnych.
Przewaznie w wyniku tych dziatan torfowiska ulegaja osuszaniu, dlatego restytucja
musi by¢ nakierowana na zminimalizowanie dalszego oddziatywania rowow
melioracyjnych na obnizanie poziomu wod podziemnych poprzez ich blokowanie.
Ponadto, konieczne jest zaprzestanie regulacji rzek oraz ich renaturyzacja tam, gdzie
to mozliwe.

e W obliczu wystepujacych presji oraz potrzebie restytucji torfowisk, niezbedne jest
rozszerzenie monitoringu na jak najwigkszej liczbie obiektow. Dzigki opracowanej w
rozprawie doktorskiej metodyce oceny $redniego poziomu wdd podziemnych na
okreslonych obszarach, polegajacej na zastosowaniu tatwo dostgpnych danych
teledetekcyjnych z podejsciem sieci bayesowskich, staje si¢ to mozliwe, chociaz
wymaga dalszych ulepszen. Opracowana metoda moze rowniez postuzy¢ do analizy
odpowiedzi hydrologicznej na restytucj¢ torfowisk, nawet przy braku
dhlugoterminowego monitoringu.

e Mimo ze podwyzszenie zwierciadla wod podziemnych po ponownym nawodnieniu
osuszonych torfowisk wysokich jest mniejsze, niz mozna oczekiwaé, a zasieg
oddziatywania nawadniania torfowisk poprzez budowg zapdr jest ograniczony
przestrzennie, nie oznacza to braku skuteczno$ci w przywracaniu korzystnych
warunkow hydrologicznych. Restytucja osuszonych torfowisk wysokich jest nadal

efektywna, nawet w warunkach zmiennego opadu.
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e Restytucja torfowisk w skali zlewni duzej rzeki nizinnej w klimacie umiarkowanym
pozwala na znaczne zwigkszenie retencji zlewni, potencjalnie zwigkszajac zdolnos¢
magazynowania wody w dorzeczu o nawet 0,7% rocznego odplywu, a korzysci
wynikajace ze zwigkszenia retencji w wyniku ponownego nawadniania osuszonych
torfowisk poprzez blokowanie rowow przewyzszaja koszty poniesione na te dziatania.
Przedstawione wyniki wskazuja, ze odtwarzanie torfowisk stanowi alternatywe dla
budowy sztucznych zbiornikdw retencyjnych w zrownowazonym zarzadzaniu

zlewnig.

W $wietle wynikow przedstawionych w niniejszej rozprawie mozna stwierdzi¢, ze
restytucja torfowisk powinna sta¢ si¢ elementem narodowych strategii zarzadzania
srodowiskiem, a decydenci powinni priorytetowo traktowa¢ finansowanie i zasoby dla
projektow ponownego nawadniania torfowisk, szczegdlnie w krajobrazach rolniczych,
gdzie integracja strategii retencji wody ma kluczowe znaczenie dla odpornosci na zmiany
klimatyczne, susze i powodzie. Moze to obejmowaé opracowanie ukierunkowanych
strategii planowania przestrzennego w celu zidentyfikowania i przywrdcenia najbardziej
priorytetowych obszaréw torfowisk, wspierajac w ten sposdb zrownowazone praktyki
rolnicze, jednoczes$nie zwigkszajac uslugi ekosystemowe. W tym celu szczeg6lnie
pomocna moze okaza¢ si¢ opracowana metodyka wykorzystania danych

teledetekcyjnych do monitoringu poziomu wéd podziemnych na torfowiskach.

7. Wplyw wynikow badan na rozwoj dyscypliny naukowej inzynieria
srodowiska, gornictwo i energetyka

Niniejsza rozprawa doktorska rozszerza wiedz¢ w dyscyplinie inzynieria §rodowiska,
gornictwo 1 energetyka w konteks$cie zarzadzania torfowiskami, dokumentujac presje
oddzialywujace na te ekosystemy oraz uzupetniajac badania o skuteczno$ci ponownego
nawadniania torfowisk w postaci analizy odpowiedzi hydrologicznej na te dziatania.
Ponadto praca opisuje praktyczne zastosowanie inzynierii Srodowiska w zakresie
odtwarzania ekosysteméw podkreslajac znaczenie zréwnowazonego zarzadzania
zasobami wodnymi. Uwzglednia takze aspekty gospodarcze zwigzane z ochrong
torfowisk, wskazujac na potrzebg¢ integracji nauki z praktyka decyzyjnag w zarzadzaniu
terenami podmoktymi. Rozprawa prezentuje postep metodyczny poprzez opracowanie
nowej, autorskiej metodyki predykcji poziomu wod podziemnych na torfowiskach przy

uzyciu sieci bayesowskich i danych teledetekcyjnych, jak i analize kosztow i korzysci
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ponownego nawadniania torfowisk. Przeprowadzone analizy pozostawiaja pole do
dalszych badan. Szczeg6lne mozliwo$ci rozwoju prezentuje opracowany w rozprawie
doktorskiej, autorski algorytm stuzacy do zdalnej (opartej na danych teledetekcyjnych)
oceny sytuacji hydrologicznej torfowisk, gdzie mozliwe jest zastosowanie ulepszen
poprawiajacych jego funkcjonalno$¢ oraz wzbogacenie o dodatkowe parametry —

predyktory.

Rozprawa doktorska oferuje ponadto praktyczne wnioski przyblizajace wdrozenie
dzialan restytucyjnych torfowisk w celu maksymalizacji korzysci ekologicznych,
hydrologicznych i spoteczno-ekonomicznych. Wnioski wyciagniete z przedstawionych
badan moga stanowi¢ podstawe dla przysztych dzialan restytucyjnych w obliczu rosnace;j
potrzeby zréwnowazonego zarzadzania S$rodowiskiem, koniecznosci skutecznego
retencjonowania wody oraz ograniczania emisji gazow cieplarnianych. W tym ujeciu,
przedstawione wyniki badan maja warto$¢ poznawcza i utylitarna, w zakresie nauk

inzynieryjno-technicznych, ekonomii oraz nauk przyrodniczych.
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Human-induced changes in hydrography have led to serious changes in the hydrological and ecological condition
of ecosystems, including habitat fragmentation and reduction of water in the landscape. The aim of this study was
to assess the transformation of the hydrographic network in the Biebrza National Park (BbNP) over the XIX-XXI
centuries and to analyze its probable ecohydrological challenges. The analysis of changes in the hydrographic
network was based on a spatial comparison of hydrographic network elements on the basis of spatial sources.
As a result of both natural and human-induced processes, there have been significant changes to elements of the
hydrographic network of the BbNP. The length, area and sinuosity of the rivers in the BbNP area have decreased
significantly in the XIX-XXI centuries, in contrast to the length of the canals dug in the XIX century - their length
increased. On average, river channelization reduced channel water storage capacity by 49%. In other cases the
average decrease of storage capacity of the channel was about 14%. As a result of drainage works in the XIX
century, the network of drainage ditches was established in the BbNP, which was significantly extended (more
than 6 times) in the XXI century. A comprehensive analysis of hydrographic changes, their causes and possible
consequences is necessary to understand the dynamics of river networks. It also makes it possible to predict
the future ecohydrological response of rivers to anthropogenic influences and climate change, thus helping to

establish appropriate management and ecohydrological restoration of aquatic ecosystems.

1. Introduction

As a result of natural processes, as well as anthropogenic pressure,
the landscape has been significantly transformed over the years. This
transformation extends to rivers and the broader hydrographic net-
works, which are dynamic systems experiencing natural changes in their
morphology and planform (Chang, 2008; Clerici et al., 2015). However,
the most pronounced changes in hydrography are being driven by cli-
mate change and human activities (Kayitesi et al., 2022). These trans-
formations are caused by direct human interventions in the channels
like accommodation of rivers for navigation purposes, as well as indi-
rect activities in the catchment, such as drainage for agriculture, which
result in a disturbed hydrological regime, channel adjustments and mi-
gration over time (Kang and Kanniah, 2022). Rivers and their valleys are
crucial dynamic ecosystems, serving as valuable habitats and ecological
corridors that support biodiversity (Rinaldo et al., 2018). Consequently,
any alteration in the river basin has profound effects on ecohydrology
(Agostinho et al., 2009; Gliiska-Lewczuk, 2005; Schiemer et al., 2007;
Zhang et al., 2016).

The expansion of urban and agricultural areas, along with changes
in land use, has imposed significant alterations on the river network,

* Corresponding author.
E-mail address: marta_stachowicz@sggw.edu.pl (M. Stachowicz).
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putting immense pressure on rivers and water bodies. Human-induced
changes in hydrography have had serious implications for the hydro-
logical and ecological state of ecosystems, leading to habitat fragmenta-
tion and reduced water availability in the landscape (Grabowska et al.,
2014). For example, river channelization has resulted in adverse con-
sequences, such as excessive siltation, posing a severe threat to bio-
diversity by reducing the variety of taxa and the abundance of or-
ganisms (Graf et al., 2016; Hohensinner et al., 2018). In addition to
direct transformation of rivers, irreversible changes in their valleys
were caused by agricultural land drainage (Hildebrandt-Radke and Przy-
bycin, 2011). Artificial drainage was found to be the most significant
factor in increasing flow rates and consequently making rivers more
erosive (Schottler et al., 2014). Urbanization of catchment areas has
similarly influenced river behavior, morphology, and patterns over ex-
tended periods, leading to changes like channel widening with the dis-
appearance of highly sinuous meanders or notable increases in stream
power (Ashmore et al., 2023). Changes in land use and land cover,
especially intensive agriculture and expansion of urban areas, nega-
tively impact aquatic ecosystems by decreasing water quantity and qual-
ity and disrupting nutrient balance (Wang et al., 2023). The modifi-
cation of river networks also affects fish migration and restricts the
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potential for biocoenosis to recreate if river continuity is disturbed
(Décamps, 2011; Zolfagharpour et al., 2022). Finally, modified river net-
works and changed hydromorphology remain a key background for river
restoration (Thomas, 2014). That is why, assessment of changes in river
network structure, morphology and history, remains an indispensable
background for any modern, wise river management actions.

The aim of this study was to assess the transformation of the hydro-
graphic network within the Biebrza Valley in the Biebrza National Park
(BbNP) from the XIX to the XXI centuries and analyze its consequences,
such as changes in channel retention. The analysis of changes in the
hydrographic network in the BbNP during this period was based on a
spatial comparison of hydrographic network elements, such as rivers,
channels and drainage ditches, on the basis of available and acquired
spatial sources, including historical and archival maps and aerial pho-
tographs.

2. Materials and methods
2.1. Study area

Biebrza National Park has an area of 59,717 ha and it is located
in the North-Eastern Poland, in a temperate continental climate zone
(Grygoruk et al., 2021) (Fig. 1). Average annual temperature in the area
is 6.6°C with high seasonal variations and average annual precipitation
of 574 mm (Grygoruk and Rannow, 2017). The post-glacial Biebrza Val-
ley is characterized by an abundance of valuable floodplains and peat-
lands, which are the habitat of many species of unique flora and fauna
(Mirostaw-Swiatek et al., 2020; Wassen et al., 2006).

The first major changes to the hydrographic network in the Biebrza
Valley, resulting from human activity, began in the 19th century with
the construction of the Augustéw Canal between 1824 and 1839. Orig-
inally intended as an inland waterway connecting the Vistula River to
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Fig. 1. Biebrza National Park (BbNP) area with
rivers, channels and drainage network.

the Neman River, the canal did not fulfill its navigational purpose as
expected (Okruszko and Byczkowski, 1996). To implement this project,
a 70-km section of the Biebrza River and a 30-km section of the Netta
River underwent regulation, including channel straightening and deep-
ening (Ber et al., 2007). The channelization of the Netta River marked
the start of irreversible hydrological changes in the modern Biebrza Na-
tional Park, leading to reduced groundwater levels and initiating the
peat mucking and drying process in the surrounding Biebrza marshes
(Maciak and Gotkiewicz, 1983).

The start of land reclamation work dates to 1845
(Maleszewski, 1861). Planned land reclamation was to allow in-
tensification of agriculture and improvement of the situation of the
local community. In the course of the land reclamation work in the
19th century, in addition to ditches, several canals were built. The
largest changes caused by regulation at that time affected the Eik
and Jegrznia Rivers (Byczkowski et al., 1998). The main canals that
significantly affected these watercourses were the Rudzki Canal and
the Woznawiejski Canal, dug between 1846 and 1861. Two smaller
canals were also built: Leg Canal and Kapicki Canal. However, the
Leg Canal suffered from lack of maintenance and eventually became
overgrown and partially disappeared. The next significant stage in
the transformation of the hydrographic network of the Biebrza Valley
was drainage work in the post-war period, which included a major
expansion of the drainage ditch network. A total of about 18,000 ha
of peatlands in the Middle Biebrza Basin were drained (Okruszko and
Byczkowski, 1996). These drainage activities, combined with canal
construction and an extensive network of ditches, caused adjacent
wetlands to dry up considerably and led to the degradation of the
valuable Biebrza peatlands through the process of mucking. As a
response, restoration measures were initiated in the second half of the
20th century. These measures included improving the passability of
the Jegrznia River channel, raising the water level in the Woznawiejski
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Canal, and filling in ditches and drainage channels (Bielak, 2006;
Byczkowski and Kubrak, 1996).

2.2. Cartographic documents

The characteristics of the modern hydrographic network in the
Biebrza Valley and the assessment of its changes from the XIX to the
XXI century were carried out on the basis of fieldwork and analysis of
cartographic materials (GIS layers of the shape of the hydrographic net-
work). The primary goal was to compare the historical and contempo-
rary hydrographic network within the boundaries of the Biebrza Na-
tional Park (BbNP) and illustrate the transformations and changes that
occurred in this region over the specified period. The evaluation of the
hydrographic network’s transformation involved a comparative analysis
utilizing available cartographic materials and historical sources, such as
aerial photographs, historical and archival maps, and data from mod-
ern hydrographic mapping. Spatial analyses were complemented by in-
formation from existing literature sources. The elements of the hydro-
graphic network analyzed in the study were: rivers, canals, drainage
ditches and oxbow lakes. Oxbow lakes in this study were defined as sec-
tions of a meandering river that became cut off (Guo et al., 2023), either
through natural or artificial processes.

The changes in the hydrographic network in the Biebrza National
Park in the XIX-XXI centuries, which were revealed during the study,
include transformations of the course and channels of rivers, changes in
the density of the network of drainage ditches or changes in the length
of watercourses. Transformations resulting from activities of anthro-
pogenic origin (river regulation, restoration, expansion of the drainage
ditch network, etc.), as well as natural processes (lateral erosion, me-
andering, etc.) were taken into account. Digitation of rivers was done
manually, along their centerline.

Selected historical cartographic materials from the 19th and 20th
centuries were used to characterize the historical hydrographic network
in Biebrza National Park, including:

» Topographisch - Militaerische Karte vom vormaligen Neu Ost-
preussen oder dem jetziger Nordlichen Theil des Herzogthums
Warschau nebst dem Russischen District at a scale of 1:150000 by
Johann Christoph von Textor (sheets Sect. 5 and Sect. 9 published
in 1808),

Topographical Chart of the Kingdom of Poland (Quartermaster Map)
at a scale of 1:126000 (sheets Kol.VI Sect.IV, Kol.VI Sect.V and Kol.V
Sect.Il issued in 1843),

Karte des Westlichen Russlands (Map of Western Russia) on a scale
of 1:100000, issued in 1892-1921 (sheets L28 Goniadz, L29 Tykocin,
M27 Suchowola, N27 Grodno-Zachéd from 1915 and sheet L27
Prostken-Grajewo from 1921),

Tactical Map of Poland of the WIG (Military Geographical Institute)
at a scale of 1:100000 issued in 1924-1939 (sheets P34 S35 Goniadz,
P34 S36 Suchowola from 1930, P34 S36 Grajewo, P34 S37 Grodno-
Zachéd from 1929 and P36 S35 Tykocin from 1931).

In addition, archival orthophotos from 1998 and 2003 were used to
analyze the hydrographic network in the 20th and 21st centuries (access
to an archival orthophoto of a section of the Lower Biebrza Basin was
available since 2003). The analysis of the modern hydrographic network
was based on a standard, up-to-date orthophoto (Standard Resolution)
and vector data obtained from the mapping and inventory of modern el-
ements of the hydrographic network in 2021. In addition, historical and
contemporary aerial photographs, available in the National Geoportal
service, were used for spatial verification. The in-camera analyses cov-
ered the BbNP area of 59,717 hectares.

2.3. Methodology used in hydrographic network analysis

The development and analysis of spatial data was carried out using
GIS tools (ArcGIS 10.7.1, ESRI software and QGIS Desktop 3.10.4 “A
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Corufia”). Individual elements of the historical hydrographic network
(rivers, canals and drainage ditches) were digitized manually based on
selected maps from the XIX-XXI centuries and presented as vector layers.
Digitization of elements of the hydrographic network on the basis of
selected historical cartographic sources from the 19th and 20th centuries
made it possible to make a comparative analysis of the hydrographic
network between different periods.

As part of the first stage necessary for the mapping of historical el-
ements of the hydrographic network, selected scans of historical maps
were subjected to the process of georeferencing (georectification), i.e.
giving them spatial reference and coordinates. This made it possible to
use the selected maps as a base for mapping. Georeferencing of the maps
was carried out in the PUWG1992 coordinate system. Control points
with known coordinates (most often infrastructure elements, roads, in-
tersections) were used for calibration. The selection of historical maps
that were used to digitize the analyzed elements of the hydrographic net-
work in the BbNP was made on the basis of several criteria, including
the quality, resolution of the map and the possibility of its calibration
(georeferencing). Based on the aforementioned criteria, two historical
maps were finally selected:

* 19th century: Topographisch - Militaerische Karte vom vormaligen
Neu Ostpreussen oder dem jetziger Nordlichen Theil des Herzogth-
ums Warschau nebst dem Russischen District by Johann Christoph
von Textor,

« 20th century: Karte des Westlichen Russlands (Map of Western Rus-
sia) published between 1892 and 1921.

In addition, other maps listed in Chapter 2.2 and aerial photographs
were used for analysis and verification. Archived orthophotos in the
WMS network viewing service were used to assess transformations in the
late 20th and early 21st centuries. The modern hydrographic network
was mapped based on the orthophotos from year 2021 in the WMTS
network viewing service. As a comparative database of watercourses,
drainage ditches and oxbow lakes, helping to verify individual objects,
the database of the Hydrographic Division Map of Poland at a scale
of 1:10000 and the Database of Topographic Objects were used. The
result of historical mapping were layers representing elements of the
hydrographic network from different historical periods. Analogous to
elements of the modern hydrographic network, historical vector objects
were created in the PUWG1992 coordinate system.

2.4. Input data and field validation

Given the difficulties in accurately identifying the drainage net-
work using remote sensing alone, data on the shape of drainage ditches
were developed based on the results of field verification and mapping
(Sampaio and Rocha, 2022). All positively verified (existing in the field)
drainage ditches were adopted for the analysis, and the contemporary
network of drainage ditches was taken as the current state.

Using the gathered and compiled spatial data, an analysis was con-
ducted on the changes in the length, sinuosity, and channel storage ca-
pacity of watercourses, as well as the length and density of drainage
ditches. To calculate the channel sinuosity of selected rivers during
various periods, the sinuosity coefficient was employed. This coeffi-
cient represents the ratio of river length to valley length and was cal-
culated using the following formula (Bajkiewicz-Grabowska and Mag-
nuszewski, 2002):

k=1,/1, M

where k is the sinuosity coefficient [-], [, is the length of the river in-
cluding meanders in km and I, is the length of the valley in km (in the
case of the present study, the lengths of the river and the valley within
the BbNP boundaries are interpreted).

Additionally, on the basis of data from the Results of hydrometric
measurements of the IMGW (The Institute of Meteorology and Water
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Table 1
Changes in the length of watercourses over the XIX-XXI centuries.
Length of all Length of rivers Length of

Year watercourses [km] [km] channels [km]
1808 284.54 284.54 0.00
1915-1921 361.54 320.72 43.30
1998-2003 343.63 299.79 43.84
2021 340.15 296.44 43.71

Table 2

Percentage change in length of selected watercourses.

Name of the Change in watercourse length Change in watercourse length
watercourse between 1808 and 2021 [%] between 1915 and 2021 [%]
Biebrza 7.6 -1.7

Brzozéwka 14.2 -27.3

Dybta 43.9 -8.7

Etk 3.0 -15.0

Jegrznia -26.9 -7.0

Kopytkéwka -11.9 -18.4

Kosédka -46.8 -24.2

Lebiedzianka -19.7 -18.8

Narew -26.3 -32.8

Netta -41.2 11.7

Management) from 1961-1981 and own data of the Department of Hy-
drology, Meteorology and Water Management of the Warsaw University
of Life Sciences, changes in the elevation of the bed of the Biebrza River
at three water gauge stations were analyzed: Sztabin (1961-2021), Os-
owiec and Burzyn (1961-1981). The minimum elevation of the bottom
in a section was calculated as the difference between the ordinate of the
water table at the time of measurement and the maximum depth (T,,,,)
found at that day in a given section.

3. Results
3.1. Transformation of watercourses

The shape and structure of the watercourses in the BbNP have
changed over the course of the 19th and 21st centuries. Based on se-
lected historical cartographic material, archival and contemporary or-
thophotos, vector layers were created in the PUWG1992 coordinate sys-
tem, on the basis of which changes in length, area or sinuosity of water-
courses were calculated. It should be noted that historical data, partic-
ularly the 19th century Textor’s map of 1808, is subject to considerable
error. Analysis of the maps indicates that the 1808 map inaccurately de-
picts the course of the river (meanders) and omits some watercourses. As
aresult, the total length of rivers (understood as natural watercourses) in
1808 is lower (about 12 km) than that of today. The comparison between
the contemporary length of rivers and the length in the 20th century is
different. The layer of watercourses made on the basis of the Karte des
Westlichen Russlands map sheets from 1915-1921 shows much higher
accuracy. Based on this map, a decrease in the current length of rivers
relative to the 20th century (about 24 km) can be observed (Table 1).
The data from 1808 shows that there were no canals in the BbNP area
at that time, which corresponds to information from the literature - the
first canals were dug in 1846-1861 (Maleszewski, 1861).

Changes in the length of watercourses are also evident at the in-
dividual watercourse level (Fig. 4, Table 2). However, the data from
1808 may contain inaccuracies, particularly in the representation of the
river’s meanders, leading to an erroneous indication that the length of
the Biebrza River in the BbNP area increased by approximately 8% over
the 19th to 21st centuries. Similar measurement uncertainties also ap-
ply to other rivers, with some sites showing distinct differences in length
between 1808 and 2021, primarily attributed to river regulations. This
applies primarily to the Netta River and its regulation in 1824-1839 as
part of the construction of the Augustéw Canal (Fig. 2). Relative to the
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Fig. 2. Section of the Topographical Chart of the Kingdom of Poland (Quarter-
master Map) of 1843 showing the regulation of the Netta.

Table 3
Sinuosity coefficients of selected rivers over the 19th to 21st centuries.

Name of the watercourse Sinuosity coefficient [-]

1808 1915 1998 2021
Biebrza 1.49 1.63 1.64 1.61
Dybta 0.99 1.56 1.42 1.42
Etk 1.75 213 1.80 1.81
Jegrznia 2.23 1.75 1.63 1.63
Kosédka 1.74 1.22 1.00 1.00
Netta 1.99 1.05 1.17 1.17

period before the construction of the Augustéw Canal and data from
1808, the Netta River in the BbNP area is shorter by about 41% (5.70
km). Similar transformations were experienced by the Kosédka River,
which was shortened by about 47% (6.37 km) as a result of regulations.
Relative to historical data, the Jegrznia, Kopytkéwka, Lebiedzianka and
Narew rivers, among others, also shortened their course in the BbNP.
In the period 1915-2021, the average density of watercourses also de-
creased from 11.8 m/ha to 11.5 m/ha, which is partly due to the disap-
pearance of numerous distributaries, e.g. in the Biebrza and Elk rivers
(Fig. 5).

In addition to the changes in length itself, an indicator that shows
the regulation or natural transformation of river channels over the years
is the sinuosity coefficient. However, the greatest differences are seen
in the case of channelization (Netta, Kos6dka) (Fig. 3, Table 3). The
sinuosity coefficient of the Netta River before regulation was 1.99, and
currently it is 1.17. The coefficient for the Kosédka River is 1.74 and
1,00 for 1808 and the current data from 2021, respectively. A clear
reduction in the channel sinuosity over the XIX-XXI centuries can also
be observed in the case of the Elk or Jegrznia rivers.

During the analyzed period, the lengths of canals also changed sig-
nificantly - at the beginning of the 19th century, there were no artificial
watercourses in the area of the present BbNP at all. The first of them
were dug in 1846-1861 (Rudzki Canal, Woznawiejski Canal, L.eg Canal,
Kapicki Canal). According to cartographic materials from 1915-1921
(Karte des Westlichen Russlands), the total length of canals at that time
was about 43.3 kilometers. Over the years, the length of the canals has
increased, and today it is about 43.7 km. Relative to the years 1915-
1921, the length of the Leg Canal decreased more than 2 times. This
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Fig. 3. Transformation of the Kosédka (Kamianka) River as a result of regulation (A - before regulation, Textor’s map of 1808; B - after regulation, Karte des

Westlichen Russlands of 1915).

occurred as a result of lack of flow and maintenance, which led to over-
growth and partial disappearance (Okruszko and Byczkowski, 1996).

As well as changes in channel length and sinuosity, changes in the
surface area of watercourses have also been recorded. The analysis of
surface area changes was made only on the basis of the archival or-
thophoto from 1998-2003 and the orthophoto from year 2021. Dur-
ing the indicated period, the total area of rivers decreased by about 10
hectares — surface of rivers was around 409 ha in years 1998-2003 and
around 399 ha in 2021. In addition to anthropogenic factors, the change
in area may be due to natural processes, such as cutting off sections of
channels leading to the formation of oxbow lakes.

In addition to the main watercourses, especially on cartographic data
from the 19th and 20th centuries, other watercourses, river distribu-
taries or deltas can be observed. The total length of such watercourses
calculated on the basis of Textor’s map of 1808 was about 336 km, and
on the basis of data from the Karte des Westlichen Russlands map sheets
of 1915-1921 - 48.8 km. Such a large value for the 1808 data is due to
the presence of numerous branches on Textor’s map (Supplementary
Material - Fig. 4).

In addition to changes in the geometry of the watercourses, analysis
of historical cartographic materials has made it possible to note changes
in the naming of rivers. An example is the river nowadays called Kopy-
tkéwka, which in the 19th century was considered a part of the Netta
River (Fig. 6).

3.2. Transformation of oxbow lakes

As a result of the natural dynamics of the rivers located in the BbNP,
many oxbow lakes have formed in their valleys. Most of them are located
in the Biebrza River valley. In addition to natural processes, some of the
oxbow lakes in the BbNP area were formed as a result of river regulation
by cutting off meandering channels. This applies primarily to the Netta
River, whose riverbed was regulated in the 19th century, thus transform-
ing the original meandering sections of the river channel into artificially
created oxbow lakes. Over the years, in addition to transformations re-
sulting from human activity, there have been changes in the number
and area of oxbow lakes as a result of natural processes. Compared to
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Table 4
Changes in area and number of oxbow lakes over the 20-year period
(1998/2003-2021).

Year Surface [ha] Count [-]
1998-2003 391.59 608
2021 356.98 580

Table 5
Length of drainage ditches by year.

Year Length of ditches [km]
1915-1921 87.89
2021 541.81

the turn of the 20th and 21st centuries, the data analysis indicated a
decrease in the number and area of oxbow lakes. In 1998-2003, the to-
tal area of oxbow lakes in the BbNP was about 392 hectares, while in
2021 it was 357 hectares (Table 4). Although the creation of new oxbow
lakes as a result of river channel cutting has been observed (Fig. 7 and
Supplementary Material — Fig. 5), the area of oxbow lakes has decreased
by 35 ha. This may be due to the disappearance of oxbow lakes due to
drying or overgrowth, which may be accelerated by fertilizers leaching
from agricultural fields, leading to excessive eutrophication.

3.3. Transformation of the drainage ditch network

The densities of the drainage ditch network have also changed con-
siderably over the years. Parallel to the digging of the main canals, agri-
cultural land reclamation with minor drainage ditches was also carried
out in the 19th century. The total length of drainage ditches in the terri-
tory of today’s BbNP, calculated on the basis of an analysis of the Karte
des Westlichen Russlands map sheets from 1915-1921, is about 88 km.
These values are more than 6 times higher in the 21st century (Table 5).
Such large differences are due to intensive land reclamation works car-
ried out in the post-war period (Chapter 2.1).
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Fig. 5. Distribution of densities of natural and artificial watercourses between 1915-1921 and in 2021.

In 1915-1921, the densest network of ditches was located in the Up-
per Biebrza Basin, above the village of Sztabin (Fig. 8). The density in
this area reached up to about 51 m/ha. The average density of ditches in
the reclaimed area of the BbNP was 8.5 m/ha. Nowadays, the network
of drainage ditches extends over the entire BbNP area, including cover-
ing a large part of the Lower and Middle Biebrza Basin and almost the
entire Upper Basin. The highest density of the drainage ditch network
reaches 113.53 m/ha. The average density of ditches in the drained area
of the BbNP is 16.37 m/ha.

3.4. Changes in the Biebrza river bed elevation

Calculated riverbed elevations at the Sztabin water gauge station
were 111.9-115.3 m above sea level, at the Osowiec station 99.4-104.7
m above sea level, and at the Burzyn station 98.1-98.9 m above sea level.
The compiled data indicate a steady decrease in the elevation of the
Biebrza River bottom in the three cases analyzed (Fig. 9). Considering
the trend line, over the years 1961-1981, the decrease in the Biebrza
River bottom elevation at the Sztabin water gauge station was about 13
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Table 6

Summary statistics of the Mann-Kendall test for riverbed elevations at
the Sztabin, Osowiec and Burzyn water gauge stations.

Gauge station Kendall’s tau p-value Sen’s slope
Sztabin -0.181 0.264 -0.013
Osowiec 0.200 0.230 0.030
Burzyn -0.069 0.697 -0.003

cm, at the Osowiec water gauge station about 41 cm, and at the Burzyn
water gauge station about 17 cm. It is also worth noting an additional
measurement made in 2021 at the Sztabin water gauge station, which
fits the decreasing trend line, indicating that the lowering of the Biebrza
riverbed elevation is a progressive process. The lowering of the riverbed
elevation at this water gauge station over the period 1961-2021 was
39 cm. The Mann-Kendall trend test was conducted, revealing negative
Kendall’s tau values and Sen’s slopes in the Sztabin and Burzyn gauge
stations (Table 6). Although the p-values for all stations were greater
than the significance level alpha=0.05, this does not necessarily imply
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the absence of trends in changing riverbed elevations. Additional data,
especially from the period spanning 1981 until the present, would be
essential to further assess any potential trends.

3.5. Changes in river channel retention capacity
The most drastic changes in channel storage capacity of rivers, re-

sulting from the reduction of river length, occurred in the case of river
straightening, such as in the Netta, Kosodka, Horodnianka and Kropiwna
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Fig. 6. A section of the Topographical Chart
of the Kingdom of Poland (Quartermaster Map)
of 1843 showing modern Kopytkéwka River de-
scribed as Netta River.

Fig. 7. Documentation of the transformation of
a section of the Biebrza River channel and the
formation of oxbow lakes (A - 2003; B - 2012;
C - 2021). Source of aerial picture: standard
orthophoto and archival standard orthophotos
(https://www.geoportal.gov.pl/).

Rivers. Netta River lost 410,000 m3 (41%) of channel water retention
capacity, Kosédka — 76,000 m? (47%), Horodnianka — 4,000 m3 (51%)
and Kropiwna — 17,000 (56%). On average, river channelization reduced
channel water storage capacity by 49%. Average decrease in channel
storage capacity in other cases (e.g. reduction of its branches and dis-
tributaries) was approximately 14% (Table 7). Similarly to the changes
in river length described in Chapter 3.1, the 1808 data are subject to er-
rors resulting from the inaccurate spatial representation of certain rivers
on Textor’s map.
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Table 7
Changes in channel storage capacity of selected rivers in the Biebrza National Park between XIX
and XXI centuries.

River Channel storage capacity [m?] Changes in channel storage capacity [%]
1808 1915-1921 2021 Compared to 1808 Compared to 1915

Biebrza 9,437,210 10,334,320 10,158,760 7.6 -1.7

Brzozéwka 165,100 259,420 188,520 14.2 -27.3

Dybta 103,460 163,070 148,920 43.9 -8.7

Etk 911,810 1,105,350 939,220 3.0 -15.0
Horodnianka 8,640 4,400 4,240 -50.9 -3.7
Jastrzebianka 13,610 19,810 19,510 43.4 -1.5

Jegrznia 503,370 395,710 368,040 -26.9 7.0
Klimaszewnica 0 17,430 16,580 0 -4.9

Kopytkéwka 441,160 476,200 388,620 -11.9 -18.4

Kosédka 163,400 114,850 87,010 -46.8 -24.2

Kropiwna 0 29,680 13,110 0 -55.8
Lebiedzianka 61,190 60,470 49,110 -19.7 -18.8

Narew 451,190 494,570 332,330 -26.3 -32.8

Netta 994,810 523,120 584,530 -41.2 11.7
NiedZwiedzica 4,830 7,130 5,660 17.4 -20.6
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4. Discussion

The observed transformations of the hydrographic network in the
studied area strongly suggest a significant impact of anthropogenic ac-
tivities, in line with historical sources. Most of the changes that occurred
between the XIX and XXI centuries can be attributed to human interven-
tion. However, it is important to note that these changes were initially
motivated by the need to combat famine and improve agricultural con-
ditions for the population in the Biebrza Valley area. In the case of all
natural elements of the hydrographic network, i.e. rivers and oxbow
lakes, a reduction in the length or area of the objects has been observed.
Almost every individual river has lost in length and area (river narrow-
ing). The opposite is true for artificial objects, i.e. canals and drainage
ditches, the number and length of which have significantly increased
over the years, also leading to the transformation of natural objects. The
case of the Biebrza Valley is not the only representative of the long-term
changes in the hydrography. There have been similar findings in other
parts of the globe over different periods of time and most of the sig-
nificant alterations were found to be human-induced (Wu et al., 2018).
Observations from various river systems around the world have revealed
significant morphological changes occurring over different time spans.
In the Quevedo River of Ecuador, a decrease in river length (-2.9%)
and sinuosity has been observed over approximately 40 years (Clavijo-
Rivera et al., 2023). Similarly, in the Reno River Catchment of Northern
Italy, changes in land use since the 1950s have had a serious impact
on river morphology, leading to a substantial reduction in riverbed area
(40-80%) and alterations to river channel shapes, transitioning from a
braided river channel to a single channel (Pavanelli et al., 2019). Fur-
thermore, the Polish Biala River has shown river channel narrowing at a
rate of 16-57% over 130 years, while the Lower Siret River in Romania
experienced a channel width reduction of approximately 46% between
1940 and 2010 (Hajdukiewicz and Wyzga, 2023; Salit et al., 2015).
These examples highlight the dynamic nature of river systems and un-
derscore the significant influence of both natural processes and human
activities on the morphological changes these rivers undergo over time.

Human activities in the channel or land use changes (e.g. floodplain
reclamation) have been found to strongly influence the discharge capac-
ity of rivers (Zhou et al., 2023). Slater’s (2016) research has found that
a 10% reduction in channel capacity can result in an average increase
of flood occurrence of approximately 1.5 days per year. In case of the
BbNP area, the reduction in channel lengths of rivers and sinuosity is
accompanied by a reduction in channel storage capacity over the same
distance, which means that there is less water in the landscape. The most
severe results are seen where river regulation involves the channeliza-
tion of watercourses. On top of that, channelization results in significant
changes to riverbeds. The effects of channelization can extend over large
time scales (decades, centuries) and large spatial scales (even hundreds
of kilometers) (van Denderen et al., 2022).

Considering data from the years 1915-1921 and 2021, on average
rivers in the BbNP area have been shortened by about 14% in a cen-
tury, while the length of drainage ditches has increased 6-fold. Addi-
tionally, as land drainage in the Biebrza Valley in the XIX-XX centuries
has lowered groundwater levels in the area, it may have led to a re-
duction in baseflow, resulting in perennial rivers becoming intermittent
(Yifru et al., 2021). This might be the case of Dybta and Kopytkéwka
rivers, which are slowly disappearing.

It should be noted that the analyses performed are subject to error
due to the quality of the data available. There is a large uncertainty in
the geometry of hydrographic network elements analyzed on the basis
of historical maps. In addition, vector layers created on the basis of or-
thophotos represent the shape and geometry of hydrographic network
elements at the time of taking a given photo. This geometry can vary de-
pending on when the photo was taken, including whether it was taken
at high water. Despite these uncertainties and limitations, analysis of
historical and archival cartographic materials remains a valuable tool
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for assessing transformations of the hydrographic network of natural or
human induced origin.

River network changes in the Biebrza Valley can have diverse eco-
hydrological consequences. They can alter the water balance of the en-
tire river basin. Increased densities of drainage ditches along with the
regulation of selected stretches of rivers (Wissa, Sidra, Lebiedzianka,
Elk) made the groundwater level decline an areal issue in the whole
valley (Okruszko et al., 1996). Changes in the river network have
likely affected the sediment flow through the river system, leading
to changes in drainage base elevations (e.g., Fig. 9) and the nutri-
ent levels (as discussed by Grygoruk et al., 2015). The modifications
in the river network could also have implications for the carbon cy-
cle by altering the transport of organic matter and nutrients, which,
along with observation of soils deterioration in the Biebrza Valley
could remain an important issue in carbon sequestration and retention
(Siedlecki et al., 2016). The biogeochemical cycle of the Biebrza River
basin has likely changed due to the number of factors, including climate
change, soil organic matter mineralization along with the land cultiva-
tion and farming (Aufdenkampe et al., 2011). Finally, changes in the
river network altered the flood regime of Biebrza, especially in the Up-
per and Middle Basins of the Biebrza Valley (Byczkowski et al., 1998;
Byczkowski and Kiciriski, 1991). Given these consequences, it is essen-
tial to carefully manage river systems, incorporating ecological conser-
vation and restoration initiatives, to ensure their sustainable use and
protection (Zhu et al., 2016). This requires adaptive management plans
that adopt a basin-scale approach and encourage collaboration among
all segments of society, including politicians, civilians, water managers,
and scientists (Moore, 2021).

Reduction of the area of oxbow lakes can be attributed to regional
changes of drainage base. Although in this study we could focus only
at river bottom elevation measurements in one gauging station (Fig. 9),
this is likely a much larger scale phenomenon. Lowering drainage base
can induce faster drainage of groundwater, which can result in changing
oxbow connectivity, shallowing of these water bodies, and — eventually
- in their disappearance (Stapiniska et al., 2016).

Understanding the dynamics of river networks requires a compre-
hensive analysis of hydrographic changes, their underlying causes, and
potential consequences (Wu et al., 2023; Zhou et al., 2022). This can
aid in identifying morphological changes to water bodies caused by
both natural processes and long-term human activity, thereby meet-
ing the monitoring requirements of the Water Framework Directive
(European Commission, 2000). Moreover, this approach enables the
prediction of how rivers might respond to anthropogenic perturbations
or climate change, facilitating the establishment of suitable manage-
ment strategies and hydrological and ecological restoration of rivers
and wetlands (Gomes et al., 2023). While many changes in hydrography
originate from anthropogenic interventions aimed at improving human
livelihoods, it is crucial not to overlook the significance of maintaining
water security for sustainable, healthy ecosystems, and the preservation
of habitats (Hauer et al., 2013; Kang and Kanniah, 2022). These efforts
ultimately support a broad range of ecohydrological processes, serving
the best interests of society as a whole.

5. Conclusions

A number of conclusions can be drawn from the analyses carried out
as part of the study:

1. As aresult of both natural and human-induced processes, there have
been significant changes to elements of the hydrographic network
of the BbNP. The natural dynamics of rivers have led to changes in
the shape of their channels, including the creation of new meanders,
the cutting off of old meanders and the formation of oxbow lakes.
However, many of the rivers have been altered by regulation, includ-
ing Netta and Kosédka rivers, which have been straightened. Over
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the years, some of the rivers have also begun to dry up and become
overgrown, leading to their disappearance (Dybta, Kopytkéwka).

. The length, area and sinuosity of the rivers in the BbNP area have
decreased significantly in the XIX-XXI centuries, in contrast to the
length of the canals dug in the XIX century - their length has in-
creased significantly.

. The current (2021) area and number of oxbow lakes is lower com-
pared to 1998-2003, although the formation of new oxbow lakes as
a result of river channel cutting has been observed. The observed
changes may be due to the disappearance of oxbow lakes due to
drying up or overgrowing.

. As a result of drainage works in the 19th century, the first network
of drainage ditches was established in the BbNP, which was signif-
icantly extended (more than 6 times) in the 21st century. In 1915-
1921 the densest network of ditches was located in the Upper Biebrza
Basin, above the village of Sztabin. Today, the network of drainage
ditches extends over the entire BbNP area, including a large part of
the Lower and Middle Biebrza Basin and almost the entire Upper
Basin.

. The elevation of the Biebrza River bottom at the Sztabin, Osowiec
and Burzyn water gauge stations over the years 1961-1981 has de-
creased significantly, by 13, 41 and 17 cm, respectively. Taking into
account an additional measurement made in 2021 at the Sztabin
water gauge station, the bottom elevation at this location decreased
by 39 cm, indicating that the decrease in the Biebrza River bottom
elevation is a progressive process.

. On average, river regulation in the Biebrza Valley reduced chan-
nel retention capacity by 49%. Average decrease in channel storage
capacity in other cases, where river regulations were not involved,
reached approximately 14%. These changes were induced by other
factors - natural or indirect human activities (e.g. land drainage, ur-
banization). The reduction in channel storage capacity in this case is
the result of a variety of channel adjustments and alterations, such
as the reduction of river branches and distributaries, cutting of me-
anders, or narrowing of rivers.
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Introduction

Contemporary management of peatlands requires documentation of their current
state to serve as a baseline for future evaluations within an adaptive management
approach (United Nations Environment Programme [UNEP], 2022). One critical
aspect of this documentation is assessing greenhouse gas (GHG) fluxes. There is
a pressing global demand for accurate estimates of GHG emissions from peatlands
to inform management strategies and enhance decision-making processes. This need

™marta_stachowicz@sggw.edu.pl
BY NC

65



66

Stachowicz, M., Banaszuk, P., Ghezelayagh, P., Kamocki, A., Mirostaw-Swiatek, D., Grygoruk, M.
(2024). Estimating mean groundwater levels in peatlands using a Bayesian belief network
approach with remote sensing data. Sci. Rev. Eng. Env. Sci., 33 (4), 329-351. DOI 10.22630/

330 srees.9939

is underscored by the challenges associated with implementing policies such
as the recently enacted EU Nature Restoration Law (European Commission [EC],
2022), which calls for measures that incentivize farmers to mitigate GHG emissions
from drained peatlands by raising groundwater levels (GWL) on their lands (Liu et al.,
2023). Rewetting is usually the first step in the restoration process of peatlands
(Grand-Clement et al., 2015), as all the other elements and functions are dependent
on the presence of water (Jones et al., 2018). Accurate GHG emission data is crucial
for providing indicators of the effectiveness of rewetting activities (Nielsen et al.,
2023). This is especially important for determining appropriate subsidies based on
the activities undertaken by farmers. However, direct measurement of GHG fluxes
is often unfeasible due to the high costs, time, and specialized personnel required
(Cieslinski, 2024). As a result, there is a growing demand for alternative, simplified
methods of estimating GHG emissions from drained peatlands.

Peatlands’ GWL is recognized as the most informative proxy for GHG emissions
(Tanneberger et al., 2024). It was found to be the most sensitive and influential
factor affecting gas fluxes, with even minor changes in GWL (on the order of
centimeters) capable of causing significant variations in carbon dioxide emissions
(Tiemeyer et al., 2020; Evans et al., 2021; Koch et al., 2023). Yet, measuring
the GWL also requires field inspections, and obtaining multi-year average
GWL data to assess the status or pre- and post-rewetting differences is equally
costly, time-consuming (Ghazaryan et al., 2024) and requires meticulous planning
of the location of monitoring wells. Therefore, developing a method for predicting
the GWL in peatlands using readily available, long-term datasets, such as those
derived from remote sensing, is essential.

Various remote sensing data types and sources are widely used in peatland
monitoring (Harris & Bryant, 2009; Lees et al., 2018; Millard et al., 2018; Food and
Agriculture Organization of the United Nations [FAO], 2021; Habib & Connolly,
2023; Ghezelayagh et al., 2024). However, no universally applicable and accurate
tool or methodology has been implemented to assess GWL in peatlands globally.
The choice of remote sensing datasets depends on the specific parameters that
need to be monitored, as some can also be used for vegetation or soil moisture
monitoring. Several options are available for soil moisture, which is strongly
connected to GWL (Irfan et al., 2020). It is important to note that regional-scale
peatland monitoring requires data with high spatial resolution. Therefore, datasets
such as NASA’s soil moisture active passive (SMAP) instrument, with a spatial
resolution of 36 km, are unsuitable. Synthetic aperture radar (SAR) has proven
to be a valuable tool in land monitoring, particularly in forestry and agriculture.
Dual-polarized radar backscatter, which is sensitive to soil moisture content,
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can thus help predict the GWL in peatlands (Kim et al., 2017; Lees et al., 2021).
Consequently, this data can be effectively integrated as input into predictive
models, such as Bayesian belief networks.

The Bayesian belief network (BBN) is a probabilistic model in the form of
a directed acyclic graph (DAG) that defines conditional dependencies between
variables using Bayes’ theorem (Neapolitan, 2007; Liu et al., 2016). The network
consists of nodes representing model variables and arcs, which determine
the nodes’ influence on each other (Henriksen et al., 2007; Rao & Rao, 2014).
It provides a range of possible outcomes with a certain level of uncertainty in
the form of conditional probabilities (Rohmer, 2020). These results can also be
presented as conditional probability tables. Bayesian networks are used in many
fields, including environmental studies, and they are helpful in decision-making in
environmental management (Marcot & Penman, 2019).

In this paper, we apply the BBN approach to estimate the GWL in peatlands
using remote sensing. The study is based on data from the Biebrza National Park
area (BbPN; NE Poland), which has a long history of GWL monitoring in natural
and drained peatlands (Kardel et al., 2009). This allows the use of multi-year
mean GWLs as input to the model together with multi-year remote sensing
imagery, including data derived from SAR (backscatter coefficient) and InSAR
(vertical peat displacement), to build a BBN capable of predicting the occurrence
of specific GWLs in peatlands. The main goal of developing the model is to create
cost-effective monitoring options in peatlands that currently lack monitoring
infrastructure and long-term data. Our hypothesis is that the approach involving
the use of BBN alongside remote sensing can serve this purpose.

Material and methods

Study area

Biebrza National Park (BbPN) is located in north-eastern Poland, in the Biebrza
river valley (Fig. 1). The entire BbPN area (59,233 ha) was nominated as a Ramsar
site in 1995, recognizing its significance as one of the most extensive floodplain
and peatland complexes in Central Europe. Despite the relatively well-preserved
state of the Biebrza marshes, which support a high diversity of flora and fauna,
the area has experienced considerable anthropogenic pressure, particularly from
agricultural activities (Okruszko & Byczkowski, 1996). Extensive drainage projects
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FIGURE 1. Map of the Biebrza National Park with hydrological network and locations of the piezometers

Source: own work.

in the 19th and 20th centuries, comprising the construction of major canals such as
the Woznawiejski Canal and Rudzki Canal and drainage ditches (with a total length
of approx. 540 km), have led to the significant lowering of groundwater levels in
surrounding peatlands, contributing to their degradation (Stachowicz et al., 2023).
Restoration efforts began in the second half of the 20th century.

The study area within BbPN offered a representative sample of various mire
and peatland types, including bogs, fluviogenous and topogenous mires, and
drained and restored peatlands. For the terminology of mires and peatlands, please
refer to e.g. Joosten and Clarke (2002). The Biebrza valley is in a temperate
continental climate zone, with mean annual air temperatures varying between
6.6°C and 9.0°C, an average annual sum of precipitation of 561 mm in the period
1951-2021, and — interestingly — a predominantly negative multi-year water
balance (Venegas-Cordero et al., 2024).

Input data

Groundwater levels

Groundwater data were obtained from a network of piezometers installed
at various locations across BbPN, either alone or arranged in transects. Each
piezometer was equipped with an automatic water level logger. Data collection
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began in 1994 in some places, while others had shorter recording periods (with
the shortest being 4 years and an average of 18 years). Detailed information about
the piezometers can be found in Supplementary Material A. This study analyzed
data from 32 piezometers in the middle Biebrza basin, 4 in the upper Biebrza
basin, and 10 in the lower Biebrza basin. The data from all 45 selected piezometers
were used for model training. The GWL values used in the study were multi-year
averages from each piezometer. The locations of the piezometers are shown in
Figure 1. Each piezometer used for model training was assigned to a specific
GWL class to construct the Bayesian network. The classes were developed based
on studies by Tiemeyer et al. (2020) and Koch et al. (2023), which revealed
a relationship between GHG emissions and peatland GWLs. It was found that
the reduction of GHG emissions is expected to occur for groundwater at a depth of
0.40 m. Emissions are stable below this depth (for deeper GWLs), but changes are
dynamic above it until the GWL reaches the surface. Based on this, the GWL was
divided into six classes: below —0.4 m, four intervals of 0.1 m between —0.4 m
and 0.0 m (surface level) and above surface level (Table 1).

TABLE 1. Classification of parameters used in the Bayesian network model®

Parameter Class Value
Cl1 <-0.4
C2 —0.4t0o —0.3
C3 -0.3t0—0.2
Groundwater level [m]
C4 —0.2 to —0.1
Cs —0.1t0 0.0
Co6 >0.0
SARI <-18
SAR backscatter coefficient (¢°) [dB] SAR2 —18to —16
SAR3 >-16
Subs1 —0.05 to —0.02
Peat subsidence rate [m~year71] Subs2 —0.02 to —0.01
Subs3 —0.01 to 0.05
Dl 0to 25
D2 2510 100
Distance to the watercourse [m]
D3 100 to 440
D4 > 440

The rationale behind the class intervals of remote sensing parameters is explained in subsequent subsections.

Source: own work.
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Synthetic aperture radar backscatter coefficient

The Copernicus Sentinel-1’s C-band SAR imagery data, expressed in decibels
(dB) as the backscatter coefficient (0°), was among the remote sensing parameters
utilized for the model’s training. This data was chosen because it is sensitive to soil
moisture content, making it relevant for estimating groundwater levels (AsmuB et al.,
2018; Bechtold et al., 2018; Résénen et al., 2022). The SAR imagery used in the model
was a multi-year average derived from images captured between 1 January 2015 and
8 July 2024, processed in Google Earth Engine. A total of 3,281 images were utilized
to create the mean raster of the SAR backscatter coefficient. All images were pre-
-processed using the Sentinel-1 Toolbox — SITBX (Veci et al., 2012), which included
thermal noise removal, radiometric calibration, and terrain correction. The image
collection used in the study was captured in interferometric wide (IW) swath mode,
providing a high resolution of 10 m and a swath width of 250 km.

VH polarization was selected for the study, as the relationship between G°
and in-situ measured GWL was tested with both VH and VV polarizations, and
Spearman’s rank correlation coefficient (p) indicated a better correlation with
VH (—0.818 vs. —0.762). The Spearman’s rank correlation test was selected due
to the GWL data’s deviation from a normal distribution. The analysis revealed
that a lower backscatter coefficient corresponds to a shallower GWL (Fig. 2).
The values of the backscatter coefficient were categorized into three classes,
as shown in Table 1. This classification was based on the data distribution in
the peatlands, where the backscatter coefficient ranged from —21 dB to —14 dB.

SAR backscatter coefficient o° [dB]

-18 - -16 -15 14
A s L y

.
v
=3

[w] TmMD

y =-0.08x + -1.66

.o F-05

FIGURE 2. Correlation between synthetic aperture radar backscatter coefficient and groundwater level
(gray line represents the regression line; gray area represents the confidence interval of 95%; linear
model equation: y =—0.08x + —1.66)

Source: own work.
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Peat subsidence rate

The peat subsidence (vertical displacement) rate, a remote sensing-derived
parameter correlated with GWL, was also utilized in the model. The decline
in GWL, leading to increased soil respiration, has been identified as a primary
factor contributing to the acceleration of subsidence rates (Ma et al., 2022).
The subsidence data were obtained from the study by Ghezelayagh et al. (2024),
which employed the InSAR technique to measure the vertical displacement of
the peat surface within the BbPN area. Changes in peat surface elevation using
InSAR are estimated based on InSAR coherence, which is the correlation between
two subsequent SAR images (Abdel-Hamid et al., 2021; Hrysiewicz et al.,
2024) and can provide centimeter to millimeter precision (Hoyt et al., 2020).
This parameter was categorized into three intervals: —0.05 to —0.02 m-year |,

—0.02 to —0.01 m-year ' and —0.01 to 0.05 m-year ! (Table 1).

Distance to watercourses (ditches, canals, rivers)

The third parameter used to build the BBN was the distance to ditches, canals,
or rivers. These data were compiled from digitized vector layers of watercourses
within the BbPN and created through orthophoto mapping and field verification.
The classification of this parameter was based on the meta-analysis by Bring et al.
(2022), who identified specific thresholds for the impact of drainage on a peatland’s
GWL. The study indicated that the effect of ditching on the GWL diminishes by
50% at a distance of 21 m and by 75% at 97 m relative to the immediate vicinity of
the ditch. Moreover, the drainage effect is negligible beyond approximately 440 m.
For the model, four distance classes were established based on the findings of this
study, as outlined in Table 1.

Data processing, building Bayesian network and statistical analyses

All data were pre-processed in the ArcGIS 10.7.1 software. The remote
sensing data, provided as raster layers, were spatially extracted to each point
feature corresponding to the piezometer locations and their associated multi-year
GWL records. The extracted values were subsequently classified according
to the categories outlined in Table 1. This classification was a critical step,
as BBNs utilize conditional probability tables, which are more effectively managed
with discrete variables (Cobb et al., 2007). The BBN was built in GeNle Academic
Version 4.1 (BayesFusion, LLC) by learning the parameters. The network
graphs presenting example results were exported from Netica 7.01 (Norsys
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Software Corp). The network structure was designed as depicted in Figure 3,
where the remote sensing data serve as parent nodes, and the GWL acts as the child
node. This configuration allows the model to estimate the probability of a specific
GWL class occurring based on the provided remote sensing parameters. The model
was trained using data from the whole Biebrza basin area.

SAR Peat ;
s Distance to the
backscatter subsidence watercourse
coefficient rate
\ | /
GWL

FIGURE 3. Conceptual model of the Bayesian belief network

Source: own work.

The Bayesian belief network’s probability results were analyzed using Microsoft
Excel and RStudio Version 2023.12.0+369 (R Core Team, 2023). The packages used
included ‘caret’ (Kuhn, 2008), ‘ggplot2’ (Wickham, 2016) and ‘Metrics’ (Hamner
& Frasco, 2018). Unlike deterministic models, a BBN estimates the probability
distribution of potential outcomes rather than predicting exact values. Due to
limited data availability, two approaches for network validation were applied.
The first approach involved creating 12 random polygons of 100 ha (Fig. 4A),
each covering at least two piezometers, to calculate the mean GWL within each
extent. The area percentage contribution of each model parameter class was then
determined within each polygon. The second validation approach used 26 BbPN
plots (cadaster-based, real parcels) with areas ranging from 0.9 ha to 450 ha, with
an average of 42 ha (Fig. 4B). In the case of the BbPN plots, the GWL value
for each plot was derived from either one piezometer or an average of several
piezometers located within the polygon, depending on the number of piezometers
intersecting the plot. Then, the percentage contribution of each model variable class
(SAR backscatter coefficient, peat subsidence rate, and distance to watercourses)
was used as an input in the Bayesian belief network to generate conditional
probabilities of different classes of GWL. The class with the highest probability
(referred to as a prediction or predicted class later in this study) was then compared
with the class of the mean observed GWL at each polygon/plot. However, it should
be stressed that the prediction from the model is not a deterministic value and is
only one from the possible set of outcomes.
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The model’s performance was assessed using a confusion matrix and predictive
accuracy. The confusion matrix summarizes the model performance by comparing
the predicted and actual classes and is a valuable tool for validating probabilistic
models in classification tasks (Chen & Pollino, 2012; Marcot, 2012). The predictive
accuracy was calculated as the ratio of correct predictions to the total number of
predictions. Additionally, a sensitivity analysis, as sensitivity to findings specific
to Bayesian networks (Rositano et al., 2017), was performed to determine which
model variables had the most significant influence on the GWL prediction.
The indicator used for the sensitivity analysis was entropy reduction, with entropy
being a measure of uncertainty of variables (Villaverde et al., 2014).
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FIGURE 4. Maps showing 100-hectare polygons (A) and the Biebrza National Park plots (B) with
a synthetic aperture radar backscatter coefficient raster layer as a background

Source: own work.

Statistical independence of model variables

The statistical independence of the model variables was evaluated.
The Shapiro—Wilk test assessed whether the datasets conformed to the normal
distribution assumption. The findings indicated that the SAR backscatter coefficient
and distance to the watercourse data deviated from a normal distribution
(p-value < 0.05), necessitating the application of the Spearman’s rank correlation
coefficient to investigate the independence of the variables. The Spearman’s rank
correlation coefficient (p) was —0.11 between SAR backscatter and subsidence,
with a p-value of 0.47, indicating that there is no significant association between
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the variables in the dataset. Similarly, the test showed no correlation between
SAR backscatter and distance to the watercourses (p = 0.11; p-value = 0.45) and
between subsidence and distance (p = —0.03; p-value = 0.82), thus making these
variables suitable to be used in the BBN approach (Table 2).

TABLE 2. Spearman’s rank correlation results between model variables

Spearman’s rank correlation
Pair of compared model variables parameters
p p-value
Synthetic aperture radar backscatter coefficient—subsidence —-0.11 0.47
Synthetic aperture radar backscatter coefficient—distance to the watercourses 0.11 0.45
Subsidence—distance to the watercourses —-0.03 0.82

Source: own work.

Results

The model’s conditional probability table (CPT) generated 36 possible
combinations of remote sensing classes. However, due to limited data, some
combinations are not present in the model. Therefore, the model was tested
using two approaches, as described in the “Data processing, building Bayesian
network and statistical analyses” subsection. The percentage contributions of
the model variables’ classes were calculated for each polygon and BbPN plot
used for validation (Table 3). Based on these contributions, the distribution
of probabilities of the occurrence of GWL classes was generated (Table 4).
The BBNs for one 100-hectare polygon (Polygon 9) and one BbBN plot (Plot 26)
selected randomly are shown in Figure 5 to present how the results are generated.
Belief bars visually represent conditional probabilities on the BBN, which reflect
the likelihood of different outcomes for the child node based on the contributions
of the model parameters. In Polygon 9, the presented percentage contribution of
the model parameters’ classes indicates that the GWL in class C5 (with a 58.2%
probability) is most likely to occur within its boundaries. The probabilities of
the GWL falling into classes C1, C2, C3, C4 and C6 are 6%, 10.3%, 5.5%, 15%
and 5%, respectively. In Plot 26, the GWL in class C2 is most likely to occur (with
a 50.3% probability). The probabilities for the GWL being in classes C1 and C3 are
23.9% and 11.7%, respectively. Additionally, the probability of the GWL being in
classes C4, C5, and C6 is 4.7% for each.
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TABLE 3. Area percentage contributions of each model variables class in polygons and plots used for

validation
SAR bgckscatter Subsidence class Distance to the watercourse
Area Avg. obs. coejfﬁC}ent.class distribution class distribution
V.m. | No [ha] GWL distribution (%] %]
[m] [%]
1 2 3 1 2 3 1 2 3 4
1 100 | —0.364 | 483 | 21.9 | 29.8 | 21.7 | 60 18.3 0 4 534 | 42.6
2 100 | —0.293 | 35 | 267 | 698 | 0.6 | 314 | 68 0 0 0 100
3 100 | —0.391 6.6 | 119 | 81.5 | 643 | 346 | 1.1 36 | 104 | 71.6 | 144
4 100 | —0.314 | 30.1 | 41.0 | 289 | 17.1 76 6.9 0 0 0 100
o 5 100 | —0.309 | 23.2 | 22.8 | 54.0 | 11.1 | 57.2 | 31.7 0 0.7 | 353 | 64
8;3 6 100 | —0.332 | 29.6 | 44 | 66.0 | 529 | 448 | 2.3 58 | 135 | 404 | 403
E 7 100 | —0.001 | 96.0 | 4.0 0.0 | 243 | 65.6 | 10.1 | 10.6 | 234 | 66 0
8 100 | —0.006 | 79.9 | 103 | 9.8 11 559 | 331 | 155 | 41.2 | 433 0
9 100 | —0.004 | 81.5 | 13.6 | 49 | 633 | 356 | 1.1 0 0 3 97
10 100 | —0.002 | 48.6 | 46,0 | 54 | 226 | 60.5 | 169 | 0.3 1.7 | 259 | 721
11 100 | —0.109 | 798 | 6.6 | 13.6 | 22.6 | 65.2 | 12.2 0 0 14.1 | 85.9
12 100 | —0.012 | 96.7 | 3.3 00 | 346 | 615 | 3.9 4 10.8 | 424 | 42.8
1 572 | —0.002 | 64.6 | 27.4 8 30 60 10 0 0 18.5 | 81.5
2 475 | —0.338 | 20.3 | 65.8 | 13.9 10 80 10 0 1.3 | 539 | 448
3 1.41 —0.5 10.7 | 443 | 45 | 333 | 66.7 0 13.6 | 45.5 | 40.9 0
4 0.92 | —0.338 1.1 | 784 | 20.5 0 100 0 0 0 0 100
5 1.74 | —0.351 69 | 247 | 684 | 333 | 66.7 0 0 0 100 0
6 1.73 | —0.267 | 144 | 29.3 | 56.3 0 100 0 0 0 0 100
7 7.21 0.001 100 0 0 333 | 417 | 25 | 225 | 25 | 525 0
8 1.3 —0.002 | 100 0 0 0 333 | 66.7 | 4.8 19 | 76.2 0
9 |5324 | —0304 | 193 | 56.1 | 24.6 | 1.1 | 47.8 | 51.1 0 0 0 100
10 | 38.63 | —0.001 | 29.2 | 50.7 | 20.1 | 32.8 | 61.2 6 33 | 102 | 52.6 | 33.9
11 | 1846 | —0.003 | 76.7 | 23.3 0 9.1 | 63.6 | 27.3 0 0 0 100
=t 12 | 53.57 | —0.287 | 6.8 | 47.8 | 454 0 18.7 | 81.3 0 0 0 100
E‘ 13 | 5047 | —0.314 | 2.6 | 469 | 50.5 | 189 | 71.1 10 0 0 0 100
& 14 | 6553 | —0.514 | 123 | 99 | 77.8 | 53.8 | 434 | 2.8 3.6 9.8 | 52.8 | 33.8
M 15 [ 1953 | —0.247 | 0.7 | 73.6 | 25.7 | 5.7 80 14.3 0 0 0 100
16 | 5094 | —0.333 | 19.4 | 20.3 | 60.3 9 64 27 0 0 88 | 91.2
17 | 3929 | —0.372 | 4.7 10 | 853 | 57.1 | 429 0 2.1 89 | 76.1 | 12.9
18 | 61.39 | —0.062 | 50.6 | 22.4 | 27 4.6 55 | 404 | 24 89 | 544 | 343
19 | 87.01 | —0.005 87 10.1 | 2.9 31 652 | 3.8 2.3 7.5 50 | 40.2
20 | 2.01 | —0.023 | 100 0 0 333 | 66.7 0 3.1 15.6 | 81.3 0
21 [450.55| —0.001 | 90.3 | 52 45 | 443 | 51.1 | 4.6 2 48 | 214 | 71.8
22 | 3.86 | —0.001 100 0 0 28.6 | 71.4 0 0 0 0 100
23 | 41.17 | —0.001 | 86.5 | 10.7 | 2.8 | 13.7 | 644 | 219 | 219 | 47.7 | 304 0
24 | 2.19 | —0.001 | 509 | 12.7 | 36.4 0 66.7 | 333 | 147 | 50 | 353 0
25 1.78 | —0.001 | 443 | 19.9 | 358 0 66.7 | 333 | 143 | 357 | 50 0
26 | 242 | —0.320 0 1.2 | 988 | 53.5 | 41.8 | 4.7 0 0 48.1 | 51.9

V.m. — validation method; Avg. obs. GWL — average observed groundwater level; SAR — synthetic

aperture radar; BbPN — Biebrza National Park.

Source: own work.
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TABLE 4. Conditional probabilities of groundwater level classes generated from the Bayesian belief

network
Avg. GWL class probability GWL class
V.m. No |obs. GWL [%]
[m] Cl C2 C3 C4 C5 C6 Obs. Pred.

1 —0.364 10 28.5 10.6 6.95 37.8 6.05 C2 ()

2 —0.293 5.96 22.5 52 5.83 7.85 5.82 C3 C3

3 —-0.391 20.8 50.8 7.07 5.87 9.66 5.79 C2 C2

4 -0.314 7.38 39.1 14 6.76 27 5.73 C2 C2

- 5 —-0.309 10.6 344 20.8 6.52 21.4 6.19 C2 C2
I 6 -0.332 16.9 354 9.91 7.63 23.4 6.77 C2 C2
E 7 —0.001 6.94 8.55 7.25 6.94 59.7 10.6 C5 C5
8 —-0.006 8.67 12.6 9.17 7.98 48.8 12.8 C5 C5

9 -0.004 6.02 10.3 5.52 15 58.2 4.99 C5 C5

10 —-0.002 7.03 29.1 10.5 8.04 38.8 6.51 C5 C5

11 —-0.109 6.17 13.5 8.09 7.99 594 4.89 C4 Cs5

12 -0.012 5.74 7.16 5.88 8.61 65.6 6.98 C5 C5

1 —-0.002 6.68 21 8.24 8.87 49.5 5.71 Cs5 C5

2 —0.338 7.9 50.4 9.52 6.23 19.9 6.05 C2 C2

3 —-0.500 14.2 342 16.6 9.9 14.7 10.4 Cl C2

4 —-0.338 5.26 67.8 104 5.26 6.08 5.26 C2 C2

5 —0.351 20.6 56.2 4.64 4.64 9.24 4.64 C2 C2

6 -0.267 4.57 52.3 18.6 4.57 154 4.57 C3 C2

7 0.001 7.75 7.75 7.75 7.75 55.2 14.2 C6 C5

8 —-0.002 6.06 6.06 6.06 6.06 67.8 7.93 C5 C5

9 -0.304 6.49 30.2 32.1 6.44 184 6.4 C2 C3

10 —-0.001 10.2 38.7 10.5 7.78 253 7.45 C5 C2

11 —-0.003 5.72 15.6 8.9 7.11 57 5.72 C5 Cs5

= 12 —0.287 6.65 16.9 52.8 6.65 10.4 6.65 C3 C3
= 13 -0.314 9.32 49.5 20.8 6.24 7.95 6.14 C2 C2
é 14 -0.514 19.6 44.7 9.63 6.48 134 6.13 Cl C2
;M 15 —0.247 6.51 56 18.9 6.03 6.52 6.02 C3 C2
16 -0.333 8.04 35.7 26.6 5.77 18.4 5.45 C2 C2

17 -0.372 21.7 52.8 6.65 5.35 8.17 5.3 C2 C2

18 —-0.062 9.27 24.3 12.8 7.14 39 7.47 C5 Cs5

19 —0.005 6.14 11.8 6.24 7.86 61.6 6.37 C5 C5

20 —-0.023 6.51 6.51 6.51 6.51 66.4 7.54 C5 C5

21 —-0.001 5.81 8.9 5.78 10.9 63 5.61 C5 Cs5

22 —0.001 3.93 3.93 3.93 3.93 74.6 3.93 C5 C5

23 —-0.001 8.24 10.6 9.72 8.08 47.8 15.6 C5 C5

24 —0.001 11.8 17.5 11.7 9.62 36.4 12.9 C5 C5

25 —-0.001 12.1 22 11.5 9.08 33.5 11.9 Cs5 C5

26 -0.320 23.9 50.3 11.7 4.71 4.71 4.71 C2 C2

V.m. — validation method; Avg. obs. GWL — average observed groundwater level; Obs. — observed; Pred. — predicted,;
BbPN — Biebrza National Park.

Source: own work.
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FIGURE 5. Example results from the Bayesian belief network: A — percentage contribution of model
parameters in Polygon 9, B — percentage contribution of model parameters in Biebrza National Park
Plot 26. Groundwater level node represents the results as a probability distribution of the occurrence
of certain GWL classes

Source: own work.

The confusion matrices assessing the performance of the model for both sets of
100-hectare polygons and BbPN plots are shown in Figure 6. Diagonal elements
on the matrix represent correctly predicted classes, while off-diagonal elements
indicate misclassifications. Using 100-hectare polygons as a validation set, 10 out of
12 predictions were correct, resulting in a prediction accuracy of 83.3% (Fig. 6A).
Validating the network with a set of BbPN plots resulted in an accuracy of 73.1%,
where 19 out of 26 predictions were correct. Sensitivity analysis revealed that
the entropy reduction was 0.315, 0.066, and 0.038 for SAR backscatter coefficient,
distance to the watercourse, and peat subsidence rate, respectively. This means that
the SAR backscatter coefficient is the parameter with the highest influence over
the GWL result in the model.
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FIGURE 6. Confusion matrices displaying the number of matched and unmatched classes between
predicted and actual groundwater level values for 100 ha polygons (A) and the Biebrza National Park
plots (B) used as the validation set

Source: own work.
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Discussion

The results of this study highlight the potential of using BBN in conjunction
with remote sensing data to address the challenge of estimating GWLs in peatlands,
particularly in the context of environmental management and GHG mitigation.
The model achieved predictive accuracies of 73.1-83.3%, proving its effectiveness
as a cost-efficient alternative to traditional GWL measurement methods, which are
often hindered by logistical constraints and high costs. The results demonstrate
that remote sensing can serve as a reliable proxy for groundwater dynamics, which
are vital for understanding and managing peatland ecosystems. These findings are
particularly important as they provide a means to evaluate the hydrological status
of peatlands that lack extensive monitoring infrastructures, ultimately supporting
restoration efforts aimed at enhancing carbon sequestration in peat soils. By linking
GWL estimates to GHG emissions, this research can contribute to the broader goal
of developing adaptive management strategies that can support policy decisions
and promote sustainable land use practices.

Numerous approaches have been explored to estimate GWLs in peatlands
without direct measurements, often by testing a range of remote sensing and non-
-remote sensing indicators to identify the most accurate and sensitive proxies
for GWL prediction (Kameoka et al., 2021; Georgiou et al., 2023). Some of
them reached higher (Hikouei et al., 2023) or lower (Bechtold et al., 2014)
accuracy, although they had much more input data to teach the model. However,
a significant challenge emerges from upscaling these indicators and models for
application beyond the specific environments where they were initially built.
For instance, Adinugroho et al. (2021) developed a model using Indonesian
peatlands to estimate soil moisture using Sentinel imagery as a proxy for
groundwater level. This model is available as an open-source SEPAL tool
(FAO, 2021), but it did not perform well in the peatlands in BbPN. Ideally, an
extensive monitoring network across diverse types and conditions of peatlands
would be required to provide spatially comprehensive GWL data, facilitating
robust model development and validation. Unfortunately, establishing and
managing such a network is generally not feasible due to the significant
financial, time, and logistical resources required and the different monitoring
protocols in peatlands across countries (Gutierrez Pacheco et al., 2021).
The Bayesian belief network employed in this study faces similar challenges.
Several uncertainties emerged during data preparation, model construction,
and validation. A primary concern lies in the inherent limitations of remote
sensing data, such as the constraints imposed by spatial resolution and satellite
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revisit intervals. Additionally, because synthetic aperture radar (SAR) cannot
penetrate dense tree canopies, some datasets had to be excluded to prevent
the introduction of inaccuracies. Further complications arise from temporal
discrepancies between the multi-year GWL measurements and the remote
sensing data, as these datasets were collected over differing timeframes.
For instance, the SAR backscatter coefficient used in this study was
averaged from all available Sentinel-1 imagery since its launch. In contrast,
the multi-year GWL data from some piezometers represents a more extended
period, potentially leading to inconsistencies. Other uncertainties arise from
the limited size of the training dataset, which reduces the variety of variable
class combinations within the model due to limitations in piezometer coverage,
potentially leading to inaccurate predictions. The possibility of mismatching
definitions of intervals or classes of variables aggravates this issue.
The obtained accuracy in the built model may be somewhat misleading due to
unbalanced proportions in the class distributions, as class C5 in the validation
set was much more frequent than the others, and some classes were even
missing (C1 and C3 in the 100-hectare polygon validation set). Moreover, it is
crucial to address whether the level of accuracy in GWL prediction is sufficient
for practical applications, such as estimating greenhouse gas emissions.

The most common way to teach Bayesian networks is using observational
data and/or expert knowledge (Daly et al., 2011). However, the data is often
insufficient to capture all model variables (Masegosa et al., 2016), which
was the case in this study. One approach to addressing this issue would be to
obtain missing data from other models. In terms of the future development of
the BBN created in this study, there are plans to construct a multiple regression
model. This model would facilitate the generation of new GWLs based on
the known remote sensing parameters used in the study. The generated data
could then be used to update the developed BBN. Additionally, the data from
the BbPN area should be complemented and tested with data from other peatlands
across all of Poland and outside of the country, especially since other studies found
that results obtained at one peatland using SAR imagery cannot be compared
with different sites (Lees et al., 2021). Incorporating data from various peatlands
will improve the accuracy of future models and provide a more comprehensive
understanding of the relationship between the GWL and parameters derived from
remote sensing. Furthermore, the potential of other remote sensing data sources
could also be investigated to improve the prediction accuracy.

Despite the indicated limitations, the presented assessment methodology may
be one of the few that can be applied under operational conditions to determine
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the multi-year average GWL in peatlands, where necessary (e.g., for the purpose
of assessing the hydrological status of remote/unmonitored peatlands before
undertaking restoration measures) and where hydrological monitoring has never
been conducted and the use of more complex methods will be pointless due
to the long analysis time, its complexity and data requirements. Indeed, under
the assumptions of implementing programs that encourage carbon retention
in rewetted peat soils, there will be a need for an ex-ante evaluation of
the effectiveness and scale of success of these measures. Under such conditions,
a rapid assessment of the average state of groundwater will prove necessary.
So far, published experience of the uncertainty in the success of peatland
rewetting and the resulting increase in GWL of a few centimeters (Karimi et al.,
2024) indicates that even an uncertainty-laden assessment of water levels using
the Bayesian belief network presented here can become a useful, and perhaps
even the only, tool that provides a meaningful quantification of peatland
GWL from a multi-year period. However, this will certainly require calibration
and verification of the method on other, possibly numerous, peatlands with
available data from long-term GWL monitoring.

Conclusions

This research demonstrates the application of a BBN model integrated with
remote sensing data to estimate the mean groundwater levels in peatlands,
with a specific focus on the Biebrza National Park in Poland. The developed
Bayesian network can predict GWLs within the defined classes with an accuracy
of 73.1-83.3%. Additionally, dual-polarized radar backscatter has been
validated as a proxy for GWL, showing a high correlation with field-measured
GWL data. Among the remote sensing variables considered, the SAR backscatter
coefficient was the most sensitive in predicting the GWL in peatlands. The study
emphasizes the potential of the Bayesian network model as a cost-effective
and efficient alternative to traditional GWL measurement techniques. It also
highlights the critical role of high-resolution remote sensing data in improving
GWL estimates and the effectiveness of Bayesian networks in managing
uncertainties and providing conditional probabilities for different outcomes.
This underscores the importance of the continued development and refinement
of predictive models for environmental management. Developing this modeling



Stachowicz, M., Banaszuk, P., Ghezelayagh, P., Kamocki, A., Miros’raw-Swiatek, D., Grygoruk, M.
(2024). Estimating mean groundwater levels in peatlands using a Bayesian belief network
approach with remote sensing data. Sci. Rev. Eng. Env. Sci., 33 (4), 329-351. DOI 10.22630/

srees.9939 345

approach to other peatland areas globally is recommended, particularly in
regions where ground-based monitoring is logistically challenging or costly.
Future research should also explore incorporating additional remote sensing
parameters and the potential impact of climatic variables on the model’s
predictive accuracy. In conclusion, the study demonstrates the feasibility and
effectiveness of using Bayesian networks and remote sensing data to estimate
GWLs in peatlands. This approach remains a valuable next step in achieving
efficient peatland monitoring and management, despite its uncertainties.
However, further improvements in the prediction of GWL by utilizing available
hydrological and remote sensing data are required, especially including testing
alternative modeling approaches.
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Summary

Estimating mean groundwater levels in peatlands using a Bayesian belief network
approach with remote sensing data. Large-scale management, protection, and restoration
of wetlands require knowledge of their hydrology, i.e., the status and dynamics of
the groundwater table, which determine the evolution of the wetland ecosystem, its
conservation value, and possible economic use. Unfortunately, in many cases, hydrological
monitoring data are unavailable, resulting in the search for a proxy for the average annual
depth of the groundwater level (GWL). This study presents an approach to estimating
the mean GWL in peatlands using a Bayesian belief network (BBN) model, leveraging
long-term hydrological and remote sensing data in the Biebrza National Park in Poland.
The remote sensing data employed includes the synthetic aperture radar (SAR) backscatter
coefficient, peat subsidence, rate and distance to watercourses. The BBN model achieved
a predictive accuracy of 83.3% and 73.1%, depending on the validation approach used.
Among the remote sensing variables considered, the SAR backscatter coefficient was
the most sensitive in predicting the GWL in the peatlands. However, the model presents
multiple uncertainties resulting from limitations of the available remote sensing data, low
variability of class combinations in the conditional probability table, and lack of upscaling
to other regions performed. Despite these uncertainties, the developed BBN model remains
a valuable next step in reaching the goal of efficient peatland monitoring and management.
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Supplementary material — piezometers

TABLE 1. Piezometers within the Biebrza National Park used in the study

i Mean GWT
ID Piezometer/Transect name Start of measurement End of measurement [m]
1 - 2014 2022 0.001
2 — 2015 2022 —0.002
3 — 2014 2021 —0.004
4 — 2014 2021 —0.004
5 — 2015 2021 —0.003
6 - 2015 2021 —0.001
7 — 2015 2021 —0.004
8 — 2014 2021 —0.002
9 - 2015 2021 —0.001
10 — 2015 2021 —0.001
11 — 2017 2021 —0.001
12 - 2015 2021 —0.001
13 — 2011 2018 —0.001
14 Brzeziny Ciszewskie 1998 2022 —0.343
15 Brzeziny Ciszewskie 1998 2022 —0.320
16 Ciszewo 1994 2022 —0.351
17 Ciszewo 1994 2022 —0.267
18 Ciszewo 1994 2022 —0.380
19 Ciszewo 1994 2022 —0.247
20 Ciszewo 1994 2022 -0.314
21 Czerwone Bagno T 2008 2015 —0.062
22 Czerwone Bagno T 2008 2015 —0.039
23 Dhuga Luka 2009 2022 —0.023
24 Grobla Honczarowska 1998 2022 0.027
25 Grobla Honczarowska 1998 2022 0.089
26 Grobla Honczarowska 1998 2022 —0.010
27 Grzedy 1 1996 2022 —0.385
28 Grzedy 1 1996 2022 —0.498
29 Grzedy 1 1996 2022 —0.363
30 Grzedy 1 1996 2022 —0.381
31 Grzedy 1 1996 2022 —0.330
32 Grzedy 11 1996 2022 -0.514
33 Gugny 2009 2022 —0.123
34 Gugny 2009 2022 —0.095
35 Gugny IT 2009 2022 —0.085
36 Gugny 1T 2009 2022 —0.125
37 Gugny 1T 2009 2022 —0.012
38 Jatowo 1998 2022 —0.302
39 Jatowo 1998 2022 —0.034
40 Kapice 2012 2021 —0.263
41 Kuligi 1994 2022 —0.314
42 Kuligi 1994 2022 —0.330
43 Kuligi 1994 2022 —0.369
44 Trojkat I 1996 2022 —0.333
45 Trojkat I 1996 2022 —0.338
46 Trojkat I 1996 2022 —0.500
47 Trojkat IT 1996 2022 —0.275
48 Trojkat I1 1996 2022 —0.299
49 Trojkat 11 1996 2022 —0.304

Source: own work.
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Abstract: The proper functioning of peatlands depends on maintaining an adequate ground-
water table, which is essential for ecosystem services beyond water retention. Most de-
graded peatlands have been drained for agriculture or forestry primarily through ditch
construction. Rewetting through ditch blocking is the most common initial step in peat-
land restoration. This study analyzed the hydrological response to ditch blocking in three
drained raised bogs in Norway (Aurstadmésan, Midtfjellmasan and Kaldvassmyra) using
a Before—After-Control-Impact (BACI) design. Following rewetting, all sites demonstrated
an average increase in groundwater levels of 6 cm across all piezometers affected by ditch
blocking. The spatial influence of ditch blocking extended 12.7-24.8 m from the ditch with
an average of 17.2 m. Additionally, rewetting increased the duration of favorable ground-
water levels for peatland functioning by 27.7%. These findings highlight the effectiveness of
ditch blocking in restoring hydrological conditions, although its impact is spatially limited.
Future assessments should also address vegetation recovery and greenhouse gas emission
reductions to ensure comprehensive restoration success.

Keywords: ditch blocking; drainage; restoration; groundwater level

1. Introduction

One of the key questions in peatland management and restoration is identifying the
prerequisites for success. This is a complex issue, as peatlands vary in type and degradation
state, which affects restoration outcomes [1]. Nonetheless, defining success criteria for
peatland rewetting is essential for future restoration planning and decision-making. A
major challenge lies in identifying measurable indicators of restoration effectiveness. One
issue is the uncertain time lag between the restoration and materialization of effects. The
most prominent changes, such as the recovery of vegetation and microbial communities
resembling pristine conditions, are expected a long time after restoration [2], with some
studies suggesting timeframes of 45-55 years [3]. This complicates the assessment of long-
term outcomes using short-term monitoring. However, this is not always the case. For
instance, rewetting measures in a fen and a bog in Finland restored the carbon balance to
near-pristine levels and triggered vegetation changes within two years of ditch blocking [4].
Another challenge is the lack of adequate monitoring to measure the effects of restoration
accurately [5]. Effective monitoring requires planning that includes baseline data collection
before restoration actions and continued monitoring afterward.
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The presence of water is a fundamental factor influencing all components of a well-
functioning peatland [6]. The average groundwater level in peatlands, as well as its
variability, are factors that have a profound impact on peat properties and greenhouse
gas fluxes [7]. A stable and sufficiently high groundwater table is essential for carbon
sequestration and the slow decomposition of organic matter [8-10]. Consequently, rewet-
ting is a critical initial step in reducing greenhouse gas emissions and restoring peatland
functions [11]. This process aims to restore favorable groundwater levels, often through
ditch blocking with dams, as well as backfilling and the use of regulation devices [12].
Additional restoration measures, such as tree removal [13] or the reintroduction of peatland
vegetation using techniques like seeding or peat moss layer transfer, may further enhance
restoration efforts [3,14]. Despite the variety of available restoration actions, rewetting
remains the most essential measure, as it directly addresses the hydrological conditions
necessary for peatland recovery. Given the central role of water in peatland ecosystems,
hydrological indicators are valuable tools for assessing the current status of peatlands and
predicting their potential for long-term changes, which often require extended time frames
to materialize.

Peatlands cover approximately 12.9% to 13.8% of Norway’s land area, depending on
the source (41,660 km?; 44,700 km?) [15,16]. The majority of degraded peatlands in Norway
have been drained for forestry and agriculture with approximately 200,000 ha drained
for agriculture by 1992 and about 400,000 ha drained for forestry by 1995 [17]. Draining
peatlands for forestry in Norway has been prohibited since 2009 [18]. Although at the
beginning of the 21st century, some mires were still being drained for agriculture [19], in
June 2020, it was decided to give up the cultivation of peatlands to protect these ecosystems
as critical carbon sinks [20].

Although peatland restoration has been a focus of research for years, significant knowl-
edge gaps remain, leading some to question the purpose, importance, and effectiveness
of rewetting [21]. One of the most prominent gaps is the lack of long-term monitoring
data [22,23]. Additionally, a deeper understanding of groundwater level responses and their
dynamics in rewetted peatlands is required [24], highlighting the need for further research
in this area. A few isolated studies are insufficient to provide a comprehensive understand-
ing of the hydrological dynamics of rewetted peatlands. More extensive monitoring studies
are necessary to gain insight into the typical responses of various peatland types.

This study aims to address these gaps by analyzing the groundwater level response
to rewetting in three drained raised bogs in Norway: Aurstadmasan, Midtfjellmdasan, and
Kaldvassmyra. The pilot bog rewetting project, implemented by the Norwegian Environ-
ment Agency (Miljedirektoratet), aimed to restore near-natural hydrological conditions of
formerly drained peatlands. To assess the hydrological impact, groundwater levels were
monitored both before and after rewetting to compare the pre- and post-rewetting periods
and evaluate the average changes resulting from these measures. While the expected out-
come is an increase in groundwater levels across the study sites, the extent of the response
remains uncertain due to the limited number of comparable published studies.

2. Materials and Methods
2.1. Study Sites

The study was conducted at three ombrotrophic peatlands in Norway. Raised bog is
the dominant mire massif type at the study sites [18]. Aurstadmésan and Midtfjellmasan are
located in southeastern Norway (Akershus county), and Kaldvassmyra is located in central
Norway (Trendelag county) (Figure 1). Both Kaldvassmyra and Midtfjellmasan are situated
in the southern boreal vegetation zone and weakly oceanic vegetation section, whereas
Aurstadmasan is situated in the southern boreal vegetation zone and the transitional
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vegetation section [25]. Meteorological conditions at the study sites in the period 2015-2021,
including temperature and precipitation, are presented in Table 1.

G 4 3

Aurstadmasan
® Midtfjellmasan
n 9
W 0 260 km
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S .4 0 75 150 km
L |

Figure 1. A map of southern Norway showing the location of the study sites Kaldvassmyra, Aurstad-
masan, and Midtfjellmasan.

Kaldvassmyra (50 ha, 185 m a.s.l., 63.72428° N, 11.58956° E) has plateau-raised bog
as the dominant mire massif type, but spring-fed flat fen and terrestrialization mire cov-
ers a substantial area in the west [26,27]. The mire sits on fluvial and glaciofluvial de-
posits [28] with phyllite and limestone in the bedrock [29]. Numerous calcareous springs
support extremely rich fen vegetation, and there is tufa formation in spring seeps and in
Lake Kaldvatnet.

The Kaldvassmyra Nature Reserve (established in 1984) covers ca. 85% of the mire
complex, excluding a plateau raised bog mire massif southeast of a drainage ditch. Based
on historical aerial photographs [30], the southernmost 125 m of this ditch was dug before
1952, whereas the remaining ca. 400 m was dug between 1966 and 1973. This ditch was
implemented for forest production purposes and stretched across the southeastern corner
of the peatland. The southern half generally followed a former lagg zone, and the northern
half was placed in a soak between two plateau raised bog mire massifs. The ditch was
blocked in 2017 but drained the eastern, bog-dominated area of Kaldvassmyra for about
50 years before restoration.

The average depth of the ditch was measured at 0.64 m in 2015, and the water table
in the ditch was approximately 0.56 m (average of measurements at 18 locations in the
ditch) [31]. The drainage effect on vegetation was visible through a gradual encroachment
of bushes and trees along the ditch and in adjacent mire margin vegetation. The mire
expanse has remained open despite the drainage.
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Table 1. Climatic conditions at the study sites Kaldvassmyra, Aurstadmadsan, and Midtfjellmasan
in the period 2015-2021 [32]. Mean = average annual air temperature and mean annual sum of
precipitation, respectively.

Studv Sit Temperature (°C) Precipitation (mm)
udy site Mean Min Max Mean Min Max Driest Year Wettest Year
Kaldvassmyra 1 6.2 —2.1 (Jan) 15.1 (Jul) 900 50 (Feb) 114 (Sep) 789 (2018) 1006 (2021)
Aurstadmasan 2 6.1 —3.9 (Jan) 16.7 (Jul) 839 32 (Apr) 101 (Sep) 601 (2018) 1037 (2015)
Midtfjellmédsan 3 59 —4.2 (Jan) 16.1 (Jul) 713 36 (Apr) 86 (Nov) 470 (2018) 926 (2020)

94

1 Temperature data obtained from the Verdal-Reppe weather station (code SN70150) from the period 2015-2018.
Precipitation data were obtained from the Buran weather station (SN69960) from the period 2015-2021. 2 Tem-
perature and precipitation data obtained from the Gardermoen weather station (code SN4780) from the period
2015-2021. 3 Temperature and precipitation data obtained from the Aurskog IT weather station (code SN2650)
from the period 2015-2021.

Aurstadmasan (92 ha, 180 m a.s.l., 60.18759° N, 11.34243° E) is one of approximately
30 localities with a concentric raised bog in Norway [33] and was protected as the Aurstad-
masan Nature Reserve in 1981. The mire complex consists of two concentric raised bog mire
massifs, and bog vegetation dominates [34]. The mire sits on thick marine and glaciofluvial
deposits [28] with granite in the bedrock [29].

A single ditch (ca. 1 km) was dug through the center of the peatland before 1953 [30],
affecting the largest mire massif. The average depth of the ditch was measured at 0.85 m
in 2015, and the water table was approximately 0.72 m (average of measurements at 35
locations in the ditch). This ditch was plugged in 2016. Comparing recent and historical
aerial photographs, it is evident that there has been a substantial encroachment of Scots
pine (Pinus sylvestris) in the northeast section of the bog in particular and in the mire
margin in general. The mire expanse southwest of the ditch has remained predominantly
open, and this area includes the highest point of the peat dome. Downy birch (Betula
pubescens) has established close to the ditch, suggesting a long-term increase in nutrient
availability in the soil and a decline in the groundwater table.

In the southern part of the bog, along the course of the ditch, dying pine trees likely
indicate the re-establishment of wet conditions as the ditch’s drainage function diminishes.
Within the core region of the dome, more pronounced hummock structures appear to
have developed since 1953, potentially signifying that the bog has been functioning under
slightly drained conditions in recent years. The smaller concentric raised bog massif in
the southeast has been severely impacted by peat excavation and cultivation, the latter
continuing until around 1970, which drained the adjacent peatland area. The areas affected
by peat excavation have been excluded from the Nature Reserve.

Midtfjellmasan (407 ha, 280 m a.s.l., 59.95141° N, 11.68354° E) is a large mire landscape
that was partly protected as the Midtfjellmédsan Nature Reserve in 2013. Ombrotrophic
vegetation covers about 55% of the peatland area, and the mire contains several mire
complexes and ca. 90 mire massifs. The mire massif types present are plateau raised bog,
eccentric raised bog, plane bog, flat fen, terrestrialization mire, and soligenous surface flow
mire [35]. A peat layer has developed over shallow, waterlogged morainic sediments across
the majority of the site, while in certain areas, the peat directly overlays the underlying
granite or gneiss of the bedrock [28,29].

A network of 18 drainage ditches with an average distance of 26 m between them
was dug during the 1950s and 1960s, impacting three mire massifs in the central, western
part of the protected area. The mire massif types affected were plateau raised bog, plane
bog, and soligenous surface flow mire. The average depth of the ditches was measured at
0.71 m in 2015, and the water table was approximately 0.31 m (average of measurements
at 94 locations in the ditches). The ditched area was rewetted in 2018. Among the three
sites studied in this research, Midtfjellmasan stands out as the one that has experienced the
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most pronounced drainage. Encroachment by trees, bushes, and dwarf bushes like heather
(Calluna vulgaris) is easily seen in aerial photographs and is also apparent in the field.

2.2. Installation of Piezometers and Water Level Measurements

Water level data were obtained using automatic pressure transducers, which were
placed in strategically located piezometers within the study sites (Figure 2). The loggers
recorded measurements at 3 h intervals. Data were compensated based on readings from
loggers that recorded atmospheric pressure at each site and were calibrated with manual
measurements. The installation of piezometers and water level loggers took place on 19
August 2015 in Kaldvassmyra, 21 August 2015 in Midtfjellmésan, and 22 August 2015 in
Aurstadmadsan. The data collection for Kaldvassmyra continued until 18 October 2021,
while for Aurstadmadsan and Midtfjellmdsan, the last data were collected on 7 July 2021.
At the Kaldvassmyra site, a total of 11 piezometers were initially installed. However, 3 of
these piezometers stopped logging, so the data were available only from 8 piezometers
distributed across 3 transects and 2 individual points. K.REF was used as the reference
point (Figure 2B). Within the bog section of the Kaldvassmyra mire, the depths of the peat
layer ranged from 1.2 m to 2.5 m. At the Aurstadmasan site, a total of 10 piezometers were
installed, which were organized into 2 groups that formed 8 transects and 2 additional
individual measurement points (Figure 2A). Point A9P was selected as a reference point.
In the northern part of the site, the depths of peat reached from 1.5 to 4 m, while in the
southern part, the reported peat layer thickness did not exceed 1.3 m. At the Midtfjellmdasan
site, 11 piezometers were installed in 3 transects and 1 individual point as a reference point
(M6P) (Figure 2C). The peat thickness in Midtfjellmasan varied from 1.4 m to 3.5 m. The
details of peat depths at specific locations are presented in Table A1 in Appendix A.

29 .
pieZOfne(er AP,
+ / .
ditch ) 1A

Figure 2. Maps with the locations of piezometers in Aurstadmasan (A), Kaldvassmyra (B) and

Midtfjellmdsan (C) sites (**’ indicates a reference point; arrows indicate flow directions in the ditches).

The preparation of the piezometers followed the instructions provided in the descrip-
tion depicted in Figure Al (Appendix A). The body of each piezometer was made of a
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PVC pipe of 40-50 mm diameter. The length of each piezometer was adjusted to match
the actual depth of the peat in the respective installation location. For the majority of the
piezometers, the lower section of the pipe was hammered into the underlying sand or
till layer. In cases where the peat directly rested on the mineral bedrock, the bottom of
the piezometers was positioned to make contact with the rock surface. In sites where the
peat depth exceeded 3 m, the piezometers were installed directly in the peat, assuming
that no vertical movements of these piezometers could have occurred over the monitoring
period. Elevations of heads of installed piezometers and elevations of the ground in places
of installation were measured with an accurate DGPS receiver. Reference piezometers were
placed in areas that are unlikely to be affected by damming the ditch.

2.3. Implementation of Restoration Measures

The restoration of the study sites was conducted as part of the Norwegian Environment
Agency’s 2015-2020 plan, which aimed to adapt to climate change by reducing greenhouse
gas emissions and improving the ecological condition of peatlands [36,37]. The rewetting
technique employed was ditch blocking with peat dams, which is a proven cost-effective
and successful method [38,39]. The locations of the dams were set based on hydrological
modeling [31] which reflected the principle of designing one peat dam for every 0.2 m of
water level slope in the ditch. The peat dams were designed to be approximately 0.5 m
higher than the maximum ditch depth and extended several meters beyond the ditch
boundaries. Details on the construction process are provided in Appendix B.

Rewetting measures were implemented on 2 December 2016 (Aurstadmaésan), on 24
April 2017 (Kaldvassmyra), and on 14 September 2018 (Midtfjellmasan). In Kaldvassmyra,
12 peat dams were constructed, with an average spacing of 35.4 m (median 29.8 m) between
dams, ranging from 14.7 m to 115.8 m. In Aurstadmasan, 7 peat dams were installed with
an average spacing of 34.7 m (median: 36.5 m) and a range of 26.1 m to 41.6 m. Notably,
4 dams were placed in the northern section of the ditch and 3 in the southern section,
leaving the middle 730 m unblocked. Data for the dams in Midtfjellmasan were unavailable
due to unclear aerial photos and the lack of a field inventory.

2.4. Data Analysis

The study employed a BACI (Before/After Control/Impact) design to compare
groundwater and precipitation data collected before and after the implementation of
rewetting measures. Water level loggers recorded data at 3 h intervals, from which daily
averages were calculated for further analysis. Daily precipitation data were obtained from
meteorological stations near the study sites, as summarized in Table 1.

To analyze groundwater table changes following rewetting, equal time intervals before
and after ditch blocking were compared. These intervals were defined relative to the
rewetting date for each site. At Kaldvassmyra and Aurstadmasan, data were grouped into
five intervals: one year before rewetting and four consecutive years after rewetting. A one-
day discrepancy during leap years was disregarded. At Midtfjellmasan, where rewetting
occurred later in the monitoring period, data were divided into two equal intervals of
1027 days each. Mean groundwater levels from piezometers within the influence range
of ditch blocking (referred to as “impact piezometers”) were calculated, while control
piezometers were analyzed separately. The same method was applied to evaluate changes
in monthly precipitation sums over the monitoring period and assess whether variations in
weather conditions could account for observed changes in groundwater levels. Additionally,
average annual precipitation totals were analyzed. Differences between pre- and post-
rewetting periods were assessed using the non-parametric Wilcoxon test.
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For simplicity, further analyses encompassed the entire monitoring period, which was
divided into two unequal pre- and post-rewetting periods. These analyses investigated
differences at the level of individual piezometers and seasonal effects of rewetting as indi-
cated by changes in monthly mean groundwater levels. Additional assessments included
determining the impact radius of ditch blocking and analyzing changes in groundwater
table duration curves. Time series trends were evaluated using linear regression [40]. All
analyses used a significance level of 0.05. Data processing and analysis were conducted
using R Statistical Software version 4.1.2 [41], employing the ggplot2 package version
3.3.6 [42] for data visualization.

3. Results
3.1. Changes in Groundwater Tables

In almost all cases, a significant increase in mean groundwater tables was observed
within each site after rewetting (Figure 3). At Kaldvassmyra, the mean increase was 0.08 m,
which was consistently observed each year following rewetting. At Aurstadmasan, the
change was not significant in the second year (2018), which was identified as the driest
year during the monitoring period for both Aurstadmaésan and Midtfjellmésan.
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Figure 3. Boxplots illustrating groundwater table comparisons across equal time intervals before and

after rewetting. Row (A) represents the mean groundwater tables from impact piezometers, while
row (B) shows the control piezometers. ‘ns’—p > 0.05; “*"—p < 0.05; “****'—p < 0.0001.
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Time series analysis revealed a notable drop in groundwater levels at these sites during
that year, which was attributed to exceptionally low precipitation. However, on average,
the groundwater tables increased by 0.04 m at Aurstadmasan and 0.08 m at Midtfjellmésan.
Across all sites, the average increase in groundwater levels was 0.06 m. For the control
piezometers, the mean groundwater table change was 0.02 m in Kaldvassmyra, —0.04 m in
Aurstadmadsan, and 0.01 m in Midtfjellmasan, resulting in an average change of —0.01 m
across all sites.

The analysis of groundwater table data before and after rewetting revealed spatial
variations in hydrological responses across the sites, depending on piezometer locations. At
each site, piezometers that showed increased mean groundwater levels following rewetting
were identified (Figure 4, Appendix D). However, not all impact piezometers responded
positively to ditch blocking. In Kaldvassmyra, three out of eight piezometers exhibited
an increase in mean groundwater levels, while the remaining five piezometers showed a
decrease. In Aurstadmdsan, seven out of ten piezometers recorded higher mean groundwa-
ter levels post-rewetting, whereas the remaining three piezometers, along with the control
piezometer, showed a decline. In contrast, nearly all piezometers in Midtfjellmasan (10 out
of 11) demonstrated an increase in mean groundwater levels after rewetting.
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Figure 4. Boxplots of groundwater tables before and after rewetting for each piezometer in
Kaldvassmyra (A), Aurstadmdsan (B), and Midtfjellmasan (C). K.REF, A9P, and M6P represent
control piezometers.
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Hydrographs illustrating changes in average daily groundwater tables during the
monitoring period for individual piezometers are presented in Appendix C. The trend lines
and corresponding equations generally reflect the observed changes in average ground-
water depths before and after rewetting. In Kaldvassmyra, an increasing trend line was
observed at three out of eight measurement points (K2.50P, K3.30P, K4.20P). A decreasing
trend was recorded at the control piezometer (K.REF) and four impact piezometers (K1.30P,
K1.60P, K3.0P, K4.50P). In Aurstadmasan, most measurement points exhibited an increasing
trend line, while a decreasing trend was noted in the control piezometer (A9P) and one
impact piezometer (A2P). In Midtfjellmésan, a decreasing trend was observed in only one
piezometer (M2P).

Monthly mean groundwater tables in the impact piezometers increased in nearly all
cases during the post-rewetting period (Figure 5). The only exceptions were in August
and September at Aurstadmasan, where the mean groundwater table was lower after
rewetting compared to the pre-rewetting period. This decline may be attributed to lower
mean precipitation totals in these months following rewetting.
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Figure 5. Monthly mean groundwater tables of the impact piezometers and the monthly mean sum
of precipitation from the pre-and post-rewetting period in Kaldvassmyra (A), Aurstadmasan (B), and
Midtfjellmasan (C). The green areas represent the growing season in Norway (May-October).
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In contrast, the monthly mean groundwater tables of the control piezometers generally
decreased or remained unchanged in the post-rewetting period. Positive changes in control
piezometers were observed in June (0.05 m) and October (0.07 m) at Kaldvassmyra, in
June (0.01 m) at Aurstadmasan, and in February (0.01 m), May (0.04 m), June (0.06 m), July
(0.06 m), and August (0.05 m) at Midtfjellmasan.

3.2. Impact Radius of Ditch Blocking

The average distance affected by ditch blocking, where a rise in groundwater levels
was observed, was 24.8 m in Kaldvassmyra, 12.7 m in Aurstadmadsan, and 14.1 m in
Midtfjellmasan (Figure 6). The overall average range of influence of ditch blocking was
17.2 m. Analysis of p-values in relation to distance from the ditch indicates that changes
in groundwater depths before and after rewetting are statistically significant up to 35.2 m
from the ditch.
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Figure 6. Relationship between the average groundwater level change and the distance from the
ditch in Kaldvassmyra, Aurstadmasan, and Midtfjellmésan (control piezometers excluded).

3.3. Changes in GWD Exceedance Frequencies

Groundwater table duration curves for each site, divided into pre- and post-rewetting
periods, are presented in Figure 7. The graph includes curves for the reference piezometers
and the curve representing the average groundwater depth from all impact piezometers
(excluding the reference piezometer). On average, the impact piezometers at each site
showed a noticeable increase in the groundwater table after rewetting with a frequency of
exceedance of approximately 80%.

Figure 8 illustrates changes in the occurrence of specific groundwater levels before and
after rewetting. In Kaldvassmyra, durations of higher groundwater tables after rewetting
(ranging from —0.2 to —0.1 m and higher) extended in piezometers K2.50, K3.30P, and
K4.20P. Most other piezometers exhibited a decreased amount of time with higher ground-
water tables post-rewetting. Piezometers that recorded the water table at the surface or
above ground level during the post-rewetting monitoring period included K2.50P (54.2%
of the time), K3.0P (0.4% of the time), and K3.30P (7.7% of the time). In Aurstadmasan,
durations of higher groundwater tables after rewetting increased in piezometers A1P, A3P,
A4P, A5P, A7P, A8P, and A10P. Piezometers that showed a significant increase in the oc-
currence of the water table at the surface or above ground level during the post-rewetting
period included A5P (8.1% of the time), A7P (71.7% of the time), A8P (5.2% of the time),
and A10P (48.4% of the time). In Midtfjellmésan, the duration of higher groundwater tables
after rewetting increased in piezometers M6P (reference piezometer), M1P, M3P, M4P, M5P,
M7P, M8P, M9P, M10P, and M11P. Piezometers with a significant change in the occurrence
of the water table at the surface or above ground level during the post-rewetting period
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included M6P (21.8% of the time), M5P (7.8% of the time), M8P (27.0% of the time), and
M10P (6.4% of the time).
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Figure 7. Groundwater depth duration curves before and after rewetting at Kaldvassmyra, Aurstad-
mésan, and Midtfjellmasan.
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Figure 8. Changes in the occurrence of specific ranges of groundwater tables before and after
rewetting in Kaldvassmyra (A), Aurstadmésan (B), and Midtfjellmasan (C) (control piezometers:
K.REF, A9P, M6P).

3.4. Analysis of Meteorological Conditions

Analyses of two key precipitation factors were conducted. Before rewetting, the aver-
age annual precipitation totals at Kaldvassmyra, Aurstadméasan, and Midtfjellméasan were
836 mm, 859 mm, and 649 mm, respectively. After rewetting, these averages were 885 mm,
827 mm, and 681 mm, respectively. The medians of the average monthly precipitation sums
at Kaldvassmyra were 71 mm before rewetting and 64 mm after rewetting. At Aurstad-
masan, the medians were 70 mm before rewetting and 75 mm after rewetting, while at
Midtfjellmasan, the medians were 47 mm before rewetting and 46 mm after rewetting.

Changes in monthly precipitation sums were not significant between the pre- and
post-rewetting periods at any of the sites (Figure 9). This suggests that differences in
precipitation patterns alone cannot explain the changes in the groundwater tables observed
after ditch blocking.
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Figure 9. Boxplots of average monthly sums of precipitation in Kaldvassmyra, Aurstadmasan, and
Midtfjellmasan. ‘ns’—p > 0.05.

4. Discussion
4.1. Response to Ditch Blocking

The results indicate that the rewetting measures applied led to a general increase
in water levels in the peatlands studied. However, the success of rewetting is spatially

limited and dependent on the distance from a ditch block. The average impact radius of
ditch blocking in the three analyzed bogs ranged from 12.7 to 24.8 m. Consistent with the
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present study, previous research has shown that ditch blocks have a limited range of impact,
affecting — at the time - the groundwater table only within a certain distance (Table 2).

Most of the values found in other field studies align with our results. One study
reported that the effect of ditch blocking extends up to nearly 1 km with an average water
level increase of 9.8 to 12.2 cm [43], although it did not specify how the effect is distributed
along a transect. A hydrological model applied to a tropical peatland in Indonesia also
observed an effect of ditch blocking up to 1 km, but the water level increase at the farthest
point was only 1 mm [44], which may be either insignificant or below the model’s accuracy.
The groundwater table response may vary due to multiple factors, such as peat quality, soil
structure, and vegetation cover [45]. Additionally, the recovery of the groundwater table
depends on the elevation difference from the constructed dam with the response expected
only up to a 17 cm difference [46].

Table 2. Examples of estimated impact ranges of ditch blocking in peatlands from other field studies.

Name Country Peatland Type Impact Radius of Ditch Blocking [m] Reference
Bullock Creek Polje New Zealand Fen 30 [47]
Kamanos mire Lithuania Raised bog 980 [43]
Burns Bog Canada Raised bog 20 [48]
Burns Bog Canada Raised bog <50 [45]
Grande plée Bleue bog Canada Raised bog 25 [46]

The meta-analysis conducted by Bring et al. [49] revealed that the impact of restoration
(including ditch blocking) in bogs reaches up to 80 m from the ditch, and the groundwater
table rise after restoration decreases to 50% after 9 m. In contrast, the corresponding value
for the impact of drainage is 21 m, indicating that the impact radius of drainage is more
than twice as large, making restoration more challenging than draining. On average, for
all peatland types, excluding blanket bogs, the restoration measures were found to raise
groundwater levels in the vicinity of undertaken actions by 22 cm.

It is noteworthy that the responses of drained peatlands to rewetting, including specif-
ically raised bogs, can vary significantly depending on the meteorological conditions
following rewetting [50]. A site experiencing dry conditions during the post-rewetting
period may not show a rise in water levels due to a lack of water. Higher temperatures
can affect the rate of evaporation [51], potentially hindering a positive response to rewet-
ting [52]. These factors must be considered when evaluating the long-term effectiveness of
peatland restoration, as climate change is likely to influence its success. In light of changing
climatic conditions, it may become unfeasible to restore a hydrological regime that favors
the original, pre-drainage peatland type (e.g., hydromorphological type). However, this
does not mean that peatland restoration is unnecessary, as rewetting is likely to facilitate a
successful transition toward a peatland adapted to future climate regimes [53,54]. Addi-
tionally, a drained peatland without any action taken toward rewetting is likely to continue
deteriorating and may even disappear under future climatic pressures [55,56].

4.2. Was Rewetting a Success?

Following rewetting, all sites demonstrated an average increase in groundwater levels
of 6 cm across piezometers affected by ditch blocking. A similar study observed comparable
results, reporting a 6 cm rise in groundwater levels in a rewetted fen in Sweden [57].
Likewise, rewetting measures increased the groundwater table by an average of 8 cm in
a drained raised bog in the Czech Republic [58]. However, a broader study by Menberu
et al. [59] which examined 24 rewetted peatlands—including spruce mires, pine mires, and
fens—found a mean groundwater table rise of 21.9 cm.
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Although the 6 cm mean rise observed in this study might appear modest and insuf-
ficient as a positive response of a drained peatland to rewetting, recent findings suggest
otherwise. According to Koch et al. [60], even small increases in the groundwater table
can significantly reduce CO,-equivalent emissions. Specifically, a water table depth of
40 cm below the surface has been identified as a critical tipping point for limiting CO, re-
lease. Based on these findings, the groundwater table increases observed in Kaldvassmyra,
Aurstadmadsan, and Midtfjellmasan may have contributed to reductions of approximately 7,
8,and 9t CO; eq. ha~! year’l, respectively. Altogether, the rewetting of these sites could
potentially lead to an estimated reduction of approximately 75.5 t CO, eq. annually. This is
a very careful and rough estimate and requires future research on the carbon balance in
rewetted raised bogs.

Other studies have also found a relationship between groundwater tables and carbon
emissions. A model-based approach applied by Urzainki et al. [44] revealed that the rise in
mean annual groundwater level after blocking drainage canals in a tropical peatland com-
plex in Indonesia was only 1.5 cm. Nevertheless, the study predicted that canal-blocking
could reduce the emission of 1.07 t CO, eq. ha~! in the dry year and 1.17 t CO, eq. ha™!
in the wet year. This suggests that even the smallest changes in the groundwater table
can trigger ecologically beneficial processes or gradually reverse the negative impacts
of drainage.

Another observation from the data analysis is that in most cases across all study
sites, there is a longer period with a higher groundwater table. A study by Liu et al. [10]
identified the critical groundwater table depth as 30 cm, representing a turning point for
changing the functionality of a peatland. The research revealed that a groundwater table
deeper than 30 cm implies a reduction in carbon sequestration rates. In a different study,
Lamentowicz et al. [61] found that a critical value for the functioning of the peatland
ecosystem is approximately 11.7 cm, which is based on plant community composition.
Other sources also mention that the groundwater table of 10-15 cm below the surface is a
tipping point for Sphagnum spp. growth [62]. Considering these depths as indicative of a
well-functioning peatland, they could be used as threshold values for a hydrology indicator
to assess the successful restoration of these ecosystems.

In the case of the rewetted sites in this study, the period with a groundwater table of
30 ecm or higher in Kaldvassmyra increased by 13.7% after ditch blocking (from 61.9% to
75.6%). In Midtfjellmdsan, there was a change of 9.3% (90.7-100%). In the Aurstadmésan
site, the situation was somewhat different, as the groundwater table was already around
30 cm deep throughout the study period before rewetting (99.9%). When the threshold was
lowered to 20 cm in this case, a more noticeable difference was observed: the period with a
groundwater table of 20 cm or higher increased by 23.9% (from 58.8% to 82.7%). Overall,
rewetting increased the time during which the groundwater table was 30 cm or higher
by 11.5%.

Considering the period with a groundwater table at or above 11.7 cm, there was a
significant increase at all of the sites after rewetting. In Kaldvassmyra, the increase was
15.8% (from 0.6% to 16.4%), in Aurstadmadsan it was 43.7% (from 0% to 43.7%), and in
Midtfjellmasan it was 23.7% (from 0.7% to 24.4%). On average, ditch blocking increased the
period when the groundwater table was 11.7 cm or higher by 27.7%. These calculations were
based on the average groundwater table from all the impact piezometers. In conclusion, the
duration of favorable hydrological conditions for peatland functioning has been prolonged.

Changes in the study sites can also be observed visually not only through piezometer
data. At both the Midtfjellmasan and Aurstadmasan sites, Sphagnum spp. and graminoids
such as Eriophorum vaginatum and Rhynchospora alba have colonized the blocked ditches, at
least in ombrotrophic mire massifs. A field visit to Midtfjellmasan in July 2021 revealed
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that the blocked ditches of the raised bog mire massif were water-filled, while the blocked
ditches of the soligenous surface flow mire were partly dry between peat dams. The
piezometer readings do not seem to support this observation, as the raised bog piezometers
(M1P-M3P, Figure 3) suggest less ditch blocking effect than the fen piezometers (M4P-M5P
and M7P-M11P, Figure 3). The most likely explanation is that the hydrology of the raised
bog mire massif was less impacted by drainage than that of the fen mire massif and that
rewetting has had a relatively higher impact on groundwater levels in the fen. Additionally,
there may be greater variability in the fen groundwater levels, which probably reflects
both the innate hydrological characteristics of soligenous surface flow mires and the effects
of drainage.

In the Kaldvassmyra site, the response of the groundwater table to ditch blocking is
not evident in individual piezometer readings. In this site, Kyrkjeeide et al. [63] found no
changes in species composition that can be related to restoration five years after rewetting.
However, there are changes in the area, indicating a rise in the groundwater table. The
forest vegetation established in the drained mire margin close to the ditch has been flooded,
and trees show signs of dying, indicating an apparent shift in hydrological conditions.
Taking a closer look at the restored ditch and the placement of piezometers may shed some
light on the lack of a clear, measured impact. During field visits, the water level in the ditch
has always been high in the soak between the raised bog mire massifs. This is in the interior
of the mire complex and is covered by piezometers K2.50, K3.0, and K3.30, among which
at least K2.50 documents increased water level after restoration (Figure 4). Contrastingly,
in the lagg zone (mire margin area), the water level in the blocked ditch fluctuates and
can dry out completely. This is covered by piezometers K1.30, K1.60, K4.20, and K4.50
with little evidence of increased water level after rewetting. At this site, the rewetting
appears to be either partly successful or the natural hydrological pattern of the mire margin
and lagg zone is not fully understood. These observations highlight that relying solely on
raw data from piezometers can lead to overlooking important changes and missing the
bigger picture.

It is important to note that there is a time lag in the reaction of a peatland to rewetting
measures [59]. A rise in the groundwater table is not immediately accompanied by a
simultaneous positive response in vegetation [63,64], gas fluxes [65], or peat physical
properties [66]. To document long-term changes, the monitoring period after rewetting
should be extended [67]. A case of a raised bog in Norway, Rennasmyra, which underwent
restoration [18], provides a comparable example to the sites in this study. It was drained
in 1973 and rewetted in 1982 by blocking the ditches with peat dams [68]. A study by
Nordbakken et al. [68] on vegetation changes after rewetting revealed that 22 years after
restoration, the vegetation of the restored area resembled that of the pristine area. A similar
assessment conducted 6 years post-rewetting (1988) found no evident changes at that time.
The study’s general conclusion was that the ditch blocking of the raised bog at Rennasmyra
was successful. This confirms that the results of rewetting may take decades to materialize
rather than years.

4.3. Future Challenges and Limitations

Examining potential future challenges of rewetted sites from this study, they will need
to contend with various changing meteorological conditions in Norway. According to the
more pessimistic, high-emission scenario (RCP8.5), temperatures in Norway are projected
to increase by approximately 4.5 °C by the end of the 21st century [69]. Considering the
lower greenhouse gas emissions scenario (medium—RCP4.5), the increase in temperature
might reach, on average, 2.8 °C. In any case, an increase in the evaporation rate is inevitable.
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The medium emissions scenario projects that the evaporation rate will increase by
approximately 15-35% in eastern and southern Norway by the end of the century. In other
regions of the country, this change may reach up to 75% [70]. Despite the expectation
of a roughly 18% increase in annual precipitation in Norway (RCP8.5), future soil mois-
ture is predicted to decrease [69]. It has also been found that the warming effect in the
Scandinavian regions will be more noticeable in winter rather than in summer [71]. This
indicates that we can expect more rainfall in winter instead of snowfall, leading to a general
decrease in snow cover and a reduction in the occurrence of snowmelt flooding [72,73].
Considering meteorological projections, a decline in the groundwater table in peatlands
might be expected to occur throughout the century. A study by Bertrand et al. [74] modeled
that there will be more seasonal fluctuations in the groundwater table, with a significant
decline from the second half of the 21st century, especially in the RCP8.5 scenario.

Other factors will also influence the effectiveness of ditch blocking, such as the initial
condition of a drained peatland—namely, the extent to which the peat has been degraded
and how its properties were changed [59]. The depth of drainage also seems to be the factor
affecting the effectiveness of raising the groundwater table—shallow drained peatlands
have a better chance of a positive reaction to rewetting [46].

5. Conclusions

Our research indicates that the described measures of slowing down runoff from the
ditches by building peat dams have effectively contributed to the rise in the groundwater
tables of the analyzed peat bogs. The average influence range of the ditch blocking was
12.7-24.8 m. Considering the data from all the impact piezometers, groundwater levels
increased by an average of 6 cm, while the same value for control piezometers was —1 cm.
Rewetting significantly increased the duration of groundwater levels favorable for restoring
peatland functions. On average, ditch blocking increased the period when the groundwater
was 11.7 cm (used threshold for the functioning of peatland ecosystem) or higher by 27.7%.
Considering another measure, rewetting increased the time when the groundwater table
was 30 cm or higher by 11.5%. The results suggest that ditch blocking can be an effective
tool in restoring the hydrological conditions of peatlands, although its effectiveness may be
limited in time and space. The assessment of restoration success could be complemented
by analyses of other conditions, including changes in vegetation cover and greenhouse
gas emissions (CO,, CHyg, N2O). Our conservative estimates highlighted that rewetting of
these three sites could lead to a reduction of 75.5 t CO; eq. per year, but the direct impact
of rewetting on greenhouse gas emissions should be evaluated more thoroughly and field
proven. The scale and extent of the positive impact of the rewetting measures on peatlands
presented in this research will most likely increase over time. Although progressing climate
change and changes in water availability may limit the effectiveness of rewetting, it appears
that continued restoration measures are the only way to increase the resilience of peatlands
and the value of the benefits that a well-preserved environment provides to society.
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Appendix A

Piezometers’ Details

Table Al. Details of the piezometers (**'—reference piezometer).

Site Piezometer XY Coordinates (WGS) Peat Thickness [m] Remarks
K-REF * 11.59038, 63.72181 1.90 -
g K1-30P 11.59584, 63.7253 1.60 sand
g K1-60P 11.59621, 63.72503 1.75 sand
@ K2-50P 11.5952, 63.72445 1.90 sand
3 K3-0P 11.5938, 63.72423 2.20 sand
] K3-30P 11.5943, 63.7241 2.00 sand
‘M“ K4-20P 11.59091, 63.72267 1.85 sand
K4-50P 11.59128, 63.72263 1.20 sand
A1P 11.34372, 60.1897 >3.0 -
A2P 11.34355, 60.18958 >3.0 -
g A3P 11.34334, 60.18966 >3.0 -
o A4P 11.34346, 60.18984 1.50 silt (gyttia?)
_g A5P 11.34401, 60.18959 >3.0 -
8 A6P 11.34376, 60.18942 >3.0 -
2] A7P 11.34519, 60.18417 1.20 silt (gyttia?)
é A8P 11.34499, 60.18422 1.20 silt (gyttia?)
A9P * 11.34431, 60.18392 1.10 silt
A10P 11.34608, 60.18474 1.30 silt (gyttia?)
M1P 11.68344, 59.95217 3.20 -
M2P 11.68326, 59.95222 2.80 sand
g M3P 11.68363, 59.95203 2.70 sand
2 M4p 11.68389, 59.9508 1.40 calcareaous sand
g M5P 11.68371, 59.95097 1.40 sand
< Me6P * 11.67236, 59.94601 1.80 bedrock
= M7P 11.68289, 59.95095 1.60 till
) MS8P 11.6826, 59.95079 2.50 -
p= MoP 11.68233, 59.95052 1.70 bedrock
M10P 11.68248, 59.95059 3.40 -
M11P 11.68255, 59.95068 3.50 -
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= Hermetic cap (plastic muff) — glued to the pipe

PCV pipe of 40-50 mm diameter (2 -4 m)
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Figure Al. Piezometer’s design.
Appendix B
The Procedure of Ditch Dam’ Construction Applied in the Described Case Studies

Step 1:

Select an appropriate site (dams should be constructed in a pattern of one dam per
approximately 0.2 m of water table/ditch bottom gradient). Clean the ditch banks and
excavate peat/mineral material in the ditch bed and slightly beyond: below the ditch
bottom elevation determined at the design stage.

Step 2:

The material for the dam should be taken from a site adjacent to the ditch (e.g., within
5 m of the ditch bed). The top layer of dried peat (approximately 0.2) should be set aside
and not used for dam construction. Peat from the deeper layers of the soil profile taken
in the vicinity of the ditch bed should be placed in the created depression to the ordinate
about 0.3-0.5 m higher than the ditch banks. A dam built perpendicular to the ditch bed
should “extend” beyond the ditch bed for about two ditch widths on the right bank and
two ditch widths on the left bank. This allows—in wet periods—the water to be diverted
from the ditch into the peat bog area, increasing the effectiveness of the operation.

Step 3:

The ditch bed between constructed dams should be filled with surplus material taken
for dam construction. The introduction of dried peat from the topsoil profile into the ditch
should be avoided.

Step 4:

The banks of small waterbodies (ponds) created by the extraction of material for the
construction of the dam should be profiled so that their slope does not impede the ingress
(and egress) of amphibians and other animals.

Appendix C
Hydrographs

Kaldvassmyra
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Figure A2. Groundwater depth and precipitation before and after rewetting in piezometer K.REF.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.0722695196313581 + —1.34471724148549 x 1075 x x.
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Figure A3. Groundwater depth and precipitation before and after rewetting in piezometer K1.30P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = 0.295372352980613 + —3.56069167565431 x 1075 x x.
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Figure A4. Groundwater depth and precipitation before and after rewetting in piezometer K1.60P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = 0.500276621282405 + —4.99935728099233 x 1075 x x.
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Figure A5. Groundwater depth and precipitation before and after rewetting in piezometer K2.50P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —4.21537097970746 + 0.000227020587660996 x x.
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Figure A6. Groundwater depth and precipitation before and after rewetting in piezometer K3.0P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = 0.527673900033183 + —5.11983475251307 x 107 x x.
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Figure A7. Groundwater depth and precipitation before and after rewetting in piezometer K3.30P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.617217750141572 + 2.34234704348353 x 107 x x.
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Figure A8. Groundwater depth and precipitation before and after rewetting in piezometer K4.20P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line

equation: y = —0.4383160103;

68798 + 1.40341469065934 x 1075 x x.
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Figure A9. Groundwater depth and precipitation before and after rewetting in piezometer K4.50P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = 0.391328050472584 + —2.71376863007763 x 1075 x x.
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Figure A10. Groundwater depth and precipitation before and after rewetting in piezometer A9P
(control piezometer). Red line represents the date of peat dam construction; gray line represents a
trend line. Trend line equation: y = —0.016332267477855 + —4.4304690170292 x 107° x x.
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Figure A1l. Groundwater depth and precipitation before and after rewetting in piezometer A1P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —1.45232389277605 + 6.96421961149087 x 1072 x x.
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Figure A12. Groundwater depth and precipitation before and after rewetting in piezometer A2P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.199593765095243 + —1.1320486546341 x 107° x x.
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Figure A13. Groundwater depth and precipitation before and after rewetting in piezometer A3P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.504720685205623 + 1.71058635569323 x 107> x x.
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Figure A14. Groundwater depth and precipitation before and after rewetting in piezometer A4P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.97242567190085 + 4.34024429775599 x 107> x x.

ASP
o~ “ b R DL (R T'”‘"T"TFWI'T”" a1 “ T 7WWWWWTE
E ° | :
& o
N s b
T e, - v
g 7 ey
3 =
6 <
2016 2017 2018 2019 2020 2021
Time

0

53
Precip. [mm]

Figure A15. Groundwater depth and precipitation before and after rewetting in piezometer A5P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —1.64729627235141 + 8.50666940383836 x 1075 x x.
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Figure A16. Groundwater depth and precipitation before and after rewetting in piezometer A6P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.305726611559842 + 2.07597152667249 x 107° x x.
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Figure A17. Groundwater depth and precipitation before and after rewetting in piezometer A7P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —2.10986538059255 + 0.000117160946097971 x x.
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Figure A18. Groundwater depth and precipitation before and after rewetting in piezometer ASP.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.634947112113461 + 3.00869747950434 x 1072 x x.
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Figure A19. Groundwater depth and precipitation before and after rewetting in piezometer A10P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.941198521843798 + 5.08352721298071 x 1075 x x.
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Figure A20. Groundwater depth and precipitation before and after rewetting in piezometer M6P
(control piezometer). Red line represents the date of peat dam construction; gray line represents a
trend line). Trend line equation: y = —0.686592923503051 + 2.25822604941247 x 107 x x.
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Figure A21. Groundwater depth and precipitation before and after rewetting in piezometer M1P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.644078444823363 + 2.91070802712557 x 1075 x x.
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Figure A22. Groundwater depth and precipitation before and after rewetting in piezometer M2P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.0632860575727428 + -3.55878203137512 x 107° x x.
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Figure A23. Groundwater depth and precipitation before and after rewetting in piezometer M3P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.452081832899084 + 1.87555571383385 x 107> x x.
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Figure A24. Groundwater depth and precipitation before and after rewetting in piezometer M4P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —2.06541350159327 + 0.000107846578587073 x x.

02

i

Groundwater depth [m]
02 00
38 95
Precip. [mm]

04

-06

AU AL AN R LA | N

M5P

SR o

[Z4LN

2016 2017 2018

Time

2019 2020 2021

Figure A25. Groundwater depth and precipitation before and after rewetting in piezometer M5P.

Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —1.10483425625354 + 5.31894780911463 x 1075 x x.



Land 2025, 14, 142 27 of 32

mM7P
S A [ v
=) F oF
- - 7E
£ o 8o
£ © 3
£ JJL\ &
s " ]
g g““'w%m 1 o v Mgt
= N i
- WWWW ﬁv(”
S <7
Q)
o
5] T T T T T T
2016 2017 2018 2019 2020 2021
Time

Figure A26. Groundwater depth and precipitation before and after rewetting in piezometer M7P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —1.74867144833594 + 8.39537419663912 x 107> x x.
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Figure A27. Groundwater depth and precipitation before and after rewetting in piezometer M8P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.632890216671114 + 3.01224454111323 x 107% x x.
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Figure A28. Groundwater depth and precipitation before and after rewetting in piezometer M9P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —0.990506727499476 + 3.56123765081276 x 107° x x.
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Figure A29. Groundwater depth and precipitation before and after rewetting in piezometer M10P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —2.40381758748658 + 0.00012206384827724 X X.
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Figure A30. Groundwater depth and precipitation before and after rewetting in piezometer M11P.
Red line represents the date of peat dam construction; gray line represents a trend line. Trend line
equation: y = —1.40014199790285 + 6.32920737061399 x 107> x x.

Appendix D

Table A2. Groundwater tables at each piezometer before and after rewetting (minimum, maximum,
mean and median), changes in average groundwater tables and distance of the piezometer from the
ditch (" control piezometer).

Groundwater Table [m]

Groundwater Distance

Site Piezometer Min Max Mean Median Table from the

Before  After Before  After Before  After Before  After Change [m] Ditch [m]
K.REF * —0.63 —0.98 —0.08 —0.08 —0.29 —0.32 —0.29 —0.27 —0.03 42.0
s K1.30P —0.52 —0.72 —-0.06 —0.15 —0.29 —0.35 —0.29 —0.34 —0.06 26.5
E K1.60P —0.76 —1.08 —0.12 —0.11 —0.36 —0.40 —0.35 —0.36 —0.04 9.0
@ K2.50P -087 —0.76 —0.09 0.31 —0.52 —0.05 —0.48 0.03 0.47 7.2
IS K3.0P —0.56 —0.88 —0.16 0.03 -037 —0.39 —0.38 —0.34 —0.02 53.7
% K3.30P —0.51 —0.57 —0.02 0.11 —0.24 —0.18 —0.21 —0.18 0.06 17.7
N K4.20P —0.43 —0.54 —0.05 —0.02 —0.21 —0.18 -020 —0.15 0.03 35.2
K4.50P —0.33 —0.52 0.09 0.09 —0.08 —0.10 —0.06 —0.07 —0.02 10.0
A9P * —0.18 —0.67 0.02 0.01 —0.06 —0.10 —0.05 —0.08 —0.04 17.0
Al1P —0.39 —0.53 —0.20 —0.04 —0.28 —0.20 —0.26 —0.18 0.08 7.2
= A2P —0.28 —0.60 —-0.13  —0.05 —0.19 —0.23 —0.18 —0.21 —0.03 11.0
& A3P —0.26 —0.50 —0.15 0.07 —0.21 —0.20 —0.21 —0.19 0.01 13.0
g A4P —0.36 —0.76 -017  —0.07 —0.25 —0.19 —0.23 —0.15 0.06 9.4
8 A5P —0.31 —0.55 —0.13 0.06 —0.21 —0.12 -020 —0.08 0.10 7.1
g A6P —0.34 —0.67 —0.15 —0.09 —0.24 —0.28 —0.23 —0.25 —0.04 159
< A7P —0.35 —0.50 —0.09 0.24 —0.19 0.01 —0.18 0.04 0.20 2.0
A8P —0.26 —0.57 —0.01 0.09 —0.12 —0.10 —-0.11 —0.07 0.02 12.0
A10P —0.22 —0.54 0.05 0.20 —0.08 —0.03 —0.08 0.00 0.06 13.7
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Table A2. Cont.

Groundwater Table [m]

Groundwater Distance
Site Piezometer Min Max Mean Median Table from the
Before  After Before  After Before  After Before  After Change [m] Ditch [m]
M6P * —0.54 —0.52 0.05 0.13 —0.29 —0.28 —0.28 —0.29 0.01 150.0
M1P —0.23 —0.21 —0.01 —0.01 —0.15 —-0.11 —0.15 —0.11 0.04 9.6
c M2P —0.23 —0.22 0.02 —0.03 —-0.12 -0.13 —0.12 —0.13 —0.01 19.9
s M3P —0.23 —0.19 0.02 0.06 —0.13 —0.11 -0.13 -0.10 0.02 11.2
‘g M4P —0.53 —0.24 —-0.11 0.02 —0.23 —0.07 —0.20 —0.06 0.17 49
= M5P —0.38 —0.29 —0.08 0.03 -0.20 -0.10 —0.20 —0.10 0.10 4.6
g M7P —0.47 —0.40 -0.10 0.04 —0.31 —0.20 —0.31 —0.20 0.11 10.4
= M8P —0.22 —-0.27 0.05 0.12 —0.11 —0.08 —0.11 —0.08 0.03 15.6
M9P —0.55 —0.54 0.03 0.02 —0.38 —0.34 —0.38 —0.33 0.04 32
M10P —043 —0.40 —0.01 0.02 —0.31 —0.16 —0.31 —-0.17 0.15 3.0
M11P —0.44 —0.43 —0.15 0.02 —0.32 -0.23 —0.31 —0.21 0.08 8.0
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HIGHLIGHTS GRAPHICAL ABSTRACT

Rewetting drained peatlands increases
water retention of a river basin.

The benefit from increased water storage
exceeds rewetting costs in most scenarios.
Rewetting of peatlands enhances sustain-
able management of agricultural land-
scapes.

of water retention in a catchment scale

- Volume of water to be gained due to rewetting of peatlands in a Neman River Basin scale = 23.6- 118 M m*
- Average volume of water gained per hectace of a rewetted peatland - 200 m*/ha

- Value of water stored in rewetted peatlands in the Neman River Basin scale =12 up to 60.2 M EUR/year

- Approximate costs of peatland rewetting in the Neman Basin scale - 6.8 up to 51.5 M EUR/year

ARTICLE INFO ABSTRACT

Article history: Agriculture continues to place unwanted pressure on peatland functionality, despite international recognition calling
Received 23 November 2021 for their conservation and restoration. Rewetting of peatlands is often the first step of restoration that aims towards
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improving the delivery of ecosystem services and their benefits for human well-being. Ongoing debates on peatland
restoration in agricultural landscapes raise several issues based on the valuation of benefits achieved versus the
costs of peatland restoration. Using the transborder Neman River Basin in North-Eastern Europe, this study aimed to
quantify and evaluate the gains provided by peatland rewetting. To achieve this, this study estimated i) possible
changes in water storage capacity from peatland restoration, ii) the value of expected benefits from restoration and
iii) costs of restoration measures at the overarching basin level. Applying multiple assumptions, it was revealed that
rewetting drained peatlands in the Neman River Basin could increase water retention by 23.6-118 M m>. This corre-
sponds to 0.14-0.7% of the total annual Neman River discharge into the Baltic Sea. Unit increase of water retention
volume due to rewetting ranged between 69 and 344 m>ha . The estimated water retention value ranged between
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Bog 12 and 60.2 M EUR-year ~ . It was also shown that peatland rewetting at the scale of Neman River Basin would cost

Retention
Restoration

from 6.8 M and 51.5 M EUR-year ' depending on the selected scenario. Applying less expensive rewetting measures
(non-regulated outflow from ditch blocks), the economic gains (as water storage ecosystem service of rewetted

peatlands) from rewetting exceed the costs of rewetting. Thus, rewetting peatlands at a river-basin scale can be consid-
ered technically and economically efficient measures towards sustainable management of agricultural landscapes. The
novel methodology applied in this study can be used when valuing trade-offs between the rewetting of drained
peatlands and leaving them drained for the uncertain future of wetland agriculture.

1. Introduction

Over the years, land use change, peat extraction and intensification of
agriculture and forestry have caused loss and degradation of peatlands
across the globe, mainly due to ditching and drainage of peatlands area
(Glina et al., 2018; Harpenslager et al., 2015; Jones et al., 2017; Luan and
Wu, 2015; Urék et al., 2017). Throughout Europe, the drainage of peatlands
for agricultural purposes exceeds 50% and is the main threat to carbon stor-
age (Hatala et al., 2012; Loisel et al., 2021), biodiversity (Renou-Wilson
et al., 2019), water retention and water quality, as well as eutrophication
of water bodies (Grygoruk et al., 2015; Harpenslager et al., 2015). Coun-
tries of the former Soviet Union are excellent examples of the negative ef-
fect agricultural expansion and industrialization have had on peatlands
(Povilaitis et al., 2015). Thus, the performance and functioning of peatlands
have been severely impaired, resulting in many negative impacts including
altered water flow regimes, disrupted carbon and nutrient cycles, change in
vegetation cover and biodiversity (Gyimah et al., 2020; Lachance et al.,
2005; Laine et al., 1995), land subsidence, increased flood and fire risk
and reduced ecosystem resilience (Jaenicke et al., 2011; Glina et al.,
2018). Considering the consequences of peatland degradation and climate
change, paying more attention to peatland management and restoration is-
sues at the river basin level is crucial. As most degraded peatlands are lo-
cated in managed agricultural landscapes, solutions are required that
promote practical measures to restore wetland ecosystems, deliver appro-
priate effects in their restoration and wise management, as well as provide
measurable benefits to society, aside from the benefits gained from agricul-
ture (Andersen et al., 2017; Grygoruk and Rannow, 2017).

The ongoing re-prioritizing of peatlands and mire management plans
mainly for the enhancement and conservation of carbon-, nutrients- and
water-storage capabilities, indicates that peatland restoration will soon
be, if not already, one of the most frequently applied management measures
(Gewin, 2020; Manton et al., 2021). Although restored peatlands may not
provide a similar range of ecosystem services compared to pristine
mires (Kreyling et al., 2021), the restoration of peatlands can provide
a number of benefits such as increased water retention, nutrient re-
moval, flood protection, carbon sequestration and storage, biodiversity
and the prevention of peatland fires can be gained by restoration
(Ahmad et al., 2020; Bourgault et al., 2017; Jabtoniska et al., 2020;
Kharanzhevskaya et al., 2020; Lane and D’Amico, 2010; Renou-Wilson
et al., 2019; Tanneberger et al., 2020). However, the performance of
these services is strictly dependent on the availability of water (Jones
etal., 2017).

Therefore, peatland restoration through rewetting frequently forms the
first significant step of the restoration process (Grand-Clement et al., 2015;
IPCC, 2014; LaRose et al., 1997; Gottwald and Seuffert, 2005; JaraSius
et al., 2015; Worrall et al., 2007). Rewetting aims at reversing the effects
of degradation and bringing peatlands' conditions back to a more natural
state (Jaenicke et al., 2011; Emsens et al., 2020, Tuittila et al., 2000). The
most common peatland restoration measure is to block the drainage ditches
with dams (made of peat, mineral soil, wood, plastic and other material),
which ceases water runoff and allows the groundwater table to rise in a
surrounding peatland (Elo et al., 2015; Jaenicke et al., 2011; Klimkowska
et al., 2010; Querner and Povilaitis, 2009). Furthermore, initial conditions,
hydrological processes and, consequently, the possible amount of stored
water and responses to drainage and rewetting vary depending on peatland
type. For example, sloping fens have drier peat (Ross et al., 2019) and
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they are more sensitive to ditching and groundwater fluxes than flat
fens (Chimner et al., 2018; Planas-Clarke et al., 2020). Drainage of
bogs, on the other hand, strongly destabilizes water tables, leading to
rapid drying of the surface layer and changes in vegetation (Money
and Wheeler, 1999).

Applying land-use policy, governance and planning, or the implementa-
tion of projects requires skills to navigate the complexity of interactions
that consider landscapes as social-ecological systems (Angelstam et al.,
2019). Indeed, hydrological processes are highly interconnected, and the
loss of water storage at the basin level can cause severe disruption to
social-ecological systems. Reducing vulnerability to water stress through in-
tegrated water resource management, including peatland conservation and
restoration, is crucial for achieving sustainable social-ecological benefits
(Huggins et al., 2022). Functioning peatlands provide resilience to water
stress, whereas drained peatlands are subjected to reduced water storage,
loss of peat thickness, land subsidence, loss of peatland area, land cover
change and severed peatland functioning. Even though degraded peatlands
once rewetted are not able to store as much water as pristine ones due to
low peat thickness and porosity, they still positively affect water balance
and act as flood protection (Liu et al., 2022). Although water availability
in peatlands is the main factor that determines peatland functions, there
is still little research on water storage itself, its importance and value. It is
mostly only mentioned in the context of other ecosystem services provided
by peatlands, such as carbon storage and nutrient retention, but all of those
services are water-driven.

Due to the unique organic soil structure in wet peatlands, they can re-
tain large amounts of water (Craft, 2016; Price et al., 2016) and therefore
contribute to the increase of water retention at the basin scale. This aspect,
although widely known, is often neglected as a driver for peatland restora-
tion mainly due to (1) a lack of knowledge about the scale of water reten-
tion increases in rewetted peatlands and (2) the diverse effects peatland
rewetting has on water resources at the basin scale. In addition, other fac-
tors, such as local physical and climatic conditions, can also be challenging
to measure and strongly influence results. Nonetheless, current policies and
land management goals aim at both the conservation of pristine and resto-
ration of degraded sites towards becoming climate-neutral (European
Commission, 2019). To achieve this, methods and tools are required that
provide fundamental broadscale river basin analyses for decision-makers.
Unfortunately, such methods are often missing. Effective procedures
for presenting wetland restoration's social and economic benefits, which
can become an effective means of persuasion that can influence politics
and society, are also lacking. For example, what would be the estimated
monetary cost versus benefit of rewetting all degraded peatlands within a
river basin?

This paper focuses on quantifying and valuing water retention gained
through rewetting of degraded peatlands in the Neman River Basin located
in North-Eastern Europe. It was hypothesized that the benefit of peatland
rewetting outweighs the cost of the restoration action at a river basin
scale. This study aims to estimate i) possible changes in water storage
capacity from peatland restoration, ii) the value of expected benefits from
restoration and iii) the costs of restoration measures at the overarching
basin level. Finally, an analysis of the cost-effectiveness of rewetting as a
tool in modern wetland agriculture that can enhance soil carbon storage
and sequestration, prevent adverse effects of climate change and improve
the biodiversity of ecosystems impacted by agriculture on peatlands was
provided.
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2. Materials and methods
2.1. Study area

The Neman River Basin is located within the eastern part of the Baltic
Sea Region. It spans across four countries: 47.7% of the basin in
Lithuania, 46.4% in Belarus, 3.2% in Russia (Kaliningrad Oblast), 2.7% in
Poland (Sileika et al., 2006; Rimkus et al., 2013; Stonevicius et al., 2017)
(Fig. 1).

A negligibly small area of the Neman River Basin is also located in
Latvia, but this share is too small (0.1%) to be presented in this study as a
separate country. Depending on the source, the estimated total drainage
area of the basin varies (Dubra et al., 2013). For the purpose of this
study, the basin area of 95,753 km? was established on the basis of
HELCOM data (CCM River and Catchment Database © European Commis-
sion - JRC, 2007), with the modification on the Polish part of the basin,
using the Polish official hydrological data. Moreover, the HELCOM data im-
plies that the drainage area of the Neman River does not cover any part of
Latvia (Fig. 1). The Neman River (954 km total length) starts in Belarus and
flows into the Curonian Lagoon, situated on the south-eastern coast of the
Baltic Sea. The average annual discharge of Neman at the river mouth is
535 m®3/s (Glazaciovaite et al., 2012). The study area is located in a temper-
ate climate zone with continental influences. Average annual air tempera-
ture in the basin is 6.8 °C (Stonevicius et al., 2018), with average daily air
temperatures amplitudes between the warmest and coldest months
reaching 22-33 °C (Dubra et al., 2013). The annual precipitation in the
basin ranges from 520 to 900 mm (Rimkus et al., 2013) and based on the
Global Average Annual Surface Runoff data computed for the years
1950-2000, the average annual surface runoff is 166 mm (Fekete et al.,
2002). According to Stonevicius et al. (2017) and RCP2.6 and RCP8.5 pro-
jections, the mean annual temperature in the Neman River Basin, as well as
the annual precipitation, will considerably increase in the future.

Neman river
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0 95 190 km
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Despite the increase in precipitation, it was projected that the annual
runoff would decrease by the end of the 21st century in both scenarios. Ac-
cording to future climate scenarios for the Neman River Basin, evapotrans-
piration will likely exceed precipitation from April to August. In large part
of the basin, the climatic conditions during the summer season will gradu-
ally become subhumid (Stonevicius et al., 2017). Moreover, the effect of in-
creased aridity might be amplified by a reduction in the spring flood runoff
volume, and the timing of the spring flood may shift towards the beginning
of the year. Shifts in the spring flood regime are likely to lead to a reduced
base flow at the end of the 21st century. Thus, actions oriented at increasing
water retention in the Neman River Basin using nature-based solutions such
as peatland rewetting may be considered highly desirable and even indis-
pensable, when analyzing water resources available for agriculture.
MODIS-based Global Land Cover data indicates that the Neman basin is
covered mainly by agricultural lands (68%) (Broxton et al., 2014). Thus,
the interface of agriculture, water and the environment in the Neman
basin seems to be the major challenge for sustainable management in the
coming decades. Most of the basin is covered by sandy and clayey soils
formed on residues deposited in the Saale and Weichselian glaciations
(300000-10,000 years B.C.). Peatlands developed throughout the Holo-
cene and their depth is seldom 6 m.

Approximately 30% of the research area is covered by forests, consisting
of mixed forests (24%) and coniferous forests (6%), as well some fragments
of deciduous forests. Water and permanent wetlands cover approximately
0.4% of the basin. Grasslands and urban areas account for 0.2% and 0.6%
of the basin, respectively.

2.2. Peatland mapping
Spatial data from the Peatlands of Neman Basin database (www.neman-

peatlands.eu) was used, which was created in the framework of the project
“DESIRE - Development of Sustainable (adaptive) peatland management by

Fig. 1. The peatlands in the Neman River Basin area (Neman River Basin is adapted from CCM River and Catchment Database © European Commission - JRC, 2007; peatlands

adapted from the Peatlands of Neman Basin database: www.neman-peatlands.eu).
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restoration and paludiculture for nutrient retention and other ecosystem
services in the Neman River catchment” (Manton et al., 2021). The spatial
database was created by firstly, compiling existing peatland data from
Belarus (peatlands.by) and Lithuania (National Land Service under the
Ministry of Agriculture of the Republic of Lithuania, 2020). However, as
the Neman River Basin peatland data for Poland was outdated and not
available for Russia’s Kaliningrad region, their peatlands were identified
and mapped using remote sensing and subsequently traversed around
with a GPS for ground verification. Subsequently, each polygon was attrib-
uted with information on protection status (protected planet.net), drainage
status (Open street map) and landcover information (Broxton et al., 2014).
The data was modified and analysed using GIS software (ESRI ArcGIS plat-
form). Initially, the raw peatland database consisted of a large number of
polygons showing the distribution of peatlands in the research area
(189,295 polygons). For the purpose of the study, it was necessary to cor-
rect the topology errors existing in the data (overlapping and bordering
polygons with spatially mismatched boundaries).

After the preliminary preparation, peatlands with an area smaller than
5 ha (accounting for 109,997 ha in total) and not drained peatlands (in
case of this study, with drainage density smaller than 10 m/ha, accounting
for 17,905 ha in total) were excluded from the analysis. The final version of
the database, ready for water storage calculations, consisted of 8885 poly-
gons. The process of data preparation is shown in Fig. 2.

2.3. Quantification of water storage capacity

Quantification of water storage capacity gained from the rewetting of
peatlands can be a valuable tool for establishing management and restora-
tion plans for these ecosystems (Jones et al., 2017). The damming of drains
in peatlands is a common method used to rewet and improve water reten-
tion (Grygoruk et al., 2015; Jarasius et al., 2015). Therefore, a restoration
scenario to peatlands impacted by drainage by blocking the ditches located
in the peatlands area with dams was applied. Assuming that the diameter of
the ditch does not change significantly with the amount of damming and
the length of the ditch, the volume of water stored in the soil can be calcu-
lated using the linear approximation of the curves of unconfined groundwa-
ter table, using the effective porosity coefficient p (the ratio of storable
water in the unit soil volume). Piling in the ditch has a limited range due
to the occurring longitudinal slope of the ditch. Because the rules for the
construction of damming devices assume the construction of a cascade
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(so that at the end of the range of impact of one damming device, the
next one is placed), it was assumed that there is a possibility of damming
up along the entire length of the ditches. Hence, the value of | can be
taken as the length of all significant ditches. Taking into account the
above-listed assumptions provided that the shape of a volume of stored
water is a fraction of a cone (thus, b/2 and rp/3) and introducing addition-
ally the coefficient a that takes into account that not every dam can have a
damming device or may be inefficient (or destroyed), then the total volume
of stored water, consisting of water retained in the ditch and water retained
in the soil (Fig. 3.), was defined by the Formula (1) (Grygoruk et al., 2018):

V = ahl(b)2 + p/3) )

where Vis the water retained due to blocking the ditches with dams in m%; a
is the coefficient correcting the actual damming capacity on the ditch (di-
mensionless); h stands for the stacking (damming) height in m (hence, the
value of h represents water level rise in a drainage ditch due to the use of
a specific technical/nature-based facility capable to dam water in the
ditch); 1 is a stacking (damming/backwater) range upstream in m, which
stands for the length of the ditches that are within the boundaries of each
peatland; b is the average width of the ditch in m; r is the average radius
of water level rise in a cross-sectional view from the ditch in m, which refers
to the maximum influence range that the ditch has on the water level
rise and is dependent on the initial groundwater table, the soil type
and the slope (Grygoruk et al., 2018); and p is the average soil porosity
(dimensionless).

To use this equation (Form. 1) to calculate the water storage capacity
with such an extensive database, it was necessary to apply certain assump-
tions (Table A. in the Supplementary Material). To minimize the errors re-
sulting from the assumptions made, it was necessary to determine the
correction coefficient (a), which considers the possibility that some con-
structed dams may not be efficient and that it may not be possible to
block all the ditches in the peatland. Although arbitrary, this value repre-
sents both the probable inefficiency of ditch block installations and the in-
appropriate design of ditch blocks (e.g., too few) that do not allow the ditch
blocking systems to work with 100% efficiency (Grygoruk et al., 2018).
This also incorporates a possibility that the rewetting by blocking ditches
may not be effective due to lowered hydraulic conductivities of the drained
peat (Succow and Joosten, 2001). However, most of the peatlands that
were dealt with in the Neman River Basin tend to have dense networks of
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Fig. 2. Scheme showing the process of peatlands database modification.
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Fig. 3. Variables of the Formula (1).: h stands for the stacking (damming) height in m; 1 is a stacking (damming/backwater) range upstream in m; b is the average width of the
ditch in m; r is the average radius of water level rise in a cross-sectional view from the ditch in meters. Modified from Grygoruk et al. (2018).

ditches, so the target zones of rewetting often overlap, making the
rewetting feasible. This study's adopted coefficient value is 0.8 [—]. The
calculations were performed in 2 different scenarios of the r value (20
and 50 m) that represent the range of draining/rewetting influence of a
ditch to adjacent peatland. The average width of the drainage ditches was
assumed to be 2 m and represents the average width of drainage ditches
measured in the field during the field research campaigns in drained
peatlands in the Neman River Basin in Lithuania (Amalvas Polder);
Poland (Nietupa Valley) and Kaliningrad Region, Russia (Neman Delta).
Average drainage depths represented by the average water table in the
drained peatland were assumed to be 0.38 m below the ground level
(bgl), an average value of groundwater depths measured in the field in
the Amalvas Polder, Nietupa Valley and Neman Delta. According to
Rezanezhad et al. (2016), peat soil porosity ranges from 71 to 95.1%.

Therefore, water retention calculations were carried out in 3 different
peat porosity scenarios: 0.710, 0.951 and the obtained average value
equal to 0.83. This value corresponds well to the porosity of the upper layers
(30-35 cm) of long-drained histosols, which is between 0.82 and 0.86
(Brandyk and Szatylowicz, 2002). Similar values ranged between 0.75 and
0.89 (average 0.84; n = 75) were obtained for peat soils in the Neman R.
Basin at the Amalvas, Skieblewo, and Nietupa sites (unpublished).

The topsoil will be responsible for water retention after peatland
rewatering. The variability of peat porosity covers a wide range of different
stages of peat development and decomposition that can be encountered in
Neman River Basin. Based on the drainage network data, it was possible to
calculate the length of the ditches (1) located within Lithuanian, Polish and
Russian peatlands borders. These were calculated individually for each
peatland polygon. Due to the lack of drainage network data and the broad-
scale size of peatlands for Belarus in the database, the average drainage
density was calculated based on the length of the ditches in 20 representa-
tive peatlands located throughout the Belarusian agricultural landscape.
According to the results the drainage density in Belarusian peatlands was
57 mha~'.

The calculations for water storage capacity were carried out in three
scenarios, using different stacking heights: 0.1, 0.3 and 0.5 m representing
different possibilities of damming to be implemented with different mea-
sures (e.g., lower for the agricultural weirs, where farmers can regulate
water levels; higher for constant ditch blocks that could be constructed of
the peat and wood debris). Overall, the increase in water retention caused
by blocking the ditches was calculated in 18 scenarios, using various values
of the average radius of water level rise in a cross-sectional view from the
ditch, porosity and stacking height. The algorithm applied in this study
also considers the moisture of the peat before peatland rewetting, as well
as provides multiple scenarios that produce results for different hydrologi-
cal and soil conditions.

The calculations include only drained peatlands located in the Neman
River Basin. The applied restoration scenarios imply that the ditches within
the boundaries of each drained peatland were blocked with dams. Thus, re-
sults will indicate the possible increase of water retention at the basin scale
that can be reached by implementing the restoration measures to degraded
peatlands in the Neman basin. The application of this approach allowed us
to calculate (1) the number of dams needed to rewet the peatlands in the
Neman Basin and (2) the total volume of water that could be retained in
rewetted peatlands.

2.4. Valuation of water retention

The value of water storage in peatlands was estimated in monetary units
in EUR'm ™~ >year ™!, by applying the approach of Grygoruk et al. (2013),
who provided a similar analysis for the floodplain wetland of the Biebrza
Valley, which is a headwater part of Vistula Valley in Poland, which is lo-
cated directly adjacent to the southern border of the Neman River Basin.
The average water retention value was calculated as the average costs of de-
sign and construction of artificial water reservoirs divided by the total vol-
ume of these reservoirs and multiplied by the depreciation rate (Eq. (2)).

Sva = | X (Re+M)/ Y Ry| -Dr! 2)
i=1 i=1

where Sval stands for a unit value of water storage [EUR~m‘3-year_ 11, Re
stands for the total sum of expenses spent on the design and construction
of a reservoir [EUR], M stands for maintenance costs (in this study this
value was assumed to be equal to 0 as no information could have been ob-
tained in this field), Rv stands for the total volume of the reservoir [m®] and
Dr stands for the annual depreciation rate [ —]. Similar approaches were al-
ready applied in a number of other studies and have proven to be a reliable
approach in a broad-scale analyses (Szatkiewicz et al., 2018). The available
data on the existing reservoirs was collected, in which their principal pur-
pose was to retain water. To keep the representativity of data, the goal
was to find reservoirs located in different countries within the Neman
basin, preferably constructed in different years. The study attempted to
search for the official sources of data on the name of the reservoir, year of
construction, coordinates, the total volume of water stored in the reservoir
and original construction costs (in case the reservoir was constructed in the
past, in different monetary systems). In the next step, the original values of
reservoirs' construction were recalculated using the inflation rates and con-
versions of currencies, and — finally — expressed in Euro. Due to the lack of
information on the management and maintenance costs of the reservoirs,
they were not included in the analysis. Hence, one could assume that the
final unit value of water retention remains a conservative estimate.
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2.5. Quantification of restoration costs

The costs of rewetting drained peatlands were assessed on the basis of
available data on rewetting actions. The scenario applied in this study as-
sumes that the drainage ditches located within peatlands in the Neman
River Basin are blocked with dams placed every 0.2 m in the slope decline.
The durability and lifespan of a ditch block — similarly to the depreciation
rate of a dam - was assumed as 40 years equal to a depreciation rate of
2.5% per annum, which is typical for hydrotechnical installations in the
EU (Szatkiewicz et al., 2018). Average construction costs of a single dam
(peat and wooden dam) were derived from the actual costs of these actions
performed in Belarus, Lithuania and Poland, where one action was consid-
ered a single investment (e.g., one ditch block) of a particular type
(e.g., wooden dam; peat dam). To represent a range of possibilities in apply-
ing peatland rewetting, three different scenarios of damming costs resulting
from different types of actions were adopted for the calculations. In sce-
nario A, the average cost of peat dams and wooden dams was used assum-
ing that all ditches are small (max 2.0 m in width). In scenario B, the
average cost of peat dams and wooden dams was used assuming that half
of the ditches are wider (max 4.0 m in width). In scenario C, it was assumed
that the cost of each dam is equal to the average cost of all of the actions ap-
plied in the examples covered by the analysed peatland rewetting projects,
assuming at the same time that the size of all ditches was ‘average’. Since
most of the analysed actions have been implemented in 2020 and 2021,
these values were not recalculated as their inflation rates were considered
to be similar. At the last stage, the values of water retention gained from
rewetting with restoration costs were compared to determine whether the
probable implementation of peatland restoration remains a cost (with no
return rate) or an investment (with the return rate over a specific time).

3. Results
3.1. Peatlands of the Neman River basin and water storage capacity

The total area of peatlands in the Neman River basin is 1,006,802 ha
(neman-peatlands.eu). According to the methodological assumptions,
peatlands less than 5 ha were not considered in calculations. Hence, the
final area of peatlands considered in the rewetting analysis equaled
425,000 ha. After rewetting, water storage capacities varied due to the
different drainage densities of peatlands and the applied scenarios of the av-
erage radius of water level rise in a cross-sectional view from the ditch,
porosity and stacking height. With the scenario where r = 50 mandp =
0.83, when the stacking height equaled 0.1 m, the volume of water retained
on one hectare of peatland after the restoration ranged from 12 to
439 m>ha~?, with a mean value of 69 m>ha ™. When the applied stacking
height was 0.3 m, water storage ranged from 36 to 1317 m>ha~! with a
mean value of 207 m>ha~'. With a stacking height of 0.5 m, the volume
of water stored in restored peatlands ranged from 59 to 2196 m*>ha™?,
with a mean value of 344 m>ha ! (Table 1, Fig. 4).

Asymmetric distributions of results with average values much higher
than top whiskers are caused by the presence of several extensive peatlands
located in the Neman basin, which also explains such a big difference in
mean and median values. The total retained water volume in each peatland
ranged from 31 to 2.8 M m® when the applied stacking height was 0.1 m,
from 94 to 8.5 M m® when the stacking height was 0.3 m and from 157

Table 1
Minimum, maximum, mean and median values of retained water volume for differ-
ent stacking heights (when r = 50 m and p = 0.83).

Stacking height Retained water volume Retained water volume [m®]

[m] [m*ha~"]

Min Max Mean Median Min Max Mean  Median
0.1 12 439 69 65 31 2,825,075 2656 441
0.3 36 1317 207 195 94 8,475,224 7967 1323
0.5 59 2196 344 325 157 14,125,373 13,278 2205
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to 14.1 M m® when the stacking height was 0.5 m. The average volume
of water retained in restored peatlands was 2656 m>, 7967 m® and
13,278 m>, respectively for 0.1, 0.3 and 0.5 m stacking height values
(r = 50 m and p = 0.83 scenario) (Table 1, Fig. 4). The total volume of
water retention in the Neman River Basin that depends on the variant as-
sumed in the calculations varies from 23.6 M m> when the stacking height
equaled 0.1 m, through 70.8 M m® (stacking height 0.3 m) up to 118 M m®
(stacking height 0.5 m) (r = 50 m and p = 0.83 scenario).

When compared to the total annual runoff volume of Neman River
(16,871.76 M m®>), these estimated values suggest that rewetted peatlands
can potentially store between 0.14 up to 0.7% of total annual river runoff.
This can be considered a high gain compared to water retention of artificial
ponds and reservoirs.

Retained water volumes per hectare of a rewetted peatland varied, sim-
ilarly, between scenarios analysed (Fig. 4). On average of all the scenarios,
rewetting of 1 ha of ‘average drained peatland' in the Neman Basin equaled
149 m*>ha~'. The median value of water stored in peatlands due to
rewetting equaled 100 m>ha~!. The average maximum value of water
that can be stored in a rewetted peat soil in the most optimistic rewetting
scenario reached 344 m® ha™!. In the most conservative scenario, the aver-
age minimum amount of water stored in the peatland equaled 69 m® ha™'.
Further description of the results refers only to the scenario withr = 50 m
and p = 0.83, as it was considered to be a representative average scenario.

3.2. The value of water retention in a basin-scale

Analysis of available data on the costs of reservoir construction that can
be considered in the value of gain associated with water retention at a basin
scale showed that the average value of water retention in the Neman Basin
was 0.51 EURm ™~ *year ™!, varying from 0.04 EURm ~>year ! in the case
of Angiriai Reservoir (Lithuania) up to 1.67 EUR~m’3-year’ 1 in the case of
Suwalki Reservoir (Poland; Table 2). The weighted average of reservoir
construction costs was 0.097 EUR'm ~>year ™', whereas the arithmetic av-
erage value was 0.51 EUR'm ~ >, It was found that the water retention values
did not differ much either between the countries analysed or across periods
of reservoir construction (1977-2021). As an obvious consequence of the
size and costs of reservoir construction, it was found that the unit value of
water retention was much higher in small reservoirs than in the larger
ones (Table 2).

3.3. Costs of rewetting

Analysis of available data on the costs of peatland rewetting (Table 3)
revealed high variability of costs for individual actions. This is because
there is no coherent rewetting protocol, and every measure is different
from the others due to some specific site features.

The cheapest individual actions were related to construction of ditch
blocks with bags filled with peat and strengthened by wood in small
ditches, which was approximately 90 EUR/action. Small peat dams in
minor ditches were valued as low as 50 EUR/action. Wood-peat ditch
blocks were valued approximately two orders of magnitude higher (namely
1500-1850 EUR/action). Equipping ditch blocks with flow regulation facil-
ities doubles their development costs to approximately 3000-3680 EUR/
action; Table 3). The average cost of one individual action in peatland
rewetting projects (construction of one average ditch block of ‘average’
type in ‘average’ drainage ditch) was 1114 EUR.

3.4. Value of water retention in rewetted peatlands of the Neman Basin

Knowing the total volumes of water stored in rewetted peatlands, the
values obtained with r = 50 m and p = 0.83 scenario were multiplied by
the average value of water retention (0.51 EUR-m’g-year’I). The total
value of retained water due to the damming of ditches was 12 M EUR-year !
when the stacking height equals 0.1 m, 36.1 M EUR-year ~* when the stack-
ing height equals 0.3 m and 60.2 M EUR-year ~* when the stacking height
equals 0.5 m. The minimum estimated cost of restoration of drained
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Fig. 4. A) Boxplots comparing distributions of a retained water volume per object and B) boxplots comparing retained water volume in m*>ha ™! in 18 scenarios, using various
values of the average radius of water level rise in a cross-sectional view from the ditch, porosity and stacking height. x stands for the average value, box represents the
interquartile range of results, horizontal line in the box stands for the median value, whiskers stand for the interval from 5th to 95th percentile, * in the legend indicates
the boxplots with representative results, which are later described in the text. Outliers were excluded.

peatlands in the Neman River Basin was 6.8 M EUR‘year ~, the average was
30.3 M EUR-year ~ ! and the maximum was 51.5 M EUR-year ~ !, depending
on the applied damming scenario (Table 4).

After deduction of restoration costs, the net value of retained water due
to blocking the ditches using the minimum restoration costs scenario was
approximately 5.2 M EURyear™ !, 29.3 M EUR-year ! and 53.4 M
EURyear ™!, respectively for 0.1-, 0.3- and 0.5-m stacking height values.
With the average restoration costs scenario and the stacking height equaled
0.1 m, the cost exceeded the total value of retained water and the net water
retention value was negative (—18.1 M EUR-year ™ '). When the stacking
height equaled 0.3 and 0.5 m, the net water retention values were positive
in total and equaled 6 M EUR-year ' and 30 M EUR-year ™, respectively.
Within the maximum restoration costs scenario, the costs of restoration

exceeded the value of retained water when the stacking height equaled
0.1 and 0.3 m, giving negative values of net water retention (—39.2 and
—15.1 M EUR-year ). The net water retention value was positive and
equaled 8.9 M EURyear ! applying the 0.5-m stacking height.

Among the countries of the Neman Basin, the highest costs associated
with the rewetting activities were revealed for Belarus. The minimum
(scenario A) estimated annual-weighted cost of technical actions aimed at
rewetting peatlands in this country was approximately 4.2 M EUR-year !,
the average (scenario B) was 18.4 M EUR-year ™ ! and the maximum
(scenario C) was 31.3 M EURyear L. The total cost of technical actions as-
sociated with the rewetting of peatlands in Belarus (calculated as the value
in EURwyear ™! multiplied by the assumed amortization rate to the power
of ~! that expressed the number of years for which the installation was
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Table 2
Sample of reservoir construction costs within Belarus, Lithuania and Poland used to assess the average annual water storage value. EUR stands for Euro; RUB stands for
Rubles.
Country ~ Name of the Year of Coord. GPS X Volume  Nominal Recalculated Water retention value Source
reservoir construction [°E], Y [°N] [mln m®] construction costs construction cost [EUR] [EUR-m3>year’1]
Poland Kuznica - Loso$na 2004 23.6377 53.5053  0.053 1 900,000 PLN 591.487 0.28 Siemieniuk et al., 2015
Poland Suwalki 2021 22.9255 54.0775 0.004 1 200,000 PLN 267,920 1.67 Guibourgé-Czetwertyniski, 2020
Lithuania Angiriai 1980 23.7435, 55.2818 15.5 1 423,600 RUB 25,317,382 0.04 Anon, 1982
Lithuania Vaitiek@inai 1980 23.6525, 55.4903 0.5 1 247,220 RUB 22,163,603 1.11 Anon, 1982
Lithuania Krekenavos 1978 24.0974, 55.5495 0.34 106,780 RUB 1,899,432 0.14 Anon, 1982
Lithuania Balsupiai 1977 22.5800, 56.0943 0.848 165,000 RUB 2,938,149 0.09 Anon, 1982
Belarus Octpos (Ostrov) 1997 25.9736,52.9101 2.12 1 818,080 RUB 22,004,527 0.26 https://feeder.by/
Arithmetic average 0.510
Weighted average 0.097
Table 3

Estimated peatland rewetting costs based on available data from public procurement procedures of peatland rewetting.

Country Location (type of Year of Type of action Total cost of one
peatland) action action [EUR]
Poland Stowinski NP (bog) 2021 Blocking of a small ditch (+2.0 m) with bags filled with peat and strengthened by wood 90
Poland Stowinski NP (bog) 2021 Wood-peat block of a small ditch (+2.0 m) 400
Poland Stowinski NP (bog) 2021 Wooden sheet pile 1500
Poland Stowinski NP (bog) 2019 Wood-peat block + double sheet pile of a small ditch (=2.0 m) 1200
Poland Stowiniski NP (bog) 2019 Wood-peat block + double sheet pile of a small ditch (=2.0 m) 1150
Poland Stowinski NP (bog) 2019 Damming spillway of a ditch 900
Poland Stowinskie Blota (bog/fen) 2017 Damming large ditches (+5.0 m wide) with various types of blocks (averaged value) 1500
Poland Bagno Kusowo (bog) 2017 Solid wood-peat ditch blocks 1850
Lithuania Aukstumala Peatland (bog) 2016 Damming drainage ditches
1) peat dams (1.0-1.5 m), 1) 50
2) plastic dams (1.0-2.0 m wide, 2 m deep) 2) 80
3) composite dams with water outflow pipe (mixed peat-plastic, geotextile, water tube, 3) 3000
elbow for water level regulation, timber logs; 10 m long, 5 wide)
Lithuania Sachara Peatland (bog) 2020 Damming drainage ditches
1) peat dams (1,0-2,0 m) 1) 150
2) plastic dams (4-10 m wide, 3 m deep) 2) 1580
Lithuania Zuvintas Biosphere Reserve (fen) 2021 Damming hand-dug ditches (2 m wide). 1 Dam with culvert (metal pipe) and water level 3630
regulation by pulling metal plates 5 m length, 3 m wide
Belarus Dziki Nikar (fen) Unknown Damming drainage ditches with peat dams 300
Belarus Dzikoje (fen) Unknown Damming drainage ditches with peat dams 430
Belarus Solomenka (fen) Unknown Damming drainage ditches with peat dams and wooden dams 1120
Average 1114

designed to function) was approximately 168 M EUR in scenario A, 736 M
EUR in scenario B and 1252 M EUR in scenario C.

The minimum estimated annual-weighted cost of technical actions
aimed at rewetting peatlands in Lithuania was approximately 2.5 M
EUR<year ', the average (scenario B) was 11.2 M EUR-year ~ ! and the max-
imum (scenario C) was 19 M EUR-year ~ 1. The total cost of technical actions

associated with the rewetting of peatlands in Lithuania (calculated as the
value in EUR-year ™! multiplied by the assumed amortization rate to the
power of ~! that expressed the number of years for which the installation
was designed to function) was approximately 100 M EUR in scenario A,
448 M EUR in scenario B and 760 M EUR in scenario C. In Poland, the min-
imum calculated annual-weighted cost of technical actions aimed at

Table 4
Estimated costs of technical actions aimed at rewetting peatlands and water retention values (whenr = 50 m and p = 0.83).

Calculated values Belarus Lithuania Poland Russia (Kaliningrad Oblast) Total

Cost of dams — scenario A [EUR-year 1 4,156,613 2,529,851 109,287 49,725 6,845,477

Cost of dams — scenario B [EUR-year '] 18,395,821 11,196,301 483,670 220,068 30,295,861

Cost of dams — scenario C [EUR-year"] 31,286,939 19,042,259 822,608 374,284 51,526,091

Total retained water volume [m®] 0.1 16,153,631 6,913,182 324,286 203,665 23,594,763
0.3 48,460,892 20,739,546 972,857 610,994 70,784,289
0.5 80,768,154 34,565,910 1,621,429 1,018,323 117,973,815

Total water retention value [EUR‘year ~ 1 0.1 8,238,352 3,525,723 165,386 103,869 12,033,329
0.3 24,715,055 10,577,168 496,157 311,607 36,099,987
0.5 41,191,758 17,628,614 826,929 519,345 60,166,646

Net water retention value — scenario A [EUR-year’ll 0.1 4,081,720 1,030,432 58,426 54,148 5,224,726
0.3 20,558,423 8,081,877 389,198 261,886 29,291,384
0.5 37,035,127 15,133,323 719,969 469,624 53,358,043

Net water retention value — scenario B [EUR-year"] 0.1 —10,157,553 -7,517,626 —307,983 —-116,178 —18,099,340
0.3 6,319,151 —466,181 22,789 91,560 5,967,318
0.5 22,795,854 6,585,265 353,560 299,297 30,033,977

Net water retention value — scenario C [EURyear ™~ | 0.1 —23,048,728 —15,256,401 —639,702 —270,379 —39,215,210
0.3 —6,572,025 —8,204,955 —308,931 —62,642 —15,148,552
0.5 9,904,678 —1,153,509 21,841 145,096 8,918,106
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rewetting peatlands was approximately 0.1 M EUR-year ', the average
(scenario B) was 0.5 M EUR-year‘1 and the maximum (scenario C) was
0.8 M EUR-year . The total cost of technical actions associated with the
rewetting of peatlands in Poland (calculated as the value in EUR-year !
multiplied by the assumed amortization rate to the power of ~! that
expressed the number of years for which the installation was designed to
function) was approximately 4 M EUR in scenario A, 20 M EUR in scenario
Band 32 M EUR in scenario C. In the Kaliningrad Region of the Russian Fed-
eration, the minimum annual cost of technical actions of peatland rewetting
reached approximately 0.05 M EUR-year %, the average 0.2 M EUR-year
and the maximum 0.4 M EUR-year ~ . The total cost of technical actions as-
sociated with the rewetting of peatlands in this region was approximately
2 M EUR in scenario A, 8 M EUR in scenario B and 16 M EUR in scenario
C (Table 4).

4. Discussion

4.1. Peatland rewetting as an optimal solution for increasing water retention in
the landscape

The analysis of average values of water retention in rewetted peatlands
in the Neman Basin (from 23.6 up to 118 M m®) provides important infor-
mation that is currently not available. Comparing the water retention to ar-
tificial reservoirs constructed in the Neman Basin (e.g., Bilys et al., 2017), to
the rewetting of peatlands offers a similar, great potential for increasing
water retention at the basin scale. Moreover, turning water storage from ar-
tificial reservoirs to spatially distributed rewetted peatlands placed pre-
dominantly in an agricultural landscape remains a valuable management
tool. This would improve water retention throughout the landscape that
will soon require water resources to be increased due to changes in climate
and increased risks of droughts, which will pose the greatest challenges to
the agriculture sector of the region's (Stonevicius et al., 2017). Indeed,
peatlands affect the flow regime of the river, but drainage is slow and lim-
ited, and reduction of runoff and flow to the Neman River after rewetting of
drained peatlands would be temporary (Kharanzhevskaya et al., 2020). As
studies have proven that the efficiency of reservoirs in reducing warm sea-
son runoff in the Neman basin is low (0.3-1.2%), even for large reservoirs
(of several hundred hectares) (Rimkus et al., 2013), one can argue if their
construction is the answer for keeping water in the landscape. This issue
is significant given that the reasons for the lack of water in the landscape
over recent years has been caused by meteorological phenomena and the
real driving forces of water shortages are the feedback of human actions
(like river regulation and construction of the reservoirs that evaporate
vast shares of inflowing water) and the climate (Savelli et al., 2021).
Therefore, this study shows the rewetting of peatlands might do a better
job in increasing water retention and slowing down the water cycle. In par-
allel, observations on the development of the EU Common Agricultural
Policy strategies (e.g., European Comission, 2020), indicate that in-
creasing carbon stock in soils is a key priority that is gradually taking
over other priority goals of maintaining agricultural environments.
Thus, the rewetting of peatlands towards restoring carbon sequestration
processes to sites that have been drained previously may appear as an
integrated approach to the successful and nature-based adaptation of
agriculture towards meeting the modern challenges in managing
social-ecological systems, although this type of evaluation was not in-
cluded in this analysis.

4.2. Monetary valuation of water retention

The value of water retention calculated in the approach applied in this
study allowed to estimate the annual value of water retention in rewetted
peatlands. The final, arithmetic average, multi-annual unit value of water
retention in the Neman River basin that equalled 0.51 EUR'm ™ >year "
allowed to compare the value that society gains from the investment
in technical rewetting of peatlands. In the study of Grygoruk et al. (2013),
the unit value of water storage calculated on the basis of different
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datasets and in a different river basin, was very similar and equaled
0.53 EUR'm ™~ >year . Although these similar values clearly remain a coin-
cidence and result from a random and unbiased selection of different reser-
voirs analysed in both cases, one could hypothesize that the unit value of
water retention did not differ much between the neighbouring basins and
across years. It can be considered an interesting observation valuable for
other studies in the future that deal with valuing water retention as an eco-
system service, especially in the context of wetlands. It is essential to keep
in mind that the value of water retention calculated this way may not
represent the overall real value of stored water, as reservoirs, on top of
storing water, offer other benefits and risks. Nonetheless, the results of
this analysis can be considered a first step in discussion on monetizing
the role of rewetted peatlands in the landscape. When having other
estimates of the unit monetary value of water (e.g., calculated using
other economic approaches) one could improve the level of detail in
similar assessment and provide better quantification. At this step, how-
ever, it was found that there is no reason to reject the applied methodology
given the urgent need for developing algorithms capable to quantify
monetary benefits of environmental restoration and wise environmental
management (BenDor et al., 2015).

4.3. Optimal rewetting case

Results from this study indicate, that the possible gains in water storage
capacity due to the blocking of ditches located in the peatlands area with
dams differs significantly, depending on the applied stacking height and
types of actions applied in rewetting. The highest increase in water reten-
tion was observed when the stacking height equals 0.5 m. However, the
most suitable damming height should be chosen individually for each
peatland, based on the initial groundwater table and peat depth (Simild
et al., 2014). Peat subsidence after the drainage along with a multiple
dredging of ditches in history have changed every drained mire in terms
of the bulk density of soils, elevations and geochemistry (Liu et al., 2020;
Hohner and Dreschel, 2015). Thus, ditch blocking should be done in an
adaptive manner to avoid any undesirable effects e.g., flooding of fens.
Bearing these limitations in mind, the results indicate that only the highest
stacking (damming) heights (0.3 and 0.5 m) applied resulted in a positive
economic balance when it comes to comparing the cost of rewetting and
the value of water retained in the rewetted peatlands (Table 4). In scenario
A, every combination of dams and stacking heights provides a positive eco-
nomic balance — rewetting is always a gain, when one assumes that all
ditches are small and do not require extensive investments in damming.
This assumption, however, is seldom fulfilled and the rewetted systems
consist of sets small and larger ditches. In scenario B, although the dam-
ming applied provided the increase of water levels, it does not compensate
in economic terms the costs of ditch blocking, especially in the lowest dam-
ming assumptions. In scenario C, only the highest stacking heights provide
a positive economic balance. Contradictory to scenario A however, in this
approach it was assumed that the ditches are large and rewetting itself re-
mains a costly investment. This assumption, similar to scenario A, is also
seldom fulfilled in reality because of the same reasons: drainage networks
consist of a variety of ditch sizes, in terms of depth and width. From this es-
timation, one can conclude that decision making on the rewetting of
drained peatlands done as a background for increasing water retention
should be oriented at constructing the highest-possible ditch blocks,
which do not cause excessive flooding of peatlands and would help to
avoid negative consequences, such as internal eutrophication. Such an ap-
proach may help the standard approaches of ditch blocking to become
more efficient and optimal (Grand-Clement et al., 2015).

4.4. Risk of excessive evapotranspiration

Increased availability of water in the rewetted peatland might indeed
induce the increase of evapotranspiration by phreatophytic plants. How-
ever, this process is expected to be a feedback. Increasing saturation of
the soil in drained peatland prevents trees and shrubs expansion
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(e.g., Scharnweber et al., 2015), which have much stronger ET potential
(stomatal transpiration) than the species of sedges, grass and cattail that
usually appear in the rewetted peatland. Hence, although the availability
of water in the root zone is expected to increase in result of rewetting, the
consumption of water by phreatophytes is expected not to change signifi-
cantly, as high water levels prevent forest expansion and the diurnal pat-
terns of groundwater consumption by grass-type vegetation does not
affect water balance of the habitat (Grygoruk et al., 2014). However, the
process of changing ET due to rewetting should be examined in more detail,
preferably with in model-based approaches capable to simulate vegetation-
groundwater level feedback.

4.5. What can be gained through peatland rewetting?

Evaluation of possible water retention gain with the highest damming
height scenario (0.5 m) revealed that the potential economic benefit from
retained water due to rewetting drained peatlands in the Neman River
Basin exceeds the costs of rewetting by approximately 10 M EUR per
annum. The foreseen expenses of rewetting depend on the sizes of
peatlands and the share of a country’s area in the total area of the Neman
River basin. Thus, the highest expenses related to the construction of
dams can be expected on the Belarusian side (4-31 M EUR'year’l) and
the lowest — in the Kaliningrad Region of the Russian Federation (approxi-
mately 0.05-0.4 M EUR-year ™). At the same time, the highest benefit from
rewetting is expected in Belarus. However, in Lithuania, the results of sce-
nario C for the value of water retention in rewetted peatland unexpectedly
did not exceed the cost of rewetting (overall balance in the scenario C
equaled —1.2 M EUR-year 1).

These results do not indicate that peatland rewetting is economically in-
efficient, but rather indicate that in Lithuania (as well as in the other coun-
tries analysed) peatland rewetting should be optimized to secure the most
important peatland and help reduce its costs. Indeed Manton et al.,
(2021), applied spatial planning of the Peatlands of the Neman River
Basin and showed that peatland fens in agricultural landscapes require
the highest levels of restoration and that restoration needs to target specific
areas. As it was indicated in the analysis of costs of actions (Table 3), sophis-
ticated ditch blocks equipped with water level regulation facilities increase
the rewetting cost by approximately 400% when compared to simple ditch
blocks made of wood and peat.

Additionally, other factors should also be considered, for instance the
analysis in this study addressed — on one hand - the valuation of only one
ecosystem service, which is water retention. Whereas, peatland restoration
by rewetting can deliver a range of other ecosystem services (such as, car-
bon storage, biodiversity conservation, nutrient retention or cultural ser-
vices; Maltby, 2009; Okruszko et al., 2011); however, there is often a risk
that restoration of peatland hydrology may trigger negative phenomena
such as secondary eutrophication of the ecosystem (Banaszuk et al.,
2011). Such a comparison, preferably at the level of one river basin, may in-
dicate the real role of peatland rewetting in economic gains obtained from
this initial restoration actions. For instance, Jenkins et al. (2010) diagnosed
that the social value of restored wetlands surpassed the public expenditure
on wetlands restoration due to gained value of ecosystem services in only
1 year. On the other hand, on the side of rewetting costs in this study
the costs of planning of rewetting activities or any disservices were
not included. For example, a farmer may encounter a loss of farming
land, e.g., land purchase, loss in cropping area. Despite this, this re-
search can be viewed as the first step towards understanding the bene-
fits of peatland rewetting at a large river basin scale. To reduce the
uncertainty of the results, it is necessary to conduct more similar analy-
ses in different river basins. The complexity of basin landscape analysis
delivers a broad estimate of the benefits and gains expected. Therefore,
it is recommendable to undertake analysis targeting smaller localized
sub river basins for restoration, where the monetary costs and benefits
of rewetting from re-established ecosystem services can be quantified
more accurately. The methodology applied in this study provides an op-
portunity to do this.
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4.6. Adopted assumptions and the issue of asymmetric distributions

In the analysis, the minimum size of peatlands for rewetting (drained
peatlands) was assumed to be 5 ha, excluding Belarus, where all of the
available data was used due to the inaccessibility of better-quality data
sources (see Manton et al., 2021 for detailed discussion on the data limita-
tions). This assumption could result in removing fragmented or small
peatland areas that form a peatland complex. The development of the nat-
ural landscape of the Neman River Basin was split between two periods.
Firstly, the last deglaciation of the Vistulian (Late Neman) ice sheet result-
ing in numerous scattered depressions that have formed many small-sized
peatlands in Lithuania (Guobyté, 2004). Secondly, the Saalian age, with a
monotonous ‘mature’ old morainic landscape that contain bottom mo-
raines, fluvioglacial plains and lowlands that favored the formation of
large peatland in Belarus (Karacsonyi et al., 2017). Thus, changing the min-
imum patch size selection would increase the availability of peatland for
restoration and the expected benefits of water retention for Lithuania.
Therefore, altering the approach used in this study to include all peatlands
would have changed the final results. However, this fact is not expected to
change the final balance of the results. A full list of assumptions used in the
study was provided in the Supplementary material.

Asymmetric distributions of results represent the issue of scale. In the
headwater parts of the Neman River Basin, several vast peatlands strongly
influence mean values, while the distributions are skewed towards smaller
peatlands. This explains why the median values of total volumes of water
retention are several times lower than the mean values. This also indicates
that the restoration of large drained peatlands would allow for the highest
gain in water retention at the basin scale, but at the same time they would
also be the most expensive to restore.

4.7. Sustainable peatland management

This study shows a best-case scenario for the restoration of all drained
peatlands >5 ha through rewetting. However, it is highly unlikely that all
degraded peatlands can be restored. For instance, landowners may not be
willing to change the farming practices. Therefore, strategic spatial plan-
ning is needed to help plan and prioritize the conservation and restoration
of peatlands (Manton et al., 2021). A recent study on the conservation and
restoration opportunities in the Neman River Basin showed that the quality
of peatlands under protection is inadequate (Manton et al., 2021). Thus,
peatland restoration is required of which rewetting is the first step. Combin-
ing the study of Manton et al. (2021) with the results of this study should be
explored further as it can provide a path towards better spatial planning
that includes robust cost-benefit analysis for rewetting.

Currently, wetland restoration is a subject of many doubts and concerns
in the scientific community. In light of the progressive wetland degradation
and climate change, researchers reflect upon the cost-effectiveness of
rewetting measures and the impact they have on recovering wetland func-
tions. Proposed actions oriented at rewetting of drained peatlands in the
Neman River Basin have great potential and should be considered as spatial
and landscape-scale adaptation measures that sustain water resources at a
local scale. Similar to Savelli et al. (2021) it was hypothesized, that observ-
ing changing water resources (Stonevicius et al., 2017) and attributing their
shortages in a country-wide or a river basin-wide perspective only to cli-
matic drivers, one could not successfully adapt to foresee climate impacts
on agriculture. Rewetting of peatlands at the basin-scale allows for distrib-
uting and stabilizing water resources in space. This action reduces the risks
of droughts and promotes the development of resilient and diverse ecosys-
tems which - together — entails the development of a resilient lowland en-
vironments managed for agriculture.

5. Conclusions
Rewetting drained peatlands remains a complex, but efficient restora-

tion tool that aims towards increasing river basin scale water retention. In
this study of the transboundary Neman River basin, it was revealed that
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rewetting can be considered an effective management tool capable to in-
crease the water storage of its basin by nearly 1% of the total annual runoff.
Costs associated with necessary works oriented at the construction of vari-
ous types of ditch blocks (damming facilities) are — in general - lower than
benefits associated with the monetary value of water storage. Results of this
study indicate that the highest gain from rewetting in terms of the value of
water storage occurs when land reclamation systems subjected to blocking
the outflow are equipped with the highest possible dams (of different type),
without causing excessive flooding of the rewetted systems, to avoid sec-
ondary eutrophication, and constructed dams are not equipped with any
water-level-regulation facilities. The methods developed and applied in
this study can also be used at multiple scales to help understand the values
of rewetting-based restoration. Finally, the economic benefits from
rewetting are expected to be even higher than the ones presented in this
study, as only one ecosystem service related to water retention was
addressed.

The results obtained in this study deliver an important perspective for
the most up to date strategies drafted for the development of common agri-
cultural policy of the European Union. Firstly, the proposed measures can
synergically increase the safety of agricultural water resources against
droughts. Secondly, presented actions promote increased water retention
through relatively inexpensive installations scattered across the agricultural
landscapes of lowlands. Thirdly, proposed actions positively influence the
content of carbon in soils — which slowly dominates the paradigms of
modern sustainable agriculture of the EU member states. Fourthly,
rewetting enhances the quality of the environment by re-establishing biodi-
versity niches in a restored agricultural landscape. Finally, the conclusions
presented in this research may allow individual users and policy makers to
develop, establish and apply financial mechanisms that promote sustain-
able water management in agricultural landscapes that depend on the vol-
umes of water stored in rewetted organic soils. This would assure (or — at
least — initialize) the restoration of degraded peatland environments and
allow users to benefit from maintaining high quality peatland environ-
ments, so the historical scale of degradation of peatlands for agriculture,
known in Europe from a fresh historical perspective, is assured never to
happen again.
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