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1. Streszczenie

Analiza wptywu dziatalnosci bobrow europejskich (Castor fiber L.) na gospodarke
wodng stanowi odpowiedz na rosnacg potrzebg opracowywania innowacyjnych metodologii
oraz skutecznych strategii zarzadzania zasobami wodnymi w konteks$cie zmian
Klimatycznych. Celem badan byta ocena wplywu bobrowych tam na zmienno$¢ czasows
| przestrzenng zasobow wod powierzchniowych oraz ich jako$é, uwzgledniajac znaczenie
naturalnej retencji jako elementu ograniczajacego ryzyko powodzi i susz. Badania
przeprowadzono na naturalnych pietrzeniach wodnych stworzonych przez bobry w obrebie
cieckow wodnych na terenie Poleskiego Parku Narodowego, Roztoczanskiego Parku
Narodowego oraz ich otulin. W badaniach uwzgl¢dniono siedliska objete wplywem
dziatalnosci bobrow oraz siedliska kontrolne pozbawione oddziatywania. Analiza
obejmowata ocen¢ warunkow hydromorfologicznych ciekow, roznorodnosci gatunkowej
makrofitow, zdolnosci retencyjnych tam oraz zmian parametrow jakosciowych wody.
Wyniki wykazaty, ze dziatalnos¢ bobrow znaczaco wpltywa na ekosystemy rzeczne,
przyczyniajac si¢ do wzrostu roéznorodnosci gatunkowej makrofitow 1 poprawy stanu
ekologicznego matych rzek. Tamy bobrowe sprzyjaja retencji wody 1 skladnikow
odzywczych, skutecznie redukujgc st¢zenia fosforandw i azotandw, co pozytywnie wplywa
na jako$¢ wod powierzchniowych. Badania ujawnity takze negatywne aspekty dziatalnosci
bobrow, takie jak lokalny wzrost stezen amoniaku ponizej tam oraz emisja zanieczyszczen
po zniszczeniu struktur pigtrzacych. Zdolno$¢ tam do retencji wody i zanieczyszczen
okazata si¢ silnie uzalezniona od lokalnych warunkéw hydrologicznych, struktury
krajobrazu oraz ingerencji cztowieka. Wyniki badan potwierdzaja, ze tamy bobrowe moga
stanowi¢ naturalne narz¢dzie wspierajace zrownowazone zarzadzanie zasobami wodnymi,
jednak ich efektywno$¢ jest zmienna i wymaga dalszych, dlugoterminowych badan.
Istotnym aspektem jest konieczno$¢ ochrony tych struktur przed destrukcyjnymi dziataniami
czlowieka oraz opracowania strategii minimalizujacych wptyw antropopresji. W obliczu
nasilajgcych si¢ ekstremalnych zjawisk pogodowych oraz rosnacej presji srodowiskowej,
kontynuacja badah nad rolg bobrow w ksztattowaniu hydromorfologii rzek jest niezb¢dna
dla petiejszego zrozumienia ich wptywu na funkcjonowanie ekosystemoéw wodnych oraz

dla opracowania efektywnych strategii adaptacyjnych w kontekscie zmian klimatycznych.

Stlowa kluczowe: naturalne pi¢trzenia, retencja korytowa, jakos¢ wody, bior6znorodnos¢



2. Abstract

The analysis of the impact of European beaver (Castor fiber L.) activity on water
management addresses the growing need for developing innovative methodologies and
effective strategies for water resource management in the context of climate change. The
aim of this study was to assess the influence of beaver dams on the temporal and spatial
variability of surface water resources and their quality, considering the importance of natural
retention as a factor mitigating flood and drought risks. The research was conducted on
natural water impoundments created by beavers within watercourses in the Polesie National
Park, the Roztocze National Park, and their buffer zones. The study included both habitats
influenced by beaver activity and control sites devoid of such impact. The analysis covered
the assessment of hydromorphological conditions of watercourses, species diversity of
macrophytes, retention capacity of beaver dams, and changes in water quality parameters.
The results demonstrated that beaver activity significantly affects riverine ecosystems,
contributing to an increase in macrophyte species diversity and the ecological status
improvement of small rivers. Beaver dams facilitate water and nutrient retention, effectively
reducing phosphate and nitrate concentrations, which positively influences surface water
quality. The study also revealed negative aspects of beaver activity, such as a localized
increase in ammonia concentrations downstream of dams and pollutant emissions following
the destruction of dam structures. The retention capacity of beaver dams for water and
pollutants was found to be highly dependent on local hydrological conditions, landscape
structure, and human interference. The findings confirm that beaver dams can serve as
anatural tool supporting sustainable water resource management; however, their
effectiveness varies and requires further long-term research. A crucial aspect is the need to
protect these structures from destructive human activities and to develop strategies that
minimize the impact of anthropogenic pressure. In the face of intensifying extreme weather
events and increasing environmental stress, continued research on the role of beavers in
shaping river hydromorphology is essential for a deeper understanding of their influence on
aquatic ecosystems and for developing effective adaptation strategies in the context of

climate change.

Keywords: natural dams, channel retention, water quality, biodiversity



3. Wstep

Zmiany klimatu stanowig powszechne i narastajace zagrozenie dla ekosystemow,
w tym ekosysteméw wodnych. Zrozumienie ich skali oraz dynamiki jest kluczowe dla
opracowania skutecznych strategii adaptacyjnych, majacych na celu minimalizowanie ich
negatywnych skutkow (Weiskopf i in., 2020). W ostatnich latach obserwuje si¢ wzrost
czestotliwoscei 1 intensywnosci klesk zywiotowych na $wiecie z dominujagcym udziatem
powodzi oraz susz (Fawzy i in., 2020). Wzrost temperatury powietrza i intensyfikacja
parowania, przy jednoczesnym ograniczeniu dostepnosci wody, prowadzg do zwigkszonego
zapotrzebowania na ten zasob (Nazari Sharabian i in., 2018). Polska coraz cz¢sciej zmaga
si¢ z problemem ograniczonej dostepnosci zasobéw wodnych w ciggu roku. Wynika to
miedzy innymi z narastajacych deficytow wodnych (Bryta i in., 2025). Dodatkowo zasoby
wodne w Polsce wykazuja znaczng zmienno$¢ zarowno w skali rocznej, jak i miedzy
poszczegblnymi latami oraz regionami kraju. Zroznicowanie to wynika z warunkow
klimatycznych, hydrologicznych oraz lokalnych czynnikéw antropogenicznych
(Gwozdziej-Mazur i in., 2022). Zmiany klimatu moga intensyfikowa¢ procesy eutrofizacji
oraz przyspiesza¢ migracj¢ zanieczyszczen w wyniku nasilenia erozji. Ponadto wzrost
temperatury wod sprzyja rozwojowi organizmoéw autotroficznych, w tym potencjalnie
toksycznych gatunkow glonéw. Czynniki te prowadza do pogarszania jakosci zasobow
wodnych, ograniczajac tym ich dostepnos¢ oraz zwigkszajac ryzyko negatywnych
konsekwencji ekologicznych i zdrowotnych (Kiedrzynska i in., 2021). Na jako$¢ wod
w dolinach rzecznych wptywa réowniez szereg czynnikéw antropogenicznych, zwigzanych
m.in. z dziatalnos$cig rolnicza, przemystem, transportem oraz urbanizacjg. Zanieczyszczenia
pochodzace z tych sektorow, takie jak biogeny, metale cigzkie czy substancje organiczne,
moga znaczaco pogarsza¢ stan ekosystemow wodnych, prowadzac do ich degradacji
(Halecki i in., 2022).

Sztuczne zbiorniki wodne stanowia kluczowe zrodto wody pitnej w wielu regionach
$wiata. Ich lokalizacja czgsto wynika z uwarunkowan spoteczno-ekonomicznych, takich jak
ochrona przeciwpowodziowa, tagodzenie skutkow suszy, rekreacja czy produkcja energii.
Obecnie ich liczba szacowana jest na ponad 30 000 tysiecy (Szewczyk i in., 2024; Zhang
I Gu, 2023). Ttumienie przeptywu rzek stanowi jedno z kluczowych antropogenicznych
zaktocen w naturalnym cyklu obiegu wody (Gilbert i in., 2020). Budowa zbiornikow
prowadzi do istotnych zmian w poziomie wody, predkosci przeptywu oraz strukturze

hydrodynamicznej rzeki, co znaczaco wplywa na funkcjonowanie ekosystemow rzecznych.



Modyfikacje parametrow fizycznych oddziatujg na cykle biogeochemiczne, prowadzac do
przeksztalcen jakosci wody (Winton i in., 2019). Konsekwencja tych zmian jest degradacja
ekosystemoéw w dolnym biegu rzeki oraz zakldcenie funkcjonowania przylegtych terenow
podmoktych (Wang i in., 2022). Modyfikacje fizyczne i chemiczne wod wynikajace
Z obecnosci sztucznych zapor znaczaco utrudniajg migracj¢ ryb, co prowadzi do zaktdcenia
naturalnej tacznosci ekosystemow wodnych. Konsekwencja tych zmian jest ostabienie
populacji gatunkow rodzimych oraz zwickszona inwazja gatunkow obcych (Carvalho
I Araujo, 2024). Zapory mogg takze regionalnie modyfikowa¢ wzorce opadow, prowadzac
do ich wzrostu na obszarach potozonych w goérnym biegu rzeki. Mechanizm ten wynika
z lokalnych zmian w bilansie wodnym (Zhu i in., 2022).

W krajach rozwinigtych, w zwigzku z rosnagcg §wiadomos$cig ekologiczna oraz
negatywnym wplywem sztucznych barier na §rodowisko, odchodzi si¢ od budowy nowych
zbiornikow wodnych. Priorytetem staje si¢ renaturyzacja ekosystemow wodnych oraz
wdrazanie zrownowazonych metod zarzadzania zasobami wodnymi (Potomski
I Wiatkowski, 2023). W zwigzku z tym naturalne zapory zyskuja coraz wigksza popularnos¢
jako niskotechniczne i ekonomiczne rozwigzanie wspierajace budowanie odpornosci
ekosystemow na zmiany klimatu (Fairfax 1 Whittle, 2020). Tamy bobrowe modyfikuja
ekosystemy stodkowodne, prowadzac do powstawania terenow podmoktych, ktére
odgrywaja kluczowa role w zwickszaniu bior6znorodnosci (Andersen i in., 2023; Law i in.,
2016; M. N. V. Prasad, 2021). Zmiany w strukturze ekosystemu wptywaja rowniez na
funkcjonowanie hydrologiczne, przyczyniajac si¢ do zwigkszenia naturalnej retencji wody
oraz poprawy tacznosci lateralnej (Grygoruk i Nowak, 2014). Badania wskazuja, ze
naturalne bariery moga stanowi¢ cenne uzupelnienie rozwigzan inZynieryjnych
W zarzadzaniu ryzykiem powodziowym, zwlaszcza na obszarach lokalnych, gdzie budowa
infrastruktury hydrotechnicznej jest ekonomicznie nieuzasadniona (Lane, 2017). Pomimo
licznych badan i1 publikacji, pozytywny wplyw naturalnych barier na jakos¢ wody nie jest
jednoznaczny, poniewaz zalezy od zlozonej interakcji czynnikéw ekologicznych w tym
réznorodnosci siedlisk, na ktorych wystepuje bobr europejski (Grudzinski i in., 2022).
Gatunek ten czesto generuje konflikty na linii bobr—cztowiek. Wynikaja one przede
wszystkim z kopania nor ostabiajacych brzegi rzek 1 nasypow, $cinania drzewostanu oraz
zalewania gruntow rolnych, co prowadzi do strat ekonomicznych i zmian w uzytkowaniu
terenu (Coz i1 Young, 2020; Rakowska i Stachurska-Swakon, 2023).

W obliczu przedstawionych wyzwan nauka stoi przed konieczno$cig opracowania

innowacyjnych metodologii oraz skutecznych strategii zarzadzania zasobami wodnymi,
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uwzgledniajacych zar6wno minimalizowanie ryzyka powodzi i susz, jak i adaptacje¢ do
zmian klimatu. Priorytetem jest rozw¢j interdyscyplinarnych rozwigzan, umozliwiajacych
efektywne przeciwdziatanie degradacji ekosystemow wodnych. Dodatkowo kluczowe
Znaczenie ma ograniczenie migracji zanieczyszczen do wod oraz poszukiwanie i wspieranie
naturalnych proceséw ich samooczyszczania (Mishra i in., 2021).

Uwzgledniajac dotychczasowy stan wiedzy oraz istniejace wyzwania, niniejsza
rozprawa podejmuje probe okreslenia i oceny rzeczywistego wplywu naturalnych barier na
matych rzekach Lubelszczyzny na zmiany zasobéw wodnych. Badania koncentrujg si¢ na
analizie zmian jako$ci wody, wielkoSci retencji oraz hydromorfologii ciekow, umozliwiajac
kompleksowa ocen¢ roli tych barier w ksztaltowaniu rezimu hydrologicznego

i funkcjonowaniu lokalnych ekosystemow wodnych.
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4. Problem naukowy, hipotezy oraz cel badan

4.1. Problem naukowy i hipotezy badawcze

Na podstawie przegladu literatury naukowej oraz wynikajgcych z niej
niejednoznacznych ustalen dotyczacych roli bobra europejskiego (Castor fiber L.)
W ksztattowaniu zasobow wodnych oraz wobliczu poglebiajacego si¢  kryzysu
klimatycznego, sformutowano problem naukowy: dziatalnos¢ bobra europejskiego decyduje

o zdolnosciach kompensacyjnych biocenozy wobec zmian zachodzacych w biotopie.

W odpowiedzi na przedstawiony problem naukowy sformutowano hipotezy badawcze:
1. Naturalne budowle pigtrzace na rzekach przyczyniaja si¢ do rozwoju roslinnosci
wodno-blotnej i poprawy warunkow hydromorfologicznych ciekow.
2. Tamy bobrowe wplywaja na zmniejszenie dynamiki i wielkosci odptywu wody
powierzchniowej oraz zwigkszenie retencji korytowe;.
3. Tamy bobrowe wyplywaja na intensyfikacj¢ procesu samooczyszczania si¢ wody

powierzchniowej i poprawg stanu ekologicznego ciekow.

4.2. Cel badan

Gléwnym celem badan byta ocena wplywu dzialalno$ci bobra europejskiego na
zmienno$¢ czasowg 1 przestrzenng ilosci 1 jakosci wod powierzchniowych. Analiza
obejmowala wplyw pietrzenia wody przez tamy bobrowe na cechy hydrologiczne
i morfologiczne rzek oraz zmiany parametrow fizykochemicznych wody, z uwzglgednieniem
mozliwosci zwigkszenia zasobow wodnych poprzez retencje naturalna.

Wyznaczono nastepujace cele szczegdtowe:

1. Ocena wptywu dzialalno$ci bobra europejskiego na warunki hydromorfologiczne,
réznorodno$¢ gatunkowa makrofitow oraz stan ekologiczny matych rzek na obszarze
Poleskiego i Roztoczanskiego Parku Narodowego i ich otulin (P1);

2. Analiza wplywu dzialalno$ci bobra europejskiego na jako$¢ wod powierzchniowych
matych rzek Lubelszczyzny z uwzglednieniem roznic sezonowych, sposobu
uzytkowania terenu oraz zroznicowania struktury i wieku tam (P2);

3. Badanie wplywu tam bobrowych na cechy hydrologiczne i morfologiczne rzeki
Swierszcz z uwzglednieniem zdolnosci retencyjnej, zmian hydromorfologicznych

oraz interakcji z warunkami klimatycznymi i ingerencja cztowieka (P3).
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5. Materialy i metody
5.1. Charakterystyka obszaru i obiekty badan

Badania obejmowaty 10 naturalnych pigtrzen na matych rzekach nizinnych
Lubelszczyzny powstatych w wyniku dziatalno$ci bobra europejskiego (Castor fiber L.).
Badania przeprowadzono na obszarach o podobnej intensywnosci uzytkowania terenu, lecz

roznigcych si¢ typem uzytkowania (tgki, lasy, zaro$la) (rys. 1).

W Galezie Osady denne B Roslinnosé zielna M Kamienie

Tama 1 Tama 2 Tama 7 Tama 8 Tama 9 Tama 10 Tama 3 Tama 4 Tama 5 Tama 6
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u = [
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60%
50%
40%
30%
20%
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0 [
!

Lasy Zarosla taki

30%

Udziat materiatu w catosci konstrukeji tamy [%)]

£

Rysunek 1. Rodzaj materiatu konstrukcyjnego tamy oraz sposob uzytkowania terenu w sasiedztwie

tamy.

Obszar badan znajdowat si¢ w Poleskim Parku Narodowym (PPN), Roztoczanskim
Parku Narodowym (RPN) oraz w otulinach parkow. Poleski Park Narodowy stanowi czg$¢
Transgranicznego Rezerwatu Biosfery Polesie Zachodnie. Park zlokalizowany jest
w zachodniej czgéci Polesia, we wschodniej Polsce. Teren parku jest rowninny i silnie
zabagniony. Licznie wystepuja tam stawy oraz torfowiska. Roslinno$¢ parku jest bogata
i obfituje w gatunki charakterystyczne dla terenow podmoktych. Dominujagcym typem
ekosystemu w PPN sa obszary tgkowe, w ktorych cieki wodne stanowig siedlisko bobra
europejskiego. Obszary zalesione i zakrzaczone dominuja w gatunki liSciaste bedace
idealnym materiatem budulcowym dla bobréw. Obszar PPN charakteryzuje si¢ klimatem
przejsciowym z duza zmienno$cia sezonowa. Srednia temperatura powietrza w styczniu

wynosita -4°C natomiast w lipcu 21°C. Roczna suma opadow wynosita 600 mm.
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Roztoczanski Park Narodowy znajduje si¢ we wschodniej Polsce, W wojewodztwie
lubelskim, gminie Zwierzyniec. RPN powstal w celu ochrony zréznicowanych
ekosystemow lesnych, gdzie dominujacymi gatunkami sg sosna zwyczajna (Pinus sylvestris
L.), buk zwyczajny (Fagus sylvatica L.) i jodta pospolita (Abies alba Mill.). Strukture
uzytkowania terenu uzupetniajg tereny zielone (16,2 km?), obszary zurbanizowane (1 km?)
oraz wody powierzchniowe (0,5 km?) (Grabowski i in., 2015). Obszar badan
charakteryzowat sie zroznicowanym uksztattowaniem terenu. Srednia roczna suma opadow

wynosita 720 mm, a temperatura wahata si¢ od -2,4°C w styczniu do 19°C w lipcu.

Tabela 1. Parametry konstrukcji naturalnych zapér na wybranych ciekach wodnych.

Obiekt badawczy Ciek wodny  Dhugos¢ [m]  Szerokos¢ [m]  Wysoko$¢ [m]

Tama 1l Ty$mienica 4 0,8 0,8
Tama 2 Ty$mienica 5 0,9 0,8
Tama 3 Piwonia 4,8 0,7 0,9
Tama 4 Piwonia 5,7 1 0,7
Tama 5 Piwonia 5,6 0,7 0,7
Tama 6 Ty$mienica 55 0,8 1

Tama 7 Swierszcz 5,9 1,3 1

Tama 8 Swierszcz 6,5 0,8 0,9
Tama 9 Szum 4,5 0,7 0,7
Tama 10 Szum 58 0,6 0,7

Tamy bedace obiektami badan powstaty na ciekach wodnych Piwonia i Ty$mienica
na obszarze Poleskiego Parku Narodowego i jego otuliny oraz Swierszcz i Szum na terenie
Roztoczanskiego Parku Narodowego (tab. 1). Badane cieki wykazywaly zblizone parametry
glebokosci 1 szerokos$ci koryta, predkosci przepltywu wody w cieku, rodzaju podltoza oraz
jako$ci wody. W ramach badan analizowano 10 siedlisk objetych wplywem dziatalnosci
bobréw, znajdujacych si¢ w poblizu tam oraz 10 siedlisk kontrolnych, zlokalizowanych

w znacznej odlegtosci od tam, ale w obrgbie tych samych ciekow wodnych.
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Rysunek 2. Schemat konstrukcji oraz definicje wymiaréw naturalnego pigtrzenia (zmodyfikowany
na podstawie Woo i Waddington, 1990).
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Rysunek 3. Typy przeptywow wody przez konstrukcje naturalnej zapory (zmodyfikowany na
podstawie Woo i Waddington, 1990).

Obiekty badan charakteryzowaty si¢ podobnymi cechami morfometrycznymi (tab. 1,
rys. 2) oraz sktadem materiatowym (rys. 1). Tamy byly budowane glownie z gatezi drzew
lisciastych, roslin zielnych oraz osadow dennych (rys. 1), co sprzyjato powstawaniu réznych
typow przeplywu przez ich strukture - przelewowego nad korong zapory, szczelinowego,

pod tamg oraz przesigkowego przez konstrukcje tamy (rys. 3).

5.2. Zakres i metodyka badan
52.1. Ocena zmian  bioréznorodnosci  makrofitbw oraz  warunkéw
hydromorfologicznych rzek (P1)

Oceng prowadzono w 10 stanowiskach bedacych siedliskiem bobra europejskiego oraz
10 stanowiskach pozbawionych wptywu gatunku chronionego. Dokonano analizy
makrofitow, w ramach ktorej oceniono pokrycie i réznorodnos¢ roslin na 100-metrowych
odcinkach rzek, podzielonych na 10 transektow, co 10 m. Dla kazdego zaobserwowanego

gatunku przypisano stopien pokrycia za pomoca 10-stopniowej skali Brauna-Blanqueta. Na
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podstawie sktadu gatunkowego i liczebnoséci makrofitow, a takze wartos$ci wskaznikowych
ich tolerancji na zanieczyszczenia obliczono Makrofitowy Indeks Rzeczny (MIR).
Nastepnie na podstawie granicznych wartosci MIR dla badanych stanowisk przypisano
jedng z pigciu klas stanu ekologicznego.

Uwzgledniajac liczbe zidentyfikowanych gatunkdéw oraz ich rozmieszczenie
w punktach badawczych obliczono wskazniki bior6znorodnosci. Przeprowadzona analiza
miala na celu ocen¢ jakosci ekosystemow oraz wykrycie zmian w $rodowisku
spowodowanych dziatalno$cig bobréw. Obliczono podstawowy wskaznik réznorodno$ci
biologicznej - bogactwo gatunkowe (S) okreslajacy liczbe gatunkdéw obecnych na obszarze
badawczym. Wysoka warto$¢ wskaznika sugeruje wysokg biordznorodno$¢ ekosystemu,
atakze jego stabilnos¢. Niska warto$¢ S charakteryzuje stanowiska ubogie gatunkowo.
Uwzgledniajac bogactwo gatunkowe oraz dominacj¢ gatunkéw w zbiorowisku obliczono
indeks biordéznorodnosci Shannona-Wienera (H). Wysoka warto$¢ wskaznika sugeruje
wieksza roznorodnos$¢ ekosystemu i bardziej zrownowazong strukture gatunkowa. Stopien
dominacji wybranych gatunkow w ekosystemie okreslono obliczajac wskaznik Simpsona
(SDI). Obliczony indeks Margalefa (M) pozwolit na okreslenie liczby gatunkéw w stosunku
do liczby osobnikow wystepujacych na badanym obszarze. Wysoka warto$s¢ MI $wiadczy
0 duzej réznorodnosci biologicznej, natomiast niska warto$¢ sugeruje ekosystem ubogi.

Badania hydromorfologiczne badanych rzek przeprowadzono standaryzowang metoda
oceny jakosci siedlisk rzecznych River Habitat Survey (RHS). W ramach badan dokonano
rejestracji cech fizycznych rzeki 1 jej otoczenia wzdhuz wyznaczonych odcinkow o dtugosci
500 m. W ramach RHS zastosowano indeks jako$ci siedlisk (Habitat Quality Assesment —
HQA) oceniajacy naturalno$¢ oraz roznorodno$¢ siedlisk w rzece, a takze indeks
przeksztalcen hydromorfologicznych (Habitat Modification Score — HMS) mierzacy stopien
ingerencji antropogenicznych. Wyzsza warto§¢ HQA wskazuje na bardziej naturalne
siedliska, natomiast wyzsze wartosci HMS odpowiadaja zmodyfikowanym rzekom
poddanym przeksztatlceniom antropogenicznym. Oceny stanu rzek dokonano na podstawie
Hydromorfologicznego Indeksu Rzecznego (HIR). Dla kazdego punktu badawczego
przypisano jedng z pigciu klas stanu hydromorfologicznego zgodnie z warto$ciami
wskaznika HIR dla rzek nizinnych o szerokosci koryta < 30 m.

Dodatkowo przeprowadzono pomiary hydrologiczne w ramach, ktorych przy pomocy
wodowskazow palowych, monitorowano poziom wody (WL) w wyznaczonych punktach

badawczych.
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Interpretacji zebranych danych dokonano za pomoca analiz statystycznych.
Wykorzystano nieliniowe skalowanie wielowymiarowe (NMDS) w celu zbadania zwigzku
pomiedzy sktadem gatunkowym a wskaznikiem HIR oraz poziomem wody w rzece (WL).
Zastosowano wspétczynnik korelacji Pearsona, aby oceni¢ zalezno$ci migdzy zmiennymi
oraz test t, ktory pozwolit na okreslenie istotnosci r6znic migdzy badanymi grupami.

Przeprowadzone badania pozwolily na ocene réznorodnosci gatunkowej makrofitow
w siedliskach z obecnoscig tam bobrowych oraz w siedliskach pozbawionych dziatalno$ci
bobrow. W ramach badan zidentyfikowano czynniki wplywajace na sktad gatunkowy
zbiorowisk makrofitow, a takze dokonano analizy warunkow hydromorfologicznych rzek.

Uzyskane dane pozwolily na poréwnanie wskaznikow stanu ekologicznego rzek.

5.2.2. Analiza zmian parametrow fizykochemicznych wéd (P2)

Na potrzeby badan wybrano sze$¢ tam bobrowych. Pomiary wykonywano powyzej
oraz ponizej naturalnej zapory, a takze w punkcie kontrolnym. Probki wody pobierano
comiesiecznic w wyznaczonych punktach badawczych w latach 2021-2022. Analizie
poddano 11 parametrow jakoSci wody w tym przewodnictwo -elektryczne (EC),
biochemiczne zapotrzebowanie na tlen (BZTs), chemiczne zapotrzebowanie na tlen (ChZT),
azot ogodlny (Nog), amonowy (N-NH.), azotanowy (N-NOs), azotynowy (N-NO:), fosfor
ogolny (Pog), ortofosforany (P-PO.), siarczany (SO4>") oraz chlorki (CI").

EC probek wody oznaczano w terenie przy uzyciu wieloparametrowego miernika
ORION Star A329 firmy ThermoScientific. BZTs okre$lano metodg rozcienczen, opartg na
pomiarze stezenia tlenu w terenie oraz po pigciu dniach inkubacji w laboratorium. Zawartos¢
tlenu oznaczano za pomoca wieloparametrowego miernika ORION Star A329 Set firmy
ThermoScientific. ChZT okre$lano metoda dwuchromianowg za pomoca spektrofotometru
NANOCOLOR UV/VIS firmy Macherey-Nagel po utlenieniu probki w termoreaktorze
w temperaturze 148°C przez dwie godziny. Nog 0znaczano za pomocg spektrofotometru
NANOCOLOR UV/VIS firmy Macherey-Nagel po utlenieniu probki w termoreaktorze
w temperaturze 100°C przez jedna godzing. Pog 0znaczano spektrofotometrycznie za
pomoca tego samego spektrofotometru po utlenieniu w termoreaktorze w temperaturze
120°C przez 30 minut. Pozostate parametry jakosci wody (azot amonowy, azot azotanowy,
azot azotynowy, ortofosforany, siarczany, chlor) oznaczano rowniez za pomoca
spektrofotometru NANOCOLOR UV/VIS firmy Macherey-Nagel. Analizy laboratoryjne
probek wody z wybranych rzek przeprowadzano zgodnie z metodykami zawartymi
W zalaczniku nr 7 Rozporzadzenia Ministra Gospodarki Morskiej i Zeglugi Srodladowe;
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z dnia 9 pazdziernika 2019 roku w sprawie form i sposobu prowadzenia monitoringu
jednolitych czgéci wod powierzchniowych i jednolitych czesci wod podziemnych (Dz.U.
2019 poz. 2147).

Do analizy wynikéw zastosowano model BACI (Before-After-Control-Impact),
ktory jest eksperymentalnym podej$ciem polegajacym na poréwnaniu danych zebranych
przed i po zdarzeniu (w tym przypadku obecnosci tam) w punktach badawczych oraz
w punktach kontrolnych, ktére pozostawaty niezalezne od wptywu bobrow.

Analize statystyczng przeprowadzono z wykorzystaniem jednoczynnikowe;]
I trojczynnikowej analizy wariancji (ANOVA), ktoéra umozliwita ocen¢ réznic w jakosci
wody pomiedzy punktami badawczymi, porami roku oraz réznymi sposobami uzytkowania
terenu. Dla bardziej szczegdtowego poréwnania zastosowano test post hoc Tukey’a, ktory
pozwolit na oceng istotno$ci zmian migdzy poszczegolnymi grupami.

Przeprowadzone badania pozwolily na ocen¢ zmian jakosci wod w siedliskach
bobrowych. Zidentyfikowano sezonowe zmiany stezen zanieczyszczen biogenicznych oraz
ich wplyw na jako$¢ wod w réznych porach roku. Dokonano oceny wptywu sposobu
uzytkowania terenu, na poziom zanieczyszczen biogenicznych w  wodach
powierzchniowych. Przeprowadzono analiz¢ réznorodnosci materiatow konstrukcyjnych
uzywanych przez bobry oraz wieku tam w kontek$cie ich wptywu na efektywnos¢ w retencji

lub emisji zanieczyszczen.

5.2.3. Analiza zmian stanu wody oraz zdolnosci retencyjnych (P3)

Badaniom poddano dwie tamy bobrowe na cieku Swierszcz. W ramach pomiarow
hydrologicznych monitorowano stan wody w rzekach powyzej tamy, ponizej tamy oraz
w punkcie kontrolnym. Pomiary prowadzono w okresie od 1 maja 2021 do 31 pazdziernika
2022 roku (3 pdtrocza hydrologiczne), przy wykorzystaniu wodowskazow palowych. Dane
meteorologiczne miesigcznych sum opaddéw oraz Srednich miesigcznych temperatur
powietrza dla okresu badawczego pochodzity z Monitoringu Przyrodniczego
Roztoczanskiego Parku Narodowego.

W celu wyznaczenia charakterystycznych punktéw odzwierciedlajacych topografie
dna zbiornikow bobrowych wykonano pomiary geodezyjne. Przy uzyciu odbiornika GNSS
Topcon HiPer V rozpieszczono punkty referencyjne, nastgpnie wyznaczono wspotrzedne
I wysokosci punktow pomiarowych w przekrojach stosujac niwelacjg trygonometryczng. Do
pomiaréw katowych i liniowych wykorzystano tachimetr elektroniczny Topcon ES-105.

Dokonane pomiary pozwolily na wygenerowanie Cyfrowego Modelu Terenu, ktory byt

17



podstawg do okreslenia parametréw hydraulicznych stawow bobrowych. Retencj¢ korytowa
obliczono na podstawie topografii zbiornikow. Do wyznaczenia pojemno$ci stawoOw
bobrowych wykorzystano roznice poziomow wody powyzej i ponizej naturalnego
pietrzenia.

W celu oceny zaleznoSci pomigdzy badanymi parametrami w obrgbie tam
bobrowych oraz na stacji kontrolnej obliczono wspotczynnik korelacji Pearsona. Do oceny
istotnosci roznic w poziomach wody zastosowano test Wilcoxona dla prob zaleznych.

Przeprowadzone padania pozwolily na ocene zdolnosci retencyjnej tam bobrowych,
w kontekscie sezonowych zmian pogodowych oraz wptywu ingerencji cztowieka. Ponadto
zbadano, w jaki sposob naturalna struktura koryta rzeki wptywa na mozliwo$¢ tworzenia
terendow zalewowych oraz zwigkszania zasobow wodnych. Oceniono zmiany
hydromorfologiczne koryta rzeki oraz potencjalng rol¢ tam bobrowych w renaturyzacji rzek,
W szczegélnosci  w  przywracaniu  naturalnych  procesow  hydrologicznych

I geomorfologicznych na terenach zdegradowanych.
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6. Wyniki i dyskusja
6.1. Wplyw tam bobrowych na bioréznorodnos¢ makrofitéw

W wyniku przeprowadzonych analiz stwierdzono obecnos$¢ tacznie 43 gatunkow
makrofitow wodnych, z czego 36 gatunkow wystepowato w siedliskach bezposredniego
wplywu dziatalnosci bobrow europejskich, a 32 w siedliskach kontrolnych (tab. 2). W obu
typach siedlisk odnotowano 23 wspoélne gatunki, co wskazuje na istnienie pewnych statych
elementow flory niezaleznych od wptywu bobréw. W siedliskach bobrowych liczba
gatunkow wahata si¢ od 4 do 12, natomiast w siedliskach od 3 do 8 gatunkéw. Roznice
w liczbie gatunkow migdzy siedliskami nie byly statystycznie istotne (df =9, t =2,092, p =
0,066) (tab. 3).

Zbiorowiska makrofitow reaguja na zmiany siedlisk, a takze odzwierciedlajg ich
jako$¢ (Hachot i in., 2018). Czynnikiem ksztattujacym wystepowanie makrofitow jest
mig¢dzy innymi ilo$¢ sktadnikéw odzywczych, predkosé, a takze poziom wody w korycie
cieku (Zelnik i in., 2021). Zmiany w sktadzie gatunkowym makrofitéw obserwowane sa
takze w miejscach akumulacji osadow dennych (J. I. Jones i in., 2012). Struktura siedlisk
rzecznych takze znaczgco wptywa na rozw6j makrofitow. Na niektorych terenach wysoka
réznorodno$¢ makrofitow utrzymywata si¢ nawet na znacznie przeksztalconych ciekach
(Hering i in., 2015; Lorenz i in., 2012). W innych miejscach ingerencje w strukturg koryt
rzek (regulacja i pogtebianie koryt) wywotywaty spadek bogactwa gatunkowego makrofitow
(Baczyk i in., 2018; Hachot i in., 2018).

Tabela 2. Wystgpowanie gatunkow roslin - liczba stanowisk (skroty uzyte na wykresach).

Oznaczenia: Siedlisko A - kolonia bobra europejskiego, Siedlisko B - obszar kontrolny.

Taksony Siedlisko A Siedlisko B Laczna liczba stanowisk
Cladophora sp. (Cla sp.) 1 0 1
Oedogonium sp. (Oed sp.) 1 0 1
Spirogyra sp. (Spi sp.) 1 1 2
Ulothrix sp. (Ulo sp.) 1 0 1
Leptodictyum riparium (Lep_rip) 1 1 2
Platyhypnidium riparioides (Pla_rip) 1 1 2
Batrachium aquatile (Bat_aqu) 3 0 3
Berula erecta (Ber_ere) 1 2 3
Butomus umbellatus (But_umb) 1 0 1
Callitriche sp. (Call sp.) 0 1 1
Caltha palustris (Cal_ pal) 0 1 1
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Carex gracilis (Car_gra)
Ceratophyllum demersum (Cer_dem)
Eleocharis palustris (Ele_pal)
Elodea canadensis (Elo_can)
Equisetum fluviatile (Equ_flu)
Equisetum palustre (Equ_ pal)
Galium palustre (Gal_pal)
Hydrocharis morsus-ranae (Hyd_mor)
Hydrocotyle vulgaris (Hyd_vul)

Iris pseudacorus (Iri_pse)

N W P, W W WL, NP P

Lemna gibba (Lem_gib)

[EEN
N

Lemna minor (Lem_min)
Lemna trisulca (Lem_tri)
Mentha aquatica (Men_aqu)
Myosotis palustris (Myo_pal)
Myosoton aquaticum (Myo_aqu)
Myriophyllum spicatum (Myr_spi)
Nuphar lutea (Nup_lut)
Phragmites australis (Phr_aus)
Potamogeton berchtoldii (Pot_ber)
Potamogeton crispus (Pot_cri)
Ranunculus repens (Ran_rep)
Rorippa amphibia (Ror_amp)
Rumex hydrolapathum (Rum_hyd)

P OO N W P N O© P P B NN N ©

Salix sp. (Sal_sp.)
Scirpus sylvaticus (Sci_syl)
Sium latifolium (Siu_lat)
Spirodela polyrhiza (Spi_pol)
Typha latifolia (Typ_lat)
Urtica dioica (Urt_dio)

Veronica beccabunga (Ver_bec)
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Stratiotes aloides (Str_alo)

w
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Bogactwo gatunkowe

Wsrdd najczesciej wystepujacych gatunkéw dominowatly: rzesa drobna (Lemna
minor L.), rzgsa tréjrowkowa (Lemna trisulca L.), trzcina pospolita (Phragmites australis)
oraz sitowie lesne (Scirpus sylvaticus L.) (tab. 2). Gatunki te wykazywaty wysokie pokrycie

powierzchniowe, czesto przekraczajace 60% powierzchni stanowisk.
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Analiza wykazala, iz sktad gatunkowy makrofitow byt uzalezniony od sposobu
uzytkowania terenu (rys 4.), poziomu wody w rzece (rys. 5) oraz cech

hydromorfologicznych koryta (rys. 6).

Tabela 3. Test parametryczny t dla prob zaleznych.

Roéznice w probach zaleznych t Istotno$¢
5 - —
Préby zalezne Odchylenie Btad 95% przedzial ufnosci
Srednia standardowy  Dolna Gérna
standardowe ) )
sredniej granica granica
HIR_AiHIR_B 0,05055 0,01603 0,00507 0,03907  0,06201 9,970 0,000
MIR_AiMIR_B  0,01790  0,13238 0,04186 -0,07681 0,11260 0,428 0,679
H_AiH_B 0,17300  0,27769 0,08781 -0,02565 0,37165 1,970 0,080
MI_AiMI_B 0,57700 1,05065 0,33225 -0,17459  1,32859 1,737 0,116
SDI_AiSDI_B 0,02990  0,06104 0,01931 -0,01377 0,07356 1,549 0,156
S AiSB 1,20000 1,81351 0,57350 -0,09731 2,49731 2,092 0,066
WL_AiWL_B 0,25100 0,20113 0,06360 0,10712  0,39488 3,946 0,003
w |
0 |
o
g
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Rysunek 4. Wptyw uzytkowania terenu na wystepowanie gatunkow roslin.

Objasnienia: NMDS1 i NMDS2 - osie przestrzeni wielowymiarowej, reprezentujace gradienty
srodowiskowe na podstawie ktorych gatunki i siedliska zostaly rozmieszczone. Gal_pal, Myo_aqu,
Ele_pal i in. - poszczegdlne gatunki roslin zidentyfikowanych w danym typie siedliska (zgodnie

Z tabelg 2), 13ki, zarosla, lasy - typy uzytkowania terenu.
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Rysunek 5. Wplyw poziomu wody na réznorodnos¢ gatunkowg makrofitow.
Objasnienia: NMDS1 i NMDS2 - osie przestrzeni wielowymiarowej reprezentujace gradienty

srodowiskowe. Izolinie - poziom wody w réznych czesciach przestrzeni. Gal_pal, Myo_aqu, Ele_pal

i in. - poszczegoblne gatunki zidentyfikowanych roslin (zgodnie z tabelg 2).

w | Pot_bero2-Pal Equ_fu
N !
- - \ ‘\\ ‘ ‘
Y But_umb N
' HRF_E qu , M yo_ady
Ty] Ry ) '\\I “". A .
o 7 \ ECI_S‘)-._‘RL.m_h;Eh-FJeﬂ '\. N, \“-.
Pmacér\ c‘a ‘ \',. “. "-“ \‘-‘ Ror_amp
Cm‘ﬂ o . - "\?hr_aus '\\‘I'.|uﬁ:|ga:| 'A\\ “'-.‘ '\\e \ ..\
2 \Shggue N\ N N B %
Z N S \ = éprchec
Ts} Lgm_min \ " Y %, \ \ N
o — Bat_aqu \\'\. N N\ Car_ova
' \ T8
HydMmor — % " ks ‘v{\ o '
— Equ_pal Lem_git:'\\ \ ‘.‘ Ber ‘ere
1T o a A % ",
e 2 ‘o [
Ele_pal Sal sp n—“\ ;1-' \
'n
- 4 :
! Spi_sp.
Ulo_sp
o™~
I T | | T T
-1 0 1 2 3
NMDS1
Rysunek 6. Wptyw warunkéw hydromorfologicznych na wystepowanie gatunkéw roslin.
Objasnienia: NMDS1 i NMDS2 - osie przestrzeni wielowymiarowej reprezentujace gradienty

srodowiskowe. lzolinie - wartosci Hydromorfologicznego Indeksu Rzecznego (HIR). Gal_pal,

Myo_aqu, Ele_pal i in. - poszczegolne gatunki zidentyfikowanych roslin (zgodnie z tabelg 2).
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Veronica beccabunga L., Rorippa amphibia L. i Carex gracilis sg gatunkami
zwigzanymi z niskim poziomem wody, rozwijajac si¢ w warunkach ograniczonej
dostepnos$ci wody. Natomiast Potamogeton crispus L., Elodea canadensis i Spirodela
polyrhiza L. wyst¢pujg gtownie w siedliskach o wysokim poziomie wody, co wskazuje na
ich preferencj¢ do bardziej stabilnych i zalewanych srodowisk. Warto zauwazy¢, ze Elodea
canadensis nie wystgpowata w ciekach charakteryzujacych si¢ duzymi wahaniami poziomu
wody oraz dynamicznym przeplywem, co sugeruje jej wrazliwos¢ na niestabilne warunki
hydrologiczne (Kuhar i in., 2011). Zaréwno niskie i wysokie stany wody ksztattujg pokrycie
ros$linne makrofitow, ktore przystosowuja si¢ do zmiennych warunkow wilgotno$ciowych.
Wykazano, iz zmiany rezimu hydrologicznego rzek maja kluczowe znaczenie dla rozwoju
gatunkow roslin wodnych wptywajac zarowno na dynamike ich kolonizacji jak i utrzymanie
stabilnych populacji w ekosystemach rzecznych (Franklin i in., 2008).

75% stanowisk objetych badaniami znajdowalo si¢ na terenach le$nych, natomiast
tylko niektore stanowiska byly zlokalizowane w sasiedztwie tak, co dodatkowo wptywa na
réznorodno$¢ gatunkowa makrofitow. Badania pokazuja, iz zacienienie wynikajace
Z wystepowania zadrzewien nie ogranicza wzrostu roslin wodnych, lecz oddziatuje na
rozwo6j ich zbiorowisk. W miejscach zacienionych odnotowano istotnie nizszg gestosc,
biomasg oraz warto$¢ wskaznika réznorodno$ci makrofitow wynurzonych (Sender, 2016).
Inne badania sugeruja, iz zwickszony dostep do $wiatta na terenach pozbawionych zalesienia
stymulowal rozwo6j makrofitow posrednio wptywajac na akumulacj¢ osadow, a takze
intensyfikacj¢ poboru fosforu (Julian i in., 2011). Rosso i Cirelli nie potwierdzili
bezposredniego powigzania wystepowania makrofitow z uzytkowaniem terenu w skali
lokalnej. Istotne znaczenie ma jednak kombinacja zmiennych $rodowiskowych takich jak
warunki strefy przybrzeznej, pH oraz obecno$¢ zwiazkow biogennych (Rosso 1 Fernandez
Cirelli, 2013).

Sklad gatunkowy makrofitow zalezy od warunkow hydromorfologicznych
(szerokosci koryta, nachylenia zboczy i zamulenia dna). W rzekach o stromych skarpach
oraz zamuleniem dna, najczgéciej wystepujacymi gatunkami roslin byly Batrachium
aquatile L., Galium palustre L. oraz Ranunculus repens L. Z kolei w siedliskach
niezaleznych od dziatalnosci bobrow dominujacg role odgrywaty Urtica dioica L., Typha
latifolia L. oraz Calla palustris L. (tab. 1). Badania potwierdzity, iz przeksztatcenia
hydromorfologiczne zaréwno pochodzenia antropogenicznego jak i naturalnego istotnie
wplywaja na ksztaltowanie roznorodnosci makrofitow w wodach ptynacych. Badania

wykazaly, iz swobodnie ptynace rzeki charakteryzowatly si¢ mniejsza obfitoscig gatunkow
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makrofitow w porownaniu do odcinkow, na ktérych powstat zbiornik wodny (Vukov i in.,
2022).

Analiza wskaznika Shannona-Wienera (H) wykazata wyzsze bogactwo gatunkowe
na odcinkach obj¢tych wptywem bobrow. Roznice te nie byly statystycznie istotne (tab. 3),
co sugeruje, ze dziatalno$§¢ bobrow nie jest czynnikiem jednoznacznie determinujgcym
wzrost roznorodnos$ci biologicznej. Podobny trend zaobserwowano w przypadku wskaznika
Simpsona (SDI). Badania wykazaly, ze wskaznik ten jako miara rownomiernos$ci siedlisk
wyniost dla siedlisk objetych wplywem bobrow (A) 0,845, natomiast dla siedlisk
kontrolnych (B) 0,815. Wyzsza warto$¢ wskaznika w siedliskach A oznacza wigksza
dominacje i rownomierno$¢ rozmieszczenia gatunkow na tych stanowiskach. To wskazuje,
ze wpltyw bobrow moze sprzyjac stabilizacji zbiorowisk roslinnych poprzez tworzenie
specyficznych mikrosrodowisk. Wskaznik Margalefa (MI), rowniez wykazal wyzsze
wartosci w siedliskach z obecnosciag bobrow (3,64 wobec 3,07 dla siedlisk typu B), co
potwierdza, ze dzialalno$¢ bobrow moze sprzyjaé¢ wiekszej heterogenicznosci siedlisk.

Roznorodnos¢  gatunkowa  zbiorowisk  makrofitow  wodnych  znalazta
odzwierciedlenie w stanie ekologicznym wod wyrazonym za pomoca Makrofitowego
Indeksu Rzecznego (MIR). Srednia warto$é MIR dla siedlisk typu A wynosita 0,688, przy
zakresie warto$ci od 0,55 do 0,77, natomiast dla siedlisk badawczych typu B wynosita 0,67
i miescita si¢ w przedziale 0,44 - 0,94. Wartosci MIR dla obu typow siedlisk nie byty
statystycznie istotnie skorelowane (tab. 3). Na podstawie uzyskanych wartosci MIR
sklasyfikowano badane stanowiska pod wzgledem ich stanu ekologicznego. 4 stanowiska
spehiaty kryteria bardzo dobrego stanu ekologicznego (klasa I), 5 stanowisk oceniono jako
dobry stan ekologiczny (klasa I1), 11 stanowisk sklasyfikowano jako umiarkowany stan
ekologiczny (klasa Il1). Negatywny wptyw na wartosci MIR miata obecnos¢ gatunkow
charakterystycznych dla siedlisk hipertroficznych, czyli o wysokiej zawartosci sktadnikow
biogennych. Byly to przede wszystkim rzgsa drobna (Lemna minor L.), rzgsa trojrowkowa
(Lemna trisulca L.), szczaw lancetowaty (Rumex hydrolapathum Huds.) oraz spirodela
wielokorzeniowa (Spirodela polyrhiza L.). Z kolei obecnos¢ jaskra wodnego (Batrachium
aquatile) oraz brzeznika strumieniowego (Platyhypnidium riparioides) miata pozytywny
wptyw na wartosci MIR w siedliskach bobrowych. Sg to gatunki typowe dla wod
mezotroficznych, co sugeruje, ze wplyw bobréw moze sprzyja¢ utrzymaniu bardziej
zrdznicowanych warunkéw ekologicznych w rzekach. Dotychczasowe badania prezentuja
rézne, czasem sprzeczne wyniki dotyczace oddzialywania bobréw na zbiorowiska

makrofitow (P. E. Jones i in., 2020). Cze$¢ naukowcow podkresla pozytywny efekt budowy
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matych tam na zwigkszenie liczebnosci i réznorodnosci tych roslin (Law i in., 2014; Vukov
I in., 2018). Z kolei inne analizy wskazuja, ze fragmentacja siedlisk moze mie¢ negatywny
wplyw na obecnos¢ wybranych gatunkow roslin (Couto i Olden, 2018).

Analiza wskaznika Hydromorfologicznego Indeksu Rzecznego (HIR) wykazata
zréznicowanie warunkéw hydromorfologicznych badanych odcinkéw. Na podstawie
uzyskanych warto$ci 7 stanowisk sklasyfikowano jako majace dobry stan ekologiczny (klasa
I1), 8 stanowisk jako umiarkowany (klasa I1l), a 5 stanowisk jako staby stan ekologiczny
(klasa 1V). To wskazuje, ze hydromorfologia rzek jest silnie zréznicowana i podlega
zarbwno wpltywom naturalnym, jak i antropogenicznym. Poréwnanie wskaznika HIR
pomigdzy siedliskami A 1 B wykazato statystycznie istotne réznice (tab. 3), ktore

potwierdzaja, ze aktywno$¢ bobrow modyfikuje warunki hydromorfologiczne.
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Wartosei wskaznika Hydromorfologicznego Indeksu Rzecznego (HIR)

Rysunek 7. Analiza zaleznosci pomigdzy wskaznikami HIR (Hydromorfologiczny Indeks Rzeczny)
i MIR (Makrofitowy Indeksy Rzeczny).

Dla okreslenia zwigzku migdzy réznorodnoscig gatunkowa makrofitow a warunkami
hydromorfologicznymi, przeprowadzono analiz¢ regresji liniowej migdzy wskaznikami HIR
I MIR (rys. 7). Uzyskane wyniki potwierdzity, ze wzrost réznorodnosci gatunkowej
zbiorowisk makrofitow jest skorelowany ze wzrostem wartosci Hydromorfologicznego
Indeksu Rzecznego (HIR) (rys. 7). Oznacza to, ze struktura koryta i warunki
hydrodynamiczne maja istotny wptyw na flor¢ wodna, co moze by¢ kluczowe w ocenie
stanu ekologicznego rzek.

Dalsza analiza objeta indeks jakosci siedlisk (HQA), ktory odzwierciedla stopien

zachowania naturalnych cech hydromorfologicznych. W siedliskach typu A jego warto$ci
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wahaty si¢ od 29 do 49, natomiast w siedliskach typu B byly istotnie nizsze, w zakresie od
21 do 33. W siedliskach bobrowych zaobserwowano zwigkszong heterogenicznosé
przepltywu, wigksza roznorodno$¢ materialu dennego oraz wigksze zrdznicowanie
elementow towarzyszacych zadrzewieniom. Dziatalno$¢ bobréw powodowala istotne
zmiany w rezimie hydrodynamicznym. Gromadzenie przez bobry drzewnego materiatu
budulcowego prowadzito do powstawania naturalnych przeszkod w postaci powalonych
drzew i rumowisk. Spadek wartosci wskaznika HIR byt skorelowany ze wzrostem warto$ci
indeksu przeksztalcen hydromorfologicznych (HMS), ktéry ocenial wplyw dziatalnosci
antropogenicznej na rzeki. Warto$ci HMS wahaty si¢ od 0 do 30, a ich wzrost byl zwigzany
z przeksztalceniami takimi jak profilowanie dna, prostowanie koryta oraz ingerencje
w strukture zboczy.

Badania potwierdzaja, iz bobry europejskie znaczaco wplywaja na zmiany
w hydromorfologii rzek zarowno powyzej jak i ponizej naturalnej zapory (Bylak i in., 2024).
W gornych odcinkach rzek dziatalno$¢ boréw ma odzwierciedlenie gtownie w zwigkszone;j
erozji bocznej. W dolnych partiach rzeki bobry powoduja fragmentacje skarp koryta cieku
wplywajac na zmiane jego szerokosci. Taka dzialalno$¢ bobrow moze odgrywacé znaczaca
rolg w przywracaniu naturalnych cech siedliskom zdegradowanym oraz tworzeniu
rozleglych siedlisk podmoktych (Gorczyca i in., 2018; Law i in., 2017).
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6.2. Wplyw tam bobrowych na zmiany parametrow jakosci wody

Wplyw dziatalnosci bobrow na jakos¢ wod byt jednym z kluczowych aspektow
przeprowadzonych badan. Analizie poddano zmiany parametréw fizykochemicznych wod
powierzchniowych w rzekach Ty$mienica i Piwonia w konteksécie funkcjonowania tam
bobrowych. Badania prowadzono powyzej naturalnej zapory (B), ponizej pictrzenia (A) oraz

w punkcie kontrolnym (C).

Tabela 4. Wartosci BACI, * - statystycznie istotne roznice na poziomie p < 0,05.

Rzeka  Siedlisko EC BZTs ChZT Nog N-NHs N-NO2 N-NOs Pog P-POs  SO4* Cl

Ty$mienica B -2643 -030 -290 -0,392 0,0333 -0,0103* -0,1100 -0,1390 -0,0433 -7,08 -3,16
-3488 -058 -873 -0,737* 0,0480 -0,0100* -0,5525 -0,1588* -0,0598* -5/45 -2,84

A
Piwonia B -0,47 -0,60* -9,56 -0,163 0,0900 0,0023 -0,1480 -0,0148 -0,0090 -9,77 -2,71
A 253 -0,81* -12,16* -0,273 0,1033* 0,0073 -0,2243 -0,0707 -0,0143 -9,38  -1,68

Tabela 5. Wyniki analizy ANOVA dla parametrow jako$ci wody. Statystycznie istotna zalezno$¢ na
poziomie: *** (p = 0,001), ** (p = 0,01), * (p = 0,05).

Typ siedliska  Sezonowo$¢ . Sposdb .
Parametr o ) uzytkowania D:@ :® @:3 ©:@:3

terenu ®
EC 0,197 0,0442* 4,59e-07*** 0,399 0,394 0,377 0,599
BZTs 0,139 4,23e-04*** 0,0016** 0,399 0,399 0,0229* 0,506
ChZT 0,196 0,272 0,0271* 0,398 0,399 0,428 0,599
Nog 0,151 0,242 3,33e-05*** 0,396 0,390 0,660 0,604
N-NHa4 0,174 4,09e-06***  1,36e-05*** 0,399 0,389 0,0079** 0,599
N-NO2 0,191 0,0513* 5,11e-05*** 0,388 0,386 0,738 0,546
N-NO3 0,181 0,0611* 5,82e-04*** 0,388 0,396 0,198 0,598
Pog 0,193 1,36e-05***  9,40e-04*** 0,396 0,397 0,194 0,449
P-PO4 0,185 5,87e-06*** 1 ,13e-05*** 0,398 0,396 0,135 0,557
S04 0,138 3,66e-06*** 0,462 0,372 0,392 0,486 0,600
Cl 0,196 0,104 2,01e-04*** 0,398 0,394 0,181 0,598

Zaobserwowano statystycznie istotng poprawe jakosci wody w rzece Piwonia, gdzie
odnotowano redukcje chemicznego zapotrzebowania na tlen (ChZT) o 24%, natomiast
w Ty$mienicy spadek wynosit 17% (tab. 4). Wptyw sezonowosci na zmiany chemicznego
zapotrzebowania na tlen okazat si¢ statystycznie nieistotny. Odnotowano statystycznie
istotng zmiang ChZT wzgledem réznic w sposobie uzytkowania terenu (tab. 5). Dalsza
analiza wykazata, ze biochemiczne zapotrzebowanie na tlen (BZTs), kluczowy wskaznik
obcigzenia wod materig organiczng, zmniejszyto si¢ o 19% w TySmienicy oraz 27%
w Piwonii. Najwigkszy spadek BZTs zaobserwowano latem, wynosit az 61%. Oznacza to,
ze naturalne pietrzenie wody przez bobry sprzyja poprawie warunkow tlenowych, zwtaszcza
w cieplejszych miesigcach, gdy procesy biologiczne zachodzg intensywniej. Wahania

temperatury powietrza oraz zmienno$¢ przeplywu wod, nie stanowily kluczowych
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czynnikdw wptywajacych na zmiany stezen ChZT. Akumulacja osadéw powyzej zapory,
W potaczeniu z ograniczeniem swobodnego odptywu wody, sprzyja intensyfikacji procesow
rozktadu materii organicznej, co prowadzi do powstawania warunkow beztlenowych
w zbiornikach bobrowych. Z kolei ponizej tam bobrowych woda jest zazwyczaj lepiej
natleniona niz w odcinkach rzek, w ktérych przeptyw nie jest regulowany przez naturalne
bariery (Dou i in., 2015; Rozhkova-Timina i in., 2018; Tomczyk i Wiatkowski, 2021).

Na zmiennos$¢ stezenia sktadnikow biogennych wptywata sezonowos¢ oraz sposob
uzytkowania terenu (tab. 5). Szczegdlng uwage zwrdcono na zawartos¢ fosforu ogoélnego
(Pog) oraz ortofosforanow (P-POa), ktore sa kluczowymi skladnikami odzywczymi
odpowiedzialnymi za eutrofizacje wod. W Ty$mienicy odnotowano redukcj¢ Pog 0 45%,
natomiast w Piwonii o 21%. Z kolei ortofosforany zmniejszyty si¢ o 57% w TySmienicy
I 16% w Piwonii. Nizsza skuteczno$¢ retencji fosforu w Piwonii byta wynikiem uszkodzenia
tamy w okresie letnim, co ograniczylo zdolnos¢ ekosystemu do zatrzymywania tych
zwigzkow. Istotnym mechanizmem retencyjnym w przypadku fosforu bylo jego
akumulowanie w osadach dennych - szczegdlnie powyzej starszych tam, ktore skuteczniej
zatrzymywaly biogeny, podczas gdy miode tamy mogly by¢ ich zrodtem (Strzelec i in.,
2018). Badania pokazuja, ze tamy bobrowe tworza korzystne warunki wspomagajgce
procesy samooczyszczania si¢ wod szczegodlnie zanieczyszczonych biogenami pochodzenia
rolniczego (Hill i Duval, 2009; Smith i in., 2020). Wyniki uzyskane w Anglii wykazaty, ze
stezenie ortofosforanow w wodzie przeptywajacej przez tame bylo znacznie nizsze niz na
stanowiskach, gdzie nie zaobserwowano wplywu bobrow (zmniejszenie st¢zenia
ortofosforanéw wynosito 51,2%) (Cooper i in., 2025). Badania prowadzone w Litwie
udowodnity wyzsze st¢zenia sktadnikow odzywczych (3-4,5 razy wyzsze w przypadku N
oraz 2,2-2,5 razy wyzsze w przypadku P) w probkach wody pobieranych powyzej zapory
W poroéwnaniu z tymi pobieranymi po przelaniu si¢ wody przez zapor¢. Dodatkowo
najwyzsze stezenie biogendéw odnotowano W osadach dennych powyzej zapory. Wskazuje
to, iz tamy bobrowe mogg dziala¢ jako naturalny filtr poprawiajacy jakos¢ wody na
odcinkach ponizej zapor (Ciuldiené i in., 2020).

Badania wykazaty obnizenie zawartos$ci azotandw (N-NOs) oraz azotynéw (N-NOz),
przy czym redukcja byta wigksza w TySmienicy (34% 1 44%) niz w Piwonii (15% 1 33%).
Redukcja azotu ogdlnego (Nog) wyniosta 21% dla TySmienicy oraz 8% dla Piwonii (tab. 4).
Nizsza redukcja zanieczyszczen w rzece Piwonia byla spowodowana zniszczeniem tamy
w okresie letnim. W przypadku rzeki TySmienica wykazano istotny statystycznie spadek

stezenia azotu ogdlnego oraz azotynow. Sytuacja réznita si¢ w przypadku stezenia azotu
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amonowego (N-NHa) ktore wzrosty o 16% w Ty$mienicy oraz 33% w Piwonii (tab. 4).
Analizy wykazaly statystycznie istotng zmienno$¢ parametrow N-NHas, N-NO2, N-NO; ze
wzgledu na sezonowos$¢ oraz sposob uzytkowania terenu (tab. 5). Zmiany jakosci wody pod
wzgledem stgzenia Nog wykazaly statystycznie istotne rdznice jedynie w zalezno$ci od
sposobu uzytkowania terenu (tab. 5). Analizowane procesy wskazuja, ze zbiorniki bobrowe
odgrywaja istotng role w cyklu biogeochemicznym azotu, przyczyniajac si¢ do lokalnych
zmian w jakos$ci wod, ktore moga mie¢ zarowno pozytywne, jak i negatywne konsekwencje
dla ekosystemow rzecznych. Badania prowadzone w Karolinie P6tnocnej wykazaly podobne
trendy. Efekt obecnosci stawéw bobrowych w odniesieniu do azotanéw polegat na ich
redukcji 0 19%. W przypadku azotu amonowego stawy bobrowe powodowaty wzrost stezen
0 59% (Bason i in., 2017). Sezonowe zmiany temperatury odgrywaja kluczowa role
W procesach biogeochemicznych, wptywajac na redukcje zanieczyszczen biogennych
w okresie wiosenno-letnim. Badania wykazaty wzrost stezenia azotu amonowego (N-NHa)
wraz z oddalaniem si¢ od pigtrzenia w dot rzeki, przy jednoczesnym spadku stgzen azotanow
(N-NOs) (Grudzinski i in., 2022). Zanieczyszczenia azotowe wykazujg sezonowa zmiennosc¢
w akumulacji. Zimg dominujagcymi procesami sg zatrzymywanie N-NOs oraz azotu
organicznego, wiosng azotanow, a latem azotu organicznego (Correll i in., 2000). W stawach
bobrowych dochodzi do synergii proceséw nitryfikacji 1 denitryfikacji, co skutkuje
efektywnym usuwaniem do 45% NOs z catkowitej puli azotu w zlewni (Lazar i in., 2015).
Funkcja stawu bobrowego w ekosystemie rzecznym jest dwojaka. Staw bobrowy moze
peti¢ role zarowno pochlaniacza, jak 1 emitora zanieczyszczen azotowych. Sezonowe
zmiany w koncentracji N-NOs wskazuja, ze latem zbiorniki bobrowe efektywnie
retencjonowaty biogeny, przyczyniajac si¢ do redukcji zanieczyszczen o 25%. Jednak
w okresie jesiennym ich rola ulega odwroceniu - woéwczas dochodzi do znacznego wzrostu
emisji N-NOs, osiaggajacej nawet 63% (Murray i in., 2021).

Przewodnictwo elektryczne (EC), bedace miarg ogdlnej mineralizacji wod, obnizyto
si¢ 0 8% w TyS$mienicy oraz 1% w Piwonii. Obserwowany spadek stezenia chlorkow (CI")
oraz siarczanow (SO4*") wynosit dla Ty$mienicy odpowiednio 29% i 17% natomiast dla
Piwonii 27% 1 29%. Warto$ci przewodnictwa elektrycznego wykazywatly statystycznie
istotne rdznice pod wzgledem sezonowosci oraz sposobu uzytkowania terenu (tab. 5).
Wplyw sezonowosci byl nieistotny statystycznie dla zmian stezen chlorkow, a wptyw
sposobu uzytkowania terenu dla zmian stezen siarczanéw (tab. 5). Sezonowe zmiany EC
byty skorelowane ze zmianami temperatury oraz intensywnoscig opadow, intensywne

deszcze moglty powodowaé rozcienczenie wod rzecznych, zmniejszajac przewodnictwo,
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podczas gdy splywy powierzchniowe mogty przyczynia¢ si¢ do transportu soli mineralnych

(Pal M. i in., 2015). W obrebie tam bobrowych intensywno$¢ redukcji stezen jondw

siarczanowych SO4*" ro6zni si¢ w zaleznosci od glebokosci stawu bobrowego. Wykazano, iz

stezenie SO+*" zmniejsza si¢ w dolnych partiach zbiornikow, podczas gdy na powierzchni

wod stojacych nie ulega zmianom (Kangur i in., 2013). Badania matych rzek wykazaty, ze

wody powierzchniowe charakteryzuja si¢ niskimi st¢zeniami chlorkow (Grzywna

i Bronowicka-Mielniczuk, 2020; Prambudy i in., 2019).

Tabela 6. Srednie wartosci parametrow jakosci wody w odniesieniu do sposobu uzytkowania terenu.

a, b - istotne statystycznie roznice przy p < 0,05. SE — prog dobrego stanu ekologicznego.

Parametr Laki Zarosla Las SE
EC 423,3* 400,52 305,25P 576
BODs 2,962 3,092 2,4° 4,1
COD 48,952 49,702 45,55° 79
Nog 3,632 3,84° 2,55° 4,5
N-NH4 0,39 0,22° 0,17° 0,68
N-NO; 0,019° 0,020 0,011° 0,03
N-NOs 0,88° 1,47% 1,01 2,5
Pog 0,388°% 0,229 0,153° 0,40
P-PO4 0,1063° 0,0893¢  0,0725° 0,102
S04% 27 27 28 64,8
CI 12,5 9,52 4,5° 29,4

Tabela 7. Srednie wartosci parametroéw jakosci wody w odniesieniu do pér roku.

a, b, ¢ - istotne statystycznie roznice przy p < 0,05. SE — prog dobrego stanu ekologicznego.

Parametr Wiosna Lato Jesien Zima SE
EC 351,9° 359,6% 400,25° 402,05° 576
BODs 2,89° 2,65° 3,282 2,47°¢ 41
COD 49,00 47,45 47,15 48,55 79
Nog 3,38 3,34 3,31 3,34 45
N-NH4 0,16¢ 0,392 0,18¢ 0,27° 0,68
N-NO, 0,016 0,023 0,012° 0,012° 0,03
N-NOs 1,202 1,06¢ 1,02°¢ 1,09° 2,5
Pog 0,191°¢ 0,334 0,229° 0,195% 0,40
P-PO, 0,0695° 0,1045% 0,0845%®  0,0955°% 0,102
SO4> 26° 318 27 25°P 64,8
CI 9.0 7.4 7.9 10,9 29,4

Naturalne pigtrzenia objete badaniami charakteryzowaly si¢ zblizonymi parametrami

konstrukeji oraz materiatu budulcowego oraz ré6znym wiekiem tamy. W wyniku wezbran

lub dziatalno$ci cztowieka niektore przegrody byty czgsciowo lub catkowicie zniszczone.

30



W przypadku zniszczenia tam bobry wykorzystuja nowo pozyskany materiat budulcowy do
naprawy konstrukcji (Barnes i Mallik, 1996; Ronnquist i Westbrook, 2021; St-Pierre i in.,
2017). Czg¢sto jednak bobry przemieszczajg si¢ do innego siedliska w wyniku czego
pozostatosci zniszczonej 1 nieaktywnej tamy stajg si¢ emiterem zanieczyszczen. Usunigcie
tamy powoduje uwalnianie zanieczyszczen zgromadzonych w osadach dennych (Kalvite
I in., 2021). Badania podkreslaja wptyw sposobu uzytkowania terenu na zmiany jakosci
wody w ciekach. Szczegolnie intensywne uzytkowanie rolnicze oraz degradacja terenéw
lesnych przyczynia si¢ do istotnych zmian parametréw fizykochemicznych wod
powierzchniowych (Camara i in., 2019). Badania prowadzone na terenie Lubelszczyzny
pokazuja, ze najwyzsze st¢zenia skladnikéw odzywczych odnotowano w wodach
sptywajacych z p6l uprawnych (Mazur, 2018). Wyniki prowadzonych badan potwierdzity
teze o pozytywnym wplywie lasow na redukcje zanieczyszczen wod (tab. 6). Najwyzsze
stezenia N-NHas, N-NO3, Pog 0raz P-PO4 odnotowano w obrgbie tgk. Natomiast najwyzsze
stezenia Nog I N-NO3 wystepowaly w obrebie zadrzewien i zakrzaczen.

Na zmiany parametréow jakos$ci wody wplywaja rowniez pory roku. Najwyzsze
stezenia ortofosforandw i azotu amonowego zaobserwowano latem. Z kolei najwyzsze
stezenia azotandw i azotu ogolnego wystepowaly wiosng (tab. 7). Bardzo wysokie st¢zenia
jonéw amonowych podczas susz wynikaja z jego uwalniania na odwodnionych torfowiskach
(Koskinen i in., 2017; Laine i in., 2013). Badania sezonowej zmiennosci jakosci wod byty
prowadzone takze na rzekach Bug i Bystrzyca. W rzece Bug najwyzsze st¢zenia chlorkow,
siarczanOw 1 azotandw odnotowano zimg. Okresowe zmiany parametrow wody wigzaly si¢
takze z urbanizacja oraz odprowadzaniem S$ciekow komunalnych. Podobnie w rzece
Bystrzyca najwyzsze stezenia zanieczyszczen biogennych odnotowano zimg. W tym
przypadku sezonowy wzrost zanieczyszczen wynikat z niskiego poziomu wod w rzece oraz
braku roslinno$ci (Grzywna i in., 2021; Grzywna i Bronowicka-Mielniczuk, 2020).

Srednie warto$ci stezen badanych parametrow jakosci wody byly zazwyczaj niskie.
Wszystkie parametry z wyjatkiem P-PO4 spetnialy normy dobrego stanu ekologicznego (tab.
6,7). Srednie wartosci P-POs przekraczaly wartoéci krytyczne dla dobrego stanu

ekologicznego latem oraz na terenach tak.
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6.3. Wplyw tam na zmiany poziomow wody oraz wielkos¢ retencji

korytowej

Analize zmian hydrometeorologicznych oraz analize wptywu tam bobrowych na
wahania poziomu wody oraz retencj¢ korytowa prowadzono w ciggu trzech poétroczy
hydrologicznych w obrebie dwoch naturalnych zapér na rzece Swierszcz. Dane z okresu
badan poréwnano z wynikami wieloletnich badan nad zmianami klimatu w Roztoczanskim

Parku Narodowym (Grabowski i in., 2022; Reszel i Gradziel, 2015).
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Rysunek 8. Warunki meteorologiczne dla stacji Zwierzyniec.
Objasnienia: P — miesigczna suma opadow, Pm — $rednia miesigczna suma opadoéw, T — miesigczna

temperatura powietrza, Tm — $rednia miesigczna temperatura powietrza.
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Analiza warunkéw hydrometeorologicznych w badanym okresie wykazala istotng
zmienno$¢ czasowg zaroOwno rozktadu opadow jak i temperatury, co miato bezposredni
wplyw na dostepnos¢ zasoboéw wodnych oraz ksztattowanie przeptywow rzecznych. Analiza
wykazala istotng statystycznie korelacj¢ pomiedzy miesiecznymi sumami opadow
a temperaturg powietrza (r=0,58; p=0,05) (rys. 11). Najwicksze zréznicowanie opadoéw
odnotowano w roku 2021. Czerwiec 2021 roku przynidst najwyzsza miesigczng sume
opadow - 187,4 mm, co stanowilo warto$¢ trzykrotnie wyzsza od $redniej wieloletniej.
Natomiast w pazdzierniku 2021 roku opady wyniosty zaledwie 7,4 mm, co byto wartoscig
siedmiokrotnie nizsza od normy (rys. 8). Sezonowo$¢ opadow byta wyrazna. Letnie potrocze
2021 roku charakteryzowalo si¢ najwyzsza sumg opadow w XXI wieku w Roztoczanskim
Parku Narodowym (RPN), wynoszaca 640,8 mm. Natomiast zimowe poirocze 2021/22
przyniosto warto$ci opadowe bliskie $redniej wicloletniej. W zimie dominowaty deszcze,
apokrywa $niezna byla sporadyczna i krotkotrwata. Podobne trendy rozktadu sum
miesigcznych opadow zaobserwowano w badaniach wieloletnich dotyczacych
wojewodztwa lubelskiego (Bartoszek i in., 2021; Samborski, 2024). Zmienno$¢ sum opadow
moze bezposrednio wplywac na dostepnos¢ zasobéw wodnych i ksztattowaé przeptywy
rzeczne (Yu i in., 2002).

Przebieg zmian temperatury jest $ci§le zwigzany z naturalng zmiennoscig warunkow
klimatycznych. W strefie klimatu umiarkowanego, przejSciowego lipiec jest zazwyczaj
najcieplejszym miesigcem, a styczen najzimniejszym. W analizowanym okresie od maja
2021 do pazdziernika 2022 najwyzszg S$rednig temperatur¢ odnotowano w lipcu 2021
i sierpniu 2022, odpowiednio 21,2 i 20°C (rys. 8). Srednia temperatura zanotowana w lipcu
2021 byta najwyzsza dla tego miesigca w XXI wieku w RPN. Wystapienie bardzo wysokich
temperatur w czerwcu 2019 bylo przyczyna wystapienia ekstremalnej suszy w Polsce
(Ziernicka-Wojtaszek 2021, Watega i in. 2024). Najnizszg $rednig miesi¢gczng temperature
zanotowano w grudniu 2021 1 wyniosta ona -1,7°C, co bylo wartoscig o 1,1°C nizszg od
sredniej wieloletniej. Bardzo niepokojacym objawem zmian klimatu byla dodatnia
temperatura w lutym 2022. Temperatura byta wtedy o 2,1°C wyzsza od $redniej wieloletniej
az 0 3,6°C. Wysokie temperatury w lutym 2022 i niskie opady w marcu 2022 spowodowaty

spadek poziomu wody w korycie rzek i zmniejszenie zasobow wodnych.
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Rysunek 9. Zmiany poziomu wody w punktach badawczych, rzeka Swierszcz.
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Rysunek 10. Zr6znicowanie poziomu wody w badanych punktach pomiarowych.
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Rysunek 11. Macierz korelacji Pearsona dla opadow (P) i temperatury (T) oraz poziomu wody

powyzej (B) i ponizej (A) tam D1 i D2, a takze na stacji kontrolnej C. Objasnienia: Istotno$¢
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statystyczna oznaczona jest w nastgpujgcy sposob: "***" (p< 0,001), "**" (p< 0,01), "*" (p< 0,05)
oraz "." (p< 0,1).

Analiz¢ zmian pozioméw wody w rzece Swierszcz przeprowadzono w obrebie
dwoch tam bobrowych o zblizonych cechach morfometrycznych, ktére pozostawaty
aktywne przez caly okres badan. Wplyw naturalnych zapor na poziom wody w cieku byt
istotny. Na poczatku badan (maj 2021 r.) maksymalna glebokos¢ wody powyzej obu tam
wynosita 90 cm, natomiast ponizej - 20 cm, a na stacji kontrolnej jedynie 10 cm. Oznacza
to, ze tamy podniosty poziom wody $rednio o 70 cm, tworzac lokalne strefy zwigkszonej
retencji (rys. 9). Badania prowadzone w korycie rzeki Malej wykazaty rdznice poziomow
wody powyzej i ponizej pigtrzenia wynoszaca 80 cm w maju 2020 roku (Oleszczuk i in.,
2024). Wahania pozioméw wody w korycie zmienialy si¢ dynamicznie w czasie
w zaleznos$ci od warunkéw hydrologicznych i ingerencji cztowieka. W okresie najwickszych
opadoéw, w lipcu 2021 r., poziom wody osiaggnat swoje maksymalne wartosci - 97 cm
powyzej tam, przy jednoczesnym poziomie 24 cm ponizej tamy D1 oraz 30 cm ponizej tamy
D2 (rys. 9). Maksymalna wysoko$¢ pigtrzenia wody przez tamy bobrowe wynosita 73 cm,
co miato kluczowy wptyw na warunki hydrologiczne lokalnych ekosystemoéw wodnych.
Niskie opady atmosferyczne, rozbiorki tam oraz ich naturalna erozja podczas sptywu wod
roztopowych prowadzity do stopniowego obnizenia poziomu wody powyzej tam.
Minimalna wysoko$¢ pigtrzenia wody przez tamy bobrowe wynosita 10 cm. Odbudowa
konstrukcji przez bobry, ktora jest naturalnym zachowaniem bobrow oraz korzystne warunki
atmosferyczne ponownie zwigkszaty retencje (Hartman i Térnlov, 2006). Test Wilcoxona
wykazal istotny statystycznie nizszy poziom wody w rzece za tamg w poréwnaniu do
poziomu przed spigtrzeniem (p<0,001; W=1). Stwierdzono réwniez istotng statystycznie
korelacje miedzy poziomami wody powyzej i ponizej tamy D2 (r=0,84; p<0,001) (rys. 11).
W przypadku tamy D1 roznice te wahaty si¢ od 26 cm do 71 cm, natomiast dla tamy D2 od
10 cm do 73 cm. Srednia réznica pozioméw dla tamy D1 wynosita 54 cm, a dla tamy D2 -
41 cm, co wskazuje na istotng rolg¢ bobrow w modyfikacji hydrologii rzek. Na podstawie
badan prowadzonych w Belgii stwierdzono istotng statystycznie réznice w poziomach wody
powyzej i ponizej naturalnych zapor. Sredni wzrost poziomu wody spowodowany
obecnoscig tam wynosit od 21 do 47 cm (Swinnen i in., 2019). Badania prowadzone
w centralnej Polsce wykazaly, ze tamy bobrowe przyczyniaja si¢ réwniez do wzrostu
poziomu wod gruntowych oraz zwigkszajg wilgotno$¢ gleby (Oleszczuk i in., 2022). Analiza
statystyczna nie wykazala istotnej korelacji mig¢dzy miesigcznymi sumami opaddéw

a poziomem wody w stacji kontrolnej C (rys.11). Dynamika przeptywow w dolinach rzek
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nizinnych jest w duzej mierze kontrolowana przez infiltracj¢. Wody gruntowe moga by¢
kluczowym zrédlem zasilania rzek szczegdlnie w okresach suszy. Zmiany atmosferyczne
moga by¢ jedynie czesciowo odpowiedzialne za obserwowang dynamike hydrologiczna,
a koryto rzeki moze by¢ zasilane réwniez z innych zrodet (Chen i in., 2001; Krause i in.,
2007; Lambs, 2004).
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Rys. 12. Wielkoéé retencji korytowej w obrebie tam bobrowych, rzeka Swierszcz.

Badania wykazaly, ze tamy bobrowe petnig kluczowa role¢ w retencji wody,
przyczyniajac si¢ do jej magazynowania. Maksymalna objetos¢ retencji wody odnotowano
w sierpniu 2021 roku i wynosita ona 106,5 m* (rys. 12), co byto wynikiem dtugotrwatych
opadow deszczu oraz stabilnej struktury tam. Zmienno$¢ hydrologiczna oraz ingerencje
cztowieka istotnie wplynely na obnizenie zdolnos$ci retencyjnych koryta rzeki. Przyktadem
jest kwiecien 2022 roku, kiedy retencja wody spadta do 42 m? (rys. 12), co byto wynikiem
niskich opadéw w sezonie zimowym oraz uszkodzenia tamy D1. Brak pokrywy $nieznej
dodatkowo przyczynit si¢ do redukcji zasobow wodnych. Mimo niekorzystnych warunkow,
czgsciowa odbudowa tamy D1 przez bobry doprowadzita do wzrostu retencji. Pomimo
trzykrotnie nizszych opadéw w maju 2022 roku (27,4 mm w poréwnaniu do 89,5 mm),
zaobserwowano wzrost retencji wody do 61 m*> w czerwcu. Natomiast rozbiorka tamy D2
przez cztowieka spowodowata systematyczne zmniejszanie retencji, osiggajac minimalng
warto$¢ 15,5 m* we wrzesniu 2022 roku. Pod koniec okresu badawczego, w pazdzierniku

2022 roku, retencja koryta rzeki wynosita 20 m* (rys. 12), co wskazuje na znaczng podatnosé
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systemu hydrologicznego na zmiany wynikajace zarowno z warunkéw pogodowych, jak
I dziatalnosci cztowieka. Tamy bobrowe przyczyniaty si¢ rowniez do zwigkszenia tacznosci
lateralnej, prowadzac do rozlewania si¢ wody na pobliskie tereny zalewowe. Taki efekt
spowalniat przeplyw wod, wydtuzajac czas pomigdzy opadem a maksymalnym przepltywem
oraz redukujgc natgzenie przeptywu w dolnych odcinkach rzek ponizej tam (Puttock i in.,
2021). Badania potwierdzaja, ze zmienno$¢ pojemnosci retencyjnej zbiornikoéw wodnych
jest w duzej mierze wynikiem wptywu lokalnych warunkéw hydrologicznych oraz
geomorfologicznych. Wyrdwnanie i poglebione kanaty ograniczajg tworzenie rozlegtych
terenow zalewowych a co za tym idzie wykazujg ograniczong retencje (Karran i in., 2017).
Naturalne pigtrzenia powodujace powstawanie stawoéw bobrowych zasilanych ciekami
i opadami deszczu odgrywaja kluczowa rol¢ w zarzgdzaniu zasobami wodnymi oraz
redukcji ryzyka powodziowego (Ferk i in., 2020). Retencja wody w powstatych zbiornikach

pomaga utrzymaé przeptywy minimalne, co tagodzi skutki suszy (Majerova i in., 2015).

Tabela 8. Ocena indeksu jakosci siedliska (HQA) dla obszaru obj¢tego wptywem bobrow oraz stacji

kontrolnej pozbawionej wplywu dziatalnosci gatunku chronionego.

Stanowisko badawcze

Wskaznik ré6znorodnosci hydromorfologiczne;j D — obszar wptywu C —stacja
Castor fiber L. kontrolna

Zrbéznicowanie profilu podtuznego 1 1
Zrbéznicowanie przekrojow poprzecznych 1 1
Heterogeniczno$¢ nurtu 4 3
Heterogeniczno$¢ materiatu koryta 5 4
Naturalne elementy morfologiczne dna koryta 1 0
Naturalne elementy morfologiczne skarp koryta 0 0
Réznorodnosé typdw roslinnosci w korycie 5 4
Struktura roslinnosci na skarpach brzegowych 3 2,5
Roéznorodnosé elementow towarzyszacych zadrzewieniom 7 2
Struktura roslinnosci przybrzeznej 3 2,5
Szerokos¢ nieuzytkowanej strefy przybrzeznej 4 4
Naturalno$¢ 1 heterogeniczno$¢ uzytkowania doliny 4
Laczno$¢ rzeki z doling 0
Wskaznik jakosci siedliska - HQA 38 28

Hydromorfologiczne zmiany w korytach rzek sa wynikiem wielu czynnikéw,
obejmujacych rezim hydrologiczny, strukture dna oraz charakterystyke stref przybrzeznych.
Analizujac wptyw kolonii bobrow (D) w poréwnaniu do stacji kontrolnej (C),
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zaobserwowano znaczace roznice w strukturze i dynamice koryta rzeki (tab. 8). Przede
wszystkim, w obszarach objetych dziatalno$ciag bobréw nastgpita akumulacja osadow
i mutow, co wplyneto na zréznicowanie struktury dna oraz zmiany w przeptywie wody.
Szacuje si¢, ze tempo sedymentacji osadow w stawach bobrowych wynosi nawet 14 cm
rocznie (Giriat i in., 2016). Tamy powodowaly przelewanie si¢ wody przez ich korong, co
w dolnym odcinku rzeki skutkowato powstawaniem szybkiego nurtu, a jednocze$nie
prowadzito do lokalnego spowolnienia przeplywu powyzej tamy, sprzyjajac sedymentacji
zawiesin 1 ograniczeniu migracji zwigzkow biogenicznych. Dziatalno$¢ bobréw prowadzi
do intensyfikacji erozji bocznej w gornych odcinkach cieku. Jednocze$nie ogranicza
degradacj¢ dna za sprawa spowolnienia przeptywu powyzej zapory. Ponizej naturalnej
zapory dochodzi do fragmentacji skarp brzegowych za sprawa budowania nor i kopania
kanatow przez zwierzeta (Larsen i in., 2021). Jednym z kluczowych proceséw zwigzanych
zZ dziatalno$cig bobrow jest zmiana struktury lasu nadrzecznego oraz poziomu zacienienia.
Na obszarach wyst¢gpowania kolonii bobrow zacienienie koryta byto srednio o 5% nizsze niz
w strefie kontrolnej, co wynikato ze zgryzania drzew i krzewow. Takie przeksztatcenia
sprzyjaja zwigkszonej dostgpnosci $wiatta dla roslin zielnych, co moze prowadzi¢ do
wzrostu produkcji pierwotnej w ekosystemie rzecznym. Badania potwierdzaja, iz
pojedyncze siedlisko bobrowe sprzyja powstawaniu unikalnych obszaréw siedliskowych
I powoduje wzrost heterogenicznosci $rodowiska (Kivinen i in., 2020). Dodatkowo,
W miejscach objetych dziatalno$cig bobréw zaobserwowano znaczng ilo$¢ powalonych
drzew oraz szczatkdw drzewnych na dnie koryta. Wskaznik jako$ci siedliska (Habitat
Quality Assessment, HQA) wynosit w tych miejscach 38, podczas gdy na stacji kontrolnej
28, co wskazuje na wyzsze zréznicowanie strukturalne w obrebie kolonii bobrow.

Zakres wpltywu tam bobrowych na hydromorfologi¢ koryta rzeki oraz procesy
retencji wody jest $ciSle zwigzany z hydrogeomorfologia zlewni. Kluczowa rolg odgrywa
wielko$¢ terenow zalewowych. Waznym czynnikiem determinujacym dlugofalowy wplyw
konstrukcji na retencje oraz zmiany hydromorfologiczne cieku jest okres, przez jaki bobry
sa w stanie utrzymac¢ naturalng bariere (Larsen i in., 2021). Aktywno$¢ bobrow, szczegolnie
w sztucznie zmodyfikowanych ciekach przyczynia si¢ do przywracania naturalnych
procesOw hydromorfologicznych. Dzialalnos¢ ta moze odegra¢ kluczowa role w procesach
przywracania naturalnego charakteru gornych i dolnych odcinkéw rzek (Gorczyca i in.,
2018).
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7. WniosKi

1. Dziatalno§¢ bobrow ma wplyw na ekosystemy rzeczne, zwigkszajac ich
bior6znorodnos¢ i poprawiajac warunki hydromorfologiczne. Jednakze ingerencje
antropogeniczne negatywnie wptywajg na stan ekologiczny cieku. W celu poprawy
stanu ekologicznego rzek konieczne jest minimalizowanie dziatalnosci cztowieka
I wspieranie naturalnych proceséw w ekosystemach rzecznych.

2. Stabilne tamy bobrowe petnig istotng role w poprawie jakosci wod
powierzchniowych, skutecznie redukujac poziomy zanieczyszczen. Obserwowane
réznice sezonowe Oraz wzrost stezen amoniaku ponizej tam, wskazuja na
koniecznos$¢ dalszych badan nad mechanizmami ich oddziatywania.

3. Tamy bobrowe, sprzyjaja sedymentacji sktadnikoéw odzywczych i retencji wody,
przez co moga by¢ wykorzystywane jako narzgdzie w zrownowazonym zarzadzaniu
zasobami wodnymi. Jednak destrukcja tamy prowadzi do emisji zanieczyszczen
z osadow dennych, co uwypukla potrzebe wdrazania strategii minimalizujacych
wplyw negatywnych dziatan. Dhugoterminowy monitoring kolonii bobrowych jest
kluczowy dla oceny efektywnosci poprawy warunkéow $rodowiskowych
w kontekscie zmieniajacych si¢ warunkow klimatycznych i antropopresji.

4. Zdolno$¢ tam bobrowych do retencji wody ma znaczenie dla zachowania naturalnych
ekosystemow i jest uzalezniona od lokalnych warunkéw hydrologicznych oraz
ingerencji cztowieka.

5. Ekstremalne zjawiska pogodowe, takie jak intensywne opady i wysokie temperatury,
oraz rozbidrki tam, znaczaco wplywaja na zdolno$¢ retencyjng tam bobrowych.
Odbudowa uszkodzonych struktur czesciowo przywraca ich funkcje, co podkresla
koniecznos$¢ ochrony tych naturalnych barier w ekosystemach rzecznych.

6. Tamy bobrowe na naturalnych, nieprzeksztalconych odcinkach rzek pozwalaja na
tworzenie rozlegtych terenéw zalewowych i zwigkszaja retencj¢ wody. Ich obecnos¢
przyczynia si¢ do wzrostu heterogenicznosci cieku i osadow w korycie oraz wspiera

procesy renaturyzacji na terenach zdegradowanych.
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Abstract: Introducing the European beaver to the catchment area, which adjusts the habitat to its own
needs (by building dams), may have a positive impact on the ecology, geology, and hydromorphology
of rivers and intensify the water self-purification process. In this study, a comparative assessment of
the ecological status was made between the areas where the species Castor fiber L. occurs (habitat type
A) and the areas unaffected by the influence (habitat type B). For this purpose, the Macrophyte River
Index (MIR) and the Hydromorphological River Index (HIR) were calculated, along with the floristic
indicators of biodiversity: species richness and Margalef, Shannon-Wiener, and Simpson indices.
Only 35% of the sites met the standard of good ecological status. The presence of hypertrophic species
and anthropogenic modifications of the river bed had a negative impact. The spread of beavers has
a significant positive effect on changes in hydromorphological conditions and water levels in the
river. The water levels in habitat types A and B were 0.504 and 0.253 m, respectively. There were
statistically significant differences in the HIR values between habitat types A and B, which were 0.585
and 0.535, respectively. In habitats of type A, the heterogeneity of the current and bed material as
well as the diversity of elements accompanying the tree stands increased. Research has shown greater
species richness and greater biodiversity of macrophytes in the habitats of beaver dams. The research
confirmed the significant influence of the European beaver on changes in the environment. The
activity of beavers intensifies the processes of introducing wetland and rush species to forest areas.

Keywords: beavers; macrophytes; biodiversity; hydromorphology; protected area

1. Introduction

Rivers are among the most transformed ecosystems. Changes in the morphology
of the river beds were made as early as in the tenth century by building systems of
small hydrotechnical structures—mills and weirs. The later deforestation of floodplains
and their agricultural use and riverbed regulation caused irreversible changes in the
water relations of the catchment area [1]. Continuous demographic growth and urban
development are causing further changes in land use. The urbanization of the catchment
area contributes to the degradation of watercourses and water reservoirs [2]. Additionally,
climate changes affecting the amount of rainfall and causing a more frequent occurrence of
extreme phenomena, such as floods and droughts, create the need to search for new water
retention methods [3]. For many years, actions have been taken to naturalize the catchment
area, restore its original ecological state, increase retention, and improve water quality.
These activities include, inter alia, the introduction to the catchment area of a species whose
habitat activities have positive benefits for the ecology of river corridors [4].

Beavers are called ecosystem engineers and build dams on small rivers in wetland
habitats [5]. Medium-sized dams built by beavers are impressive, but even they are smaller
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than the world’s largest dam, 850 m long, discovered in Canada. The Alberta Dam is located
in Canada’s Wood Buffalo National Park and was discovered by ecologist Jean Thie looking
for signs of climate change using satellite scanning [6]. In Poland, the restoration of a healthy
population of the European beaver (Castor fiber L.) had a purely biological basis, as it was
concluded that a small number of beavers might be insufficient to ensure the survival of this
species [7]. Due to many years of the reintroduction and protection of beavers throughout
the country, it is currently estimated that the number of individuals of this species in Poland
exceeds 127,000 individuals [8]. Beavers transform the natural environment, having a huge
impact on the ecology, geology, and hydromorphology of the habitats in which they occur.
By their activity, beavers contribute to the generation of damage to the stand, agriculture,
and water management. In the spring and summer months, beavers graze the tree stand,
intensively dig burrows, and the dams they build contribute to the flooding of agricultural
areas [9]. The negative activity of beavers creates many conflicts on the beaver-human
line. The species is perceived mainly through the prism of its negative impact on the
environment, but its presence is widely tolerated by European society [10]. The presence
of natural barriers on rivers causing the formation of beaver ponds contributes to the
dispersion of pollutants resulting from the agricultural use of the catchment area [11]. The
nutrient content in surface waters changes spatiotemporally [12]. The concentration of
nutrients, pH, and the velocity of water shape the development of aquatic vegetation [13].
The slowing down of the water flow by beavers influences the diversity and complexity
of macrophyte communities on the riverbed [11]. Therefore, the Macrophyte River Index
(MIR) can be used to determine the impact of beaver dams on changes in the ecological
status of rivers. It is a biological method of assessing the ecological status of river waters
based on the requirements of the Water Framework Directive [14]. Other systems of
macrophyte indicator species are also used to assess the ecological status of rivers. In
Poland, the most frequently used are IBMR, MTR, RMNI, ITEM, and RI [15-17].

The ecological condition of rivers is not only determined by biological elements. River
regulation to address flood problems has a negative impact on hydromorphology. Human
intervention in the course and simplification of the river pattern often leads to the loss of
geomorphological diversity; the biodiversity within the river bed also decreases, and the
hydromorphological continuity is disturbed [18,19]. There is a relationship between the
biological components of the aquatic ecosystem and the hydromorphological conditions
in rivers, as the increase in hydromorphological diversity affects the species richness of
aquatic life [20]. The use of the Hydromorphological River Index (HIR) method allows
for the assessment of surface water bodies in terms of considering the need for their
reclamation [21].

This study aimed to assess the hydromorphological state in terms of the diversification
of land use and the conditions of the protected species significantly affecting the transfor-
mation of the river bed morphology and water conditions. Moreover, the aim of the study
was also to assess the ecological status of surface waters on the basis of the Macrophyte
River Index. A comparative assessment of the hydromorphological and ecological status
was carried out between the areas of occurrence of Castor fiber L. (10 sites) and the areas not
affected by the European beaver (10 sites). In recent years, many projects have been carried
out to improve the ecological conditions and restore the natural character of rivers and
wetlands. So far, there has been little information on the success of the implemented mea-
sures. As the research on the impact of beavers’ activity has not been conducted on a large
scale so far, the focus should be on the analysis of the species’ impact on the environment
in terms of enhancing the ecological status. Determining the impact of the activity of a
protected species on the ecological status and biodiversity may be of significant importance
in modeling programs for the restoration of catchment areas and creating plans to increase
natural water retention and protection.
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2. Materials and Methods
2.1. Study Area

The research was carried out in areas with similar land use. The research area covers
protected areas (Polesie National Park, Roztocze National Park). The Polesie National
Park (PPN) is located in the Western Polesie macroregion and was created mainly to
protect wetlands. The characteristic of the Polesie National Park is the presence of three
complexes of open peat bogs and a number of small mid-forest bogs. Open peatland
constitutes 16.5% of the park’s area. Forest land is the predominant type of ecosystem
and the predominant element of the ecological landscape. Deciduous species dominate
within this group. Roztocze National Park (RPN) was established to protect diverse forest
ecosystems, covering 93.81% of the park’s area. Pinus sylvestris L. (35.43%), Fagus sylvatica L.
(22.02%), and Abies alba Mill. (16.13%) dominate among the species in the forest ecosystems.
The selected research points were located on the following watercourses: Wlodawka,
Mietiutka, Piwonia, TySmienica, Swierszcz and Szum. The studied rivers were similar in
terms of depth, velocity, track width, type of bottom substrate, and water quality. In all sites
(catchment area 40-100 km?, river path width 3-7 m, water level 0.3-0.7 m), the dominant
bottom substrate was sand with silt, laminar flow. The activity of the European beaver
was the factor differentiating the sites. The research sites were selected in such a way that
10 of them were related to the location of beaver dams (habitat type A). The remaining
10 sites were located in the areas where the presence of European beavers was not found,
at a distance of 500 m below the beaver dam (habitat type B).

Samples of aquatic macrophytes were collected in small rivers located in protected
areas. The geographic location of the research sites was determined using GPS, and their
coordinates, distribution, and range of influence using Google Earth. Finally, the analysis
of the results was performed for 20 sites, which were located at a distance of at least 5
km from each other. Aquatic plants were collected for research in May and September
2021, with 12 sites located in the Polesie National Park and 8 sites located in the Roztocze
National Park.

2.2. Macrophytes Survey

At each site, macrophytes were examined on a 100 m section of the watercourse;
10 transects were determined every 10 m, which allowed for a total of 10 samples from
each site. The coverage of each species was determined using the 10-point Braun-Blanquet
scale [22]. Following this, the Macrophyte River Index (MIR) was calculated.

The value of the MIR reflects the ecological state of the river depending on the degree
of trophic degradation of the river and tolerance to environmental conditions [23]. The
value of the MIR indicator was calculated on the basis of the following formulas:

Y(Li x W; x P;)

MIR = =y W < B

x 10 (1)

where L,—trophy number for the i species, W;—weighting factor for the i species, and
P;—coverage factor for the i species.

MIR
MIRyg = MliR:eb; — 01 )

where MIRyjg—Macrophyte River Index expressed as a Factor Quality Ecological,
MIR,p—MIR calculated for a given position, and MIR,,;—reference MIR for a given
river type.

On the basis of the limit values of the MIR coefficient for research sites (small lowland
rivers), one of five ecological status classes was assigned [24].

Species identification of macrophytes was made on the basis of Bernatowicz and
Wolny [25] and Szoszkiewicz et al. [26]. On the basis of functional groups, we recorded all
species among four groups of macrophytes (emergent, submerged, floating, and eloides) [27].
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On the basis of the community of macrophytes, the diversity indexes [28-31] were calcu-
lated. The coverage of each species was determined using the 10-point Braun-Blanquet
scale [22]. The following transformation was applied: 1—0.1%, 2—0.5%, 3—1.75%, 4—3.5%,
5—7.5%, 6—17.5%, 7—32.5%, 8—50%, 9—67.5%, 10—87.5%.

Species richness (S) is the number of species in a community, habitat, or site. The
Shannon-Wiener index (H) is expressed by the formula:

S
H = —) pilnp; 3)
i=1
"
pi:fé @)

where 1n;—the number of individuals of a specific species, N;,—the number of all individuals
of all species, and p,—share of the ith species. The index reaches its highest values when
the share of species is even, i.e., when all species have the same p;.

The Simpson index (SDI) is calculated from the formula:

Yn(n—1)

SDI=1 — NN =) (5)
Margalef Index (MI):
S5—1
MI = N (6)

where: S—number of all species, and N—the abundance of individuals expressed as
a percentage.

2.3. Hydromorphological Research

Hydromorphological studies of rivers were carried out on the basis of the British
River Habitat Survey (RHS) method [32]. It is a system for assessing the nature of the
habitat and the quality of watercourses using morphological parameters and selected
hydrological parameters. The assessment of the condition of the rivers was made on
the basis of the Hydromorphological River Index, which allows for the valorization and
classification of flowing waters [33]. The analyzed parameters included the physical
attributes of the riverbed, types of vegetation in the riverbed, land use, vegetation structure,
hydromorphological units, bank cross-sections, the occurrence of hydrotechnical structures,
assessment of tree cover and shade, the width of the unused coastal zone, types of use of
the valley, and occurring anthropogenic pressures. Based on the hydromorphological data,
two indicators were calculated: Habitat Quality Assessment (HQA)—habitat naturalness
index, and Habitat Modification Score (HMS)—habitat transformation index. The HIR
multimetric was calculated with the formula:

HQA-HMS
——mr—)+0%

HIR = ( 1.8

@)

High HQA values indicate the great diversity of the landscape in the vicinity of the
river. High HMS values indicate bank resection and construction work related to river
engineering. For each research point, one in five classes of hydromorphological status was
assigned in accordance with the limit values of the HIR multimeter for lowland rivers with
a bed width of <30 m [24].

Measurements of water levels (WL) in the river were also made.

2.4. Statistical Analysis

In order to compare the distribution of the analyzed parameters with the division into
habitat types A and B, boxplot plots were made.
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Non-metric multidimensional scaling (NMDS) was conducted to examine the relation-
ship between species composition with HIR and WL, assessing Bray—Curtis dissimilarity.
We performed the NMDS using the metaMDS function of the ‘vegan’ package [34] in the
R environment.

The Pearson correlation coefficient was calculated for the analyzed factors, and the
significance test of correlation was used to evaluate the obtained results. The parametric
t-test for dependent samples was used to evaluate the mean values of the analyzed param-
eters for the two site types. The results of the research were statistically analyzed using the
Statistica 13 software.

3. Results and Discussion

On the basis of the field studies, the rivers were found to have a total of 43 macrophyte
species. Among the total abundance of aquatic macrophytes, in the habitats of type A
there were 36 species, and in the habitats of type B there were 32 species. Despite different
physiographic conditions, 23 plant species were found in both types of habitats (Table 1).
The abundance of aquatic macrophytes species for habitat types A and B was, on average,
6.7 and 5.5, respectively (Tables 2 and 3). For type A habitats, the species abundance
ranged from 4 to 12 species, while for type B habitats from 3 to 8 species (Figure 1). The
abundance of macrophyte species did not differ significantly between A and B habitats
(df =9, t=2.092, p = 0.066) (Table 4). The modification of the river paths, whose shape
resembles trapezoidal ditches, has a negative impact on the number of species. Other
factors influencing the communities of aquatic macrophytes were the velocity and volume
of the flow as well as bottom siltation [35]. In artificial watercourses in protected areas,
species abundance ranged from 2 to 12 (5.5 on average) [36]. Despite research conducted in
protected areas, the diversity of aquatic macrophyte communities was small. In England,
Slovenia, and Slovakia, researchers found comparable species richness [37-39]. The most
common species are the pleustophytes Lemna minor (12 sites) and Lemna trisulca (8), as well
as the helophytes Scirpus sylvaticus (12) and Phragmites australis (9) (Table 1). Moreover,
these species were characterized by high coverage, exceeding 60% of the site area. The
common occurrence of L. minor and L. trisulca is associated with stagnant water or laminar
flow in the watercourse [40]. Lemna sometimes forms large, compact lobes at a limited flow
velocity and restricts the inflow of light and oxygen to deeper layers of water [27]. L. minor
is often used to remove organic pollutants in municipal wastewater treatment plants in
rural areas [41]. The common P. australis [34] is also used to remove nutrients and heavy
metals from wastewater. Both L. minor and P. australis can be used as renewable energy
sources [42,43]. The greatest expansion of P. australis occurs in drained wetlands due to the
increase in salinity [44]. The invasion of this species occurs fastest when the water levels in
the river are low. In our research, the height of plants very often exceeds 1.5 m, and the
community sometimes covers the entire length of the riverbank at a given site. High and
dense patches of P. australis shade the river path, which sometimes creates monocultures.
Another frequently occurring species was S. sylvaticus, which occurs naturally in the
wetlands of northern Europe [45-47]. This species can also be used for the accumulation of
nutrients in wastewater treatment plants [48]. As in the case of P. australis, the occurrence
of S. sylvaticus is associated with the low water level in the river. Species such as L. minor,
P. australis, and S. sylvaticus have a wide range of ecological tolerance and cannot be used
as bioindicators. The studies showed the presence of only one species with a narrow range
of tolerance (Stratiotes aloides) and 11 species with a medium range.

Table 1. Occurrence of plant species at habitats—number of sites (abbreviations used in figures).

Taxa Habitat A Habitat B Total
Cladophora sp. (Cla sp.) 1 0 1
Oedogonium sp. (Oed sp.) 1 0 1

Spirogyra sp. (Spi sp.) 1 1 2
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Table 1. Cont.

Taxa

Habitat A

Habitat B Total

Ulothrix sp. (Ulo sp.)
Leptodictyum riparium (Lep_rip)
Platyhypnidium riparioides (Pla_rip)
Batrachium aquatile (Bat_aqu)
Berula erecta (Ber_ere)
Butomus umbellatus (But_umb)
Callitriche sp. (Call sp.)
Caltha palustris (Cal_ pal)
Carex gracilis (Car_gra)
Ceratophyllum demersum (Cer_dem)
Eleocharis palustris (Ele_pal)
Elodea canadensis (Elo_can)
Equisetum fluviatile (Equ_flu)
Equisetum palustre (Equ_ pal)
Galium palustre (Gal_pal)
Hydrocharis morsus-ranae (Hyd_mor)
Hydrocotyle vulgaris (Hyd_vul)
Iris pseudacorus (Iri_pse)
Lemna gibba (Lem_gib)
Lemna minor (Lem_min)
Lemna trisulca (Lem_tri)
Mentha aquatica (Men_aqu)
Myosotis palustris (Myo_pal)
Myosoton aquaticum (Myo_aqu)
Myriophyllum spicatum (Myr_spi)
Nuphar lutea (Nup_lut)
Phragmites australis (Phr_aus)
Potamogeton berchtoldii (Pot_ber)
Potamogeton crispus (Pot_cri)
Ranunculus repens (Ran_rep)
Rorippa amphibia (Ror_amp)
Rumex hydrolapathum (Rum_hyd)
Salix sp. (Sal_sp.)

Scirpus sylvaticus (Sci_syl)
Sium latifolium (Siu_lat)
Spirodela polyrhiza (Spi_pol)
Typha latifolia (Typ_lat)
Urtica dioica (Urt_dio)
Veronica beccabunga (Ver_bec)
Stratiotes aloides (Str_alo)
Species richness
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Table 2. Basic descriptive statistics for dependent samples.

Parameters Mean Standard Deviation Standard Error of the Mean

HIR_A 0.585 0.085 0.027

P1 HIR_B 0.535 0.088 0.028
MIR_A 0.688 0.120 0.038

P2 MIR_B 0.670 0.171 0.054
HA 1.798 0.337 0.106

P3 H B 1.625 0.362 0.114
MI_A 3.644 1.151 0.364

P4 MI_B 3.067 1.002 0316
SDI_A 0.844 0.053 0.017

P> SDI_B 0.815 0.082 0.025
S A 6.70 2263 0.715

P6 S B 550 1.841 0.582
ILW_A 0.504 0.200 0.063

P7 LW_B 0.253 0.054 0.017
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Table 3. Pearson’s correlation coefficients.

Dependent Attempts N Correlation Significance
HIR_A and HIR_B 10 0.983 0.000
MIR_A and MIR_B 10 0.637 0.048

H_Aand H_B 10 0.688 0.028
MI_A and MI_B 10 0.532 0.114
SDI_A and SDI_B 10 0.667 0.035
S_Aand S_B 10 0.627 0.052
LW_A and LW_B 10 0.120 0.742

Significant differences are shown in bold.
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Figure 1. Box plots for the analyzed indicators. The box represents the first and third quartiles. The
horizontal line across the central region of the box represents the median. A red square marks the
mean value of the data. The whiskers are drawn to the most extreme observations located no more
than 1.5 times the interquartile range away from the box. Any observation not included between the
whiskers is considered an outlier and is plotted with a black dot. The whiskers indicate the minimum
and maximum values when there are no outliers. A-habitat type A; B-habitat type B.
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Table 4. Parametric t-test for dependent samples.

Differences in Dependent Samples t Significance
Dependen
:t]::mcll)etst Mean Standard Standard Error 95% Confidence Interval
Deviation of the Mean Lower Limit  Upper Limit

HIR_A and HIR_B 0.050 0.016 0.0051 0.0391 0.0620 9.970 0.000
MIR_A and MIR_B 0.017 0.132 0.0418 —0.0768 0.1126 0.428 0.679
H_Aand H_B 0.173 0.277 0.0878 —0.0256 0.3716 1.970 0.080
MI_A and MI_B 0.577 1.050 0.3322 —0.1745 1.3285 1.737 0.116
SDI_A and SDI_B 0.029 0.061 0.0193 —0.0137 0.0735 1.549 0.156
S_Aand S_B 1.200 1.813 0.5735 —0.0973 2.4973 2.092 0.066
LW_A and LW_B 0.251 0.201 0.0636 0.1071 0.3948 3.946 0.003

Significant differences are shown in bold.

The least frequent taxa are algae only found in one site, type A. The presence of algae
is influenced by the inflow of light and the lack of water turbulence. Algae are able to
assimilate nitrogen and phosphorus and reduce CO, emissions [49]. Some species of algae
are also used in medicine [50]. High temperature and hypoxia can lead to harmful algae
blooms, negatively affecting animals [51].

The occurrence of aquatic macrophytes is influenced by the water level in the river,
the use of the surrounding area, and the hydromorpholophilic conditions (Figures 2—4).
Veronica beccabunga, Rorippa amphibia, and Carex gracilis are associated with low water.
Potamogetoncrispus, Elodeacanadensis, and Spirodelapolyrhiza occur mainly at high water
levels. There was no occurrence of E. canadensis in watercourses with large fluctuations in
water level and with a dynamic flow [52].
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Figure 2. Influence of the water level on biodiversity. WL ranges at 0.32 to 0.44 m.

Most of the test sites are located in forest areas (75%), and only some sites of the B
rivers are located in the vicinity of meadows. In these sites, the most common species are
E. canadensis, S. polyrhiza, and Hydrocharis morsus-ranae. E. canadensis prefers sunlit locations
with high water levels, and occurs most often in ponds and lakes and rarely in rivers.

The species composition of macrophytes depends on the hydromorphological condi-
tions, mainly the width of the flow path, slope inclination, and bottom siltation. In rivers
characterized by steep slopes and the deposition of mud on the bottom, Batrachium aquatile,
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Galium palustre, and Ranunculu srepens are the most common. Urtica dioica, Typha latifolia,
and Calla palustris play a dominant role in type B habitats (Table 1).
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Figure 3. The impact of land use on the occurrence of plant species.
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Figure 4. The influence of HIR on the occurrence of plant species. The HIR ranges from 0.50 to 0.66.

The Shannon-Wiener index indicates a range of 1 to 3 points as moderately polluted.
Generally speaking, the species richness of macrophytes and the Shannon-Wiener diversity
were higher in the sections with the beaver dam than in the neutral sections. However, the
observed differences were not statistically significant (Table 4).

For a community dominated by one species, the value of the Simpson index as a
dominance measure is 1. To avoid any misunderstandings in our analysis, we used it as a
measure of equality by subtracting the dominance value from 1 [53]. Our research shows
that the Simpson index as a measure of equality for A and B habitats was 0.845 and 0.815,
respectively. The Margalef index for macrophytes identified in small watercourses is 3.64
and 3.07 for habitat types A and B, respectively.
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The values of the analyzed biodiversity indicators (H, SDI, MI) are much higher than
in wetlands [54]. The biodiversity of the Moselle floristic community was influenced by
factors such as water level, shade, and the width and stability of the flow path [55].

The species diversity of aquatic macrophyte communities is also reflected in the
ecological state of water expressed with the MIR [24]. MIR values for type A habitats
average 0.688 and range from 0.55 to 0.77. Type B habitats are characterized by greater
variability, where the MIR is 0.67 on average and ranges from 0.44 to 0.94 (Figure 1, Table 2).
MIR values are statistically significantly correlated with each other (Table 3) and do not
show significant differences between each other (Table 4). Based on the MIR value, 4 sites
were classified as having very good ecological status (1st class), 5 sites as good (2nd class),
and 11 sites as having moderate ecological status (3rd class). The ecological status was
negatively affected by the presence of L. minor and L. trisulca as well as Rumex hydrolapathum
and S. polyrhiza, most often in the same sites (Table 1). These species are characteristic
of hypertrophic habitats. However, L. minor and R. hydrolaphathum have a wide range of
ecological tolerance and may occur in other habitat types. The presence of B. aquatile and
Platyhypnidium riparioides positively affected MIR values in type A habitats. These species
are characteristic of mesotrophic habitats. The abundance of macrophytes depends on many
factors: water flow, shading of the bed, nutrient concentration, and hydromorphological
transformations. The differentiation of macrophytes in rivers is particularly influenced by
the speed of water flow in the riverbed [56]. Previous studies present contradictory results
regarding the impact of beaver invasions on the community of aquatic macrophytes [57].
Some researchers point to the positive effect of small dams on the increase in the abundance
and biodiversity of macrophytes [58]. Research conducted on ponds in Scotland showed an
increase in the species richness and biodiversity of aquatic macrophytes [59]. Other studies
indicate that habitat fragmentation has a negative impact on the occurrence of some plant
species [60].

The performed studies showed different hydromorphological conditions of small
rivers. The studied sites were classified into different classes of hydromorphological
status. Based on the HIR value, seven sites were classified as having good ecological status
(2nd class), eight sites as moderate (3rd class), and five sites as having low ecological
status (4th class). The average HIR value for habitat types A and B was 0.585 and 0.535,
respectively (Figure 1, Table 2). There were statistically significant differences between the
A and B habitats (Table 4). The A-type sites were characterized by particularly numerous
attributes, indicating the natural character of the watercourse (HQA). The invasion of
beavers affected the heterogeneity of the current and of the bottom material, as well
as altering the diversity of the elements accompanying the tree stand. The results of
numerous studies confirm the impact of coastal zone development and water trophy on
the hydromorphological conditions of the river [61]. The good ecological status of rivers
is related to the occurrence of a semi-natural coastal zone [62]. In international literature,
models of the multidimensional dependence of the biodiversity of macrophyte communities
on the elements of the river bed morphology are built [15,63]. Our work presents the linear
regression equation between HIR and MIR for 20 sites (Figure 5). Due to the small number
of stations and the limited range of parameter variability, this relationship is statistically
insignificant. The increase in the MIR value is related to the increase in HIR. Our results
confirm previous studies showing the influence of hydromorphological conditions on the
macrophyte community [15,64]. In addition, an article by Shah et al. [15] showed that
the species richness of macrophytes was associated with an increase in the HQA index,
representing a measure of the naturalness of the river bed. In our research, the value
of the HQA sub-index varied depending on the type of habitat. In habitats of type A,
the HQA index ranged from 29 to 49, while in habitats of type B it ranged from 21 to
33. In habitats of type A, the heterogeneity of the current and bed material as well as
the diversity of elements accompanying the stands increased. The activity of beavers
caused changes in the type of current from laminar to rapid. Another observed change was
the accumulation of sediment at the bottom of the river bed. Moreover, the presence of
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fallen trees and wood rubble was found. The lowering of the HIR value at some sites is
influenced by the HMS sub-index, which ranges from 0 to 30. Its increased value results
from the anthropogenically transformed cross-sections of the slopes, the profiling of the
bed bottom and the straightening of the bed. Earlier studies have shown that the ecological
status of rivers is mainly influenced by the biodiversity of macrophytes. This element
of water quality assessment is supported by the hydromorphological state and chemical
parameters [16,63,65].

MIR
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Figure 5. Correlation between HIR and MIR as HQA and MIR.

For all parameters, a positive correlation coefficient value was obtained; only for the
water level was the coefficient close to zero. In the case of the following variables: HIR,
MIR, Shannon-Wiener, and Simpson index, it was found that the correlation for A and B
sites was significantly different from zero, with the coefficient exceeding 0.66 (significance
level 0.05) (Table 3). On the basis of the t-test, it was found that the average values of HIR
and water level differed significantly for sites of type A and B (significance level 0.05). In
the case of the remaining parameters, no significant differences were found between the
sites located in the areas of the European beaver’s occurrence and areas without these
aquatic animals’ activity (Table 4).

4. Conclusions

The conducted research shows that as a result of their activity, wild animals influence
a number of changes in the environment. The beaver invasion contributed to significant
positive changes in the river’s hydromorphological conditions and water levels. Beaver
dams also contributed to the increase in the abundance and biodiversity of macrophytes.
The activity of beavers contributed to an increase in the share of moisture-loving species,
and the systematic replacement of species characteristic of forests with marsh and rush
species. On the basis of MIR, 55% of the analyzed river sites were classified as having
a moderate ecological status, and the remaining sites met at least the standards of good
ecological status. The ecological status was negatively affected by the presence of species
characteristic of hypertrophic habitats. Much lower results were achieved for HIR. In
habitats of type A, beaver activity caused changes in the type of current from laminar to
rapid. Another observed change was the accumulation of sediment at the bottom of the
river bed. Moreover, the presence of fallen trees and wood rubble was identified. The
reduced HIR value results from the anthropogenically transformed cross-sections of the
slopes, the profiling of the bed bottom, and the straightening of the bed. As a result,
only 35% of the sites examined were classified as having good ecological status, while the
remaining sections did not meet this standard.
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Abstract: The occurrence of the protected species Castor fiber L., which creates a network of natural
barriers for its own needs, may affect the changes in water quality parameters. This study shows
changes in the water quality parameters (EC, BODs5, COD, TN, N-NHy, N-NO3, N-NO,, TP, P-POy,
Cl~, SO427) of small rivers in eastern Poland. The results were analysed using the one-way and
three-way ANOVA Tukey’s HSD post hoc test to identify the significance of the changes in the water
quality parameters for habitats, seasons, and land use. All parameters, with the exception of P-POy,
met the standards of a good ecological status. The average values of P-PO, exceeded the threshold of
the good ecological status in summer and meadows. The average annual changes in the water quality
parameters, with the exception of N-NHy, are characterised by a decrease in pollution. The highest
concentration decrease of 57% was found for P-PO,4 and 45% for TP at the sites after the barriers.
The lowest concentration decrease of 5% was found for EC. In the case of N-NHy, the concentration
increase was 33%. The situation was completely different in the case of removing barriers, where an
increase in the concentration of pollutants of about 30% was found. Changes in the water quality
were significantly influenced by the season and land use. Due to the various construction, age, and
removal of the barriers, beaver habitats may positively or negatively impact the water quality. It is
crucial for the improvement of the water quality to ensure the durability of the functioning of barriers
and the proper use of the land.

Keywords: water quality; beaver dams; BACI; habitat; land use; seasons

1. Introduction

Water is one of the basic factors determining the existence and functioning of organ-
isms on Earth. Earth is called the blue planet because 71% of its surface is covered by water.
However, only 2.5% is fresh water that can be used for economic purposes by humans.
Water resources accumulated in rivers and lakes amount to only 93,100 km3. Nevertheless,
rivers and lakes are the main sources of water that humans use [1,2].

Water can be used by humans for a variety of economic needs and ecosystem services.
Water is mostly used for drinking, irrigation, and fish farming. The poor quality of water,
i.e., its pollution by compounds of various origins, makes it difficult and sometimes
impossible to use water resources. Poor water quality also affects the occurrence of changes
in the water environment and the environment dependent on water conditions, ultimately
worsening the quality of life and human health [3]. One of the greatest threats to surface
waters is often unregulated wastewater management, breakdowns of wastewater treatment
plants, and flood and surface runoff [4]. The resources and quality of surface water are
affected by both natural and anthropogenic factors. Particular importance is attached to
land use and land cover [5]. In addition to the industrial and agricultural development of
the catchment area, changes in the quality of surface waters are also affected by changes in
air temperature, total daily precipitation, and water levels. All of these factors result from
climate change and global warming in a broad sense [6].
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Due to the small water flows that cause small dilutions of pollutants, rivers in Poland
are threatened by the ongoing eutrophication processes. There is a need to assess and
monitor the quality of the surface waters in order to protect them against pollution [7].
Apart from passive water quality monitoring, looking for natural ways to improve water
quality is very important. In recent years, particular attention has been paid to European
beavers’ impact on water economy changes. In the Middle Ages, Castor fiber L. was present
throughout the country, and at the beginning of the 20th century in Poland, this species was
considered endangered [8]. In the 1980s, its reintroduction began, and Europe’s population
of beavers is now about 1.5 million, and about 130,000 in Poland [9,10].

As keystone species, European beavers affect changes in the biodiversity of the areas
inhabited by them [11]. Through the initiated biotic and abiotic processes, Castor fiber L.
changes the quality of water and the circulation of nutrients and chemicals. Beaver dams
also cause changes in the water flow regime in rivers, contribute to increased retention,
and affect changes in the amount of sediment [12]. Beaver activity can have both positive
and negative effects on changes in the water quality. This is due to many natural factors,
such as the seasonality of precipitation and temperatures, the shape of the catchment area,
and disturbances in the watercourse flow [13]. Watershed scale studies in South Africa
comparing regions with high and low reservoir densities have shown that small dams’
high densities significantly reduce overall water quality [14]. However, research conducted
in England showed that beaver ponds contributed to the improvement of water quality
by reducing sediment N and P [15]. Still other conclusions result from studies conducted
in Germany, where the improvement of water quality as a result of the reclamation of
wetlands was small [16]. The lack of unequivocal conclusions from our research results
from the different construction of beaver dams and their destruction by people. Removing
the dam results in releasing pollutants accumulated in the bottom sediments [12,17,18].

This study aims to assess changes in the quality of surface waters in small lowland
rivers in protected areas. The research was carried out in relation to the occurrence of a
protected species causing changes in the flow of water due to the construction of natural
dams on rivers. A comparative assessment of changes in the water quality parameters
of TySmienica and Piwonia rivers in Poleski National Park was carried out. The BACI
(Before-After-Contol-Impact) project was used to analyse the impact of natural barriers on
water quality. The BACI project is often used to monitor the success of renovations. The
difficulty in evaluating success may result from the lack of relevant data or the inappropriate
location of monitoring stations downstream [19,20]. Determining the impact of the activity
of a protected species on changes in the quality of surface waters may be important in
terms of planning a strategy to reduce the spread of pollutants in connection with their
surface runoff from the catchment area, as well as in the development of plans for natural
water protection.

2. Materials and Methods
2.1. Study Area

The research was carried out in areas with a similar intensity of use but different types
of land use (forests, meadows, scrub). The study area is in Poleski National Park, part of
the Western Polesie Biosphere Reserve. The park is located in the western part of Polesie
in eastern Poland. The park’s area is plain and heavily swampy, where the processes of
river valley formation have not yet been marked. Its surface is flat, with many karst lakes,
ponds, marshes, and peat land. Almost the entire area of the park is occupied by peat
plains. The park’s vegetation is rich and abounds with species typical of wetlands and
marshes. There are about a thousand species of vascular plants in the park, of which 170 are
rare, 81 are under species protection, and another 15 are in the Polish Red Book of Plants.
Most plant species are representatives of the northern flora, among which there are often
relics of the ice age. The Poleski National Park is one of the richest areas in the country in
terms of birds. About 200 species of birds have been found there, of which 148 are breeding
species. In 1990, Grus grus became the park’s symbol [21,22]. In the PND, the dominant
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type of ecosystem is meadow areas where the watercourses are the habitat of the European
beaver. Selected research points were located in the Ty$mienica and Piwonia river heads
(Figure 1). The studied rivers were characterised by a small catchment area (below 50 km?),
the width of the river path (2—4 m), and a similar water level (20-60 cm). The average
flow on the tested sections is 0.25 m3-s~!. A detailed hydromorphological characterisation
was presented in an earlier paper [9]. A transitional climate with high seasonal variability
characterises the study area. The average air temperature in January is —4 °C; in July, it
reaches an average of 21 °C. The total annual precipitation is 600 mm, of which the highest
monthly value is in July (average 90 mm) and the lowest monthly average is in January
(average 25 mm).
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Figure 1. Location of the research object. B—before, A—after, C—control, D—dam.

2.2. Sample Collection

Water samples were collected at six checkpoints every month in four seasons (spring,
summer, autumn, and winter). In 2021-2022, the surface water quality parameters were
measured. The process of collecting water samples was carried out without disturbing the
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temperature and turbidity of the water using a laboratory scoop. Each time, 1000 mL of
water was collected in glass bottles. Water samples were collected outside periods of heavy
rainfall and snowmelt, which could affect the reliability of the results. Appropriate rules
were observed during the sampling and handling of samples [23].

The collected water samples were used to determine conductivity (EC), biochemical
oxygen demand (BODs), chemical oxygen demand (COD), total nitrogen (TN), ammonium
(N-NHy), nitrate (N-NO3), nitrite nitrogen (N-NO;), total phosphorus (TP), orthophos-
phates (P-POy), sulphates (SO4%7), and chlorine (C17). The EC of water samples was
determined in situ using the ORION Star A329 multi-parameter meter by ThermoScientific.
Biochemical oxygen demand (BODs) was measured by the dilution method based on the
dissolved oxygen concentration in situ and after five days of incubation in the laboratory.
The oxygen content was determined using the ORION Star A329 Set multi-parameter meter
by ThermoScientific. Chemical oxygen demand was determined using the dichromate
method. The determination was carried out with the NANOCOLOR UV /VIS spectropho-
tometer by Macherey-Nagel after the oxidation of the tested sample in a thermoreactor at
148 °C for two hours. The total nitrogen was determined using the NANOCOLOR UV/VIS
spectrophotometer by Macherey-Nagel after oxidation of the tested sample in a thermore-
actor at 100 °C for one hour. The total phosphorus was determined by spectrophotometry
using a NANOCOLOR UV /VIS spectrophotometer by Macherey-Nagel after oxidation
in a thermoreactor at 120 °C for 30 min. Other parameters of water quality (ammonium
nitrogen, nitrate nitrogen, nitrite nitrogen, orthophosphates, sulphates, chlorine) were
determined using the NANOCOLOR UV/VIS spectrophotometer by Macherey-Nagel.
The laboratory analyses of the tested water samples of selected rivers were conducted in
accordance with the relevant standards [24-26].

2.3. Data Analysis

This study aims to evaluate changes in the site due to the potential impact of the beaver
dam. Six beaver dams were selected for the purposes of the research. Measurements were
taken after the beaver (A), before the beaver sites on the river (B), and at the control site
(C). Spatial distribution and natural expansion of the beaver dam upstream created a set of
conditions on the basis of which it was possible to assess the impact of the development
of the beaver dam on water quality parameters. The study used a naturally occurring
experimental design before and after the impact [27,28]. This approach was popularised
and became known as the BACI model (Before-After-Control-Impact). To assess the impact
of abeaver dam’s construction on the water quality parameters, we calculated the difference
in the minimum and maximum averages measured near the beaver dam and the control
area unaffected by beavers. In accordance with the BACI project, we used a one-way
ANOVA to test the significance of the differences between the beaver-affected areas and
the control area. The influence of the season and land use on the water quality parameters
under study was determined. For data not showing a normal distribution, logarithmic
standardisation was used to meet the conditions for parametric analyses. The obtained
results were analysed using three-way ANOVA. Tukey’s HSD post hoc test was used to
identify the significance of changes in water quality parameters for habitats, seasons, and
land use. Statistical analyses were performed using the R Studio program.

3. Results and Discussion
3.1. BACI Analyses

The paper presents the impact of natural damming on changes in water quality. The
research was carried out for beavers’ habitats at the heads of the TySmienica and Piwonia
rivers (Tables 1 and 2).
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Table 1. BACI analysis of scale of Ty$mienica river.

Season Habitat EC BODs COD TN N-NH,4 N-NO, N-NO3 TP P-PO4 SO42%~ Cl-
min -17.7 -0.37 —-0.4 —0.63 * —0.039 0.004 —0.03 —0.116 —0.040 —0.65 -9.76
B max —552* —0.56 * —-25 0.19 0.041 —0.030 * —0.26 —0.163 * —0.063 * —6.65 —0.76
= mean —36.4 —0.46* -1.0 —0.22 0.001 —0.013 * —0.16 —-0.139 —0.051 * —3.65 —5.26
:!; min -11.5 —-0.57 * -1.8 -1.07 * —0.051 —0.003 -0.17 —0.103 —0.100 * —3.60 —7.76
A max —945* —091* —124* —-0.27 0.089 * 0.026 * —1.29* —0.122 —0.063 * 3.65 —0.76
mean —53.0 % —0.74 % —-9.6 —0.65 * 0.019 —0.011 % —0.56 —0.109 —0.081 * 0.01 —4.26
min -15.5 -0.11 -3.8 -0.61* 0.078 * —0.006 -0.17* —0.149 * —0.043 —-14.0* —2.01
= B max -50.6 * —0.21 -3.1 —1.24 0.065 * —0.017 * —1.13* —0.163 * —0.062 * —4.33 0.99
g mean -33.1 —0.15 —3.4 —0.92 * 0.072 * —0.011°* —0.52 —0.156 * —0.053 * -9.18 —0.51
% min -10.4 -0.70 * —-7.2 —0.53 * 0.059 -0.013 * -0.33 —0.155 * —0.043 —-12.3* —2.01
A max —69.0 * —0.85* —11.6* —1.61* 0.079 * —0.016 * —1.25* —0.221* —0.081 * —6.33 —1.01
mean —-39.7 —-0.77 % —9.4 —-1.07 * 0.069 * —0.014 * —0.64 * —0.188 * —0.062 * -9.33 -1.51
min -18.9 —-0.48 * -1.5 -0.13 0.027 —0.020 * —0.54 -0.132 —0.032 -1.32 0.51
c B max —24.2 —0.18 —122* 0.00 0.062 * —0.022 * 0.54 —0.232 % —0.077 * —-10.3* —-2.19
g mean —-21.5 —0.33 —6.8 —0.06 0.044 —0.021 * 0.00 —0.182 % —0.050 * —5.82 —0.84
§ min —63.7 % —-0.47* —4.0 —0.05 0.025 —0.022 * -0.07 —-0.134 —0.042 -10.3 * 1.39
A max —13.6 —0.41* —139* —1.39* 0.061 * —0.020 * —1.04* —0.247 % —0.083 * —2.32 —1.51
mean —38.6 —0.44* —-8.9 —0.67 * 0.043 —0.021 * —0.52 —0.191 % —0.063 * —6.32 —0.06
min —4.4 -0.20 2.0 —-0.24 0.011 —0.001 —0.24 -0.027 —0.002 —4.67 —0.03
B max —25.1 —0.34 —2.8 —0.51* 0.031 0.009 —0.49 —0.131 —0.038 —146* —-12.0*
I mean —14.7 -0.27 —0.4 —-0.37 0.016 0.004 —0.36 —0.079 —0.021 —9.67 —6.03
=
2 min 72 —-0.52 % -1.9 -0.01 0.031 —0.001 —0.02 -0.113 —0.052 * -3.67 —0.03
A max —235 —0.20 —9.0 —091* 0.092 * 0.014 * —0.89 * —0.181* —0.012 —8.67 —-11.0*
mean —8.2 —0.36 —-5.5 —0.50 0.061 * 0.006 —0.53 —0.147 * —0.032 —6.17 —5.53

Notes: The results for the BACI analysis of seasonal differences in water quality parameters between the control point (C) and before and after the dam (B, A). The maximum values are
given for each season. Thus, positive differences in the mean relative difference indicate an increase in value, and negative differences, a decrease in value. * Statistically significant

differences for p < 0.05.
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Table 2. BACI analysis of scale of Piwonia river.
Season Habitat EC BODs COD TN N-NH,4 N-NO, N-NO;3 TP P-POy SO42~ Cl-
min -96.1*% —-0.74 % —-17.2*% —1.04 * 0.167 * 0.004 —1.44* —0.006 0.017 -10.2 —10.49 *
B max 16.9 0.14 —-11.6* —-0.07 0.097 * —0.031 * 0.30 —0.100 —0.050 * —6.2 —-1.49
&0 mean —35.2 —0.20 —-13.0* —0.61* 0.127 * —-0.012* —0.55 —0.052 —0.015 —8.03 —6.32
é« min —96.8 * —-0.97 * —-23.9*% -1.77* 0.147 * 0.004 —1.47* —0.030 0.024 -9.2 —10.49 *
A max 10.2 -0.12 —-10.0* —0.09 0.047 —0.031 * 0.14 —0.158 * —0.097 * —6.2 —0.49
mean —41.3 —0.41 —-17.2 % —1.00 * 0.107 * —0.012 % —0.74 —0.109 —0.027 —8.2 —6.16
min -27.9 —2.24*% —-19.3*% 0.29 0.197 * 0.004 1.14 % 0.059 0.068 * —6.76 -5.21
- B max 121.1* -0.71 -9.3 1.30 * 0.347 * 0.036 * 0.25 0.213 * 0.014 11.24* 10.79 *
g mean 62.4* —-1.33 % —13.4* 0.89 * 0.229 * 0.024 * 0.43 0.121 0.039 —1.43 1.12
g min 20.3 —-2.02% —185*% 0.59 0.160 * 0.007 1.16 * —0.081 0.050 * —8.76 —4.21
® A max 172.1* —1.49* —-19.3* 1.54 % 0.390 * 0.078 * —0.36 0.141* 0.001 18.24 * 4.79
mean 82.5* -1.76* —189* 0.93* 0.210 * 0.035 * 0.32 0.053 0.026 0.07 0.12
min —81.5*% —-0.76 * -12.3*% 0.35 0.191 * —0.009 —0.28 —0.071 —0.029 -16.9* -2.8
B max 4.6 0.35 —-2.6 —0.59 —0.109 * 0.041 * 0.16 —0.022 —0.013 -39 2.6
g mean —28.6 -0.23 —6.1 —0.093 0.013 * 0.009 —0.092 —0.053 —0.020 —-109* 0
3
= min —59 * —-1.21*% -12.3*% 0.64 * 0.211* —0.009 —0.34 —0.054 —0.025 —-169* -2
© A max -14 0.80 * —-04 —0.41 —0.109 * 0.031 * 0.16 0.005 —0.009 -39 44
mean —24.9 —0.04 -59 —0.089 0.121* 0.005 —0.155 —0.034 —0.016 —-109* 0.97
min -38.8 -1.0* —6.9 -1.30* —0.180 * —0.020 * —0.60 —0.045 —0.011 —24* 0
B max 40.7 * -0.1 —4.2 —-0.21* 0.050 0.010 * —0.02 —0.212*% —0.084 * —-10* -3.15
§ mean 6.7 —0.63* -5.7 —0.84 * —-0.110* —0.012* —0.38 —0.125 —0.040 —-18.7 % -1.82
(=1
g min -36.1 —-1.3* -9.7 —1.42* —0.190 * —0.020 * —0.60 —0.030 —0.011 —24* -3.15
A max 21.8 —-0.76 * —45 —0.57 * 0.060 0.025 * —0.16 —0.220 % —0.074 * —11* -0.15
mean —6.1 —-1.03* —6.5 —0.93* —0.108 * 0.001 —0.31 —-0.112 —0.040 —185*% —1.65

Notes: The results for the BACI analysis of seasonal differences in water quality parameters between the control point (C) and before and after the dam (B, A). The maximum values are
given for each season. Thus, positive differences in the mean relative difference indicate an increase in value, and negative differences, a decrease in value. * Statistically significant

differences for p < 0.05.
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In the case of the Piwonia River, a statistically significant improvement in water
quality was found, as the decrease in COD was 9.56 and 12.16 mg-L~! before and after the
dam, respectively. In the case of the Tysmienica River, the COD decrease was statistically
insignificant and amounted to 2.90 and 8.73 mg-L~!, respectively (Table 3). The reduction
of COD pollution for the Piwonia and Ty$mienica rivers was 24 and 17%, respectively. In
the spring, on the Piwonia River, before the beaver, the concentration decrease in COD
of 23.9 mg-L~! (—44%) occurred (Tables 1 and 2). Temporal variability was statistically
insignificant. A highly statistically significant effect of land use was found and no efect
of the habitat on changes in the oxygen conditions was found (Table 4). The impact of
air temperature changes and the flow of water disturbed by the increased activity of
beavers in the spring were not the dominant factors determining changes in the COD
concentrations [29]. Both the impact of large amounts of sediments and the reduction of the
freedom of the water outflow, which favour the decomposition of matter, create anaerobic
conditions in the waters of beaver ponds [30]. Usually, the water below dams is better
oxygenated than in places not affected by the damming structure on the river [31]. A low
BODs value of less than 3 mg-L~! indicates slight contamination with organic matter and
an improvement in the aerobic conditions for microorganisms [32]. The improvement in
the value of the BOD5 parameter was found in all the measured seasons. However, these
changes were statistically significant. The decrease in BODs values for site B was 0.30 and
0.60 mg-L~! for the Ty$mienica and Piwonia rivers, respectively. For site A, the decrease in
BOD;s was 0.58 and 0.81 mg-L 1, respectively (Table 3). The reduction of BODs pollution for
the TySmienica and Piwonia rivers was 19% and 27%, respectively. The greatest decrease in
BODs contamination was found in the summer, when it amounted to 2.24 mg-L~! (—61%)
(Tables 1 and 2). Statistically significant differences in the BOD5 parameter were found in
temporal and land use variability (Table 4).

Table 3. Mean BACI values.

River Habitats EC BODs COD TN N-NH,4 N-NO, N-NO; TP P-PO4 SO,42- Cl-
Ty$mienica B —26.43 —0.30 —2.90 —0.392 0.0333 —0.0103 * —0.1100 —0.1390 —0.0433 —7.08 —3.16
A 3488 058 -8.73 —0.737* 0.0480  —0.0100*  —05525  —0.1588*  —0.0598*  —545  —2.84
e R GET E Mm g owmoum o owm oam n o
Notes: * Statistically significant differences for p < 0.05.
Table 4. Impact of Habitats, Season and Land Use on changes in water quality parameters.
Parameter  Habitats Season Land use I-;ael;itz;clsz ]Ijl ?:iitét:; Lire::ls(l)JI:e Habi?;: [SJ::SOH:
EC 0.197 0.0442 * 459 x 1077 0.399 0.394 0.377 0.599
BODs 0.139 423 x 1074 * 0.0016 ** 0.399 0.399 0.0229 * 0.506
COD 0.196 0.272 0.0271 * 0.398 0.399 0.428 0.599
TN 0.151 0.242 3.33 x 107 0.396 0.390 0.660 0.604
N-NH,4 0.174 4.09 x 1076+ 1.36 x 1072 *** 0.399 0.389 0.0079 ** 0.599
N-NO, 0.191 0.0513 * 5.11 x 1072 * 0.388 0.386 0.738 0.546
N-NO3 0.181 0.0611 * 5.82 x 1074 *+ 0.388 0.396 0.198 0.598
TP 0.193 1.36 x 1075 ** 940 x 1074 *+* 0.396 0.397 0.194 0.449
P-PO, 0.185 5.87 x 1076 *** 1.13 x 1075 #*+ 0.398 0.396 0.135 0.557
50,2~ 0.138 3.66 x 1076 0.462 0.372 0.392 0.486 0.600
Cl~ 0.196 0.104 2.01 x 1074 * 0.398 0.394 0.181 0.598

Notes: Statistically significant dependence: *** (p = 0.001). ** (p = 0.01). * (p = 0.05).
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Analysing the purification of biogenic compounds released in the water from agricul-
tural areas by surface runoff is particularly important for determining the impact of beaver
dams on the river water quality. The concentration of nutrients due to the beaver dam was
characterised by temporal and land use variability (Table 4). In the case of the Ty$mienica
River, a statistically significant improvement in water quality was found, as the decrease
in TP was 0.139 and 0.159 mg-L~!, before and after the beaver dam, respectively. In the
Piwonia River case, the TP decrease was statistically insignificant and amounted to 0.015
and 0.071 mg L1, respectively (Table 3). The reduction of TP pollution for the Piwonia and
Ty$mienica rivers was 21 and 45%, respectively. In the autumn, on the Ty$mienica River, at
the site after the beaver, a TP decrease of 0.247 mg-L~! (—61%) occurred (Tables 1 and 2).
In the case of the Piwonia River, a statistically significant improvement in water quality
was found, as the decrease in P-PO4 was 0.009 and 0.014 mg~L’1 before and after the dam,
respectively. In the case of the TySmienica River, the decrease in P-PO, was statistically
significant and amounted to 0.043 and 0.060 mg-L !, respectively (Table 3). The reduction
of P-POy pollution for the Piwonia and Ty$mienica rivers was 16 and 57%, respectively.
In the spring on the Ty$mienica River at the site after the beaver, the P-PO, decreased by
0.100 mg-L_1 (—67%) (Tables 1 and 2). In the case of the Piwonia River, the reduction of the
TP and P-POy concentrations was much lower, which was caused by the decomposition of
the dam in the summer. Similar results were obtained in England where the concentration
of P-POy in the water flowing out after being filtered through a beaver dam was much
lower than in sites where no impact of European beavers was found. Barriers can create
suitable conditions for the removal of nutrients from agricultural fields [15,16]. Beaver
ponds can act as a phosphorus accumulator in terms of accumulation in bottom sediments.
Their dynamics are affected by both climatic and seasonal changes and the availability
of organic matter [12]. This is confirmed by studies which showed that sediments from
beaver ponds were characterised by higher concentrations of PO4 and NOj; than sediments
collected after beaver dams [33]. In addition, ensuring a stable water level in rivers above
the natural damming structure slows down the speed of the water flow, positively affecting
the reduction of the movement of nutrients [34]. A tendency to maintain an elevated con-
centration of P-POy in the vicinity of beaver ponds and to decrease with increasing distance
from the natural reservoir was also found [35]. Studies show the importance of runoff
analysis as an important indicator of pollutant retention due to beaver activity. Natural
beaver ponds are a source of phosphorus in water, accumulating with the increasing age
of the beaver pond [36]. In addition, deteriorating conditions in the lower water layers of
beaver pools are conducive to increasing the concentrations of ammonium and phosphate
ions. Ensuring a stable water level in rivers above the natural damming structure slows
down the speed of the water flow, positively affecting the reduction of the movement of
nutrients [34]. Both sorption and desorption of phosphorus forms in aquatic environments
depend on the geochemical composition, organic matter content, type of clay materials,
and sediments. Understanding changes in TP and P-PO,4 concentrations due to bottom
sediments and river impoundments is crucial for managing policies to mitigate nutrient
shifts within watersheds. The dam’s age and size may affect the phosphorus content in
the waters of beaver ponds. Young beaver ponds were a source of phosphorus, while in
the case of the impact of older natural barriers, a tendency to phosphorus retention was
demonstrated [37].

In the case of the TySmienica River, an improvement in water quality was found, as
the decrease in TN and N-NO, pollution was statistically significant. In the case of the
Piwonia River, the decrease was statistically insignificant. In the case of N-NO3, statistically
insignificant decreases in pollution in places with beavers were recorded for both rivers
(Tables 1-3). The reduction of pollution in the Ty$mienica for TN, N-NOj3, and N-NO,
was 21, 34, and 44%, respectively. In the case of the Piwonia River, the reduction of the
concentrations was much lower and amounted to 8, 15, and 33%. The situation differed
in the case of N-NH,, whose concentration in Ty$mienica and Piwonia Rivers increased
by 16 and 33%, respectively. In the Piwonia River, the pollution reduction was much
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lower, which was caused by the decomposition of the dam in the summer. A statistically
significant variability in the parameters N-NHy, N-NO,, and N-NOj3 temporal and land
use was demonstrated. Water quality changes for TN showed statistically significant
differences in land use (Table 4). Seasonal temperature increases positively affected the
reduction of biogenic pollutants (spring and summer) by increasing their chemical reactivity.
Increasing concentrations of N-NHy were observed along with the distance from the
damming downstream and decreasing directional trends for N-NOjs [13]. The increase in
N-NH4 concentration below the beaver pond could result from releasing this compound
from anaerobic sediments, peat mineralisation, and reducing nitrates to ammonia [38].
Pollutants can be retained seasonally: N-NOj3 and organic nitrogen are retained in winter,
N-NOj; is accumulated in spring, and organic nitrogen in summer [39]. The retention
of decomposing organic remains in beaver ponds also created ideal conditions for the
combined processes of nitrification and denitrification, enabling the removal of 5 to 45%
of NOj3 from the watershed [40]. A beaver pond could be both a sink and an emitter of
nitrogen pollutants. Seasonality of changes in N-NOj3 concentrations was found because, in
the summer, the beaver pond absorbed pollutants (25% decrease in June), while in autumn,
the beaver pond emitted pollution (63% increase in September) [41].

In the case of the Piwonia and Ty$mienica rivers, water quality was improved, as
the decrease in EC, SO42~, and Cl~ pollution was statistically insignificant (Tables 1-3).
The reduction of pollution in the Ty$Smienica for EC, 50,2, and Cl was 8, 17, and 29%,
respectively. In the case of the Piwonia River, the reduction of the concentrations was much
lower and amounted to 1, 29, and 27%. Similar results of conductivity changes were found
on the Bystrzyca River, showing a decrease in the EC value in the water below the weir.
The increase in EC proved the quantitative increase of mineral impurities in water [29,42].
The values of the EC parameter showed statistically significant differences in terms of
seasonality and land use (Table 4). Temporal variability of SO4%~ and CI~ was statistically
insignificant. Seasonal variations in EC can be influenced not only by temperature but by
rainfall intensity and land use. Intensive rainfall may cause the dilution of water, reducing
its conductivity. However, an intensive surface runoff contributes to the transport of salt
ions leached from the soil to the water (increase in EC) [43]. In studies conducted on
Herrington Creek, a slight reduction of sulphates was found, but no statistically significant
differences were found between the sites upstream and downstream of the dam [44]. The
opposite effect of the impact of beaver dams on the water quality resulted from research
conducted in Germany, where significant changes caused by the construction of dams
were listed as an increase in conductivity, water hardness, and the SO4%~ concentration. In
addition, a positive correlation (r = 0.82) was identified between the number of dams along
the river section and the change in sulphate [45]. In other studies, higher concentrations of
SOy were found below the beaver dam than in the water of the dam basin and directly in
front of the beaver dam. Below the beaver dam, higher concentrations of sulphates and
other pollutants may be dissolved from March to October. This is a direct result of the dry
season, which causes lower water dilution [46]. Within the beaver dams, there is a different
intensity of reduction in the concentration of sulphate ions depending on the depth of water
retention. The concentration of sulphate ions is reduced in the waters of the lower parts of
beaver ponds, while on the surface of stagnant waters, they are not reduced [47]. In the
remaining seasons, no changes in chloride pollution were observed. Research conducted
on small watercourses shows that surface waters are characterized by low concentrations
of chlorides [7,32].

3.2. Impact Analysis

Different land use, construction parameters, and the age of the beaver dam charac-
terised individual research stations. Beavers cut down many trees in the early stages and
use branches to block the river. In the next stage, herbaceous plants are used to build the
barriers. Then beavers build small and permeable compartments. In the third stage of
construction, the beaver dams are sealed, and the outflow is blocked with silt and plant
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debris. After some time, some dams are abandoned, and no beaver presence is observed.
During the research, it was observed that as a result of the flood runoff or human activities,
some partitions were partially or completely destroyed [48]. In the case of the destruc-
tion of beaver dams, these animals use new building materials, such as cutting trees and
bushes, for reconstruction [49,50]. The construction of beaver dams is also associated with
the presence of clay and silt deposits, as beavers use clay-dust substrate as a building
material [51]. Beavers build dams from various materials: wood, rock, sediment, and
organic debris. It was shown that 27% of the examined dams contained stones and rocks in
their construction [52]. Beaver dams can be divided according to the flow through their
structure. The classification developed by Woo and Waddington [53] indicates four types
of dam flows: overflow, gap flow, through flow, and underflow. The proper functioning
of dams is disturbed by their washing away by flood waters or decomposition by people
(Figures 2 and 3). Beavers then rebuild the damaged dams. Often, however, beavers
move to another habitat, where they build a new dam. Then the remains of the damaged
and inactive dam are washed away by water, contributing to increased river pollution.
Removing the dam releases pollutants accumulated in the bottom sediments [18].

Figure 2. Active beaver young dam with gap flow.



Water 2023, 15, 2065

11 of 15

Figure 3. Beaver dam was destroyed by people.

Analyses carried out in Malaysia have shown that intensive agricultural use and
degradation of forest land are the main causes of changes in the surface water quality, as
87% of the water quality is affected by urbanised areas, 82% by agricultural use, 77% by
forestry, and 44% by other forms of land use. Agricultural and forestry activities contributed
to significant changes in the surface water chemical and physicochemical parameters [54].
Research conducted in the Zézere river basin in Portugal has demonstrated close links
between water and land management. The reduction of mixed forest area shows a high
correlation with the variability of the BOD5 parameter in surface waters. Water pollution
results from using chemicals to increase agricultural production and increases the presence
of NO3;~ and NH;* in the waters. In the case of NO, ™, the greatest correlation between
the occurrence of this parameter in water results from the extraction of minerals and
agricultural use [55]. The research conducted on the Lublin Upland shows that the highest
concentrations of nutrients were recorded in water flowing from agricultural fields. In forest
areas, water runoff occurs much less frequently and carries the smallest pollutants [56-58].
The results of our research confirm the thesis on the positive impact of the forest on the
reduction of surface water pollution (Table 5). The highest concentrations of N-NHy, N-
NO,, TP, and P-PO,4 were found in meadows. However, the highest concentrations of TN
and N-NOj were found in scrubs. Changes in water quality parameters, in addition to
land use, are influenced by seasons and habitats. Total nitrogen concentrations in streams
in the Wheeler Lake Watershed in northern Alabama in the summer waters were 34%
higher than the annual average. Similarly, particulate matter and total phosphorus reached
higher concentrations in summer (24% above the annual average), while in spring, their
decrease was 25% below the average annual value of these parameters in water. The
dissolved oxygen concentrations were 46% higher than the annual average in autumn,
while their decrease to approx. 18-26% below the annual average was recorded in the
summer [59]. Seasonal quality variability studies were also conducted in Poland on the
Bug and Bystrzyca rivers [7,60]. In the Bug River, the concentration of chlorides, sulphates,
and nitrates was the highest in winter. The periodic increase in water pollution is related
to urbanisation, intense land use changes, and municipal wastewater discharges. In the
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Bystrzyca River, the highest concentrations of biogenic pollutants were recorded in winter.
In this case, the seasonal increase in pollution was due to the low water levels and a lack of
vegetation. Our research found the highest concentrations of phosphates and ammonium
nitrogen in summer. In turn, the highest nitrate and total nitrogen concentrations were
found in spring (Table 6). Very high concentrations of ammonium nitrogen during drought
result from its release in drained peatlands [61,62]. The mean values of the concentrations
of the water quality parameters tested were usually low. All parameters, with the exception
of P-POy, met the standards of a good ecological status [63]. The average values of P-POy
exceeded the critical values of a good ecological status in the summer and meadows.

Table 5. Water quality parameters in relation to land use in TySmienica and Piwonia Rivers.

Parameters Meadows Scrubs Forest TGES
EC 42332 400.52 305.25b 576
BODs 2962 3.092 24P 4.1
COD 48,952 49.70 2 45.55P 79
TN 3.632 3.842 2550 45
N-NH,4 0.392 0.22° 0.17b 0.68
N-NO, 0.0192 0.0202 0.011" 0.03
N-NO; 0.88P 1472 1.012 25
TP 0.388 2 0.2292 0.153P 0.40
P-PO, 0.1063 2 0.0893 2 0.0725b 0.102
SO42~ 27 27 28 64.8
Cl- 1252 952 45Pb 29.4

Notes: Different letters indicate statistically significant differences at p < 0.05. TGES—threshold good ecologi-
cal status.

Table 6. Seasonal water quality parameters at TySmienica and Piwonia Rivers.

Parameters Spring Summer Autumn Winter TGES
EC 351.9b 359.6 2P 400.252 402.05 2 576
BODs 2.89b 2.65P 3.282 2.47¢ 4.1
COD 49.00 47.45 47.15 48.55 79
TN 3.38 3.34 3.31 3.34 45
N-NH,4 0.16 ¢ 0.392 0.18¢ 0.27"b 0.68
N-NO, 0.016 2b 0.023 2 0.012° 0.012b 0.03
N-NOj3 1.202 1.06 1.02¢ 1.09 b 25
TP 0.191°¢ 0.3342 0.229 b 0.195 be 0.40
P-PO, 0.0695 © 0.10452 0.0845 2b 0.0955 2b 0.102
SO,%~ 26P 312 27ab 25b 64.8
Cl- 9.0 7.4 7.9 10.9 29.4

Notes: Different letters indicate statistically significant differences at p < 0.05. TGES—threshold good ecologi-
cal status.

4. Conclusions

The research shows that the river water quality changes result from many factors, such
as Castor fiber L. habitats. As a result of applying the BACI model, differences were found
between the water in habitats with beavers and control habitats. Significant statistical
changes in the water quality parameters for season and land use were found. The highest
concentrations of TP, P-PO,4, N-NHy, and N-NO, were found in the summer on meadows.



Water 2023, 15, 2065 13 of 15

However, the highest concentrations of TN and N-NO3 were found in the spring in the
shrubs. The variety of structures and the age of dams affect their functioning. Pollution
is reduced in the case of stable barriers on the Tysmienica River. We found that 57% of
P-POy, 45% of TP, 44% of N-NO,, 34% of N-NO3 and 21% of TN were removed on the
scale of barrier coverage. The situation is different only in the case of N-NH,4, where most
often, there is a clear increase in concentration. In the event of the destruction of beaver
habitats on the Piwonia River, pollutants are emitted, and water quality deteriorates. In
certain periods, especially in summer, individual dams may contribute to reducing or
emitting pollutants. Ensuring the durability and tightness of beaver dam structures may
contribute to proper water quality management in the future. It is important to conduct
further research in order to verify the impact of the presence of natural dams in rivers
on changes in the environment. For a proper analysis of the effects of renovation, it is
necessary to provide data before and after the event. The monitoring project should be
carried out on two spatial scales: at the reach scale and the scale of the catchment area.
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ABSTRACT

The article analyses hydromorphological changes in the stream caused by the construction of beaver
dams. For the period of three hydrological half-years, water level fluctuations, changes in water
retention, and the diversity of the stream morphology were examined. The influence of atmospheric
precipitation and beaver activity on water depth fluctuations and the amount of water retention was
found. The average water depth before the dams was 69 cm and ranged from 29 to 97 cm. The average
increase in water depth caused by the dams was 48 &+ 18 cm. The water retention in the stream bed (pond
capacity) ranged from 15.5 to 106.5 m®. The highest retention was recorded in August 2021 after heavy
and long-lasting rainfall. The lowest retention was recorded in April 2022 due to the destruction of the
D2 dam. Beaver activity also contributed to the transformation of the hydromorphological conditions of
the stream. The Habitat Quality Assessment increased from 28 to 38 in places affected by beavers (an
increase by 36%). The following changed: heterogeneity of the stream and riverbed material, diversity
of vegetation types in the riverbed, diversity of elements accompanying woodland, and vegetation
structure on the bank slopes. Extreme weather events and human activity have a significant impact on
the functioning of beaver dams, which highlights their key importance in stabilizing water levels and
protecting river ecosystems. The sensitivity of the river hydrological system to intense precipitation and
its deficits highlights the need to protect natural channel structures that increase the retention capacity
of dams and support the restoration of degraded areas by restoring natural hydrological and
geomorphological processes.

Keywords: Castor fiber, water depth, water retention, hydro-morphology, Swierszcz stream

INTRODUCTION

The hydrological regime is largely shaped by climatic factors, of which precipitation is
the most important (Pumo et al. 2016). The impact of climate change on river hydrology leads
to significant transformations in the characteristics of runoff, which in turn affects the dynamics
of meander development and the formation of river channel morphology. Even small changes
in the average annual temperature and precipitation can lead to significant changes in the
frequency and intensity of flood phenomena. Additionally, increased erosion, denudation and
landslide processes contribute to increased sediment transport to rivers (Kiss & Blanka 2012;
Probst & Mauser 2022). Climate change has a significant impact on agricultural areas, leading
to an increase in the frequency and intensity of agricultural and hydrological droughts. This
phenomenon results from increased evapotranspiration and runoff variability, despite relatively
stable precipitation totals (Okoniewska & Szuminska 2020; Sojka et al. 2020). Other studies
suggest that local hydrological conditions have a significant impact on the variability of
seasonal low flows in lowland rivers (Raczynski & Dyer 2020). Lowland catchments, due to
their greater retention capacity, will respond to heavy rainfall in a more benign manner than
mountain catchments (Tomaszewski & Kubiak-W¢jcicka 2021). Studies show that local flood



events were usually triggered by rainfall lasting less than two hours, and their occurrence was
observed from April to October (Bryndal 2015).

The hydrological regime of Polish rivers is characterized by a clear sequential
occurrence of wet and dry periods. There are significant and statistically significant differences
between the average annual flows in rivers in wet and dry years (Karamuz et al. 2021). The
variability of river flows causes periodic water shortages and excesses. Protecting areas from
the effects of droughts mainly consists in increasing the natural retention capacity of these areas.
Engineering elements, such as structures slowing down water flow, including beaver dams, are
an integral part of small retention in planned strategies (Czerniak et al. 2020). Small
hydrotechnical structures on streams significantly affect hydromorphological changes in rivers,
especially due to the creation of transverse and longitudinal obstacles to water flow (Bonacci
& Oskorus 2019). Disruptions of river continuity and instability of the flow regime have a
significant impact on the structures of fish communities (Amaral et al. 2016). The reduction of
base flow caused by the operation of dams negatively affects macroinvertebrate communities
and riparian vegetation (Marcinkowski & Grygoruk 2017). Dams can also significantly affect
the thermal regime of runoff waters (Chandesris et al. 2019). Despite their small size, small
dams have a significant impact on regional river systems, and their impact can be comparable
to that of large dams (Yang et al. 2019). On the other hand, hydrotechnical structures can have
a positive impact on the variability of water flows (Kubiak-Wojcicka & Kornas 2015). In
particular, dams can increase low flows and reduce high flows, which leads to the stabilization
of hydrological conditions. Reducing the variability of extreme flows is crucial not only for the
protection of the ecology of coastal zones but also for reducing the risk of floods and preventing
droughts (Sojka et al. 2016).

The increase in average annual temperatures and the reduction of water flows are direct
effects of climate change, which emphasize the need to intensify research on effective water
retention methods. In this context, natural structures such as beaver dams are gaining
importance as tools supporting the mitigation of the effects of both droughts and floods
(Krajewski et al. 2019). This paper analyzes the impact of natural barriers on a small lowland
river in eastern Poland on water levels, pond capacity and hydromorphological changes.

MATERIAL AND METHODS
Study area

The conducted research focuses on the analysis of the functioning of beaver dams
located in forest areas dominated by mixed forests. The dominant tree species in the study area
are Pinus sylvestris, Abies alba, and Fagus sylvatica. The research was conducted on the
Swierszez stream, 40% of whose catchment area lies within the Roztocze National Park. The
Swierszcz River Basin partially overlaps with Natura 2000 protected areas - the Roztocze
Srodkowe PLH060017 area of community importance and the Roztocze PLB060012 special
bird protection area (Journal of Law 2011, 2021a, b). The river begins in a system of marsh
forests and raised bogs. It supplies 5 artificial water reservoirs - ponds: Florianka, Czarny, Echo
complex, Patacowy, Koscielny. The river basin area is 46.5 km?, and the main stream is 8.8 km
long. The stream is 1-3 m wide and the discharge is 60 dm*-s™!. The basin is characterized by a
diversified terrain and a mosaic of environments. The dominant type of land use is forests,
which cover 28.8 km? (62%). The land use structure is complemented by green areas (16.2 km?
— 36%), urban areas (1 km?), and surface waters (0.5 km?) (Grabowski et al. 2015).

The study area is located in eastern Poland, in the Lublin province, in the Zwierzyniec
commune. The Swierszcz River is a left-bank tributary of the Wieprz River, with its mouth in
the area of the town of Zwierzyniec (220.2 m a.s.l., 307.2 km of the river path). The water



circulation in the catchment is the result of the impact of climatic and terrain conditions. The
average annual rainfall is 720 mm, and the temperature ranges from -2.4°C in January to +19°C
in July. The critical terrain conditions are: geological structure, surface features, soil cover, and
vegetation. The basic element of the geological structure is Upper Cretaceous rocks with a
thickness of about 800 m. The terrain is highly diversified with numerous steep slopes. The best
filtration properties are demonstrated by sandy soils dominating the catchment (Buraczynski
2002, Reszel & Gradziel 2015). Currently, the Castor fiber family has settled in this area,
building natural barriers, and before the beaver dams, ponds are formed to store water.

Research methods

The study included research cross-sections representing two natural barriers on the
Swierszcz stream. In the period from May 1, 2021, to October 31, 2022 (3 hydrological half-
years), water levels were measured in the riverbed in the vicinity of the D1 and D2 dams and at
control station C (Fig. 1). Measurements were taken at five points on the river path using pile
gauges (before and after dams). Data on monthly precipitation totals and average monthly air
temperatures came from the Roztocze National Park Nature Monitoring (Kostrzewski et al. al.
2006, Journal of Law 2018).
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Figure 1. Location of research site. C — control station, D1, D2 — beaver dams.
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The geodetic measurements aimed to determine characteristic points reflecting the
topography of the bottom of water reservoirs. There are several methods of field measurements
in geodesy. The choice of method depends on the following factors: the size of the area, land
use, relief diversity, equipment availability, and others (Sharifullin et al. 2023). Due to the



location of the measurement objects in forest areas, the measurements were performed using
two methods. Using the Topcon HiPer V GNSS receiver, reference points were placed in places
with an open horizon, thanks to which the coordinates and heights of the measurement stations
were determined. Then, using the polar method using trigonometric leveling, the coordinates
and heights of the measurement points were determined in selected cross-sections. The Topcon
ES-105 electronic tachymeter was used for angular and linear measurements. The
measurements included the following elements: the location and height of the channel points
and the valley bottom, as well as the location, height, width, and length of beaver dams. Based
on the geodetic measurements carried out using the ArcGIS Pro program, the Digital Terrain
Model was generated. The obtained 3D model was the basis for determining the hydraulic
parameters of beaver ponds (James et al. 2012). The effective retention of the river bed resulting
from the damming of beaver dams was calculated based on the topography of the reservoir. The
differences in water levels below and above the D1 and D2 dams were used to calculate the
capacity of the ponds.

Hydromorphological studies of the rivers were conducted based on the British River
Habitat Survey (RHS) method (Fox et al. 1998). The assessment of the condition of the rivers
was made based on the Hydromorphological River Index (HIR), which allows for the valuation
of flowing waters (Szoszkiewicz et al. 2017). Based on the hydromorphological data, the
following indicators were calculated: Habitat Quality Assessment (HQA) and Habitat
Modification Score (HMS). For each research point, the hydromorphological status class was
determined according to the HIR multimeter values for lowland rivers with a bottom width of
<30 m (Journal of Law 2021c¢, Pote¢ et al. 2022). In the article, special attention was paid to the
HQA elements: diversity of the longitudinal profile and cross-sections, heterogeneity of the
stream, channel material, natural morphological elements, diversity of vegetation and
accompanying elements, and valley use.

Statistics analysis

To assess the relationships between temperature, precipitation, and water depths at the
dams, as well as at the unaffected control station, Pearson's correlation coefficient (r) was
computed quantifying the strength and direction of the associations between analyzed variables.
The Wilcoxon signed-rank test was employed to evaluate the significance of differences in
water levels before and after damming. All statistical analyses were conducted using R (version
4.4.2) within the integrated development of RStudio (version 2024.12.0+467.prol).

RESULTS AND DISCUSSION
Hydrometeorological conditions

The article presents changes in precipitation and temperature over the three hydrological
half-years. The changes were determined based on data from the Integrated Environmental
Monitoring Base Station in Zwierzyniec, which is part of the Chief Inspectorate for
Environmental Protection network. Data for the study period were compared with the results of
multi-year studies presented in the literature on climate change in the RPN (Reszel & Gradziel
2015, Grabowski et al. 2022). Studies conducted since 1986 in the Roztocze National Park
(RPN) have shown a decrease in water resources. The lowest groundwater level was recorded
in May 2020 and was 17.5 m below ground level. Water shortages were also visible in the case
of the Swierszcz stream because the water depth at the control station dropped to 1 cm. Very
low surface and groundwater levels were the cause of the lack of water in the Echo ponds in



the summer season of 2020. The lack of water in recreational ponds contributed to the reduction
in tourist traffic and the negative perception of the functioning of the RPN. The occurrence of
extreme effects of drought in 2020 was caused by low annual precipitation totals in 2018 and
2019, which amounted to 541 and 619 mm, respectively. The annual precipitation total in 2018
was the lowest in the 21st century. The second factor responsible for the occurrence of drought
was high air temperatures, which in 2019 averaged 9.8°C, with the average from the multi-year
period 2001-20 being 8.3°C. In addition, there was a lack of snow cover in the winter season of
2019/20. Unfavorable meteorological and hydrological conditions were the cause of the
periodically negative water balance of the Swierszcz stream (Kalamucka & Grabowski 2021).
For several years now, the engineering activity of beavers (Castor fiber) has been visible on
various watercourses (rivers, streams, ditches), increasing water retention by building dams.

Analyzing the distribution of precipitation and temperatures for the three-semester
period, their high temporal variability was found. The biggest monthly precipitation total was
recorded in June 2021, when it amounted to 187.4 mm and was almost three times higher than
the average for the multi-year period of 2001-20 (73.4 mm). The situation was different in June
2022, when precipitation amounted to only 33.4 mm. The smallest monthly precipitation total
was recorded in October 2021, it amounted to 7.4 mm and was seven times lower than the
multi-year average of 51.7 mm (Fig. 2). The very big variability of monthly precipitation in
2021 is evidenced by the fact that in June and October, respectively, the biggest and smallest
precipitation in the 21st century was recorded. The occurrence of big and intense precipitation
in Central Europe was the cause of the extreme flood in June 2010 (Pinskwar et al. 2019). In
Poland, in turn, the long-term occurrence of small precipitation was the cause of the occurrence
of extreme drought during the vegetation period of 2003 (Ziernicka-Wojtaszek 2020; Grzywna
et al. 2020). Precipitation was also strongly differentiated for the summer and winter seasons.
The total precipitation of the summer half-year was 640.8 and 373.8 mm in 2021 and 2022,
respectively, with a multi-year average of 434 mm. The total precipitation for the summer half-
year of 2021 was the biggest in the 21st century in the RPN. On the other hand, the total
precipitation of the winter half-year of 2021/22 was 243.8 mm and was close to the multi-year
average of 252.8 mm. It is worth noting that rain dominated the winter season. Snow occurred
sporadically and formed only a short-term snow cover. The total precipitation for the
hydrological year 2021/22 was 617.6 mm and was 75 mm lower than the multi-year average.

Similar trends in the distribution of monthly precipitation were observed in multi-year
studies covering the Lublin Province (Bartoszek et al. 2021; Samborski 2024). The
demonstrated variability of precipitation amounts may directly impact changes in the
availability of water resources and thus shape river flows (Yu et al. 2002).

The course of temperature changes is closely related to the natural variability of climatic
conditions. In the temperate, transitional climate zone, July is usually the warmest month, while
January is the coldest. In the analyzed period from May 2021 to October 2022, the highest
average temperature was recorded in July 2021 and August 2022, 21.2 and 20°C, respectively
(Fig. 2). The average temperature recorded in July 2021 was the highest for this month in the
21st century in the RPN. The occurrence of very high temperatures in June 2019 was the cause
of the occurrence of extreme drought in Poland (Ziernicka-Wojtaszek 2021, Walgga et al.
2024). The lowest average monthly temperature was recorded in December 2021 and was -
1.7°C which was 1.1°C lower than the multi-year average. The very disturbing symptom of
climate change was the positive temperature in February 2022. The temperature was 2.1°C then,
as much as 3.6°C higher than the multi-year average. High temperatures in February 2022 and
low precipitation in March 2022 caused a decrease in water depth and water resources.
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Figure 2. Meteorological conditions for the Zwierzyniec station.
P — monthly precipitation, Pm — average multi-year precipitation, T — monthly temperature,
Tm — average multi-year temperature.

Both the temperature distribution and the amount of atmospheric precipitation were
determined to be within the range enabling the classification of the studied region as a temperate
continental climate zone with a warm summer subtype (Dfb - Képpen classification) (Kottek et
al. 2006). In the studies conducted from May 2021 to October 2022, a statistically significant

correlation was found between the average monthly precipitation totals and air temperature
(r=0.58; p-value 0.05).

Water depth

Similar morphometric features and similar building materials characterized the analyzed
natural barriers. The studied beaver dams consisted mainly of wood material, including



deciduous tree branches, as well as herbaceous vegetation and bottom sediments. This design
allowed for four dam flow types — spillway, gapflow, underflow, and throughflow (Woo and
Waddington 1990; Ronnquist & Westbrook 2021). The article analyzed two beaver dams that
operated throughout the study period. The dams were located in the middle section of the river,
where the river bed gradient was 1.2%o while the average gradient was 3.3%o. Studies conducted
in Russia show that beavers prefer to build dams located in sections of channels with relatively
small average gradients (up to 1%) (Sharifullin et al. 2023).

At the beginning of the study (May 2021), the maximum water depth above both dams
was 90 cm. At that time, the water depth below both dams was 20 cm, while at the control
station, it was 10 cm (Fig. 3). This shows that the dams raised the water level by 70 cm. Studies
conducted in the Mata River bed showed that the water level above and below the dam differed
by 80 cm in May 2020 (Oleszczuk et al. 2024). As a result of extreme rainfall in June (the
highest in the 21st century), the water level in the river rose. The highest water depths in the
river were recorded in mid-July 2021. The water depth on the D1 dam was 97 cm and 24 cm,
respectively above and below the dam. The water depth on the D2 dam was 97 cm and 30 cm,
respectively above and below the dam. The water depth at station C was 18 cm (Fig. 3). This
means that the maximum height of the beaver dams was 73 cm. Similar values were maintained
until the end of August 2021. The occurrence of extreme temperatures in July (the highest in
the 21st century) and extreme precipitation in October (the lowest in the 21st century) caused a
significant decrease in the water level in the Swierszcz stream. At the end of the hydrological
year 2021, the water depth above the dams was 79 cm for the D1 and D2 dams. The water depth
below the dams was 22 and 24 cm, for D1 and D2, respectively, and 15 cm for station C (Fig.
3). However, the partial demolition of the D1 dam by humans caused a gradual decrease in the
water depth above the dam. Additionally, in February 2022, a meltwater runoff occurred, which
caused further erosion of the D1 dam. Due to low rainfall totals in March 2022 and earlier
damage to the D1 dam, the lowest water depth above the dam was recorded in mid-April 2022.
The water depth on the D1 dam was 29 cm and 19 cm, above and below the dam, respectively.
The water depth on the D2 dam was 77 cm and 25 cm, above and below the dam, respectively.
The water depth at station C was 19 cm (Fig. 3). This indicates that the minimum impoundment
height of beaver dams was 10 cm. The occurrence of rainfall in April higher than the multi-year
average and the partial reconstruction of the D1 dam resulted in a significant increase in the
water depth above the dam. The water depth above the D1 dam in mid-June was 46 cm. Similar
values remained until the end of the study period. In turn, the partial demolition of the D2 dam
by humans caused a gradual decrease in the water depth above the dam. The lowest water depth
above the D2 dam recorded in mid-September 2022 was 49 cm. At that time, the water depth
below the D2 dam was 23 cm, which resulted in a minimum impoundment level of 26 cm. At
the end of the study (October 2022), the water depth above the dams was 45 and 55 cm, for the
D1 and D2 dams, respectively. The water depth below the dams was 17 and 24 cm, for the D1
and D2 dams, respectively, and 13 cm for station C (Fig. 3).
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Figure 3. Water depth changes on the Swierszcz stream.

The differences in water depth before and after the D1 dam ranged from 26 cm to 71
cm, with an average difference of 54 cm. The differences in water depth before and after the
natural D2 dam ranged from 10 cm to 73 cm. The average difference in water level between the
before and after the D2 dam was 41 cm (Fig. 4). The Wilcoxon test showed a statistically
significant lower water level in the river behind the dam than before the damming (p < 0.001;
W=1). A statistically significant correlation was found between the water levels above and
below the dam (r= 0.84; p-value 0.001). Building dams is a characteristic behavior of beavers
aimed at creating suitable living conditions. Studies conducted in Sweden have shown that the
construction of beaver dams affects the increase in the depth and width of the stream. The
average water depth above the dam was 1.16 m, while below the dam it was 0.36 m. The average
width of the stream above the dams was 11 m, while below the dams it was 2.5 m (Hartman &
Tornlov 2006). Based on studies conducted in Belgium, it was found that the difference in water
depth above and below the dam (average for distances 5—-100 m) was statistically significant.



The average water depth 10 m above the dam was 93 + 30 cm, while 10 m below the dam was
30 = 17 cm. The average increase in water level due to the dams was 47 + 21 cm (Swinnen et
al. 2019). Moreover, research conducted in central Poland has shown that beaver dams also
contribute to the increase in groundwater levels and soil moisture (Oleszczuk et al. 2022).
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Figure 4. Assessment of the significance of water depth differences at stations - Wilcoxon test.

0 5 10 20 50 70 90 40 60 80
7P x x | 3
ﬁ;ﬁ'j 0.58 -0.19 0.39 0.24 052 | 027 [_
R L .
3 :.;)“ X% -0.45 0048 | -0.11 0.26 -0.18
| ..':o " ¢ m,\\. - 2 E ©
" Rt = 0.44 038 | 00095 | 035 Fo
o ] /’_,!-Jo - % s - @
: :.'.. > “‘..0’).07 :4 O 7%**
84° v - - i
o}&:’o‘vw/-o‘ ’i.?. 'O.QIC\\OO B 0.32 E S
o . ° .. - o
® o o 7. oo f o~
- T T * % A
s | o 0.84
¥ L Yo . (%4
*- ® o ) = L] @
o T o 7T D2AT |+
N T epe— | - e
.: % o 'o. oo 3 . : o
50 100 10 12 14 16 5 10 15 20

Figure 5. Pearson correlation matrix for the precipitation (P) and temperature (T) and water depth
before (B) and after (A) dams D1 and D2, as at the control station C.



Statistical significance is denoted as follows: "***" (p < 0.001), "**" (p < 0.01), "*" (p <0.05), and "."
(p<0.1).

Statistical analysis did not reveal any significant correlation between monthly
precipitation and water levels at control station C (Fig. 5), suggesting that atmospheric changes
may be only partially responsible for the observed hydrological dynamics and that the riverbed
may also be supplied by other sources. Interactions between surface water and groundwater in
lowland river valleys may affect river flows, especially during periods of low precipitation.
Flow dynamics are largely controlled by infiltration, and groundwater may be a key source of
river recharge during periods of drought (Lambs 2004; Krause et al. 2007). Studies on the
Yangtze River have shown that water levels during dry periods are significantly modified by
existing dams. Barriers store water during rainy periods and release it during periods of scarcity.
This phenomenon limits the impact of atmospheric variability on lower river reaches (Chen et
al. 2001).
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Figure 6. Effective water retention in the bed of the Swierszcz River

At the beginning of the study period in May 2021, the retention volume of the Swierszcz
Stream bed was 102 m® of water (Fig. 6). In the following months, as a result of long-term
rainfall, an increase in the water depth in the river was observed and an associated increase in
retention. The highest effective water retention was recorded in August 2021, when it was 106.5
m® of water. The occurrence of extreme meteorological conditions described in previous
chapters resulted in a significant decrease in the volume of water retention. At the end of the
2021 hydrological year, water retention was 73 m>. Due to low rainfall totals in the 2021/22
winter season and damage to the D1 dam, low water retention was recorded in April 2022. The
lack of snow cover contributed to the reduction of resources, which resulted in a decrease in
water retention to 42 m®. The partial reconstruction of the D1 dam by beavers increased water
resources. Despite the three times lower rainfall in May 2022 (27.4 versus 89.5 mm), there was



a significant increase in water retention. In June 2022, it amounted to 61 m®. The partial
demolition of the D2 dam by people resulted in a gradual decrease in water retention to 15.5 m’
in September 2022. At the end of the study period in October 2022, the retention volume of the
river bed was 19.7 m® (Fig. 6).

In the Tuchola Pinewoods study, significantly smaller ponds were noted, 11 m and 13
m long and 1.5 m to 5 m wide, which resulted in a smaller pond capacity (Rurek 2021). In the
studies on Spawn Creek and Logan River, pond areas ranged from 36 m? to 50 m?, which
allowed for the retention of an average of 9 m? of water. The variability in retention capacity
was largely due to local hydrological and geomorphological conditions. Observations were
conducted in the US on anthropogenically transformed streams, where leveled and deepened
channels limited the formation of extensive floodplains (Karran et al. 2021, Murray et al. 2023).
In contrast, points D1 and D2 were located in areas with limited interference with the channel
structure, which allowed for the creation of extensive floodplains, favoring increased retention.

Studies have shown that beavers prefer to locate their structures in smaller streams,
which do not exceed 10 m in width and 1 m in depth (Hafen et al. 2020). The choice of the
location of a natural dam and the density of their occurrence in the stream also depends on the
availability of construction materials (trees, curves, herbaceous vegetation), the size of the
water flow, and the slope of the stream (Macfarlane et al. 2017; Dittbrenner et al. 2018). The
impact of beaver dams on hydrological functioning is manifested by increased lateral
connectivity, where dams cause water to spill onto nearby floodplains. Studies indicate that
such changes contribute to slowing down the flow, which leads to increased water retention, an
extension of the period between rainfall and peak flow, and a reduction in downstream flows in
areas below beaver dams (Puttock et al. 2021). Additionally, increased water retention in
catchments helps maintain minimum flows, which mitigates the effects of drought (Majerova
et al. 2015; Smith et al. 2020). The construction of natural dams contributing to the formation
of beaver ponds is a natural method of managing water resources. Ponds, which are fed by
spring, stream, and rain waters, play a key role in reducing flood risk (Ferk et al. 2020).

Hydromorphology

Hydromorphological changes in rivers are the result of complex interactions of many
factors, which include the hydrological regime, riverbed morphology, and characteristics of
coastal zones. Significant differences were observed between the sites with beaver colonies (D)
and the control station (C). In the beaver colony, changes in the heterogeneity of the riverbed
material were observed, where sediments and silts accumulated within the beaver dam. The
presence of natural morphometric structures influenced the transformation of the riverbed
character. Water overflowing over the dam crest caused the formation of a fast current in the
lower section of the stream (Table 1). Studies confirm that water stages affect the flow dynamics
and geomorphological balance, changing the way sediments are transported and the riverbed
structure (Graf 2006). Changes in the riverbed vegetation at the sites with beaver colonies
included the appearance of floating vegetation Lemna minor. It developed particularly
intensively above the dam, where a beaver pond was formed, and the migration of biogenic
compounds was limited. The most significant changes initiated by Castor fiber activity
concerned the forest cover and the level of shading of the studied river sections. In beaver
colonies, the average level of shading of the riverbed was 5% lower than at the control station,
which resulted from the increased access to sunlight in the areas where beavers cut down trees
and shrubs. Significant differences were also noted in the presence of woody materials on the
riverbed bottom. At control station C, only fine woody debris was present on the bottom, which
resulted from its location in a forested area and the natural transport of debris by the river. In
beaver habitats, a significant amount of both fine and coarse debris, as well as fallen trees, was



observed, which indicated the intensive influence of beavers on the structure of the riverbed
bottom (Table 1). In habitats affected by beavers, the Habitat Quality Assessment value was 38,
while in the control station, it was 28. In the upper reaches of the river, beaver activity, in
particular the construction of dams, leads to intensification of lateral erosion, while slowing
down the water flow limits the process of bed degradation. In the lower reaches, the impact of
beaver activity is mainly focused on fragmentation of the banks, including landslides and the
construction of burrows. Processes such as lateral erosion, accumulation of material at the base
of the banks, and accumulation of woody debris affect local changes in the width of the
riverbed. Beaver activity, in particular in artificially modified river sections, contributes to the
gradual restoration of natural hydromorphological processes. Their presence may play a key
role in future activities related to the renaturalization of both the upper and lower sections of
the river (Gorczyca et al. 2018). The extent of the impact of beaver structures on the
hydromorphology of the riverbed and water retention processes is strictly dependent on the
hydrogeomorphic context of the given landscape. The key role here is the size of flooded areas
of floodplains, which shapes changes in hydrological, geomorphological, geochemical, and
ecosystem dynamics. In addition, an important factor determining the long-term impact of these
changes is the period during which beavers can maintain a natural barrier (Larsen et al. 2021).

Table 1. The assessment Habitat Quality Assessment (HQA)

c —_ — c c Q

[%2] [72]
Lol o2 S |8o 23| ° £ o = 3 =] ® >
cE|l 8| @ 253 |58 ol v |o<c T s} S £ =
Cols|&|82 28802 |f0 s | 23| |8 S u|ES >« T
co S| o|lcg|loe|ce 2288|229 35|55|as2|22
vl =l =] 2 %QC_, S |8« 55| 2w 2358 wE |aeN g;f_\ﬁ_é‘cq:
CZIEc| S| 2E€9 520|528 52|2x¢x|558| S |E8lE2L|22(Q
nNissg| 8| 2 o %) »n O O c g >Q8 L O I T LSS |T
cS Q| c|lcg| EE|EED| >c| S8 |2 S5Q|lo@scs|o=
SEl B|leg|log|l=0|=a =5 =£E = 28 =822 =2
55 | m | © [ n n TS O | = O o = o8 D206l E C
SO | B | = E |t E S 9| 2c| o0 > S o S 3
S8l el & 83 |B3 => 8 |g® |6 |2 g |Ooz
Cl 1 1|3 4 0 0 4 2,5 2 2,5 4 4 28
D 114 5 1 0 5 3 7 4 4 0 |38

CONCLUSIONS

1. Despite similar construction parameters of the tested dams, their water retention capacity
was significantly varied and dependent on hydrological conditions and anthropogenic
interference. The average increase in water depth caused by the dams was 48 = 18 cm. The
differences in water depth before and after the natural dam ranged from 10 cm to 73 cm.

2. Extreme weather conditions, such as the biggest rainfall and highest temperatures in the
21st century, along with anthropogenic interference (dam demolitions), significantly
affected the effectiveness of the dams in water retention. Reconstruction of damaged
structures partially restored the water retention capacity, but these actions emphasize the
importance of protecting beaver dams for stabilizing water levels in river ecosystems.

3. Water retention in the Swierszcz riverbed reached its highest capacity (106.5 m®) during
heavy rainfall in July 2021. However, the lack of snow cover and low rainfall totals in the
winter of 2021/2022 and the destruction of dams by people led to its significant reduction
(15.5 m? in April 2022). The results emphasize the significant impact of rainfall on changes
in water resources, which indicates the sensitivity of the river's hydrological system to
climate change.

4. The natural structure of the riverbed, including the lack of its transformations, plays a key
role in increasing the retention capacity of beaver dams. In areas transformed
anthropogenically, leveled and deepened riverbeds limited the development of riverbed



retention. D1 and D2 dams located in natural areas allowed the formation of extensive flood
areas, which significantly increased the amount of accumulated water.

The presence of beaver dams significantly increases the heterogeneity of the stream and the
diversity of sediment materials in the riverbed. In beaver colonies, the stream changed from
laminar to rapid near the dams, and sediments and mud accumulated on the bottom of the
riverbed. Hydromorphological changes favor the natural retention of sediments and the
enrichment of the bottom structure, which is confirmed by earlier studies (Levine & Meyer,
2014). The influence of beavers is particularly important in degraded areas, where they can
support the renaturalization of rivers by restoring natural hydrological and
geomorphological processes.
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