UNIWERSYTET IM. ADAMA MICKIEWICZA W POZNANIU
uAM Wydzial Biologii
______________________________________________________________________________________________________

Zaklad Ochrony Wod
JOANNA ROSINSKA

The response of water ecosystem
to the restoration treatments —
Swarzedzkie Lake case study

Reakcja ekosystemu wodnego
na zabiegi rekultywacyjne
na przykladzie Jeziora Swarzedzkiego

Praca doktorska wykonana pod kierunkiem:
prof. dr. hab. Ryszarda Gotdyna
oraz dr Anny Kozak

Poznan 2017



Podzigkowania

Podziekowania

Per aspera ad astra, jednak do gwiazd nie udatoby mi si¢ dotrze¢ bez 0sob bliskich
1 zyczliwych.

Z catego serca chcialabym podzigkowa¢ mojemu cierpliwemu i zawsze pomocnemu
Promotorowi — panu profesorowi Ryszardowi Goldynowi, za to ze zawsze znajdowat dla
mnie czas w nattoku obowigzkéw, cierpliwie thumaczyt procesy zachodzace w jeziorze,
uczyl m.in. makrofitow, czytal moje prace, zache¢cat do dziatania, obdarzyt mnie zaufaniem
i pozwalal mi si¢ rozwija¢, rowniez organizacyjnie (m. in. przy Konferencji Mtodych
Naukowcow czy podczas Summer School).

Dzigkuje rowniez mojej Promotor Pomocniczej — pani doktor Annie Kozak, ze
wspierata mnie i cierpliwie wprowadzata w niejednoznaczny §wiat fitoplanktonu, pomagata
przy analizach statystycznych Canoco, ktore wzbogacity opublikowane artykuly
1 wspoltowarzyszyta w réznych konferencjach.

Artykuly nie moglyby by¢ opublikowane gdyby nie niezawodne panie doktor
Renata Dondajewska i Katarzyna Kowalczewska-Madura, ktore pomagaty przy pobieraniu
préb, wykonywaty analizy fizyczne i chemiczne wody oraz stuzyly wsparciem przy
przygotowywaniu abstraktow, posterow na konferencje ogolnopolskie i migdzynarodowe,
a takze czesto rozwiewaty moje watpliwosci.

Dzigkuje takze panu mgr inz. Piotrowi Domkowi za pomoc w terenie, szczegdlnie
zima, kiedy nie bylo tatwo (np. wykuwajac przeregbel w lodzie o grubosci 20 cm).

Bardzo pomocne byly magistrantki — Bernadetta Ruszkowska-Cichocka i Joanna
Grzelczak, ktore pomagaly w analizach fizycznych i chemicznych wody — dzigkuje
Dziewczyny!

Dzigkuje Pracownikom Zaktadu Ochrony Wod oraz Zakladu Hydrobiologii za
zyczliwo$¢, usmiech na co dzien i sympatyczng atmosferg, podczas tych kilku lat
wspoOltpracy, a takze wsparcie przy organizacji Konferencji Mtodych Naukowcow.

Dzickuje Kierownikowi Zakladu Ochrony Wod — panu dr hab. Piotrowi
Klimaszykowi, za fascynujace obozy naukowe, dyskusje 0raz mozliwo$¢ wyrazania
wlasnych opinii, dzigki czemu nabratam pewnosci siebie.

Bardzo dzigkuje pani Prodziekan — dr hab. Beacie Messyasz, za angazowanie mnie
w roézne wydarzenia popularno-naukowe 1 zachg¢canie do wystepowania publicznego, dzigki
czemu uwierzytam w siebie.

Jestem niezmiernie wdzigczna panu Dziekanowi — prof. dr hab. Bogdanowi

Jackowiakowi za to, ze obdarzyt mnie zaufaniem i wsparciem, pozwolit rozwing¢ skrzydta

2|



Podzigkowania

przy organizacji Konferencji Mtodych Naukowcéw z okazji Swiatowego Dnia Wody,
uswiadamiajgc mi, ze kiedy si¢ chce mozna wiele zdziatac!

Bardzo dzigkuje¢ pani dr Karolinie Cerbin za cenne rady, czujno$¢ oraz nicoceniong
pomoc i ratunek w kwestiach administracyjnych.

Dzickuje panu Robertowi Kippenowi za pomoc w thumaczeniu tekstow artykutow.

Dzigkuje Kamili Stachurze, Michatowi Antkowiakowi 1 Kasi Pedziwiatr za
ratowanie przy ArcGlSie.

Dzigkuje Doktorantom m. in. z Zakladu Ochrony Wod, Hydrobiologii oraz
Biogeografii i Paleoekologii — Aniu, Natalio, Kasprze, Gosiu, Agnieszko, Michale, Marto,
Eugeniuszu, Gosiu, Tomku za to, ze jestescie takimi wspaniatymi Przyjaciotmi i zawsze
mnie wspieralicie i pomagali$cie! A przy okazji badan i prac naukowych zawsze si¢
dobrze bawilismy. To dzigki Wam studia doktoranckie sa niezapomnianym i wspaniatym
czasem! W koncu kto lepiej zrozumie doktoranta jak nie inny doktorant?

Malgo, dzigki wielkie za wspdlne ogladnie proéb pod mikroskopem, za wszystkie
rozmowy, te naukowe i nie tylko;-) i za to ze jestes!

Michat, bez Ciebie byloby strasznie cigzko! Dzieki, ze bytes workiem treningowym,
kiedy nic si¢ nie udawalo, skarbnicg wiedzy i pomystéw, kiedy miatam problem czy
napotykatam na $ciane, bohaterem kiedy wpadtam w bagno po kolana i przyjacielem, kiedy
tego potrzebowatam!

Dzigkuje¢ moim najukochanszym na $wiecie Rodzicom, ktorzy wspierajac na
kazdym kroku, mito$cig, wyrozumialoscig, pomocng dtonig i dobrociag pomogli mi zaczaé,
przebrnaé przez i skonczy¢ doktorat! Bez Was ta praca nie miataby sensu!

Dzigkuj¢ mojej najwspanialszej Siostrze za wsparcie, zrozumienie i pomoc. Monia
bez Ciebie w wielu momentach bym si¢ poddata i nie data rady!

Dzickuje Fiodorowi, ze =zawsze przytulal, kiedy ciocia tego najbardziej
potrzebowata.

Dzigkuje moim Babciom i Dziadkowi, ktorzy we mnie wierzyli i widzieli we mnie
wigcej niz inni!

Dzigkuje Piotrkowi, za to ze probowatl przekona¢ mnie, Ze to nie ma sensu. Dzigki
temu kazdy sukces cieszyt bardzie;j!

Jestem ogromnie wdzigczna Wszystkim, ktorzy kroczyli ze mng w trudzie tworzenia

tej pracy doktorskiej. To dzigki Wam jestem w tym miejscu! Dziekuje.

3



Tym, ktérzy widzieli we mnie potencjat, wierzyli we mnie, wspierali mnie
i bez ktérych by si¢ nie udalo...

4|



»Nie moge wprawdzie powiedzie, czy bedzie lepiej, gdy bedzie inaczej,
ale tyle rzec moge, ze musi byé inaczej, jesli ma byé dobrze.”
Georg Christoph Lichtenberg
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Streszczenie

STRESZCZENIE

Przyspieszona eutrofizacja i pogarszajaca si¢ jakos¢ wod jeziora powoduje, ze
konieczne jest poszukiwanie skutecznych sposobow rekultywacji. Mimo wieloletnich
badan, funkcjonowanie ekosystemoéw wodnych w trakcie procesu rekultywacji jest
jeszcze niewystarczajaco poznane. Ponizsza praca uzupelnia stan wiedzy dotyczacy
zmian parametrow fizycznych 1 chemicznych wody, reakcji fitoplanktonu oraz
makrofitow w plytkim, miejskim jeziorze na zrownowazong rekultywacje oparta na
stosowaniu kilku metod réwnoczesnie: inaktywacji fosforu, natlenianiu wod
naddennych i biomanipulacji.

W trakcie trzyletnich badan wod Jeziora Swarzedzkiego zaobserwowano
przebudowe sktadu fitoplanktonu (wzrost liczebnosci ztotowiciowcdéw 1 zielenic,
eliminacja badz ograniczenie sinicowych zakwitow wody), zmniejszenie powierzchni
zajmowanej przez fitocenozy charakterystyczne dla wysokiej trofii — Ceratophylletum
demersi, Hydrocharitetum morsus-ranae i Typhetum angustifoliae oraz powr6t
elodeidow wystepujacych przed degradacjg zbiornika — Potametum lucentis. Zmiany te
wynikaty ze zwigkszenia zasiggu promieniowania stonecznego oraz zmniejszenia stezen
nutrientow. Stwierdzono tez skrocenie okresu beztlenowego w warstwie naddennej oraz
obnizenie koncentracji azotu oraz fosforanéw przy dnie jeziora.

W ciagu trzech lat prowadzenia zrbwnowazonej rekultywacji nastapita poprawa
jakosci wod w Jeziorze Swarzedzkim, jednakze stan ten nie jest jeszcze na tyle stabilny,

aby moc zaprzesta¢ prowadzenia dalszych dziatan ochronnych 1 rekultywacyjnych.
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Abstract

ABSTRACT

Accelerated eutrophication and deterioration of lake water quality require
effective restoration methods. Despite many years of research, the functioning of
aquatic ecosystems during the restoration process is still insufficiently understood. The
following work complements the state of the art of changes of physical and chemical
parameters and phytoplankton as well as macrophytes responses in shallow, urban lake
to sustainable restoration based on several methods, applied simultaneously
(phosphorus inactivation, oxygenation and biomanipulation).

During the three-year study of Swarzgdzkie Lake, the reconstruction of the
phytoplankton composition (increase the abundance of chrysophytes and green algae,
elimination or limitation of cyanobacterial water blooms), reduction of the area
occupied by hypereutrophic phytocenoses — Ceratophylletum demersi, Hydrocharitetum
morsus-ranae and Typhetum angustifoliae and return of elodeids, i.e. Potametum
lucentis, were observed. These changes resulted from improved water quality, mainly
from increased solar radiation and decrease of nutrient concentration. The anaerobic
period in the deep water layer was also shortened and nitrogen and phosphate
concentrations at the bottom were reduced.

Within three years of sustainable restoration the water quality of Swarzedzkie
Lake has improved, however, its state is not yet stable enough to be able to stop further

protection and restoration activities.
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Wstep

WSTEP

Przyspieszona eutrofizacja, wynikajgca z nadmiernej antropopresji, objawiajaca
si¢ m. in. silnymi zakwitami potencjalnie toksycznych sinic (Krienitz i in., 1996;
Petechata i in., 2006; Orihel i in., 2016) oraz wymagania stawiane przez Ramowa
Dyrektywe Wodng (Dyrektywa, 2000), aby osiggna¢ i utrzymac dobry stan ekologiczny
jezior motywujg do poszukiwania skutecznych i bezpiecznych metod ich rekultywacji
(Dokulil i Teubner, 2000).

Rekultywacja i ochrona zdegradowanych jezior, szczegdlnie miejskich, jest
konieczna (Dunalska i in., 2015). Wynika to z zagrozen jakie stanowig dla
uzytkownikéw (m. in. zakwity fitoplanktonu), ale rowniez z przywrocenia im funkcji
rekreacyjnych, krajobrazowych oraz zwigkszenia lokalnej réznorodno$ci biologiczne;,
co jest wartoscig szczegolnie wazna w aglomeracjach miejskich.

Na podstawie badan okreslana jest diagnoza stanu jeziora, definiowane sg
wszystkie zrodta zanieczyszczen, a nastepnie stosowane sa odpowiednie zabiegi
rekultywacyjne i ochronne, w ramach ktérych m. in. Zrédta zanieczyszczen sa3 w miare
mozliwo$ci usuwane. Nadrzgdnym celem jest redukcja fosforu catkowitego dostepnego
dla producentow pierwotnych (Dokulil i Teubner, 2000; Jeppesen i in., 2002; 2005)
i eliminacja sinicowych zakwitow wody.

Rekultywacja, a szczeg6lnie bagrowanie i metody chemiczne, powoduje silne,
a czasem nawet drastyczne zmiany w caltym ekosystemie jeziornym (Rybak i in., 2017).
Zrownowazona rekultywacja jest natomiast oparta na metodach inicjujacych naturalne
procesy korzystnie wpltywajace na jako$¢ wod, np. umiarkowane natlenianie wod
naddennych, inaktywacja fosforu przy uzyciu niskich dawek zwigzkéw chemicznych
(np. siarczan zelaza, chlorek magnezu), zwigkszanie obsady ryb drapieznych
(biomanipulacja), itp. Zwykle kilka metod stosowanych jest rownocze$nie, np. wraz
z inaktywacja fosforu rowniez natlenianie i biomanipulacja. Taka strategia pozwala
poprawi¢ jako§¢ wod w jeziorze (Langeland, 1990; Grochowska i in, 2015; Kozak i in.,
2015) w sposob wolniejszy, ale réwniez mniej zaburzajacy homeostaze zbiornika
(Gotdyn 1 in., 2014). Stopniowa przebudowa ekosystemu jest zdecydowanie bardziej
korzystna dla organizméw zyjacych w jeziorze, co pozwala przynie$¢ lepsze efekty
w dhuzszej perspektywie czasu. Jest tez mniej kosztowna od metod silnie ingerujacych

w ekosystem i umozliwia efektywniejsze zarzadzanie zachodzacymi zmianami.
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Wstep

Mimo wieloletnich badan zmian w strukturze ekosystemoéw jeziornych pod
wplywem rekultywacji, ciggle brakuje doktadnych danych dotyczacych przemian
srodowiska abiotycznego (parametrow fizycznych i1 chemicznych wody) oraz
odpowiedzi hydrobiontow — fitoplanktonu i makrofitow na zrbwnowazong rekultywacje
(Padisak i Reynolds, 1998; Kozak i in., 2015).

Zabiegi rekultywacyjne prowadzone sg od ponad 50 lat (Dunalska i in., 2007),
jednak funkcjonowanie ekosystemow wodnych jest na tyle skomplikowane i ztozone, ze
nie wszystkie zachodzace procesy sg wystarczajgco poznane. Badania dowodzg, ze
stosowanie kilku metod jednocze$nie przynosi lepsze efekty niz prowadzenie tylko
jednej (Langeland, 1990; Grochowska i in., 2015). Jednakze kombinacja metod
stosowana w mysl zatozen zréwnowazonej rekultywacji nie jest wystarczajaco poznana.
Dziatania rekultywacyjne zmieniajg parametry fizyczne i chemiczne wody, na co
szybko reaguje fitoplankton, wrazliwy na wszelkie zmiany $rodowiskowe (efekt
bottom-up) (Krienitz i in., 1996; Wisniewska i Luscinska, 2012; Grabowska i in., 2013).
Mimo to wiedza dotyczaca dynamiki zmian sktadu taksonomicznego fitoplanktonu pod
wptywem rekultywacji jest ciggle bardzo mata. Publikacje na ten temat opieraja si¢
zwykle na koncentracji chlorofilu a, a sktad taksonomiczny jest czesto pomijany (Téatrai
I in., 2005; Bakker i in., 2016; Sendergaard i in., 2017). Makrofity natomiast stopniowo
i z opdznieniem odpowiadaja na zachodzace przemiany panujacych warunkow (Penning
i in., 2008; Sendergaard i in., 2013), dlatego sa dobrym wskaznikiem do dlugofalowe;j
oceny efektywnosci rekultywacji. Dotychczasowe badania fitocenoz skupiaty sig
glownie na obserwacji obecnosci i rozwoju makrofitow zanurzonych (Hansel-Welch

i in., 2003; Hilt i in., 2010), nie biorac pod uwage znaczenia nymfeidow i helofitow.

CEL PRACY ORAZ HIPOTEZY BADAWCZE

Ponizsza praca ma na celu uzupelienie wiedzy dotyczacej reakcji
poszczegolnych elementow ekosystemu — parametréw fizycznych i chemicznych wody,
fitoplanktonu oraz makrofitbw na zréwnowazong rekultywacje opartag na stosowaniu
kilku metod réwnoczes$nie, co nie zostalo dotad wystarczajaco udokumentowane

1 wyjasnione.
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Wstep

Abv uzupehi¢ te luke postawiono nastepujace hipotezy badawcze:

[1] Zastosowanie zrownowazonej rekultywacji wpltywa na zmniejszenie liczebnosci
1 przebudowe sktadu gatunkowego fitoplanktonu oraz pojawienie si¢ gatunkow
charakterystycznych dla nizszej trofii (artykut I, II);

[2] Obnizenie stgzen nutrientdow, zwlaszcza fosforu, powoduje eliminacje zakwitow
sinicowych, niezaleznie od innych czynnikéw §rodowiskowych (artykut 11);

[3] Uzycie siarczanu zelaza i chlorku magnezu powoduje poprawe jakosci wody
poprzez obnizenie koncentracji fosforu i azotu (artykut I, II);

[4] Napowietrzanie powodujace wzrost natlenienia w wodach naddennych przyczynia
si¢ do obnizenia koncentracji fosforu nad dnem (artykut I);

[5] Zrownowazona rekultywacja poprawia jakos¢ wody, co wptywa na sktad i zasieg
wystepowania makrofitow — powoduje ustepowanie gatunkéw typowych dla

hypertrofii, powrdt elodeidow i wzrost réznorodnos$ci roslinnosci (artykut II1, TV).

TEREN BADAN

Badania przeprowadzono na Jeziorze Swarzedzkim (52°24'49"N, 17°03'54"E),
silnie zdegradowanym miejskim zbiorniku zlokalizowanym na granicy miasta Poznania
I Swarzgdza, na obszarze Natura 2000 — Dolina Cybiny (specjalny obszar ochrony
siedlisk — PLH300038). Jest to polodowcowe, ptytkie (maksymalna glebokos¢ — 7,2 m)
z niepelng stratyfikacja, o wydluzonym ksztalcie, S$redniej wielkosci (93,7 ha),
przeptywowe jezioro. Cze$¢ potnocno-wschodnia jest szersza i1 glebsza, natomiast
poludniowo-zachodnia wezsza i ptytsza (maksymalna gleboko$é — ok. 2 m) (Szyper
i in., 1994; Kowalczewska-Madura i Gotdyn, 2006). Do jeziora doptywaja dwa cieki
bogate w nutrienty: rzeka Cybina oraz strumien Mielcuch. Zbiornik jest bezposrednio
otoczony przez lasy i zabudowania, jednak w zlewni catkowitej dominujg grunty orne
stanowigc 75,5% z 17 230 ha (Kowalczewska-Madura i Gotdyn, 2006). Jezioro jest
narazone na degradacje ze wzgledu na duze mozliwosci dostarczenia tadunkow
sktadnikow biogenicznych ze zlewni oraz duza podatno$¢ na doplywajace
zanieczyszczenia, nie majac przy tym wielu naturalnych barier ochronnych
(Kowalczewska-Madura i Gotdyn, 2006). W wyniku intensywnej dziatalnosSci
cztowieka (odprowadzanie nieoczyszczonych sciekow komunalnych bezposrednio do
jeziora do 1991 r., splywy powierzchniowe, dostarczanie zanieczyszczen doplywami,
zasilanie wewnetrzne) wykazywalo ono stan hypertrofii (Kowalczewska-Madura

1 Gotdyn, 2006; Kozak i in., 2014). Mimo odci¢cia gtownych zrodet zanieczyszczen
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Whyniki i dyskusja

(uporzadkowania gospodarki wodno-$ciekowej — odprowadzanie $ciekdw do
oczyszczalni, zbudowanie kanalizacji deszczowej) skumulowane nutrienty w osadach
wplywaly na zty stan wod (WIOS, 2008), zanik makrofitow podwodnych oraz silne
zakwity sinicowe powodujac, ze jezioro nie moglo by¢ uzytkowane rekreacyjnie
(Kowalczewska-Madura i Gotdyn, 2006).

Aby spowolni¢ proces postepujacej eutrofizacji, poprawi¢ jakos¢ wad,
wyeliminowa¢ zakwity oraz umozliwi¢ wykorzystanie rekreacyjne, jesienig 2011 r.
rozpoczeto zrownowazong rekultywacje Jeziora Swarzedzkiego. Polegala ona na
zastosowaniu 3 metod rownoczesnie. Ze wzgledu na intensywne zasilanie wewngtrzne
przeprowadzano (1) inaktywacje fosforu przy uzyciu niewielkich dawek (2-5 kg/ha)
preparatow chemicznych — siarczanu zelaza (Fe,(SO4)3) oraz chlorku magnezu (MgCl,).
Celem tych zabiegéw (200-300 kg/jezioro 9 razy w 2012 r., 5 razy w 2013 r.
I w 2014 r.) byto zahamowanie produkcji pierwotnej przez zmniejszenie koncentracji
nutrientow w toni wodnej i zwigzanie fosforu na state w osadach w postaci trudno
rozpuszczalnych zwiazkow (Immers i in., 2014, 2015; Bakker i in., 2016).
(2) Natlenianie wod naddennych za pomocg aeratora pulweryzacyjnego napedzanego
sitg wiatru (Gotdyn i in., 2014) (ktory dziatat w zaleznosci od panujacych warunkow
atmosferycznych — sity wiatru, pokrycia lodem itp.) miato umozliwi¢ rozktad materii
organicznej w warunkach tlenowych oraz utrzymaé¢ dodatni potencjat redoks, aby nie
dochodzito do redukcji zelaza (z Fe** do Fe*") w osadach dennych (Hilt i in., 2006;
Kleeberg i in., 2013). (3) Biomanipulacja miata wptyna¢ na przebudowe piramidy
troficznej (Shapiro i in., 1975), tak aby liczne wioslarki mogly kontrolowaé liczebnos¢
fitoplanktonu, wptywajac na zwigkszenie przezroczystosci wody (Krienitz
i in., 1996; Tatrai i in., 2003; Hilt i in., 2006). Polegata ona na odlowie ryb
karpiowatych (gtownie ptoci Rutilus rutilus L. i leszcza Abramis brama L.), a nastepnie
zarybianiu narybkiem gatunkow drapieznych (szczupakiem Esox lucius L. i sandaczem
Sander lucioperca L.). Byta ona przeprowadzona 5-krotnie: odléw jesienig 2011 r.,
zarybianie narybkiem jesiennym w 2012 r. — 70 kg, 2013 r. — 70 kg i 2014 r. — 200 kg,

zarybianie narybkiem letnim sandacza w 2014 r. — 7200 sztuk (Rosinska i in., 2018).

WYNIKI | DYSKUSJA

W pierwszej czeSci pracy doktorskiej przedstawitam reakcje fitoplanktonu

1 zmian jakosci wody pod wplywem zréwnowazonej rekultywacji. Stan Jeziora
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Swarzedzkiego, w wyniku dhlugoletniego zanieczyszczania charakteryzowal sig
hypertrofia oraz utrwalonymi, silnymi zakwitami cyjanobakterii. Odcigcie doplywu
nieoczyszczonych $ciekéw komunalnych pod koniec 1991 r. nie przyniosto poprawy
jakosci wody. Kumulacja zanieczyszczen w osadach dennych i intensywne zasilanie
wewnetrzne powodowato, ze latwo przyswajalne nutrienty byly wcigz dostepne dla
producentéw pierwotnych, tworzac dogodne warunki zwtaszcza dla rozwoju sinic. Aby
wyeliminowa¢ potencjalnie toksyczne cyjanobakterie, poprawi¢ stan ekologiczny
jeziora oraz przywroci¢ warto§¢ rekreacyjng dla mieszkancow Swarzedza
1 okolic rozpoczeto dziatania rekultywacyjne jesienig 2011 r. Nadrzednym celem byto
ograniczenie dostepnosci fosforu dla glonéw (Jeppesen i in., 2002; Klapper, 2003;
Zamparas i Zacharias, 2014), poniewaz zwykle jest on czynnikiem limitujacym ich
wzrost (Srivastava i in., 2008; Lv i in., 2011).

Dziatania rekultywacyjne powoduja zmiany parametrow fizycznych
i chemicznych wody, co ma bezposredni wptyw na fitoplankton. Szybka reakcja glonéw
na zmieniajace si¢ warunki Srodowiskowe oraz ich podstawowa rola w tancuchu
troficznym (Willén, 2001; Ptacnik i in., 2008; Brucet i in., 2013) powoduja, ze dobrze
odzwierciedlaja zachodzace przemiany i skuteczno$¢ dziatan rekultywacyjnych.

Proby do analiz parametrow fizycznych i chemicznych oraz fitoplanktonu
pobieratam co miesigc, w okresie od stycznia 2012 r. do grudnia 2014 r., batometrem
Ton o objetosci 5 1, na gleboczku w profilu pionowym co 1 m, od powierzchni do
glebokosci 6 m oraz w plytszej czesci jeziora od powierzchni do glgbokosci 1 m. In situ
za pomocg miernika wieloparametrycznego Y SI dokonywatam pomiaréw temperatury,
natlenienia, pH, przewodnictwa. Widzialno$¢ mierzytam przy uzyciu krazka Secchiego.

Proby do analiz koncentracji azotu i fosforu byty utrwalane chloroformem,
natomiast do analiz chlorofilu a i sestonu nie byty utrwalane. Analizy chemiczne
wykonywatam metodg spektrofotometryczng, zgodnie z Polskimi Normami
(Elbanowska i in., 1999). Stezenia azotu amonowego oznaczane byly metods
bezposredniej nessleryzacji, azotu azotanowego metoda z salicylanem sodu, azotu
azotynowego metoda z kwasem sulfanilowym 1 1-naftyloaming, azotu organicznego
metoda Kjeldahla oraz fosforandw rozpuszczonych metoda z kwasem askorbinowym
1 fosforu calkowitego po mineralizacji metoda =z kwasem siarkowym
I nadtlenodwusiarczanem potasu.

Préby do analiz jakosciowych i iloSciowych fitoplanktonu byly po pobraniu

utrwalane ptynem Lugola. Fitoplankton analizowatam przy uzyciu mikroskopu
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$wietlnego Olympus CX 21 LED w komorze Sedgewick-Rafter’a o objetosci 0,46 ml.
Osobniki oznaczalam i zliczalam pod powigkszeniem 400x, nastgpnie wicksze
organizmy oznaczatam pod powigkszeniem 100x. Do identyfikacji organizmow
wykorzystatam klucze m. in. Huber-Pestalozzi, 1983; Starmach, 1989; Komarek, 2005;
Bucka i Wilk-Wozniak, 2007; Plinski i Wotowski, 2008; Burchardt, 2010; Plinski
i Hinddk, 2010; Bak i in., 2012; Picinska-Fattynowicz 1 Btachuta, 2012; Komarek,
2013.

Efekt zastosowanych dziatan rekultywacyjnych w Jeziorze Swarzedzkim byt
widoczny juz w pierwszym roku prowadzonych zabiegow. Koncentracja chlorofilu a
istotnie si¢ obnizyla, co miato swoje odzwierciedlenie w zmniejszeniu liczebnos$ci
fitoplanktonu i dwukrotnym zwigkszeniu widzialnosci krazka Secchiego. Okres
warunkoéw beztlenowych skrocit si¢ do 1-2 miesigey. Jednak zmiany te nie byly
wystarczajace, aby na trwale zwigza¢ fosfor w osadach. W wyniku warunkow
beztlenowych trudno rozpuszczalny zwiazek zelaza trojwartosciowego (Fe**) ulegat
redukcji do dwuwartosciowego (Fe?*), co powodowato uwalnianie si¢ fosforu do toni
wodnej. Dopiero w 2014 r. zaobserwowano istotne statystycznie zmniejszenie
koncentracji ortofosforanow w poréwnaniu do wczesniejszych lat.

Panujace warunki beztlenowe powodowaty réwniez uwalnianie si¢ latem azotu
amonowego z osadoéw, poniewaz procesy nitryfikacji zostalty zahamowane. Jednak
w trzecim roku rekultywacji koncentracja azotu amonowego ulegla obnizeniu
z55mgN I (przed rekultywacja, 2011 r.) do ponizej 4,0 mg N I Wynikato to
gléwnie z poprawy natlenienia i rownoczesnego stosowania chlorku magnezu, ktéry
wytracal nie tylko fosfor, ale i azot w postaci nierozpuszczalnego zwigzku fosforanu
magnezowo-amonowego — tzw. struwitu.

Stopniowe obnizanie koncentracji nutrientow miato znaczace odzwierciedlenie
w kompozycji i liczebnosci fitoplanktonu (Donabaum i in., 1999; Jeppesen i in., 2002;
2005; Wilk-Wozniak, 2003). Dominujgce sinice (glownie Pseudanabaena limnetica
(Lemm.) Kom.) zostaly wyeliminowane (I rok) lub ich rozwoj zostal ograniczony
(1T, IIT rok). Wzrosta liczebnos$¢ organizmoéw z innych grup — zielenic, ztotowiciowcow
czy kryptofitow. Jednakze fluktuacje fitoplanktonu zalezaty nie tylko od dostepnosci
nutrientow, ale takze od warunkéw Srodowiskowych. Przyktadowo wysokie
temperatury latem 2013 r. spowodowaty, ze ponownie wystapit zakwit cyjanobakterii

W jeziorze.
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Efekty biomanipulacji byly szczegdlnie korzystne w pierwszym roku
rekultywacji. Odlowy ryb planktonozernych, a nastgpnie zarybienie narybkiem
gatunkow drapieznych umozliwito rozwdj duzych filtratoréw. Wzrost liczebno$ci
wio$larek efektywnie kontrolowat rozw¢j fitoplanktonu, nie dopuszczajac do rozwoju
cyjanobakterii w 2012 r.

Analizujac zmienno$¢ elementdw biologicznych (fitoplankton) oraz fizycznych
1 chemicznych (natlenienie, koncentracja nutrientow w wodzie Jeziora Swarzedzkiego),
stwierdzitam ze ekosystem ten nie jest stabilny. Silna i dtugotrwata (ok. 50 lat) presja
cztowieka, ktora pogorszyla znacznie stan jakosci wod, spowodowata daleko idace
zmiany w ekosystemie i utrwalenie si¢ stanu mgtnowodnego, typowego dla hypertrofii.
Prowadzenie zabiegow rekultywacyjnych obnizajacych stan trofii i przebudowujacych
ekosystem, dostosowujac go do nowych warunkéw troficznych, powoduje rozchwianie
uprzedniej homeostazy ekosystemu, w wyniku zmiany panujacych warunkow. W ciggu
trzech lat stosowania rekultywacji uzyskano poprawe jakosci wod w Jeziorze
Swarzedzkim, jednakze stan ten nie jest jeszcze na tyle stabilny, aby moc zaprzestaé
prowadzenia dalszych dziatan ochronnych i rekultywacyjnych. Dalsza ingerencja
w ekosystem wymaga jednak rozwaznego postepowania i reagowania na zachodzace
zmiany, zwlaszcza w przypadku stwierdzenia préb powrotu do stanu metnowodnego.
Przeprowadzone badania wykazaly, Zze przywrocenie rownowagi na nowym, nizszym
poziomie trofii przy uzyciu metod zrownowazonej rekultywacji wymaga dlugiego
Czasu.

W drugiej czesci pracy doktorskiej porownalam zakwit sinicowy przed
I w trakcie zastosowanych zabiegoéw rekultywacyjnych. Metody badan byty takie same
jak w czes$ci pierwszej. Mimo prowadzonych dziatan rekultywacyjnych, w drugim roku
stosowania zabiegébw zaobserwowatam ponowne pojawienie si¢ zakwitow sinicowych
w Jeziorze Swarzedzkim. Na podstawie analiz parametréow fizycznych i chemicznych,
stwierdzilam, Ze obecnos¢ zwigkszonej liczebnosci sinic byla zwigzana z podwyzszong
temperatura wody (bardzo cieple lato, srednia temperatura ok. 23°C) oraz dostgpnoscia
nutrientéw z osadow dennych (gtownie ortofosforany i azot amonowy). Zwickszona
dostepnos¢  sktadnikow odzywczych preferowanych przez sinice wynikata
(1) z podwyzszone] temperatury, ktora stymulowala zasilanie wewnetrzne,
(i) ze zmniejszonej liczby (do 5 razy) aplikacji substancji chemicznych (siarczanu
zelaza i chlorku magnezu) oraz (iii) z niewystarczajacego natlenienia wod naddennych

(co spowodowalo obnizenie potencjatu redoks i uwalnianie fosforanow). Mimo to
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zakwit cyjanobakterii byt zdecydowanie mniej intensywny w poréwnaniu do zakwitu
przed implementacjg zabiegéw rekultywacyjnych w 2011 r. Maksymalna liczebno$¢
dominujgcej P. limnetica zmniejszyla sie blisko 4-krotnie. Wzrosta natomiast
liczebno§¢ innych grup fitoplanktonu (zielenic, okrzemek, ztotowiciowcow
1 kryptofitow), ktoérych obecnos$¢ wigzata si¢ z podwyzszong koncentracja azotanow,
azotynéow 1 fosforu organicznego. Dodatkowo zaobserwowalam rowniez 2-krotny
wzrost widzialno$ci krgzka Secchiego (do 1 m) spowodowany 2-krotnym
zmniejszeniem koncentracji chlorofilu a, porownujgc okresy z zakwitem sinicowym
przed (2011 r.) i w trakcie rekultywacji (2013 r.).

Jak wynika z poréwnania zjawiska zakwitu sinicowego przed i w trakcie
zrbwnowazone] rekultywacji, zastosowane zabiegi nie spowodowaly catkowitej
eliminacji sinic przy sprzyjajacych im warunkach $rodowiskowych (wysoka
temperatura powietrza, zasilanie wewnetrzne). Mimo to nastgpito jednak zmniejszenie
liczebnosci sinic oraz przebudowa sktadu taksonomicznego fitoplanktonu. Dodatkowo
stwierdzitam, ze chociaz obnizenie koncentracji fosforu w wyniku rekultywacji moze
by¢ odpowiednie w umiarkowanych warunkach klimatycznych, to jest wielce
prawdopodobne, ze w przypadku podwyzszonej temperatury (globalne ocieplenie)
moze by¢ niewystarczajace.

W trzeciej cze$ci pracy doktorskiej analizowalam roslinno$¢ wodng Jeziora
Swarzedzkiego przed i w pierwszym roku rekultywacji. Badania obecnosci,
rozmieszczenia 1 wielkosci zbiorowisk makrofitow (helofitow, nymfeidow 1 elodeidow)
przeprowadzitam W Szczycie sezonu wegetacyjnego (sierpien 2012 r.). Inwentaryzacja
zostala wykonana z pontonu, poprzez oplynigcie jeziora i wysp oraz od strony ladu
obchodzac jezioro. Fitocenozy okre§lalam na podstawie dominujacego gatunku, metoda
fitosocjologiczng dostosowang do jezior (Podbielkowski i Tomaszewicz, 1996). Za
pomoca urzadzenia GPS zaznaczalam wystepowanie 1 wielko$¢ fitocenoz
(rozdzielczos¢ wynosita ok. 2 m). Obecnos¢ makrofitéw zanurzonych sprawdzano
kotwiczka. Otrzymane wyniki poréwnatam z danymi literaturowymi (Jenek i in., 1979;
Goldyn i in., 2005). Mape rozmieszczenia roslinnosci oraz obliczenia powierzchni
zajmowanej przez poszczegdlne zbiorowiska wykonatam przy uzyciu programu ArcGIS
for Desktop 10.2.2.

W pierwszym roku trwania rekultywacji zaobserwowalam wystepowanie
9 fitocenoz, co wskazywato na niskg roznorodnos¢ roslinnosci fitolitoralu. Warto

jednak podkresli¢ ze w latach 70’ odnotowano 12 zbiorowisk (Jenek i in., 1979).
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Poréwnujac wyniki z danymi na przestrzeni 40 lat zauwazylam, ze niezmiennie
dominujace byly 3 zbiorowiska: dwa helofitow Phragmitetum communis i Typhetum
angustifoliae  oraz 1 nymfeidow Nupharo-Nymphaeetum albae, ktore sg
charakterystyczne dla warunkow eutroficznych.

Mimo iz w latach 80’ i 90’ nastgpit catkowity zanik elodeidow (Gotdyn i in.,
2005), obecnos$¢ zbiorowiska rogatka sztywnego Ceratophylletum demersi ponownie
zaobserwowano w 2005 r., po blisko 15 latach od odcigcia gléwnego zrdodia
zanieczyszczen — $ciekow komunalnych, odprowadzanych bezposrednio do jeziora
(Gotdyn 1 in., 2005). Rowniez w 2012 r. odnotowalam liczne ptaty tej fitocenozy
w plytszej czesci zbiornika, co $wiadczylo o poprawie warunkow $wietlnych. Miato to
pozytywny wpltyw na rozw0j innych organizméw (ryb, zooplanktonu) w jeziorze oraz
hamowato wzrost fitoplanktonu. Rozwo6j elodeidow jest szczegOlnie istotny przy
zabiegach biomanipulacyjnych, stwarzajac odpowiednie warunki do rozwoju szczupaka
Esox lucius L. (Hilt i in., 2006).

Informacje o wystepowaniu innych makrofitow zanurzonych — Potamogeton
crispus L., Potamogeton perfoliatus L., Myriophyllum spicatum L., i Ranunculus
circinatus Sibth w latach 70’ (Jenek i in., 1979) pozwalajg oczekiwaé ich powrotu,
kiedy jako$¢ wod w Jeziorze Swarzedzkim ulegnie znaczacej poprawie.

Juz w pierwszym roku widoczna byla reakcja ekosystemu na prowadzone
zabiegi — zaobserwowano nieobecne od ponad 20 lat zbiorowisko makrofitow
zanurzonych — Potametum lucentis oraz obnizenie koncentracji chlorofilu a i azotu
ogolnego.

W czeSci czwartej pracy doktorskiej kontynuowalam badania dotyczace
ro$linnosci wykorzystujac metody opisane w czes$ci trzeciej. Analiza obecnosci,
rozmieszczenia i wielko$ci zbiorowisk makrofitow zostata uzupetlniona o dane z lipca
2013 r. i sierpnia 2014 r. Wyniki (szczegdlnie granice mig¢dzy zbiorowiskami
w szerokim pasie szuwaru) zostaty uzupeklione o zdjgcia lotnicze (z 2012 r., 2013 r.
I 2014 r.) Centralnego Os$rodka Dokumentacji Geodezyjnej i Kartograficznej
(CODGIK). Wyrysowatam mapy dla kolejnych lat oraz wykonatam obliczenia
Makrofitowego Indeksu Stanu Ekologicznego (ESMI) (Kolada, 2010; Ciecierska
i Kolada, 2014; Kolada i in., 2014), aby okresli¢ stan ekologiczny jeziora
(Rozporzadzenie Ministra Srodowiska, Dz. U. 2016, poz. 1187) podczas prowadzonej
rekultywacji.
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Na podstawie 3-letnich badan sktadu taksonomicznego fitolitoralu Jeziora
Swarzedzkiego opisalam mechanizm przebudowy struktury zbiorowisk makrofitow
w odpowiedzi na prowadzong rekultywacje. Zaobserwowatam wzrost liczby zbiorowisk
z 9 (w2012 r.) do 12 (w 2014 r.). Dominowaly Phragmitetum communis, Typhetum
angustifoliae i Nupharo-Nymphaeetum albae, jednak powierzchnia zajmowana przez
ros$linnos¢ ulegla zmniejszeniu z 42 ha do 37 ha. Bylo to glownie spowodowane
zmniejszeniem powierzchni zajmowanej przez zbiorowiska charakterystyczne dla silnej
eutrofii: Typhetum angustifoliae, Hydrocharitetum morsus-ranae i Ceratophylletum
demersi. Powierzchnia pokryta przez nymfeidy zwigkszata si¢ systematycznie
0 0,6 ha/rok. Dodatkowym symptomem poprawiajacych si¢ warunkéw srodowiskowych
byt rozwoj podwodnego zbiorowiska Potametum lucentis, odnotowywanego w kazdym
roku w trakcie prowadzonej rekultywacji.

Koncentracja chlorofilu a ulegta istotnemu obnizeniu. Nastgpita réwniez
nieznaczna poprawa widzialno$ci krazka Secchiego. W dwoch pierwszych latach
stosowanych zabiegdéw odnotowano istotne zmiany koncentracji azotu ogolnego,
natomiast koncentracja fosforu calkowitego zmniejszyta si¢ dopiero w trzecim roku
prowadzonych dziatan.

Mechanizm rozwoju makrofitéw w wyniku zrownowazonej rekultywacji polegat
na zmniejszeniu powierzchni zajmowanej przez zbiorowiska charakterystyczne dla
wysokiej trofii — Ceratophylletum demersi, Hydrocharitetum morsus-ranae i Typhetum
angustifoliae, a nastepnie powrocie elodeidow wystepujacych przed pogorszeniem
jakosci wody (Potametum lucentis). Réwnoczesnie powierzchnia zajmowana przez
obecne zbiorowiska — np. nymfeidy systematycznie si¢ zwigkszata. Mimo spadku
koncentracji nutrientow nie odnotowano znaczacej poprawy widzialnosci krazka
Secchiego, co jest kluczowe dla powrotu i rozwoju elodeidow. Prawdopodobnie
dostarczenie nasion roslin zanurzonych od dawna nieobecnych w jeziorze jest

konieczne, aby przyspieszy¢ proces rekolonizacji.

PODSUMOWANIE

Stopniowe 1 powolne zmiany, ktére zaobserwowalam w ciggu trzech lat
stosowania zabiegéw zroéwnowazonej rekultywacji, zardowno wskaznikow jakosci wody
(m. in. stopniowe obnizenie koncentracji nutrientow), jak 1 elementow biologicznych

(przebudowa fitoplanktonu, eliminacja badz ograniczeniec rozwoju sinic, wzrost
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liczebnosci innych grup oraz zbiorowisk ro$linnosci, wycofanie si¢ makrofitow
charakterystycznych dla wysokiej trofii, powrdt nieobecnego zbiorowiska elodeidow),
swiadcza o pozytywnych efektach prowadzonych dziatan i o poprawie jakosci wod
plytkiego jeziora miejskiego. Jednakze aby zapewni¢ dlugotrwatos¢ uzyskanych
efektow, dalsza poprawe, a nastgpnie stabilno$¢ ekosystemu, konieczne jest
kontynuowanie zabiegow rekultywacyjnych oraz ochronnych. Prowadzac dzialania
naprawcze eckosystemu jeziornego nalezy rozpatrywa¢ zagadnienie rekultywacji
holistycznie. Przy zabiegach tych niezbedna jest systematyczno$¢ oraz odpowiednio
dlugi czas (5 — 15 lat). Tylko speklienie powyzszych warunkow daje duze
prawdopodobienstwo osiggnigcia sukcesu — uzyskania i utrwalenia si¢ dobrego stanu

wod ptytkich jezior miejskich.
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Accelerated hication and req of the Water Framework Directive impose searching for effective
restoration methods Recently positive effects are achieved by means of sustainable restoration methods that are
cheap because they are limited to activities initiating natural changes in the ecosystem. Despite previous re-
search, there is still not enough accurate data on ecosystem response (i.e. changes in the physico-chemical
variables and phytoplankton composition in shallow lakes) to the sustainable restoration based on simultaneous
application of several methods The restoration of shallow urban hypertrophic Swarzedzkie Lake started in au-
tumn 2011. Three methods: were applied: (i) aeration of waters above the bottom sediments using a wind-driven
aerator, (ii) phosphorus inactivation in water column using small doses of iron sulphate and magnesium chloride
and (iii) biomanipulation with cyprinids catching and pike fry stocking. The aim of the study was to analyse the
phytoplankton succession as well as physico-chemical variables of water quality in a shallow urban lake as a
response to restoration measures. Samples were taken monthly from 2012 to 2014 at the deepest place of the
lake, every 1m in the depth profile. Due to the restoration process, the Secchi depth increased to 1.00m. The
oxygenation improved, as the anaerobic period in the deep water layer shortened to one month. The con-
centration of nutrients slightly decreased (mainly total nitrogen, from 5.5 to 4.0 mg N 17 1), especially above the
bottom. These changes had an impact on phytoplankton, which decreased twofold. The dominating cyano-
bacteria was eliminated or reduced and an increase in the number of chlorophytes, chrysophytes and crypto-
phytes has been observed. Nevertheless, the observed changes were not stable yet, so the restoration process
should be continued to achieve permanent improvement.

1. Introduction

methods that initiate natural processes which have a beneficial effect on
water quality, e.g. moderate oxygenation of the water above the bottom

Accelerated eutrophication emerged in form of e.g. strong cyano-
bacterial blooms in various locations around the world (Padisak and
Reynolds, 1998; Dokulil and Teubner, 2000) and requirements of the
Water Framework Directive (Directive, 2000) for recovery and main-
tenance of good water quality motivate to strive for effective lake re-
storation (Dokulil and Teubner, 2000). These measures are intended to
improve ecological state of lakes (Krienitz et al., 1996) to obtain high
biodiversity and to enable recreational use. It is important to eliminate
potentially toxic cyanobacteria which are a threat to the organisms
living in the lake and people benefiting from ecosystem services
(Bonistawska et al., 2012; Merel et al., 2013; Dunalska et al., 2015).

Restoration treatments, especially dredging and chemical methods,
cause strong and sometimes drastic changes (Rybak et al., 2017) in the
entire lake ecosystem. Sustainable restoration is based on the use of

* Corresponding author.
E-mail address: rosinska.asia@gmail.com (J. Rosifiska).

http://dx.doi.org/10.1016/j.ecolind.2017.09.009

using wind power, increase of phosphorus adsorption in sediments,
using low, precisely selected doses of chemical agents (familiar to the
ecosystem, like iron sulphate or magnesium chloride) for phosphorus
inactivation, increase of the stock of predatory fish, stimulation of the
development of macrophytes, invertebrate fauna, etc. Most often sev-
eral methods are used 1eously, for ple phosphorus in-
activation together with deep water oxygenation and biomanipulation.
Such a strategy can improve lake water quality (Langeland, 1990;
Grochowska et al., 2015; Kozak et al., 2015) in a slower but less ag-
gressive way (Goldyn et al., 2014). Gradual rebuilding of the ecosystem
is far more beneficial for the biodiversity within the lake, which brings
better results in the future. This strategy is also less expensive than
other methods which are strongly interfering in the ecosystem and al-
lows more effective management of changes occurred in the lake.
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The overriding priority of restoration is to limit the availability of
phosphorus for algae (Jeppesen et al., 2002) as in most cases it allows to
limit their growth and cause significant changes in the phytoplankton
composition (Srivastava et al., 2008; Lv et al., 2011). Several chemicals
are used in order to reduce primary production and eliminate Cyano-
bacteria, from algaecides to phosphorus inactivating compounds. The
chemical phosphorus binding agents cause its precipitation from the
water column and sedimentation to the bottom sediments. The use of
iron coagulants also increases the sorption capacity of bottom sedi-
ments and reduces the intensity of internal loading (Immers et al.,
2014, 2015). It also allows natural binding of phosphorus to insoluble
iron phosphate (Immers et al., 2014, 2015; Bakker et al., 2016).
However, the accumulation of adsorbed phosphorus in re-

S
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included in bream-zander type of fishery characteristics of lakes
(Rosinska and Gotdyn, 2015).

Long-lasting (ca. 50 years) supply of nutrients from many sources of
pollution (untreated sewage discharged directly to the lake until 1991,
surface runoff, contaminated water of two tributaries: Cybina River and
Mielcuch Stream, outflow from fish ponds in the catchment area and
internal loading) in Swarzedzkie Lake caused strong cyanobacterial
blooms (Stefaniak et al., 2007; Kozak et al., 2014; Rosiriska et al.,
2017a). Therefore, the lake was classified as hypertrophic
(Kowalczewska-Madura and Gotdyn, 2009).

Protective and restoration treatments have been applied in
Swarzedzkie Lake to improve water quality, slow down eutrophication,
blooms and enable recreational use. Water and sewage

el

quires a high level of redox potential, which prevents iron reduction
and phosphorus release into the water (Kleeberg et al., 2013; Bakker
et al., 2016). Therefore, the oxygenation of waters above the bottom is
used to maintain the appropriate redox potential in the sediment-water
interface (Hilt et al., 2006; Kleeberg et al., 2013), e.g. using a wind-
driven aerator (Goldyn et al., 2014). Biological methods such as bio-
manipulation can support chemical methods to obtain better results.
Biomanipulation is usually based on removal of cyprinids and stocking
the lake with predatory fish, resulting in the food-web rebuilding
(Shapiro et al., 1975), i.e. an increase of abundance of herbivorous
zooplankton, contributing to an increase of water transparency by
grazing on phytoplankton (Krienitz et al., 1996; Tétrai et al., 2003; Hilt
et al., 2006).

Restoration measures cause changes in the physical and chemical
parameters of water, which directly affects phytoplankton growth. The
rapid response of algae to environmental condition changes, their pri-
mary role in food web and their impact on other organisms (Willén,
2001; Ptacnik et al., 2008; Eigemann et al., 2016) cause that they
properly reflect the effectiveness of restoration. However, despite long-
term studies on changes in water quality under various restoration
methods, they mainly concerned individual methods. There is still in-
sufficient data on the physical and chemical parameters of water and
phytoplankton response to sustainable restoration based on several
methods used simultaneously (Padisik and Reynolds, 1998; Kozak
et al., 2015).

This paper concentrates on the reaction of phytoplankton commu-
nity versus physical and chemical variables of water quality in a
shallow urban lake as a resp to the inable restoration.
Consequently, the following hypotheses were made: 1) the use of sus-
tainable restoration methods affects the phytoplankton composition
causing the elimination or limitation of cyanobacterial blooms; 2)
phosphorus inactivation using iron sulphate and magnesium chloride
improves water quality by decreasing of phosphorus and nitrogen
concentrations; 3) deep-water aeration by increasing oxygenation of
sediment-water interface decreases internal phosphorus loading from
sediments; 4) all the treatments together result in an improvement of
water transparency due to the reconstruction of qualitative and quan-
titative composition of phytoplankton, i.e. reduction of abundance and
re-appearing of organisms typical for lakes with lower trophic state.

2. Material and methods

Swarzedzkie Lake (52°24’49”N, 17°03'54”E), is a strongly degraded
urban lake located near Poznar (West Poland). It is shallow, elongated,
medium-sized, flow-through lake (Fig. 1). There is no full thermal
stratification during (lack of hypolimnion). Only about 15% of
the bottom surface is within the metalimnion, the rest is within the
epilimnion (so-called active bottom) (Kowalczewska-Madura and
Goldyn, 2006). The northeast part is broader and deeper, while the
southwest part is narrower and shallower (up to 2 m). The catchment
area has large capacity to provide nutrient loads, while the lake is
highly susceptible to pollution as it has no natural protective barriers
(Kowalczewska-Madura and Goldyn, 2006) (Fig. 1). The lake was
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management was organized within the catchment area (for example, a
rain sewage system was built). Then sustainable restoration was con-
ducted basing on three methods: aeration of waters above bottom se-
diments with the use of a wind-driven aerator, phosphorus inactivation
using small doses of iron sulphate and magnesium chloride, and bio-
manipulation (Fig. 2). The treatments started in autumn of 2011 from
cyprinids removal (mainly roach Rutilus rutilus (L.) and bream Abramis
brama (L.)) (Kozak et al., 2014; Rosifiska and Goldyn, 2015; Rosifiska
et al., 2017b). Then during the next three years (2012-2014), the lake
was stocked four times (with pike and pike-perch fry), small doses
(2-5kg ha~! each time) of chemicals (Fe,(SO4); and MgCl,) were ap-
plied 19 times. Pulverising aerator worked according to prevailing
weather conditions (wind power, ice cover, etc.). Transformations in
the ecosystem were monitored throughout the restoration period, i.a.
taking into account the physical and chemical parameters of water and
phytoplankton composition and abundance.

Physico-chemical and biological samples were taken monthly from
January 2012 to December 2014 at the sampling station located at the
deepest place in the lake, near the aerator (Fig. 1) in a depth profile
every meter (from the surface layer to the bottom), using bathometer
with the volume of 5L. Field measurements (water temperature,
oxygen content, conductivity, pH) were conducted using a YSI multi-
parameter meter. Water transparency was measured with Secchi disc.
Phytoplankton samples were fixed with Lugol’s solution. Samples to
analyse the concentration of nitrogen and phosphorus were preserved
with chloroform in the field, while samples to analyse chlorophyll a and
total suspended solids were transported to the laboratory without
fixing. The analyses were carried out according to Polish Standards
(Elbanowska et al., 1999). Chemical analyses were performed by
spectrophotometric method.

The concentration of ammonium nitrogen was determined by a
method with Nessler’s reagent, the concentration of nitrate nitrogen by
a method with sodium salicylate, the concentration of nitrite nitrogen
by a method with sulphanilic acid, the concentration of organic ni-
trogen by Kjeldahl’s method, the concentration of orthophosphates by a
method with ascorbic acid, the concentration of total phosphorus by a
method with ascorbic acid after mineralisation. The concentration of
total suspended solids was determined by weight method (the samples
were filtered on GF/C using Coli 5, then dried at 105 °C), the con-
centration of chlorophyll a by the spectrophotometric method with
90% acetone. Analyses of qualitative and quantitative composition of
phytoplankton were performed using the light microscope Olympus CX
21 LED in a Sedgewick-Rafter chamber (0.46 ml volume). For larger
organisms, the sample was studied at 100x magnification and then
other organisms were counted at 400x magnification. Keys were used to
determine the organisms, i.a. Huber-Pestalozzi (1983); Starmach
(1983); Komarek (2005). The results obtained during the vegetative
season (April-September) in 2012-2014 were compared and analysed
with the data obtained before the restoration in 2011 (Kozak et al.,
2014). Some data of phytoplankton and relating physico-chemical data
concerning cyanobacteria dominance was already published (Rosinska
et al., 2017a).

To verify if the physico-chemical and phytoplankton composition
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Parameter Value

Maximum depth 72m

Surface area of lake 93.7 ha

Total catchmentarea 178 km?® (75.5% agricultural
land)

Direct catchment area

5.6 km? (mainly urban areas)

Category of catchment 4 (highly potential of nutrient

impact loads being delivered to the
lake)
Legend Nf Category of lake 3 (highly susceptible to
Aerator vulnerability to inflowing pollutions and
@ Samping station  Jeoradation lacks of any natural
o2 . protective barriers)
Fig. 1. The location of the sampling station (Rosifiska et al., 2017a; changed) with characteristic data of Swarzedzkie Lake (Szyper et al., 1994; Kowalczewska-Madura and Goldyn, 2006).
THE SUSTAINABLE RESTORATION OF SWARZEDZKIE LAKE
o] PHOSPHORUS BIOMANIPULATION
_g WATER AERATION INACTIVATION (stocked with pike
f.‘,‘ with the use of a using small doses of autumn fry and once
E wind-driven aerator iron sulphate and with pikeperch
magnesium chloride* fingerlings)
{ = 2012 -9 times,
o . 2013 - 5 times, 2011 - fish removal (autumn)
T'f (depending o.n.the 2014 - 5 times, 2012 - 70kg (autumn)
o weather conditions) 2013 - 70 kg (autumn)
= *small doses:
[-% 200-300kg Fe,(50,) 2014 - 7200 pcs. (summer)
o e 21504l 200 kg (autumn|
< -200 kg MgCl, /lake € )

Fig. 2. Restoration methods applied in Swarzedzkie Lake.

changes in the lake were statistically significant, analyses were per-
formed using STATISTICA 12.5 software. The data was not normally
distributed (the Shapiro-Wilk test, p < 0.05) and therefore non-para-
metric statistical test — the Kruskal-Wallis test (n = 161) were used.
Regression analysis (Spearman's rho) was also tested to check the cor-
relation between variables (e.g. the concentration of chlorophyll a and
suspended solid (n = 161) or concentrations of nutrients and phyto-
plankton groups in the surface layer (from O m to 3 m depth; n = 92).

Redundancy analysis (RDA) was employed using the Canoco for
Windows 4.5 software package (Leps and Smilauer, 2003) for the as-
sessment of the influence of changing environmental parameters on the
phytoplankton composition in each year before (2011) and during the
restoration processes (2012-2014). The analysis was done only for the
surface layer (from 0 m to 3 m depth), because it was subject to light
penetration and the most intensive processes related to primary pro-
duction.
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3. Results
3.1. Water temperature

The water temperature was subject to seasonal fluctuations. An
average temperature of surface layers (0-3 m) was higher in the period
2012-2014 (ca. 20.0°C) than in 2011 (ca. 18.2°C) (Fig. 3A). The
temperatures were higher especially at the surface (0 m) during the
summer in 2012 and 2013 (the average was ca. 22-23.0 °C) and for a
longer time of about 3-5 months. Whereas at the 5-6 m depth the water
temperature was much lower, 14.4 °C in 2011, then it decreased to
14.2°Cin 2012 and to 12.1 °C in 2013, and increased back to 14.4 °C in
2014 (Fig. 3B). The changes were not statistically significant (p = 0.7;
n = 154).

3.2. Transparency of water

The mean visibility of Secchi Disk in the period April-September
increased from 0.74 m before the restoration to ca. 1.00 m during the
restoration (Fig. 4). The minimum and maximum value of water
transparency increased from 0.5 and 1.2 m respectively before the
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Fig. 3. The mean of temperature (°C) at the surface layers (0-3 m) (A) and at the bottom layer (5-6 m) (B) in the period April-September before (2011) (Kozak et al., 2014) and during the
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0.0 reaching ca. 6.5-8.1 at the depth of 6 m (Fig. 5B). Changes were sta-
?miena_nM a5 tistically significant comparing to the results from 2011 vs. 2012, 2013
) : and 2014 (p < 0.01; n = 161).
05
3.4. Conductivity
= iR ~ The mean conductivity increased during the restoration treatments
a 1o - B (2012-2014) in comparison to 2011, from 632( = 77)uSem ™" to
a 763( = 101) pS em~ ! in the second year (Table 1). The conductivity
increased also with depth, reaching on average even
15 905( + 30) uS em ™! at the depth of 6 m (in 2013). Occurring changes
were statistically significant comparing 2011 vs. 2013 and 2014
(p < 0.001). Results also significantly differed between 2012 vs. 2013
and 2014 (p < 0.001 and p < 0.05, respectively; n = 161).
2.0
2011 2012 2013 2014
3.5. Oxygen content
KW-H(3; 23)=5.05; p=0.17 Year

Fig. 4. The mean of visibility of Secchi Disk (SD) (m) in the period April-September
before (2011) (Kozak et al., 2014) and during the restoration (2012-2014).

restoration to 0.8 and 1.4 m respectively during the restoration The
changes were not statistically significant (p = 0.17; n = 23).

3.3. Potential of hydrogen

pH decreased during the analysed period, especially at the surface,
from alkaline (pH 7.5-8.9) in 2011 to weakly alkaline/neutral (pH
7.2-8.6) in 2012-2014 (Fig. 5A). pH also decreased with depth,

The mean oxygen content at the surface layers increased in the
beginning of the restoration process from 13.5 mg O, 17" (before the
restoration) to 14.8 mg O, 17" in the first year of the restoration, than
decreased to 8.6 mg O, 17! in 2014 (Fig. 6A). The time with over-
oxygenation in the surface layer was shorter in the second and third
year of the restoration. Oxygen saturation higher than 120% was ob-
served during 3 months before the restoration, while in 2012 during the
whole vegetation period. In the following year it was noted only during
3 months at the surface layer and during 2 months in the spring of
2014.

Low values of oxygen (below 3 mg O, 1~ ') were observed from 3 to
4 m depth to the bottom. However, the period with oxygen deficit
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Fig. 5. The median, minimum and maximum value of pH at the surface layer (0-3 m m) (A) and at the bottom (6 m) (B) in the period April-September before (2011) (Kozak et al., 2014)

and during the restoration (2012-2014).
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Table 1
The mean and standard deviation of conductivity (uS cm ") in the period April-September
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before (2011) (Kozak et al., 2014) and during the restoration (2012-2014).

Before restoration

During restoration

2011 2012 2013 2014
Depth mean stand. dev. mean stand. dev. mean stand. dev. mean stand. dev.
0Om 594 + 527 630 +287 695 +89.1 686 + 545
1m 596 +543 631 +27.6 698 +86.7 687 +53.9
2m 601 +55.7 635 +33.2 716 +784 691 + 58.6
3m 611 + 535 651 +337 734 +81.3 708 +713
4m 633 *66.2 665 +419 766 *727 718 715
5m 671 +915 706 +66.2 826 +73.6 745 +77.6
6m 714 +102.0 754 + 81.0 905 +29.7 789 +80.9
Mean 632 *77.0 667 +62.7 763 +101.0 718 =719

(reaching values close to 0 mg O, 17') at the depth of 6 m lasted 3
months before the restoration, while 5 months during the first year of
the restoration, and in subsequent years this period decreased to 1-2
months (Fig. 6B). Good oxygenation to the bottom (above 4 mg 0,17 ")
was recorded every year in April, while in 2011 and 2014 also in
September (Fig. 6B). Changes in oxygen content were not statistically
significant between the years (p = 0.3; n = 161).

3.6. Total suspended solids and chlorophyll a concentrations

Total suspended solids and chlorophyll a were highly correlated,
especially in 2011 (2011 p = 0.85; 2012 p = 0.68; 2013 p = 0.70;
2014 p = 0.58) and were statistically significant (p < 0.05). The ten-
dency of changes was very similar to these parameters, so only the
changes in chlorophyll a concentrations were described in detail.

The mean chlorophyll a concentration was usually the highest in the
surface layer (at the depth of 1-2 m) and decreased with increasing
depth, reaching the lowest value at the bottom (Fig. 7). The highest
content of chlorophyll a was recorded before the restoration in 2011;
the mean was 95.0 ug1~'. Then, during the restoration, the average
concentration of chlorophyll a decreased markedly, four times in 2012.
The values of this parameter gradually increased in subsequent years.
However, despite this fact, the average was more than two times lower
than in 2011 (21.2 pg 1! in 2012, 33.7 pg 1! in 2013 and 44.4 pg1~!
in 2014, respectively). Changes were statistically significant in 2011 vs.

2012 and 2013 (p < 0.001 and p < 0.01, respectively) as well as
2012 vs. 2014 (p < 0.001) (n = 161).

3.7. Nitrogen concentrations

The mean concentration of total nitrogen (TN) (n = 161) was at
least 5mg N 17" and increased with depth in 2011 (Fig. 8A). Organic
nitrogen dominated in the surface layer, while mineral nitrogen at the
bottom. Nitrogen concentration decreased during the restoration,
especially in the surface layers, reaching an average of ca. 2.0 (in 2012)
to 4.0 mg N 17! (in 2014). The concentration was only slightly reduced
at the bottom in the subsequent years, from 7.17 mg N 1~ ! in 2011 to
6.08 mg N 1~ ! in 2014. The mean organic nitrogen concentrations were
markedly reduced during the restoration (2012-2014) from 2.55 mg N
17! in 2011-1.36. The share of mineral nitrogen in total nitrogen in-
creased from an average of 53% in 2011 to 61% in 2012-2014
(Fig. 8B-D).

The mineral nitrogen consisted mainly of nitrate. Its
share in mineral nitrogen was on average 48%, 78%, 54% and 64% in
subsequent years (in 2011-2014, respectively). Ammonium nitrogen
concentration increased during the summer, reaching the highest va-
lues in August at the bottom (even 8-10 mg N 17 ") (Fig. 8). An increase
in nitrate nitrogen concentration was recorded mainly in spring,
reaching even 5 mg N 17", The concentration of nitrite nitrogen was at
an equal level (ca. 0.015 mg N17"), except for May 2013, when a sharp
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Fig. 6. The mean oxygen content in the depth profile (with standard error) (A) and oxygen content above the bottom - 6 m (B) in the period April-September before (2011) and during

the restoration treatment (2012-2014).
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Fig. 7. Mean concentrations of chlorophyll a with standard deviation and standard error in the period April-September in the depth profile before (2011, Kozak et al., 2014) and during

the lake restoration (2012-2014).

increase was noted at the bottom (0.25mg N 1~ Y.

Changes in ammonium nitrogen concentrations in individual years
were not statistically significant (p = 0.7), whereas the decrease of
nitrate nitrogen concentration was statistically significant comparing
2011 vs. 2012 (p < 0.001) and 2012 vs. 2013 and 2014 (p < 0.01).
The increase in concentrations of nitrite nitrogen was statistically sig-
nificant comparing 2011 vs. 2012 and 2013 (p < 0.01) as well as 2013
vs. 2012 and 2014 (p < 0.01). Changes in organic nitrogen con-
centrations were statistically significant for 2011 vs. 2012 and 2013
(p = 0.0) and 2012 vs. 2014 (p < 0.001) and 2013 vs. 2014 (p = 0.0).
As a result, significant changes in total nitrogen concentrations were
observed in each year compared to 2011 (p = 0.0, p < 0.001,
p < 0.05, respectively) and 2012 vs. 2014 (p < 0.05).

3.8. Phosphorus concentrations

The concentration of total phosphorus (TP) comprised most of the
soluble reactive phosphorus (SRP) and increased with depth (Fig. 9).
The average concentration of TP was equalized to 4 m depth in the
analysed period and reached ca. 0.1 mg P 1~' (except for 2013, when
the concentration was two times higher at 4 m depth, reaching more
than 0.2 mg P 171). At the bottom, from the depth of 5m, the con-
centration increased sharply (especially in 2012 and 2013), reaching
the highest values at 6 m depth - 0.3-0.6 mg P 1~'. Concentrations that
were two times higher (in comparison to the year before the restora-
tion) were recorded in the first two years of the restoration. The con-
centrations decreased only in 2014 and reached the same or lower
values as in 2011. The increase of concentration at the bottom was

particularly intense during summer (the highest peak in August), which
was related to the release of phosphorus from the bottom. Changes in
SRP concentrations were statistically significant in 2014 comparing to
other years (p < 0.01), whereas changes in the TP concentration were
statistically significant between 2012 and 2014 (p < 0.01) and be-
tween 2013 and 2014 (p < 0.001) (n = 161).

3.9. Phytoplankton

3.9.1. Abundance

The abundance of phytoplankton decreased with depth, except for
September 2011, when the mixing period began. The highest phyto-
plankton abundance was recorded in September 2011 and in May 2013
(ca. 131,000 spec. ml~! and ca. 118,000 spec. ml~’, respectively)
(Fig. 10A). The abundance rarely exceeded 60,000 spec. ml~' in the
remaining months. The average abundance comparing to 2011 was
more than 1.5 times lower in 2012, then the next year it increased and
reached slightly higher value than before the restoration and again
decreased almost two times in 2014.

Phytoplankton was represented by: Cyanobacteria, Cryptophyceae,
Chrysophyceae, Bacillariophyceae, Chlorophyceae, and other groups
(Euglenophyceae, Desmidiaceae, Xanthophyceae, Dinophyceae). Before
the restoration (2011) during phytoplankton was dc d
by cyanobacteria, the other groups were present but in much smaller
abundance (Fig. 10A, B). The phytoplankton composition was rebuilt
during the restoration treatments (Fig. 10A, B). The elimination of cy-
anobacteria in the first year of restoration was almost complete, with
the exception of the period July-September, however, their abundance

442

32|



1. Reakcja fitoplanktonu oraz zmiany jakosci wody pod wptywem
zrownowazonej rekultywacji

J. Rosiriska et al.

Ecological Indicators 84 (2018) 437-449

A) g 2011 B) " 2012

8 8
7 7
6 6

z5 =5

24 24
3 3
2 2
1} Tk
0 0

Depth
O, D), 2014
8 8 @ NNoLsE
7 7 W N, pSE
W TN:SE

6 6

=5 z5 I

24 N
3 : 3 H
2 2 N
1}a 1
0 0

Depth

Depth

Fig. 8. The mean concentrations with Standard error (SE) of total nitrogen (TN) (mineral nitrogen: NH,, NO3 and organic nitrogen: N,,;) in the period April-September in the depth
profile before restoration in 2011 (Kozak et al., 2014) and during lake restoration in 2012-2014.

was low, not exceeding 3,500 spec. ml~'. Chlorophyceae dominated
but also organisms from other groups appeared, e.g. Chrysophyceae,
Cryptophyceae, Bacillariophyceae. Chrysophyceae dominated in spring
2013, reaching the highest abundance in May at 1 m-80,500 spec.
ml ™. Afterwards, Cyanobacteria coexisted with Chlorophyceae and
Bacillariophyceae and dominated in August (nearly 44,000 spec. ml "
at 1 m depth). Despite the presence of bloom (Rosiriska et al., 2017a),
the abundance of cyanobacteria was lower or comparable to 2011. In
addition, other groups of organisms coexisted and were significantly
more abundant than before restoration, especially Chlorophyceae. Cy-
anobacteria appeared in April and September in the third year of the
treatments, however, it did not exceed 10,000 spec. ml~ ', Cryptophy-
ceae dominated in spring, while Chlorophyceae in summer.

Changes of Cyanobacteria’s abundance were statistically significant
comparing 2011 vs. 2012 and 2014 (p < 0.001, n = 161), when cy-
anobacterial bloom did not occur. The differences were also noted
comparing 2013 vs. 2012 and 2014 (p < 0.001). Comparing the
abundance of Cryptophyceae, statistically significant differences were
observed in 2011 vs. 2013 (p < 0.01) and 2012 vs. 2013 (p < 0.01).
There were also statistically significant differences in Chrysophyceae
abundance comparing 2013 vs. 2011, 2012 and 2014 (p < 0.001).
Changes of Bacillariophyceae abundance were statistically significant
comparing 2013 vs. 2011 (p < 0.01), 2012 and 2014 (p < 0.001).
The difference of Chlorophyceae abundance was statistically significant
between 2011, and the years when restoration was performed
(p < 0.001; n = 161). Changes in abundance of the other groups were
small and not statistically significant (p = 0.5; n = 161).

The RDA analysis showed that the most significant environmental
variable during the restoration (2012-2014) was temperature (Fig. 11).
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Different forms of nitrogen also significantly affected the presence of
phytoplankton. Based on Spearman's correlation, it was observed that
the presence of Cyanobacteria depended on the high concentrations of
phosphorus and ammonium nitrogen, while negatively correlated with
nitrate nitrogen and nitrite nitrogen, analogically Chlorophyceae. The
other phytoplankton groups — cryptomonads, chrysophytes, diatoms —
preferred low concentrations of TP and ammonium nitrogen and high
concentrations of nitrate nitrogen and nitrite nitrogen (Table 2).

4. Discussion

The presence of cyanobacterial blooms and thus the dominance of
one or more species of cyanobacteria results in lower biodiversity in an
aquatic ecosystem (Borics et al., 2012; Merel et al., 2013), which was
observed in Swarzedzkie Lake before restoration in 2011 (Kozak et al.,
2014) and proves the previously stated disturbance of the ecosystem
balance (Stefaniak et al., 2007) which resulted from long-term pollution
discharge to the lake. Therefore, sustainable restoration was im-
plemented to improve the water quality and to recover the lake back to
balance.

Phytoplankton responds rapidly to restoration measures applied to
reduce concentration of TP (Dokulil and Teubner, 2000; Jeppesen et al.,
2002, 2005), because the abundance and community composition of
phytoplankton depend on the availability of nutrients (bottom-up ef-
fect) (Krienitz et al., 1996).
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Fig. 9. The mean concentration and standard error (SE) of SRP and TP in the period April-September in the depth profile before restoration in 2011 (Kozak et al., 2014) and during lake

restoration in 2012-2014.

4.1. Influence of chemical agents and oxygenation of waters above the
bottom on phosphorus concentration

Phosphorus inactivation with iron coagulant was applied in
Swarzedzkie Lake due to intensive internal loading (Kowalczewska-
Madura and Goldyn, 2006). The precipitation of phosphorus (mainly
SRP) from the epilimnion was earlier frequently used with iron treat-
ments (e.g. Immers et al., 2014; Bakker et al., 2016). The increase of
phosphorus concentration at the bottom was observed in the first year
of restoration, which is a common phenomenon in the initial phase of
sustainable restoration (Goldyn et al., 2014). However, it was not
possible to bind phosphorus in sediments permanently during summer.
Although the oxygenation of deep water was improved due to aerator
activity and the period with anaerobic conditions was shortened com-
pared to the pre-restoration time, these changes were not sufficient to
maintain the high redox potential, which regulated the binding capa-
city of ferric ions (Katsev and Dittrich, 2013; Immers et al., 2014,
2015), leading to reduction of ferric ions do ferrous ions (Fe2*) (Molot
et al., 2014). In addition, supplied oxygen was rapidly used in micro-
biological decomposition of organic matter deposited in lake sediments
(Kowalczewska-Madura and Goldyn, 2006; Sobczyiiski et al.,2012). The
increase of temperature additionally intensified bacterial activity (Moss
et al., 2013). These phenomena caused difficulties to decrease the
concentration of phosphorus sufficiently. Significant reduction in SRP
concentration in comparison to previous years occurred only in 2014.

4.2. Influence of chemical agents and oxygenation of waters above the
bottom on nitrogen concentration

Beside phosphorus, also nitrogen plays a key role in the functioning
of shallow lakes, as increasing its concentration also affects primary
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production (Dai et al., 2012; Molot et al., 2014; Sendergaard et al.,
2017). Therefore, restoration measures should also reduce nitrogen
load (Jeppesen et al., 2005; Molot et al., 2014).

Chemical coagulants which inactivate phosphorus do not directly
affect the nitrogen content, but due to inhibiting primary production
they decrease the concentration of organic nitrogen (Lopata et al.,
2013). This was particularly evident during the first two years of
treatments in Swarzedzkie Lake (average twofold decrease of the or-
ganic nitrogen concentration), which was closely related to changes in
phytoplankton abundance. This was also observed by Borics et al.
(2012).

The concentration of nitrogen is characterized by seasonal fluctua-
tions. Its varying availability during vegetation season has an important
impact on phytoplankton biomass (Dai et al., 2012), especially at high
nutrient concentrations (Sgndergaard et al., 2017). The concentration
of mineral forms of nitrogen at the surface layers is crucial for the
phytoplankton development (O’Farrell et al., 2015). Especially nitrate
nitrogen can be intensively absorbed by most of phytoplankton groups
(Grochowska and Brzozowska, 2015), which may explain its almost
complete use during summer in Swarzedzkie Lake. Higher concentra-
tions (above 2 mg N 17') were recorded in spring, which was related to
runoff from agricultural areas in the catchment supplying the lake with
water of Cybina River.

The anaerobic conditions and increase of temperature in the deeper
layers during summer caused ammonium nitrogen accumulation in the
sediment followed by its release to the water above the sediments,
because the nitrification process was inhibited (Dai et al., 2012;
Sobcezyniski et al., 2012; Grochowska and Brzozowska, 2015). Never-
theless, the concentration of ammonium nitrogen decreased below
4 mg N1~ in the third year of the restoration. This was probably due to
an improvement of deep water oxygenation and the simultaneous use of
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magnesium chloride as a restoration agent, which precipitated not only
phosphorus but also nitrogen as an insolubl gnesi i
phosphate — struvite (MgNH4PO46H,0) deposited to the sediments
(Korchef et al., 2011; Goldyn et al., 2014; Sang-hun et al., 2016).

4.3. Influence of biomanipulation

Eutrophication causes an increase of fish biomass in lakes
(Klimaszyk et al., 2015). Planktivorous fish prevent the growth of
zooplankton and its grazing on phytoplankton. Benthivorous fish re-
suspending the sediments contribute to the rapid mineralization of or-
ganic matter (van de Haterd and Ter Heerdt, 2007). Bottom-up effects
in hypereutrophic lakes are more important than top-down effects, due
to the influence of internal loading (Langeland, 1990; Tatrai et al.,
2003). However, this loading can be partly decreased due to the
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changes in fish stock composition (Tétrai et al., 2003; van de Haterd
and Ter Heerdt, 2007). Changes in biomass and activity of omnivorous
fish in a lake diminish the intensity of various indirect effects and
feedback mechanisms resulting in changes in nutrient metabolism in
the lake (Tétrai et al., 2003). After the reduction of the abundance of
plankti-benthivorous fish there is usually a significant decrease in the
concentration of TP and TN (Jeppesen et al., 2002). It is possible that
biomanipulation contributed to the reduction in the concentrations of
these nutrients also in Swarzedzkie Lake.

The increase in the share of Daphnia spp. and other cladocerans
indicates a decrease in predator pressure on zooplankton (Jeppesen
et al., 2002), which was observed in the first year of the restoration in
Swarzedzkie Lake (unpublished data). With the cladocerans dominance
(unpublished data), zooplankton was able to maintain relatively con-
stant phytoplankton biomass and low primary production (Kuczyniska-
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Table 2
The signi Spearman (— negative + positive ion)
between phytoplankton groups and nutrients during 2011-2014 (11-2011, 12-2012,
13-2013, 14-2014).

production and biomass of algae in Swarzedzkie Lake. A similar in-
cident occurred in restored Uzarzewskie Lake (Kozak and Gotdyn,
2014). The rotifers domination could have been caused by the higher
temperature (Pociecha and Wilk-Wozniak, 2007), but, what is more

Spearman's tho ~ SRP v N-NH, N-NO; N-NO, important, probably also by a cease in the removal of omnivorous fish
and too low stocking with predatory fish fry (Sondergaard et al., 2007;
Cyanobacteria l+311, 12, +11,12 ;-311, 12, -12,13 -11 Kozak et al., 2015).
-14 -14 -14 +14 . . .

Cryptomonads ~ —11 —11 —11 +13 +11,13 4.4. Mechanism of phytoplankton reaction on the treatments applied
Chrysophytes b 3 -11,14 -11,13, +11, 12, +11, 12,

14 13 13 The treatments applied and as a consequence changes in nitrogen
Diatoms X =1L.14 —11,13; +11 +11, 12, . »

14 14 and phosphorus concentration (bottom-up effect) as well as the impact
Chlorophytes ~ +11,12,  +11,12 +11 ~11,12 ~11,14 on the trophic structure (top-down effect) affected other parameters of

13 water quality. The Secchi depth during summer improved from an
-14 average of 0.7 m to about 1.0 m. The concentration of chlorophyll a
significantly decreased, which was reflected in phytoplankton abun-
dance. The treatments had also a significant impact on the changes in
the phytoplankton species composition. The effect of restoration mea-
sures applied in Swarzedzkie Lake was already visible in the first year of
the treatments. The phytoplankton dynamics (decrease of abundance
and composition changes) was usually closely related to the reduction
of nutrients (Donabaum et al., 1999; Jeppesen et al., 2002; Jeppesen

Kippen and Joniak, 2010), even at a similar concentration of phos-
phorus as in the pre-restoration year. However, in the second year, the
pressure of planktivorous fish was more intensive as zooplankton was
dominated by rotifers, and cladocerans were not sufficiently numerous
to control phytoplankton (unpublished data), resulting in an increased
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et al., 2005; Wilk-Wozniak, 2003). Nutrient depletion was not strong in
the case of Swarzedzkie Lake, but significant fluctuations in their con-
centrations due to repeated iron sulphate and magnesium chloride
application were probably more important (Budzyriska and Goldyn,
2017). Oxygenation of water above the bottom, cyprinids removal and
stocking with predatory fish that affected the abundance and taxonomic
composition of zooplankton was also significant (Kozak et al., 2015).
However, condition in the lake was still eutrophic, which did not allow
a complete elimination of the cyanobacterial blooms during 3 years of
the restoration.

Before the restoration, hypertrophic phytoplankton consisting
mainly of cyanobacteria was d d by Pseudanab limnetica
(Lemm.) Kom. and Aphanizomenon gracile Lemm. Other groups were
present in low abundance or absent (Kozak et al., 2014), which occurs
frequently with progressive eutrophication (Cobelas and Jacobsen,
1992; Watson et al., 1997; Ptacnik et al., 2008). In the first year of the
restoration, the predominant cyanobacteria were replaced by small
chlorophytes and during spring also by other groups, including chry-
sophytes and cryptophytes, similarly as it occurred in Swedish large
lakes (Willén, 2001). Similar reconstruction was reported in Maltaniski
Reservoir (Kozak et al., 2015), Durowskie Lake (Goldyn et al., 2013)
and other restored lakes (Donabaum et al., 1999; Jeppesen et al., 2002,
2005). The dominance of chrysophytes in spring 2013, which ac-
counted for about 60% of total phytoplankton, could have been due to a
long-lasting winter (ice cover on the lake occurred until April in 2013),
which affects the lake functioning (Pelechata et al., 2015). These
changes were also reflected in the significant increase in the biodi-
versity index (H’) (from 1.29 in 2011 to 2.2-2.4 during restoration)
(Kozak et al., 2017).

The dominant cyanobacteria and chlorophytes preferred higher
concentrations of SRP (Annadotter et al., 1999) and i ni-
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from sediments when anaerobic conditions occurred (Molot et al.,
2014). Ineffective zooplankton grazing can lead to cyanobacteria
growth (Varis, 1993). It is difficult to determine exactly which of the
factors was the most important for the appearance of cyanobacteria,
therefore it seems that in the process of restoration treatments (espe-
cially with iron as a coagulant) it is worth to analyse the concentration
of iron and carbon, which are important elements for the growth and
dominance of cyanobacteria (Cobelas and Jacobsen, 1992; Moss et al.,
2003; Merel et al, 2013). The prevailing conditions favoured the
domi e of P limnetica, which belongs to non-N-fixing
cyanobacteria (Molot et al., 2014).

Long-term stability of clear water can be expected after achieving a
critical concentration of TP - 0.08-0.15 mg P 171 (Hilt et al., 2006) or
even 0.05-0.10mg P 17! in shallow reservoirs during the summer
months (Dokulil and Teubner, 2000; Jeppesen et al., 2005, 2007). New
equilibrium may occur for TP after ca. 10-15 years and for TN after ca.
5 years (Jeppesen et al., 2007). Similarly as in many other restored
lakes (Immers et al., 2014; Bakker et al., 2016), in Swarzedzkie Lake no
spectacular changes and improvements in water quality were observed
during the treatments. However, in the case of Swarzedzkie Lake slow
changes were resulting from the use of sustainable restoration which
works gradually, influencing the reconstruction of particular elements
of the ecosystem. This strategy of restoration, even though it requires
more time, is based on the natural mechanisms occurring in the lake
and is significantly cheaper than traditional methods (Goldyn et al.,
2014). Also insufficient restrictions of external loading or/and internal
loading of nutrients which are necessary for success (Hilt et al., 2006;
Kleeberg et al., 2013; Bakker et al., 2016) can delay the restoration of
the ecosystem (Reynolds, 2002; Sendergaard et al., 2007).

%I,

5. Concl

trogen, and low concentrations of nitrate and nitrite nitrogen (Chaffin
and Bridgeman, 2014) during summer due to their environmental re-
quirements. On the contrary, other groups of phytoplankton - crypto-
monads, chrysophytes, diatoms — were abundant in spring with low
concentrations of TP and ammonium nitrogen and high concentrations
of nitrate and nitrite nitrogen. Similar relationships were observed in
other lakes (Watson et al., 1997), in Uzarzewskie Lake (Kozak and
Goldyn, 2014), Maltariski Reservoir (Kozak et al., 2015), Lake Taihu
(Ke et al., 2008).

The results in Swarzedzkie Lake were in contrast with the results of
studies on the use of iron treatment in Lake Terra Nova (Immers et al.,
2015), where the abundance of cyanobacteria was high in the first year
of coagulant application and significantly lower in the next year. In
Swarzedzkie Lake, the phosphorus concentrations were relatively si-
milar in 2012-2013, only a significant decrease was recorded in 2014.
Despite this, the development of cyanobacteria was effectively inhibited
in the first and third year of the restoration, while in the second phy-
toplankton was dominated by them. The development of phytoplankton
in individual years depends largely on fluctuations in weather condi-
tions (Padisik and Reynolds, 1998; Pelechata et al., 2015). As RDA
analysis showed, temperature had a greater effect on phytoplankton in
Swarzedzkie Lake than nutrient changes related to the restoration. The
appearance of bloom in 2013 could have been due to: high temperature
(over 20 °C) (Cobelas and Jacobsen, 1992; Varis, 1993; O’Farrell et al.,
2015) and the sunny J ptember period (Rosinska et al., 2017a),
similar as in Uzarzewskie Lake (Kozak and Goldyn, 2014). Other factors
also affected the cyanobacterial water bloom in 2013, for example
lower applications of iron sulphate and magnesium chloride compared
to 2012, high availability of nitrogen rel d from sedi-
ments in summer-autumn period (Varis, 1993; Dokulil and Teubner,
2000; Dai et al., 2012) or higher concentration of phosphorus (above
0.10mg P 171) released from sediments (Dokulil and Teubner, 2000;
Jeppesen et al., 2007) which is preferred by cyanobacteria (Moss et al.,
2003). Providing iron as a microelement along with the coagulant can
also stimulate the growth of phytoplankton, as well as iron released
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A rapid but not very strong biological response has been achieved as
a result of the applied sustainable restoration, such as phytoplankton
reconstruction, e.g. increased abundance of chrysophytes and chlor-
ophytes, elimination or limitation of cyanobacteria, and an increase of
water transparency. The use of iron sulphate and magnesium chloride
as along with other methods decreased the concentration of nutrients,
especially at the bottom. The use of pulverizing aerator improved
oxygenation and shortened the anaerobic period in the deep water
layers. However, in order to be able to state the sustainability of the
changes, it is necessary to continue the restoration treatments for sev-
eral years to achieve durability of the changes and stability of the
ecosystem.
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Swarzedzkie Lake (near Poznan) has been heavily polluted. To improve the water quality, the restoration
of lake by three methods: aeration, phosphorus inactivation using small doses of iron sulphate and
magnesium chloride (FeSO4 and MgCl,) and biomanipulation was initiated at the end of 2011. The aim of
the present study was to determine whether sustainable restoration has a significant impact on
phytoplankton, especially cyanobacterial blooms in a shallow, urban, degraded lake. Therefore, phyto-
plankton and the physico-chemical parameters of water at the summer thermal stratification and
autumn water mixing before (2011) and during restoration (2012—2014) was studied.

Samples were collected at the deepest place of the lake in depth profile, every 1 m. Phytoplankton
samples were preserved with Lugol's solution. The phytoplankton was counted using a Sedgewick-Rafter
chamber with a volume of 0.46 ml. Measurements of water temperature were made in the field with a
YSI multiparameter meter, transparency — using a Secchi disk. Concentrations of nitrogen, phosphorus
and chlorophyll a were analysed in the laboratory according to Polish standards.

As a result of restoration the water quality of the lake has improved. Cyanobacteria had almost dis-
appeared during the first year of restoration, however, a short bloom was observed (dominated by
Pseudanabeana limnetica) in the second year. The main reason for this reappearance was a higher water
temperature stimulating cyanobacteria growth, but an increased supply of phosphorus from the bottom
sediments also contributed. A decrease in the temperature in the third year of restoration limited the
growth of cyanobacteria again. Although the decrease in the phosphorus concentration as a result of
restoration proved to be sufficient for average climatic conditions, it is highly likely to be more intense in
the case of increased water temperature caused by global warming.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

The main goal of lake restoration treatments is to eliminate
water blooms, in particular those caused by cyanobacteria because

Phytoplankton is a good indicator of water quality due to its
sensitivity to changes in the aquatic environment (Grabowska et al.,
2013; Wisniewska and Luscinska, 2012). A study of the qualitative
and quantitative composition of phytoplankton provides more ac-
curate information about changes in aquatic ecosystems than the
concentration of nutrients or chlorophyll a (Medupin, 2011). Cya-
nobacteria domination and low water transparency (below 1 m) are
often observed in shallow lakes with high trophic status as a result
of progressive eutrophication (Krienitz et al., 1996; Orihel et al.,
2016; Pelechata et al., 2006).

* Corresponding author.
E-mail addresses: rosinska.asia@gmail.com (J. Rosifiska), akozak@amu.edu.pl
(A. Kozak), gawronek@amu.edu.pl (R. Dondajewska), rgold@amu.edu.pl (R. Gotdyn).

http://dx.doi.org/10.1016/j.jenvman.2017.04.091
0301-4797/© 2017 Elsevier Ltd. All rights reserved.

of their potential toxicity (Qin et al., 2015) and negative impact on
the recreational use of lakes (Dunalska et al., 2015; Kowalczewska-
Madura and Goldyn, 2006; Kozak et al., 2013; Qin et al., 2015). The
changes that occur in the phytoplankton composition of restored
lakes are rarely fully documented. Literature data suggests that the
response of phytoplankton largely depends on the type and in-
tensity of the activities which have been undertaken (Biirgi and
Stadelmann, 2002; Goidyn et al.,, 2013; Kozak et al., 2013, 2015;
Krienitz et al., 1996). Hence, the application of new methods or a
combination of them should be well documented, with the inclu-
sion of phytoplankton. Only then will a proper assessment of the
disadvantages of the applied restoration methods and their modi-
fications be possible.

Over recent years Swarzedzkie Lake has undergone restoration,
because the cyanobacterial blooms have been observed since the
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mid-nineteen fifties (Table 1). Three methods of sustainable
restoration (aeration of waters above the bottom sediments,
phosphorus inactivation and biomanipulation) were applied
simultaneously, whose combined impact on the development of
phytoplankton has not yet been well documented (Kozak et al.,
2014).

The aim of this study was to determine whether sustainable
restoration has a significant impact on the qualitative and quanti-
tative composition of phytoplankton in a shallow, urban, degraded
lake, especially in relation to the participation of cyanobacteria.
Identifying the variables which could contribute to the return of
cyanobacterial water bloom during the process of lake restoration
with the use of low doses of chemicals, which is an element of
sustainable restoration, was also important.

2. Materials and methods

Swarzedzkie Lake (52°24'49”N 17°03'54"E) is located between
Poznan and Swarzedz in the Greater Poland Region (Western
Poland). It is a through-flow lake, relatively shallow (max. depth
7.2 m), surrounded by built-up areas and communal forest, with
plenty of fields in the overall catchment (catchment area —
17,230 ha, of which 76% is agricultural land) (Kowalczewska-
Madura and Goidyn, 2006).

Since the second half of the twentieth century Swarzedzkie Lake
has been hypertrophic with a domination of cyanobacteria due to
the long-term direct discharge of untreated sewage
(Kowalczewska-Madura and Gotdyn, 2006) and a high concentra-
tion of total phosphorus (TP) and total nitrogen (TN), which
contributed to the high concentrations of chlorophyll a as well as
low transparency (Table 1) (Kowalczewska-Madura and Gotdyn,
2006; Kozak et al., 2014; Stefaniak et al., 2007).

Despite the diversion of sewage in 1991, concentration of nu-
trients in the lake water was still high enough to stimulate intense
cyanobacterial blooms. This was caused partly by external loading
of nutrients from the catchment area, especially surface runoff from
the city and farmlands, and partly by intensive internal loading
from bottom sediments (nutrient loads accumulated during pre-
vious years) (Gotdyn and Kowalczewska-Madura, 2008). The lake
status assessed in 2008 according to the Water Framework
Directive (2000) was bad (WIOS, 2008).

To slow down the eutrophication process and eliminate strong
cyanobacterial blooms lake restoration was initiated in autumn
2011. Three methods were applied: 1) phosphorus inactivation with
small doses (200—300 kg/lake 9 times in 2012, 5 times in 2013 and
5 in 2014) of iron sulphate and magnesium chloride, 2) aeration of
waters above bottom sediments with the use of a wind-driven
aerator and 3) biomanipulation, involving cyprinid removal and
stocking of pike Esox lucius L. and pikeperch Sander lucioperca L. fry
(Kozak et al., 2014; Rosinska et al., 2017).

Table 1

341

Water temperature was measured in the field using YSI meter,
whereas transparency with a Secchi disk. Water was sampled
monthly in 2011-2014 at the deepest place in the lake (near the
aerator, Fig. 1), in depth profile, every 1 m from the surface layer to
6 m, using a bathometer with a volume of 5 1. Samples for the an-
alyses of qualitative and quantitative composition of phytoplankton
were fixed with Lugol's solution. Next, analyses were carried out
with a light microscope, Olympus CX 21 LED. The abundance was
determined in a Sedgewick-Rafter chamber with a volume of
0.46 ml and 400x magnification. The concentration of TN, TP and
chlorophyll a was analysed in the laboratory, according to Polish
standards (Elbanowska et al., 1999).

One month from the summer stagnation and one month from
early autumn mixing with the strongest cyanobacterial blooms
before (24th August and 29th September 2011) and during resto-
ration (8th August and 3rd October 2013) were selected to better
characterize the distribution of cyanobacteria in the depth profile in
the comparative analysis.

The data were not normally distributed (the Shapiro-Wilk test)
and therefore non-parametric statistical tests were applied. Sta-
tistical analyses were used to examine the differences with respect
to biological and chemical parameters (abundance of phyto-
plankton i.e. number of specimens in 1 ml belonging to particular
taxonomical groups, the concentration of TP and TN). The Kruskal-
Wallis test was used to compare these parameters in samples
collected from the surface layer — before (2011) and during resto-
ration (2012—2014) (n = 44). Afterwards the Mann—Whitney U test
was used to compare these parameters from two selected months
of 2011 (August and September) and 2013 (August and October) in
the depth profile from the surface layer to 6 m (n = 28). The
Spearman correlation between variables (chlorophyll a and
phytoplankton) was tested. Analyses were done using STATISTICA
12.5 software. Redundancy analysis (RDA) was employed using the
Canoco for Windows 4.5 software package (Leps and Smilauer,
2003) for the assessment of the impact of environmental vari-
ables (explanatory variables) on cyanobacteria and eukaryotic algae
(response variables).

3. Results

Restoration measures, especially when using iron sulphate and
magnesium chloride, contributed to a periodic decrease of soluble
reactive phosphorus (SRP) as well as TP concentrations in the sur-
face water layer (Fig. 2A). After the cessation of phosphorus inac-
tivation during autumn mixing, the concentration of total
phosphorus increased relevantly, reaching even higher values than
before the restoration (Fig. 2A). However, the average concentra-
tions decreased from 0.19 mg P 1" in 2011 to 0.09 mg P 1! in 2014,
nevertheless, the changes were not statistically significant in
comparison to 2011 (the Kruskal-Wallis test; p = 0.08).

Comparison of physico-chemical parameters (SD — Secchi depth, TN — total nitrogen, TP — total phosphorus, Chl a — chlorophyll a) and cyanobacterial dominants (Cyano. dom.)
in Swarzedzkie Lake in the period 1954—2003 (Kowalczewska-Madura and Gotdyn, 2006; Goldyn and Kowalczewska-Madura, 2008; Stefaniak et al., 2007) (S — surface layer, B

— above the bottom).

Period 1954 1972 summer 2000 2001 summer 2002 summer 2003 summer
summer summer

Parameter/layer S S S B S B 5 B >

SD (m) 0.75 013 0.5 - 0.9 - 0.6 - 0.54

TN (mgN 1) 22 - 15 9.0 24 92 26 9.2 =

TP (mgP1-1") = == 0.2 0.8 0.2 14 0.2 09 =

Chla(pgl™) - - 63.1 73 83.8 202 97.1 6.7 241.8

Cyano. dom. Microcystis fi and Plank ix Pseudanab lii ica, P. I gracile L. redekei, P. agardhii
flos-aquae colonial agardhii agardhii, Limnothrix redekei

cyanobacteria
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Fig. 1. Bathymetric map of Swarzedzkie Lake (Kowalczewska-Madura and Goidyn, 2006, modified, black point — sampling station, grey point — aerator).

Changes in the quantitative and qualitative composition of
phytoplankton and chlorophyll a concentrations (Fig. 2) were in
response to air temperature changes and content of phosphorus.
Phytoplankton biomass measured as a concentration of chlorophyll
a was relevantly lower in 2012—2014 than in 2011, but it was not
statistically significant (the Kruskal-Wallis test; p = 0.051) (Fig. 2).
Concentration of chlorophyll a closely reflected the changes in the
number of phytoplankton before restoration (p = 0.93, p < 0.05)
(Fig. 2) and during restoration with except for the first year of
restoration (in 2012: p = —0.03, p > 0.05; in 2013: p = 0.76, p < 0.05;
in 2014 p = 0.70, p < 0.05).

Before restoration, in 2011, phytoplankton abundance increased
gradually until September, when an annual maximum was reached
(ca. 70 x 10% spec. ml~"). Cyanobacteria dominated from June till
November (Fig. 2B). In the first year of restoration average abun-
dance of phytoplankton strongly decreased by approx. 18.5 x 10°
spec. ml~ . The maximum value occurred in July (28.4 x 10° spec.
ml ') which was over 50% lower than maximum value in 2011
(September, 69.6 x 10° spec. ml~'). The dominant cyanobacteria
were replaced by chlorophytes, chrysophytes or cryptomonads. In
2013, the increase in the number of organisms in phytoplankton
was re-observed. The maximum abundance, ca. 74.5 x 10° spec.
ml~! was even greater than before restoration. However, the con-
centration of chlorophyll a was more than 5-fold lower, which
indicated a clear reduction of the phytoplankton biomass (Fig. 2).
The abundance of cyanobacteria increased significantly in the
period from June to November 2013, amounting ca. 16.9 x 10° spec.
ml~, which was still 2-fold lower than before restoration (Fig. 2B).
Phytoplankton abundance in 2014 reached its maximum 59.4 x 10°
spec. ml~" in April i.e. before starting phosphorus inactivation. The
share of cyanobacteria was low in this year with maximum
9.5 x 10% spec. ml~! in September. Mainly chrysophytes, diatoms
(in April) and chlorophytes with chrysophytes (in July) dominated.

The presence of cyanobacteria related to temperature, concen-
tration of SRP as well as ammonium and organic nitrogen and

correlated negatively with transparency, whereas chrysophytes,
chlorophytes, diatoms, etc. correlated with nitrite, nitrate and
organic phosphorus (Fig. 3).

The average monthly air temperature was relatively high
(Fig. 2B), particularly in 2013. The average temperature for the
June—October period in years 2011-2014 was 14.7, 17.7, 23.0,
17.2 °C, respectively, while during intensive cyanobacterial blooms
it was 15.9 and 11.6 °C in August and September 2011, and 26.5 and
16.5 °C in August and October 2013. Transparency increased nearly
2-fold during restoration, especially in summer, reaching approx. 1
m (Fig. 2C).

A detailed comparison of various indicators in the water column
in two selected months, characteristic of summer stratification and
autumn mixing was conducted to compare the period of the
dominance of cyanobacteria before (2011) and during restoration
(2013).

The concentration of TN (mainly organic and ammonium ni-
trogen) in both compared years (Fig. 4A) in the selected months
was much lower during restoration, with the exception of the
bottom water layer in summer. These changes were statistically
significant (the Mann—Whitney U test, n = 28, p < 0.01). TP con-
centration was relatively high and similar (the Mann—Whitney U
test, n = 28, p = 0.91) during cyanobacterial blooms in 2011 and in
2013 (Fig. 4B). The concentrations increased with depth in summer,
and during restoration were even higher than before. The compo-
sition of TP was dominated by SRP in both periods (Fig. 4B). The
ratio of N:P was lower during restoration, in particular during the
autumn mixing (Fig. 4C), the differences between years were sta-
tistically significant (the Mann—Whitney U test, n = 28, p < 0.001).
Transparency increased from 0.6 m and 0.5 m in August and
September 2011 to 0.8 m in August and October 2013.

The concentration of chlorophyll a decreased with depth in
summer 2011 and 2013, however, restoration caused it to decrease
twice as much (Fig. 5). Its concentration was more or less similar in
the water column during autumn mixing, but decrease as a result of
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Fig. 2. A)— The concentrations of TP (soluble reactive phosphorus — SRP and other forms of phosphorus), chlorophyll a (Chl a); B) — air temperature (Pulyk, 2012, 2013; WI0S, 2013,
2014) and number of phytoplankton specimens in the surface layer from 2011 (Kozak et al., 2014; modified) to 2014; C) — Secchi depth before (2011) (Kozak et al,, 2014; modified)
and during restoration measures (2012—2014) (black arrows — phosphorus inactivation using iron sulphate and magnesium chloride).

restoration was even more evident than in summer. The differences
between the studied period in the compared years were statisti-
cally significant (the Mann—Whitney U test, n = 28, p = 0.01).
Cyanobacteria were dominant throughout the water column in
both compared years and periods (Fig. 5). Pseudanabaena limnetica
(Lemm.) Kom. dominated throughout the water column (maximum
abundance — ca. 125.0 x 10° spec. ml~!) before restoration. Apha-
nizomenon gracile (Lemm.) Lemm. (an average of approx. 2.5 x 10°
spec. ml~") and Aphanizomenon flos-aquae Ralfs ex Bornet & Fla-
hault accompanied them (an average of approx. 3.5 x 10> spec.
ml~'). Pseudanabaena limnetica also dominated during the resto-
ration in 2013 in both months (maximum abundance — 32.0 x 10°
spec. ml~! in August and 2 fold lower in October). Planktolyngbya
limnetica (Lemm.) Kom.-Legn. & Cronberg (on average in the ver-
tical depth ca. 4.6 x 10° spec. ml~! in August and about half as
much in October) and Aphanizomenon gracile (an average ca.

2.0 x 10% spec. ml~! in August and about half as much in October)
accompanied them.

Chlorophytes, chrysophytes and diatoms did not exceed
4.8 x 10° spec. ml~! before restoration (Fig. 5). The most abundant
were chlorophytes — Tetraedron minimum (A. Braun) Hansgirg and
Phacotus lenticularis (Ehrenberg) Stein. Far more numerous species
of diatoms, chlorophytes, chrysophytes and cryptomonads coex-
isted during the restoration in 2013. There were many green algae
in August, including Binuclearia lauterbornii (Schmidle) Prosch.-
Lavr., while in October: cryptomonads Cryptomonas spp., chryso-
phytes: Chrysococcus minutus (EE. Fritsch) Nyg. and Ochromonas
spp. as well as centric diatoms were numerous. Differences in the
abundance between those periods were statistically significant,
except for diatoms (the Mann—Whitney U test, n = 28, Cyanobac-
teria p < 0.05, Cryptophyceae p < 0.01, Chrysophyceae p < 0.001,
Bacillariophyceae p > 0.5, Chlorophyceae p < 0.01).
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Fig. 3. RDA diagram of phytoplankton groups (Bacillarioph — diatoms, Chloroph —
C Chrysoph — chr Cryptoph — cr Cyanobac — cya-
nobacteria, Other — rest of phy ) and i parameters (SD —
transparency, forms of nitrogen: N—NH4, N—NO;, N-NO3, Norg, and phosphorus: Porg,
SRP — soluble reactive phosphorus).

4. Discussion

Cyanobacterial blooms are characterized by a decrease in the
biodiversity of aquatic ecosystems, resulting from the dominance of
one or a few species of phytoplankton, which upsets the ecosystem
balance (Grabowska et al., 2013). Such a phenomenon, along with
low Secchi depth (Fig. 2C), and a high concentration of chlorophyll a
(Fig. 2A), reflects a high intensity of primary production and for
decades it has been observed in Swarzedzkie Lake (Table 1). The
aim of phosphorus inactivation using iron sulphate and magnesium
chloride was to precipitate phosphorus from the water column to
the bottom and reduce its release from sediments by improving its
binding ability (Immers et al., 2015; Zamparas and Zacharias, 2014).
Iron treatments provide positive results in lakes with high internal
loading (Orihel et al., 2016).

Reducing the concentration of phosphorus contributes to a
limitation or elimination of excessive amounts of cyanobacteria
(Gotdyn et al., 2014; Immers et al., 2015; Lv et al., 2011; Orihel et al.,
2016). This was observed in the first year of the restoration of
Swarzedzkie Lake, as a result of 9 phosphorus inactivation treat-
ments. The dominant cyanobacteria in 2011 were replaced,
depending on the season, by chlorophytes, chrysophytes or cryp-
tomonads. This is typical of the initial phase of sustainable treat-
ments (Gotdyn et al., 2013, 2014; Kozak et al., 2015).

Phosphorus concentration should not exceed 0.05-0.15mg P1"!
in summer to achieve effective restoration of shallow lakes
(Jeppesen et al., 2007; Kai-Ning et al., 2009; Lopata et al., 2013).
These concentrations in Swarzedzkie Lake were higher before
restoration (Table 1), caused mainly by intense internal loading
(Kowalczewska-Madura and Gotdyn, 2010; Kozak et al., 2015).
Unfortunately, high TP concentrations were also present at the
beginning of restoration (Fig. 2A). However, during the intense iron
and magnesium treatments in 2012 concentration of SRP decreased
visibly, which accounts for the disappearance of cyanobacteria and
decrease of phytoplankton biomass.

A lower number of iron and magnesium treatments and higher

temperature  stimulating  phosphorus  internal  loading
(Kowalczewska-Madura et al., 2010b) was the main reason for the
return of cyanobacteria in the following year. The concentration of
SRP was probably higher (Fig. 2) also due to not sufficient aeration,
which resulted in excessive decrease of redox potential and release
of phosphorus absorbed on the metal compounds (Katsev and
Dittrich, 2013). The new loads released from bottom sediments
were easily absorbed by cyanobacteria (Annadotter et al., 1999;
Zebek, 2014). The return of cyanobacteria was also promoted by a
high concentration of ammonia nitrogen. Ammonium ions, which
are released from the sediment into the water column, may be a key
factor in the occurrence of cyanobacterial blooms (Dai et al., 2012;
Kowalczewska-Madura et al., 2010a; Nedzarek et al., 2010). High
concentrations of ammonium nitrogen (especially near the bottom)
at constant availability of SRP in Swarzedzkie Lake could have
stimulated the rapid growth of cyanobacteria (Boussiba and Gibson,
1991) in summer 2013. Moreover, the N:P ratio may affect the
taxonomy composition and the structure of domination in phyto-
plankton (Smith and Bennett, 1999). The development of cyano-
bacterial blooms frequently depends on a low N:P ratio (Dokulil
and Teubner, 2000; Donabaum et al., 1999). The average N:P ratio
in periods of cyanobacteria domination was 22.5 in 2011 and
twofold lower in 2013. This may indicate that phosphorus was the
limiting factor before restoration (Abell et al., 2010). Some re-
searchers have noted, however, that the N:P ratio is not a suitable
indicator for determining which component is limiting in hyper-
trophic lakes (as was Swarzedzkie Lake before restoration in 2011),
because the loadings of N and P exceed the assimilative capacity of
the phytoplankton (Lv et al., 2011; Paerl et al., 2001; Smith and
Bennett, 1999). In August and October 2013, however, the average
N:P ratio within the water column was 13, which suggests that the
phytoplankton growth depended on both, nitrogen and phos-
phorus (Lv et al,, 2011).

The emergence and persistence of cyanobacterial blooms for a
relatively long period (until autumn) in Swarzedzkie Lake was
caused by the prevalence of optimal environmental conditions
(Borics et al., 2012; Dai et al., 2012) at that time. The resultant high
gradient of phosphorus concentration between the interstitial
water and the layer above the sediments during the autumn mixing
period promoted an increased release of phosphorus from the
sediments to the trophogenic zone. This release was stimulated
additionally by the more rapid temperature decrease in water than
in sediment, which allows transport of phosphorus to the water
column due to the thermal convection of the interstitial water
(Golosov and Ignatieva, 1999).

Comparing the cyanobacterial bloom that occurred during the
restoration with those recorded over the last 60 years it could be
stated that although filamentous cyanobacteria dominated invari-
ably, the species composition and quantity has changed and
reduced. The most abundant phytoplankton and the highest con-
centration of chlorophyll a was recorded during an Oscillatoriaceae
bloom in August and September 2003 (18—74 x 10% ind. ml~! and
242 pg 17!, respectively) (Stefaniak et al., 2007) and 2011 (131 x 10°
spec. ml~! and 278 pg 1", respectively). Limnothrix redekei (Goor)
Meffert and Planktothrix agardhii (Gomont) Anagnostidis &
Komarek were the dominant species in 2003, while Pseudanabaena
limnetica in 2011. The different numbers and various structures of
dominants indicate the continuous instability of the Swarzedzkie
Lake ecosystem. This is typical for lakes with high trophy (Biirgi and
Stadelmann, 2002; Krienitz et al., 1996; Orihel et al., 2016). As a
result of restoration the structure of phytoplankton was rebuilt and
became more diverse. It decreased both its abundance and biomass
(measured as chlorophyll a concentration), which was also
observed by Orihel et al. (2016).

An improvement of water quality in shallow, degraded lakes is

49 |



2. Porownanie zakwitow sinicowych przed i w trakcie prowadzenia
zabiegdéw rekultywacyjnych

J. Rosiniska et al. / Journal of Environmental Management 198 (2017) 340347

10 ONorg
8 W N-NO3
g ON-NO2
z @ N-NH4
2a
£
: HUUDHI SIeE | | e
0
0‘1 2‘3 4 5‘6 O 1 2‘3‘4 5‘6 0f1|2 3‘4 5|6(0|1 2\3 4‘5 6
Summer Autumn Mixing Summer Autumn Mixing
Stagnation Stagnation
2011 2013
A) before restoration depth (m) during restoration
1.2
1.0 O Other forms of P
=+ 08 W SRP
°- 0.6
£ 0.4 I
iiEEEi iiiiﬁianil EENEREN
01‘234560123456012345‘6012\345‘6
Summer Autumn Mixing Summer Autumn Mixing
Stagnation Stagnation
2011 2013
B) before restoration depth (m) during restoration
40
30
20
10
0 - | ; - | ) i - ;
0‘1234560‘12345601‘234‘56012345‘6
Summer Stagnation, Autumn Mixing Summer Stagnation| Autumn Mixing
2011 2013
< before restoration depth (m) during restoration

Fig. 4. (A) — Total nitrogen, (B) —
(before restoration) (Kozak et al., 2014) and 2013 (during restoration).

very difficult to achieve (Klapper, 2003). Hypertrophic lakes not
always respond quickly to a reduction of external nutrient loading
and strong cyanobacterial blooms may exist for decades, as was the
case of Swarzedzkie Lake (Kowalczewska-Madura and Gotdyn,
2010). As indicated above, the applied sustainable restoration
measures did not result in the total elimination of cyanobacterial
blooms. Nevertheless, the cyanobacteria were not very abundant in
comparison with the period before the restoration and a significant
increase of other groups of phytoplankton was observed.

total phosphorus (SRP — soluble reactive phosphorus) concentrations and (C) N:P ratio during summer stratification and autumn mixing in 2011

Concentration of chlorophyll a was also lower by half than before
restoration. These slow changes in the ecosystem during the initial
phase of treatments are characteristic of sustainable measures. This
is a less aggressive and less expensive approach to improving water
quality in the lake compared to intense iron or aluminium treat-
ments (Goldyn et al., 2014). Therefore, it is necessary to highlight
the sufficient reduction of internal loading of phosphorus, which is
dependent on many environmental variables, including
temperature.
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Fig. 5. Phytoplankton composition and chlorophyll a concentration (Chl a) in the depth profile of Swarzedzkie Lake during summer stratification and autumn mixing in 2011 (before

restoration) (Kozak et al,, 2014) and 2013 (during restoration).

5. Conclusions

Sustainable restoration using three methods, i.e. the use of small
doses of iron and magnesium compounds, wind-driven aeration of
the above bottom water layer and biomanipulation, conducted in
Swarzedzkie Lake gradually improved the water quality. Decreasing
concentrations of SRP and partly of TN resulted in the reconstruc-
tion of abundance and species structure of phytoplankton. The
growth of cyanobacteria was limited, while the abundance of
chlorophytes, chrysophytes, cryptomonads and diatoms increased.
Increase of water temperature, which influenced phosphorus in-
ternal loading, caused a periodical partial withdrawal of changes in
the phytoplankton composition, including the return of cyano-
bacteria. However, the abundance of cyanobacteria dominating
phytoplankton, which periodically appeared during the restoration
was up to 7-fold lower than before treatments. To avoid such a
return of water blooms it is necessary to use a flexible scheme of
restoration treatments, both adapted to the conditions prevailing in
the lake, and to the climatic conditions.
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Abstract. Lake Swarzedzkie, near Poznan, was a hypertrophic
lake because of its high nutrient content, cyanobacteria blooms,
and disruptive recreational use, especially swimming, which
was popular there. This is why protection measures have been
in place since 1991, and a restoration program has been
ongoing since fall 2011. The evaluation of the presence and
distribution of macrophytes as an important element of lake
ecosystem was conducted in August 2012. Nine plant
communities were observed: Phragmitetum communis;
Typhetum  angustifoliae;  Nupharo-Nymphaeetum  albae;
Hydrocharitetum morsus-ranae; Thelypteridi-Phragmitetum;
Cicuto-Caricetum pseudocypert; Acoretum calami;
Ceratophylletum demersi; Potametum lucentis. The first three
were dominating associations. The presence of submerged
vegetation appears to verify the positive impact of the applied
conservation and restoration measures. Improvement is
confirmed by the significant decrease in concentrations of
chlorophyll-a and total nitrogen, as well as the gradual

decrease in total suspended solids and increased transparency.

Keywords: lake restoration, macrophyte response,
chlorophyll-a, transparency

J. Rosifiska [ =7], R. Gotdyn
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e-mai: rosinska.asia@gmail.com

Introduction

According to the European Water Framework Direc-
tive, by 2015 the water in Polish lakes should have
achieved good status. Assessments of ecological status
are determined mainly by biological indicators such as
phytoplankton, macrophytes, phytobenthos, macro-
zoobenthos, and fish (Ciecierska and Kolada 2014).
Developing appropriate approaches to water and sew-
age management in catchment areas and eliminating
sources of pollution are essential to obtaining good sta-
tus. If an aquatic ecosystem is unable to restore itself to
good condition, restoration treatments should be used
to improve water quality. Processes that occur in lakes
are complex, and, despite research, they are not fully
understood, which is why conducting successful resto-
ration leading to long-term improvements in water
quality in water bodies is difficult (Pieczynska 1993,
Goldyn et al. 2014).

Aquatic vegetation is a very good bioindicator
of the trophic status of water bodies as it is indicative
of long-term changes. Transformations in the compo-
sition of aquatic vegetation are often delayed com-
pared to those of phyto- and zooplankton, which
respond quickly to disturbances because of sudden
decreases in nutrient supply. Submerged macro-
phytes are very sensitive to changes in habitat condi-
tions (Kolada 2010, Klosowski et al. 2011). They
provide important information about changes and

© Copyright by Stanistaw Sakowicz Inland Fisheries Institute in Olsztyn.
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developmental stages in lakes (Nagengast 1994,
Melzer 1999, Sendergaard et al. 2010). The distribu-
tion and abundance of aquatic plants illustrate bio-
logical, chemical, and physical parameters in water
ecosystems (Ciecierska and Kolada 2014). Their
presence depends on light availability, among other
factors, and they disappear when nutrient concentra-
tions increase, because this stimulates strong
phytoplankton growth that decreases transparency.
Helophytes, however, are sensitive to changes in lit-
toral zone water levels. Therefore, determining
macrophyte condition is an important element of
ecological assessments of aquatic
(Kolada 2014).

Macrophytes play a key role in the functioning and
maintenance of ecological balance in shallow lakes.

ecosystems

They form a buffer zone, with an intense turnover of
matter, that actively stores nutrients from sediments
and the water (Ozimek et al. 1990, Ciurli et al. 2009,
Wang et al. 2009). They increase water transparency
(Wang et al. 2009), oxygenate the water column (Ciurli
et al. 2009), prevent the resuspension of sediments,
and stabilize the bottom (Kolada and Ciecierska 2008,
Ciurli et al. 2009, Kuczynska-Kippen 2009). Nutrient
uptake from the water is enhanced by macrophytes,
periphyton, and microorganisms (Srivastava et al.
2008), which contributes to maintaining clear water in
lakes (Hao et al. 2013; Immersa et al. 2014).
Submerged macrophytes play significant roles in
trophic chains in shallow lakes (Mulderij et al. 2007).
First, they provide a food base (Liu et al. 2014) and
habitats, spawning grounds, and refuge for many
aquatic  organisms  such as  zooplankton
(Kuczynska-Kippen et al. 2009, Liu et al. 2014),
macrozoobenthos, fish, and waterfowl (Ciurli et al.
2009), which increases biodiversity in lakes
(Mulderij et al. 2007). Appropriate submerged
macrophyte coverage leads to increased numbers of
predatory fish (Schriver et al. 1995). The presence of
Nuphar lutea (L.) Sm. also has a positive effect on
predators as it provides refuge, especially for pike,
Esox lucius L. (Ozimek et al. 1990).
Hydromacrophytes limit the growth of phyto-
plankton (Wang et al. 2009) by competing with them
for nutrients and light (Ciurli¢ et al. 2009), and they

also release allelopathic substances that inhibit the
growth of phytoplankton.
macrophytes (e.g., Ceratophyllum demersum L.) can
inhibit the growth of phytoplankton and contribute to
changes

Many submerged

in domination structure (eliminating
cyanobacteria) (van Donk and van de Bund 2002,
Mulderij et al. 2007, Celewicz-Gotdyn 2010).

These macrophyte roles mean that they are
highly significant in lake restoration. The progressive
spread of submerged macrophytes supports the tran-
sition from a stable turbid state with the dominance
of phytoplankton into an alternative clear water sta-
ble state (Scheffer et al. 1993, Meijer 2000). They
stabilize the ecosystem after water quality has been
improved, and they sustain the long-term impacts of
restoration measures (Hilt et al. 2006).

Lake Swarzedzkie is an example of a heavily
eutrophic lake which is currently undergoing resto-
ration. The aim of the study was to determine the im-
pact restoration measures are having on
macrophytes and changes in selected physico-
chemical water quality indicators during the first
year these measures were implemented. The compo-
sition and distribution of aquatic vegetation commu-
nities was evaluated, and then these aspects were
compared with data that had been collected prior to
restoration. A detailed macrophyte map of this lake
provides invaluable material for further comparative
studies on changes in the composition and extent of
the various communities during restoration.

Material and methods

The field research was conducted in August 2012.
The macrophytes were mapped along the shoreline
from a small boat. The presence, composition, and
extent of occurrence of submerged macrophytes,
nymphaeids, and helophytes in the lake was invento-
ried in the field. The communities were classified ac-
cording to Podbielkowski and Tomaszewicz (1996).
The dominant species in the patch was used to iden-
tify the community. The occurrence of submerged
plants was checked using an anchor. The beginning,

59 |



3. Roslinno$¢ wodna Jeziora Swarzedzkiego przed i w pierwszym roku rekultywacji

Changes in macrophyte communities in Lake Swarzedzkie after the first year of restoration 45

Table 1

Morphometry of Lake Swarzedzkie (Szyper et al. 1994,

Kowalczewska-Madura and Goldyn 2006)

study were compared using the U-test of the
Mann-Whitney non-parametric statistics package.

Parameter Value

Lake area (ha) 93.7 ha
Mean depth 2.6m
Maximum depth 7.2m

Lake balance type flow
Catchment area (ha) 17825.8 ha
Catchment type agricultural
Lake trophy hypertrophy

Results

Nine plant communities were noted during the field re-
search. The occurrence of emergent vegetation with float-
ing leaves, pleustophytes, and submerged macrophytes
was noted. The reed belt, 10-20 m in width, was well

end, and characteristic elements of every patch of
macrophytes were noted with GPS. A visual map of
the aquatic vegetation in Lake Swarzedzkie was pre-
pared using ArcGIS.

After beginning restoration in October 2011,
monthly monitoring was conducted in 2012 (12 field
trips), during which physicochemical water quality
variables were examined at the deepest place in the
lake at depth profiles of every 1 m (Table 1). Water
samples were taken using a 5 L bathometer. Dis-
solved oxygen and transparency (Secchi depth: SD)
were measured in situ. Samples for total nitrogen
and phosphorus analyses were preserved with chlo-
roform and analyzed in the laboratory using standard
methods (Elbanowska et al. 1999). Concentrations of
chlorophyll-a and total suspended solids were as-
sessed from unfixed samples (Table 2).

Statistical calculations were performed with
STATISTICA v. 10. The data from two years of the

formed. Associations characteristic of eutrophic lakes

dominated (Table 3) with the helophytes Phragmitetum

communis and Typhetum angustifoliae and the
nymphaeides Nupharo-Nymphaeetum albae. The latter oc-
curred most frequently in the northeast near the inflow of
the Cybina River into Lake Swarzedzkie, as well as in the
shallow, southwestern part of the lake. Hydrochari-
tetum morsus-ranae, Thelypteridi-Phragmitetum, Cicuto-
-Caricetum pseudocyperi, and Acoretum calami were also
present, as were two communities of submerged
macrophytes — Ceratophylletum demersi covered by algal
mats of Cladophora sp. and Potametum lucentis at one sta-
tion (Fig. 1).

The physicochemical parameters of the water in
the first year of restoration compared with data from
2011 (Kozak et al. 2014) indicated there had been no-
table changes, particularly in the surface layer (Table
2). Transparency (Secchi depth) was clearly higher
than in 2011 and only in September was it less than
1.0 m (Fig. 2), although these changes were not statis-
tically significant (Table 2). The concentration of

Table 2
Mean values (n = 12) of physicochemical parameters and standard deviation in the surface layer of Lake Swarzedzkie in
2011-2012

Mean = SD U-test
Parameter Unit 2011 2012 Z P
Dissolved oxygen mg O, I 12.9+3.2 15.0+5.1 -0.926 0.355
Seston mgl’ 16.2+10.5 9.1+3.4 -1.621 0.105
Chlorophyll-a ngl! 83.0+£59.6 27.0+17.6 -2.392 0.017
TN mg N1 6.025+2.576 2.486+1.171 -3.163 0.002
TP mg P1T" 0.132+0.060 0.130+0.088 -0.616 0.537
Secchi depth m 1.06+0.68 1.34+0.44 -1.589 0.112
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- Ciuto-Caricetum pseudocyperi - Thelypteridi-Phragmitetum
- Hydrocharitetum morsus-ranae Acoretum calami
Nupharo-Nymphaeetum albae - Typhetum angustifoliae
- Ceratophylletum demersi - Phragmitetum communis
- Potametum lucentis
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Figure 1. Map of the distribution of macrophyte communities in Lake Swarzedzkie in 2012.

300 r 00
chlorophyll-a was statistically sig-
nificantly reduced, especially in -
the summer (Fig. 2). Moreover, the

- clophylla - SD

content of total suspended solids
had decreased notably. Signifi- o
cantly lower concentrations of to-

tal nitrogen were observed.

Chlorophylla (ug1")

However, the values of total phos-
phorus had not changed (Table 2).
Dynamics of transparency and
chlorophyll-a concentration like
those in Lake Swarzedzkie indi- »
cate there were changes in the con-

100

centration of nutrients in the water 0
ecosystem (Oleksowicz 1988).
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2011 2012
Figure 2. Transparency (SD) and concentrations of chlorophyll-a in the surface layer of Lake
Swarzedzkie in 2011-2012.

Discussion
of occurrence of individual communities is apparent.

Upon analyzing data on the presence of macrophytes According to Jenek et al. (1979), submerged vegeta-

in Lake Swarzedzkie over 30 years (Table 3), the tion occupied an area of approximately 28 hectares

transformation of the lake’s vegetation and the range (about 30% of the total lake surface), while helophytes
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occupied 18 hectares (about 20% of the lake surface)
40 years ago. The complete disappearance of sub-
merged vegetation in the 1990s resulted from degra-
dation of the lake from the discharge of untreated
sewage (Szyper et al. 1994). However, the dominant
communities did not change. For years they have been
Phragmitetum communis, Typhetum angustifoliae,
and Nupharo-Nymphaeetum albae. Nymphaeides
Table 3

occurred abundantly near the tributary of the Cybina
River and in the shallow, southwestern part of the lake
throughout the analyzed period (Jenek et al. 1979,
Kaminiski 2000, Kowalczewska-Madura 2005). Nota-
bly, both
Nupharo-Nymphaeetum

characteristic of
albae  (N.
Nymphaea alba L.) occurred in Lake Swarzedzkie.

species

lutea and

They are partially protected under to Polish law.

Changes in the distribution of macrophyte communities in Lake Swarzgdzkie in the 1979-2012 period (before 1979 - Jenek et al.
1979; 1992 - Szyper et al. 1994; 2000-2002 - Kowalczewska-Madura 2005; 2005 — Gotdyn et al. 2005, 2006, 2007; 2008 -

WIOS 2008; 2012 - own study)

Years of research

Before restoration

During restoration

Community

Before 1979 1992

2000-2002 2005 2008 2012

Phragmitetum communis Schmale 1939 +
Typhetum angustifoliae So6 1927 +
Nupharo-Nymph albae T icz 1977  +
Acoretum calami Kobendza 1948 -
Ceratophylletum demersi Hild 1956 + -
Glycerietum maximae (Allorge 1922) Hueck 1931 + +

g g

Cicuto-Caricetum pseudocyperi de Boer 1942 - -
Thelypteridi-Phragmitetum Kuiper 1957 - -
Hydrocharitetum morsus-ranae Langendonck 1935 - -
Caricetum acutiformis Eggler 1933 - +

'
+

Iridetum pseudacori Eggler 1933
Ceratophylletum submersi So6 1928

'
'

Potametum lucentis Hueck 1931

Ranunculetum circinati (Sauer 1937) Segal 1965

Potametum perfoliati (W.Koch 1926) Pass. 1964

Myriophylletum spicati So6 1927

Potametum crispi So6 1927

Scirpetum lacustris (Allorge 1922) Chouard 1924
Equisetetum fluviatilis Steffen 1931

+ + + + + + +
.

Potametum pectinati (Hueck 1931) Carstensen 1955
Lemno-Spirodeletum polyrrhizae W. Koch 1954

Caricetum paniculatae Wangerin 1916 ex von
Rochow 1951

Caricetum ripariae So6 1928 -
Typhetum latifoliae So6 1927 - -

The number of communities 12 7

+ + + +
+
+ + + + +

v+ o+ + o+ 4+
+ 'Y 4+ 4+ 4+ 4+ o+ o+ +
v+
+ + o+
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Elodeides disappeared in the 1990s. They re-
turned mostly in the southwestern shallow part of the
lake at the beginning of the twenty-first century
(Goldyn et al. 2005). The association of hornwort
(Ceratophylletum demersi) occurred first, and it is an
indicator of highly eutrophic lakes (Kolada 2010).
Submerged macrophytes appeared after appropriate
catchment management was implemented mainly
through the diversion of sewage after 1991 and the
elimination of illegal waste water discharge
(Kowalczewska-Madura and Gotdyn 2006). Restora-
tion affected the spread of hydromacrophytes, mainly
patches dominated by C. demersum. Numerous
stands of Ceratophylletum demersi could indicate the
positive impact of restoration measures, because as
transparency increased light reached deeper into the
water column, which was down to the bottom in the
shallows of 1.5 m. Favorable light conditions and the
availability of nutrients create optimum conditions
for the growth of hornwort. Undoubtedly, the high
density of vegetation in the shallow part of the lake
has a positive impact on the water quality because
they comprise a filter that can retain and limit the
growth of phytoplankton (Dai et al. 2012). Addi-
tionally, macrophytes take in and accumulate nutri-
ents in their tissues. This contributes to reduced
nutrient concentrations in the water. They are pro-
vide habitats for numerous invertebrate fauna
(Dondajewska et al. 2007, Pieczynska 2008).

Potamogeton lucens L. is a species that is charac-
teristic of the Potametum lucentis community that
appeared during the first year of restoration. It has
not been observed for at least 20 years. Characteris-
tically, this species occurs in remediation reservoirs
(Immersa et al. 2014), and it is sensitive to trophic
state (Kolada 2010). Hence, its presence indicates
improved water quality. This community was ob-
served only at one station with a surface area of about
40 m? Tt is important to draw attention to its occur-
rence in the future, particularly as it is considered to
be threatened in category I in the Wielkopolska Re-
gion (Brzeg and Wojterska 2001).

The pleustophytes
polyrrhizae and Hydrocharitetum morsus-ranae
(Goldyn et al. 2005), together with communities

Lemno-Spirodeletum

such as Cicuto-Caricetum pseudocyperi and
Thelypteridi-Phragmitetum (Kowalczewska-Madura
2005), have been observed for approximately ten
years. This vegetation is typical of highly eutrophic
waters that are supplied with nutrients mainly from
the water column (Podbielkowski and Tomaszewicz
1996). The first of these associations disappeared
relatively quickly (Table 3), and the range of the sec-
ond is gradually decreasing. This means that the
trophic status of the water has decreased. The
patches of Caricetum acutiformis, Glycerietum
maximae, and Iridetum pseudacori, which are com-
munities that are characteristic of high trophic status,
were not observed in 2012. However, shoreline vege-
tation could have been overlooked during field re-
search because we focused mostly on aquatic
vegetation. Communities that have been reported
once should be observed to determine whether they
quality
Macrophyte observations and monitoring should be
continued to assess the sustainability of treatments

occur again when water improves.

and the changes that occur. Many species of sub-
merged macrophytes, including Potamogeton crispus
L., Potamogeton perfoliatus L., Myriophyllum
spicatum L., and Ranunculus circinatus Sibth. were
observed in Lake Swarzedzkie during the 1970s
(Jenek etal. 1979). They are expected to return in the
future. The number of communities recorded in pre-
vious years was variable and ranged from 7 to 13,
which indicates that macrophytes react to changes in
water quality. This also means that the ecosystem is
unstable. According to Grzybowski et al. (2008), the
average number of plant communities depends on
lake type and ranges from 21 to 23. The smaller
number of associations in Lake Swarzedzkie indi-
cates the low vegetal diversity of the phytolittoral.
However, the number of communities (as long ago as
1979 there were only 12) is not as important as the
changes taking place in the composition of vegeta-
tion, especially in the submerged communities.
Appropriate development of macrophytes, espe-
cially submerged ones, promotes the diversity and
abundance of fish. The lake was classified to the
bream-perch-pike type (Jenek et al. 1979). The ex-
tensive littoral zone and high biodiversity had created
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favorable conditions for fish spawning and juvenile
development (Jenek et al. 1979). Roach, Rutilus
rutilus (L.), bream, Abramis brama (L.), eel Anguilla
anguilla (L.), pike E. lucius, pikeperch, Sander
lucioperca (L.), and carp — Cyprinus carpio (L.) all oc-
curred. The Fisheries Enterprise of the State Trea-
sury in Bogucin reports that in the 1990s the lake
was stocked with bighead carp, Hypophthalmichthys
(Richardson) and silver carp,
Hypophthalmichthys molitrix (Valenciennes), as well

nobilis

as eel montee, Anguilla anguilla (L.), bream, silver
bream, Blicca bjoerkna (L.), and roach. Bighead carp
and silver carp dominated the catches.

The average yield per hectare of 47.8 kg !
clearly exceeded the average for Poland
(Kowalczewska-Madura 2005). Roach, bream, and
silver bream dominated catches performed with
biomanipulation in fall 2011. Silver carp and
bighead carp were not observed. The disappearance
of these alien species could also play a role in the
to Lake
Swarzedzkie, as was the case in Lake Warniak
(Hutorowicz and Dziedzic 2008). After the catches,
the lake was stocked with pike fry (Kozak et al.
2014), to intensify trophic top-down pressure. The
proper development of submerged vegetation is re-

slow return of aquatic vegetation

quired to achieve effective biomanipulation (Hilt et
al. 2006).

The return of aquatic vegetation is essential if
positive restoration results are to be achieved (van
Donk and Otte 1996). We have to be patient while
observing the return, spread, and increasingly di-
verse plant species during restoration. The process
extends over time, and it is always slower than the re-
actions of the other components of the ecosystem
(Hilt et al. 2010).

Statistically significant changes in the concentra-
tion of chlorophyll-a and total nitrogen confirm im-
proved water quality resulting from restoration
treatments. Furthermore, total suspended solids and
water transparency were markedly improved, al-
though the differences were not yet statistically sig-
nificant. The biodiversity of macrophytes decreased
with increasing nitrogen concentrations (Qin et al.
2013, Moss et al. 2013), so it is important to observe

this parameter carefully. It should therefore be as-
sumed that the reduction of nitrogen concentrations
will have a positive impact on the growth of
hydrophyte diversity. These water quality indicators
respond quickly to restoration treatments, but
changes might not be permanent. Only changes in
vegetation, especially submerged varieties, are evi-
dence of persistent changes in ecosystems (Novak
and Chambers 2014).

Conclusions

This study of the distribution and composition of
aquatic vegetation suggests that the first significant
changes occurred approximately ten years after pro-
tective measures were implemented (sewage diver-
sion). Nevertheless, beginning restoration in Lake
Swarzedzkie has intensified the changes. Improved
water quality was indicated by significant reductions
in chlorophyll-a and nitrogen concentrations as well
as the gradual increase of water transparency and the
decrease of total suspended solids. The northern,
deeper part of the lake was characterized by exten-
sive communities of Phragmitetum communis and
Typhetum angustifoliae. In contrast, there were nu-
merous patches of Nupharo-Nuphareteeum albae,
Ceratophylletum demersi, as well as
Cicuto-Caricetum pseudocyperi and Thelypteridi-
-Phragmitetum in the southwest, shallower part. In
the northern part a patch of Potametum lucentis was
noted, which is evidence of the water’s trophic status
decreasing. The high abundance of nymphaeides and
elodeides has a positive influence on the biological
method of restoration through biomanipulation.
They provide suitable conditions for the development
of predatory fish, especially pike, E. lucius. Con-
tinued research on composition variability and the
area occupied by macrophytes in this lake is neces-
sary as it will foster a better understanding of the
complex processes occurring in this water ecosystem
and provide information about the effectiveness of
restoration measures.
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1. Introduction

Restoration of urban lakes becomes necessary to slow down unfavourable processes and to recover their-
recreational role. Macrophyte communities are good bioindicators, thus they can be used to assess the
effectiveness of restoration.

The aim of the study was to determine the dynamics and patternof macrophyte recovery as a result
of the restoration measures in a degraded shallow urban lake characterized by strong cyanobacterial
blooms. Annual changes in the composition and areal coverage of littoral macrophyte phytocoenoses, and
in the Ecological State Macrophyte Indexwere recorded using a GPS and the ArcGIS programme and ana-
lysed in relation to changes in water quality for three years following restoration measures (phosphorus
inactivation, aeration, and biomanipulation).

The shifts were statistically significant in the first two for total nitrogenconcentrationand three
years for chlorophyll aconcentration, whereas total phosphorus concentration only decreased signif-
icantly in the third year. Changes in water transparency were not significant. The ecological status
of the lakewas good or moderate. A characteristic pattern of recovery was observed. Phytocenotic
richness increased (from 9 to 12 communities) and total phytolittoral area decreased (from 42 to
37 ha, i.e. 12%) during restoration efforts. The area of hypereutrophic plant communities (Ceratophyl-
d si, Hydrochari orsus-ranae, Typhetumangustifoliae) decreased, the former submerged
C ity returned (Po entis) and the area of some existing cc ities (e.g. nympheids)
increased.

Slow return of elodeidswas caused by low transparency andlack of submerged vegetation propagules,
which are the most probable limiting factors of the recolonization process.

© 2016 Elsevier B.V. All rights reserved.

Zuccarini et al., 2011). They are responsible for a significant part of
primary production in the littoral zone of lakes, provide a refuge

Photosynthetically active radiation no longer reaching parts of
the littoral sediments, deterioration of water and sediment chem-
ical quality and the consequential retreat of submerged plants (i.e.
elodeids and charophytes), often with a shift to a stable turbid-
water state from a macrophyte-dominated clear-water state, are
typical results of eutrophication and degradation of shallow lakes
in all climate zones (Moss, 1990; Scheffer et al.,, 1993; Jin et al.,
2006; Schallenberg and Sorrell, 2009; Klimaszyk et al., 2015).

Macrophytes influence the functioning of water ecosystems
(Sendergaard et al., 2013), as they play a crucial role in the mobi-
lization, transportation and accumulation of nutrients (Carpenter,
1980), and limit the resuspension of sediments (Ozimek et al., 1990;

* Corresponding author.
E-mail address: rosinska.asia@gmail.com (J. Rosifiska).

http://dx.doi.org/10.1016/j.aquabot.2016.12.005
0304-3770/© 2016 Elsevier B.V. All rights reserved.

for organisms (Schneider, 2007; Liu et al., 2014), reduce the pene-
tration of pollutants from the catchment area to the pelagial zone
(Sender, 2012), as they absorb and inactivate a variety of com-
pounds, removing them from the water column (Trajanovska et al.,
2014). The presence of macrophytes contributes to greater trans-
parency (Mjelde and Faafeng, 1997; Zuccarini et al., 2011) and
sustains clear water in lakes, as they can control phytoplankton
growth (Scheffer, 1998). Their occurrence and structure depend on
environmental factors, such as light conditions, availability of nutri-
ents (Mjelde and Faafeng, 1997; Nagengast and Kuczynska-Kippen,
2015), economic exploitation of the lake and use of its catchment
area (Kissoon et al., 2013).

Macrophyte communities have well-defined ecological optima
(Schneider, 2007; Trajanovska et al., 2014), that makes them good
indicators of the eutrophication state of lakes (Hutorowicz and
Dziedzic, 2008; Sendergaard et al., 2013; Ogdahl and Steinman,
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2014). They react slowly and gradually to changing environmental
conditions (Penning et al., 2008; Sendergaard et al., 2013). Elodeids
in particular are good but late-warning indicators of environmental
disturbances (Sender, 2012; Trajanovska et al., 2014). Helophytes
are less sensitive to changes in physicochemical qualities, nonethe-
less, they are more sensitive to water level fluctuations (Penning
et al., 2008; Mjelde et al., 2013; Jusik and Maciot, 2014). Therefore
the effectiveness of restoration measures could be evaluated based
on the response of such communities.

Urban lakes come under intense human impacts that degrade
their water quality due to the appearance of cyanobacterial blooms,
as well as pathogenic bacteria, that may result from an influx of
sewage and stormwater (Grochowska et al., 2015). Their recre-
ational use becomes impossible. The increase in turbidity (e.g.
due to the excessive growth of phytoplankton) leads to a dete-
rioration of light conditions and significantly affects density and
depth of the occurrence of elodeids (Horppila and Nurminen, 2003;
Sendergaard et al., 2013), as well as lowering the biodiversity of
emergent and floating-leaved plants.

To improve the water quality in lakes, which is required by
the EU Water Framework Directive (Directive, 2000), restoration
is necessary (Dunalska et al., 2015). The insufficiently understood
processes and reactions of organisms occurring in aquatic ecosys-
tems under the influence of restoration measures require further
investigation. Observations usually concern the appearance and
expansion of submerged vegetation but rarely include other plant
groups (Hansel-Welch et al., 2003; Hilt et al., 2010).

The hypothesis was that sustainable restoration (not destructive
for most of the biota, e.g. using small doses of chemical compounds)
improves water quality in shallow urban lakes, which causes the
return of elodeids and increases the biodiversity of macrophyte
communities. The aim of study was to determine the response of
particular plant communities and the pattern of their recovery in
a shallow urban lake under the influence of restoration measures
in relation to changes in the physicochemical parameters of water
quality, such as transparency, concentration of chlorophyll a and
nutrients (total nitrogen and total phosphorus). Additionally the
factors, which may limit the development of macrophytes, were
defined.

2. Material and methods

Swarzedzkie Lake (52°24'49”N 17°03'54"E) is a relatively
shallow, postglacial, polymictic, medium-sized, elongated, flow-
through lake, located on the border of the cities of Poznan and
Swarzedz (Poland) (Table 1). The north-eastern part of the lake is
wider and deeper, while the south-western part is shallower (ca
2mdepth)(Szyperetal., 1994; Kowalczewska-Madura and Gotdyn,
2006).

Swarzedzkie Lake was strongly eutrophic (Kowalczewska-
Madura and Gotdyn, 2006; Kozak et al., 2014), because it was

subject to intense human pressure having been the receiver of
untreated urban waste water from the city of Swarzedz for nearly
50 years. Water quality had steadily deteriorated. Although water
and sewage management have been practised in the catchment for
the last twenty years in an attempt to eliminate the external loading
of nutrients (Kowalczewska-Madura and Gotdyn, 2006), there had
been no visible improvement in water quality. Indeed, cyanobacte-
rial water blooms were still present (Table 1) as a result of internal
nutrient loading from the bottom sediments as well as the nutrient
rich tributaries. As a consequence, the lake could still not be used
for recreation (Kowalczewska-Madura and Gotdyn, 2006).

Therefore restoration measures were begun in autumn 2011.
To reduce phosphorus concentration, improve water transparency
and oxygenate the bottom waters three methods were used:
phosphorus inactivation using small doses of iron sulphate and
magnesium chloride (dosage: 200-300 kg/lake - 9 times/2012, 5
times/2013, 5 times/2014), aeration of water above the bottom sed-
iments with the use of a wind-driven aerator and biomanipulation
(ca. 5% of cyprinids removal and stocking of pike Esox lucius L. and
pike-perch Sander lucioperca L. fry) (Kozak et al., 2014; Rosifiska
and Gotdyn, 2015). The reactions of the ecosystem were monitored
throughout the restoration measures.

Analyses of syntaxonomic composition, distribution and size of
patches of the macrophyte communities in Swarzedzkie Lake were
carried out during the peak of the growing season - July 2013 and
August 2014, in the second and third year of restoration measures.
The data were supplemented with the results from the first year
of restoration in 2012 (Rosinska and Gotdyn, 2015) and compared
with previous data collected prior to the restoration (Jenek et al.,
1979; Goldyn et al., 2005). The study was carried out using pon-
toons from the open water and by walking along the shoreline. The
syntaxonomic composition of the macrophyte communities was
determined directly in the field, based on the dominant species in
accordance with the phytosociological method adapted for lakes
(Podbielkowski and Tomaszewicz, 1996). The presence and cov-
erage area of submerged vegetation communities were estimated
with a three-pronged rake (weed anchor) 20 cm wide. The bottom
was checked every 20 m around the lake. Raking was repeated 3
times in each place, throwing rake in different directions at a dis-
tance of about 3 m from the boat and dragging the bottom stretch
along. When submerged plants were found in each case the size of
their patch was determined by marking the extreme points with
a GPS device (the resolution was ca. 2m). The abundance of plant
communities was estimated in square metres. The data collected
in the field were analysed using the ArcGIS for Desktop 10.2.2
programme, which allowed the production of maps of the distribu-
tion of macrophyte communities and calculations of the surface of
macrophyte patches (the surface of small patches of vegetation was
estimated in the field, larger ones were calculated posteriori using
ESRI ArcGIS). Aerial photographs obtained from the Central Doc-
umentation Centre of Geodesy and Cartography in Warsaw from

Table 1
The characteristics of Swarzedzkie Lake (Jenek et al., 1979; Szyper et al., 1994; Kowalczewska-Madura and Gotdyn, 2006; Stefaniak et al., 2007; Gotdyn and Kowalczewska-
Madura, 2008; Kozak et al., 2014).

Parameter Value

Maximum depth 72m

Surface area of the lake 93.7ha

Area of two islands 2.0ha

Length of the shoreline 6650m

Total catchment area of the lake
Direct catchment area
Tributaries

178 km? (75.5% - is agricultural land)
5.58 km? (consists mainly of urban areas of the cities of Swarzedz and Poznaf)
River Cybina - polluted by water from fish ponds located upstream of the lake

Mielcuch Stream - contaminated by stormwater

Cyanobacterial blooms

Aphanizomenon gracile Lemm.

Pseudanabaena limnetica (Lemm.) Kom.
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Table 2
Syntaxonomic composition of macrophyte communities, their area (m?) and percentage share of ecological groups in years 2012-2014.
2012 2013 2014
Emergent plants (%) 76.46 83.00 81.41
Acoretum calami Kobendza 1948 41 16
Caricetum ripariae So6 1928 *, *** 0 165 975
Cicuto-Caricetum pseudocyperi de Boer 1942 243 854 552
Glycerietum maximae Hueck 1931 *** 0 4
Oenantho-Rorippetum Lohm. 1950 0 )
Phragmitetum communis Schmale 1939 *, **, *** 246 754 246713 257 490
Typhetum angustifoliae So6 1927 *** 52 446 31861 17038
Typhetum latifoliae So6 1927 *, **,*** 0 0 443
Thelypteridi-Phragmitetum Kuiper 1957 *** 23509 31752 24039
Floating plants (%) 0.16 0.09 0.04
Hydrocharitetum morsus-ranae Langendonck 1935 668 349 143
Floating-leaved plants (%) 11.09 14.26 16.05
Nupharo-Nymphaeetum albae Tomaszewicz 1977 *,*** 46 855 53516 59258
Submerged plants (%) 1229 2.65 250
Ceratophylletum demersi Hild 1956 *, **, *** 51890 9881 9189
Potametum lucentis Hueck 1931 **, *** 40 44 44
Sum 422 446 375155 369178
Plants which are characterized by: * high productivity of biomass, ** sustained expansion, *** important role in the ing of lakes (Podl and Tomaszewicz,

1996).

2012, 2013 and 2014 were also used to state accurately the areas
of communities, especially the boundaries between cor ities

within a wide belt of reeds. A map of vegetation made in 2012
(Rosinska and Goldyn, 2015) was improved owing to the received
aerial photographs. The results were used to calculate the Ecolog-
ical State Macrophyte Index (ESMI) (Kolada, 2010; Ciecierska and
Kolada, 2014; Kolada et al., 2014); to assess the ecological status of
the lake during the restoration process, according to the formula:

ESMI =1 —exp [—HH *Z x eXp (g)]
max

(explanations of indexes are in Table 3). Formula is based on the
taxonomic composition and the abundance of aquatic vegetation
(based on the proportion of area of each community in the total
area of the phytolittoral, the total area of the phytolittoral, the num-
ber of macrophyte communities and the colonization index, which
is based on the total surface of phytolittoral as well as total lake
area and part of lake shallower than 2.5 m) (Ciecierska and Kolada,
2014). The status was determined according to the ranges given by
the Ordinance of the Minister of Environment (2016) and Ciecierska
and Kolada (2014). The potential phytolittoral area bounded by the
2.5m isobath, which is necessary to calculate colonization index
(Z), according to Jenek et al. (1979) was 56 ha. The surface of the
lake used in the equation (P=109 ha) was greater than officially
accepted (93.7 ha). We calculated a value of 109 ha on the basis of
the shoreline determined by the range of macrophyte communities.

Research on the Secchi depth, concentration of chlorophyll a
and nutrients (total nitrogen - TN and total phosphorus - TP) was
carried out to assess the changing environmental conditions during
restoration. Samples in three replicates were taken from the surface
layer (0.2 mdepth) at two sampling stations (I - at the deepest place
in the lake, near the aerator and Il - from the shallower part of the
lake), monthly from January 2013 to December 2014. The samples
were analysed according to standard methods (Elbanowska et al.,
1999).

Macrophyte communities and physicochemical variable data
were compiled with the results from the first year of restoration
(2012) and before any of those measures had been applied (Kozak
et al., 2014; Rosinska and Goldyn, 2015). To determine whether
the changes in water quality before (2011) and during restoration
(2012-2014) at two sampling stations (total sample size n=297)
were statistically significant, the Statistica 10.0 was used. Two-way
ANOVA were used to check the differences between the two sites

Table 3

The values of particular indexes during the restoration period 2012-2014.
Symbol 2012 2013 2014
Total phytolittoral area (ha) N 4225 3761 36.92
Phytocenotic diversity index H 125 1.09 099
Maximum biocenotic diversity index Hpax  2.20 240 249
Colonization index z 075 067 0.66
Number of communities S 9 1 12
Ecological State Macrophyte Index ESMI 0469 0.350 0309
Ecological status® good moderate moderate

2 Ecological status (classes) according to WFD and ranges of ESMI values
(Ordinance of the Minister of Environment, 2016; Ciecierska and Kolada, 2014):
very good (1): 0.680-1.000; good (11) 0.410-0.679; moderate (1) 0.205-0.409; poor
(1V) 0.070-0.249; bad (V) <0.070 or lack of submerged vegetation.

along the time as fixed factors. The differences were not signif-
icant, therefore the one-way ANOVA with time as a fixed factor
was applied. The significance threshold was p <0.05. If the differ-
ences were significant the post-hoc tests (Tukey test) were used
to check differences between years. The data from the whole year
were compared, because the amount of data from particular sea-
sons (e.g. summer) was not enough for statistical comparisons. The
response of macrophytes to the changing in water quality follow-
ing in-lake management with Canoco for Windows 4.5 software
was checked (redundancy analysis RDA, components analysis PCA),
however, the amount of data were not enough to draw conclusions.
Therefore only the water quality data were analysed using analysis
of variance.

3. Results

The number of plant communities in the phytolittoral increased
during restoration (Tables 2 and 3). Nine plant communities were
observed in 2012, i.e. five communities of helophytes, one of float-
ing plants, one of floating-leaved plants and two of submerged
plants (Fig. 1A). Two more emergent plant communities were indi-
cated in 2013 (Fig. 1B) and twelve communities were present in
2014, as one previously stated was not present and two new asso-
ciations were detected (Fig. 1C, Table 2).

The total area occupied by vegetation decreased during the mea-
sures, from approx. 42 ha to nearly 37ha (Table 2). The largest
part of the phytolittoral zone (more than 75% in every year of the
study) was composed of helophytes. The dominating association
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Fig. 1. The distribution of macrophyte communities in Swarzedzkie Lake during the first (A) - 2012 (Rosinska and Goldyn, 2015, updated), second (B) - 2013, third (C) -

2014 year of restoration and location of sampling stations.

was Phragmitetum communis, approx. 58-70% of the total area occu-
pied by macrophytes. Acommon reed belt was formed along almost
the entire shoreline (Fig. 1A-C), its width reached up to several
dozen metres in the northern part of the lake. Typhetum angusti-
foliae also occurred frequently and formed a belt adjacent to the
open water table in many places. Its area decreased in subsequent
years from 5.2 ha to 1.7 ha, and its share in the total area occupied
by macrophytes decreased from 12.4% to 4.6% (Table 2). In partic-
ular patches of Typha angustifolia which occurred in deeper water
disappeared, because they did not grow at the bottom, but its rhi-
zomes formed a floating platform beneath the water's surface and
above the bottom sediments. These patches were anchored to the
bottom with roots near the shore only in shallow water. The area of
Thelypteridi-Phragmitetum was subject to considerable fluctuations
(Table 2). Thelypteridi-Phragmitetum increased by 0.8 ha in the sec-
ond yearinrelation to the first year of the study, and then decreased
by 0.7 haiin the next year. The surface of the Caricetum ripariae com-
munity began to grow, reaching nearly 0.1 ha in the third year of
restoration. Near the stormwater outlet in the north-eastern part
of the littoral zone Acoretum calami was observed every year of the
research, but its area considerably decreased over time. The pres-
ence of Typhetum latifoliae was stated only once in 2014, in the
southern part, around the discharge of the Mielcuch Stream. In the
same year, on the south-western shore a small patch of Oenantho-
Rorippetum was noted (Table 2).

Floating-leaved plants occupied 11-16% of the phytolittoral
zone (Table 2). The community of nympheids i.e. Nupharo-
Nymphaeetum albae dominated in the southern, shallower part of
the lake and grew strongly, on average 0.6 ha per year (4.7 ha -
2012,5.3ha-2013,5.9ha - 2014).

The pleustophyte community, Hydrocharitetum morsus-ranae,
occurred mainly in the south-western sunlit bays, sheltered from
the waves. Over three years its area was reduced nearly 4.5-fold
(Table 2).

Among submergents, Ceratophylletum demersi occurred primar-
ily in the shallow southern part of the lake, between patches
of nympheids and near the reeds. Ceratophylletum demersi was
among the dominant macrophyte shallow-water communities in
2012 (Fig. 1A), but by 2014 had receded from 12.3 to 2.5% of the
area covered by macrophytes (Fig. 1C) (Table 2). The other sub-
merged community, Potametum lucentis, was recorded consistently
at one station along the western shore (Rosinska and Goldyn, 2015;

Table 2), while one small patch, dominated by Potamogeton crispus
was observed once at the north-western bank in 2014.

Regarding the ESMI index it may be noted that the num-
ber of communities (S) increased, the total phytolittoral area (N)
decreased during the restoration by approx. 5 ha(Table 3). The colo-
nization index (Z) was also reduced from 0.75 to 0.66, together with
the phytocenotic diversity index (H) from 1.25 to nearly 1. Only the
maximum biocenotic diversity index (Hmax) increased almost by
0.3 over the three years. Thus, the value of ESMI decreased by about
0.16 (Table 3).

In 2012 the ESMI index was 0.47 and the ecological status of
the lake was good due to the large area occupied by submerged
vegetation. In the two subsequent years ESMI fell to 0.35 and 0.31
respectively, representing a moderate ecological state (Ordinance
of the Minister of Environment, 2016) (Table 3).

The water quality of Swarzedzkie Lake changed irregularly after
the 2011 in-lake restoration (Figs. 2 and 3). Transparency at sta-
tion | increased during restoration (Fig. 2) (in summer 2011 was
below 0.5m, while in 2012-2014 the minimum was recorded in
September 2013-0.7m). Based on statistical analysis the differ-
ences between annual data of transparency were not statistically
significant (Table 4). At station Il transparency had not been stud-
ied before restoration measures. During restoration transparency
fluctuated (the lowest value was 0.5 m in summer whereas in the
other seasons of the year it was to the bottom).

The average concentration of chlorophyll a in the surface layer
at station I before restoration reached 83 pg1-" (the highest value
- 212 pgl-! in September 2011) (Fig. 2). Chlorophyll a concentra-
tion halved during restoration, with average concentration never
exceeding 50 pgl-'. The shifts of chlorophyll a were statistically
significant (p <0.008, F=4.27) during the three years of restoration
(Table 4). Chlorophyll concentrations at station Il were lower and
ranged from 3 to 87 pgl-' (Fig. 2).

Concentrations of nutrients i.e. total nitrogen and total phos-
phorus decreased in the surface layer at station | in comparison to
2011. The concentration of total phosphorus in the surface layer
at both stations was similar and did not exceed 0.15mgP1-!, with
the exception of the period from November 2012 to December 2013
(Fig. 3), after which the concentration was higher and more vari-
able, reaching as much as 0.40mgPI1-! (December 2012, station
I). The significant changes (p <0.004, F=4.91) in total phosphorus
were noted in the third year of restoration in comparison to 2012
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Fig. 2. The concentration of chlorophyll a (Chl a) in the surface layer and Secchi depth (SD) at stations I and Il analysed once a month, before (2011) (acc. to Kozak et al.,
2014) and during restoration from 2012 (acc. to Rosinska and Goldyn, 2015) till 2014.
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Fig. 3. The concentrations of total nitrogen (TN) and total phosphorus (TP) in the surface layer at stations I and Il analysed once a month, before (2011) (Kozak et al., 2014)
and during restoration from 2012 (Rosinska and Goldyn, 2015) till 2014.

Table 4

Comparison of changes in Secchi disk (SD), concentrations of chlorophyll a (Chl a), total phosphorus (TP) and total nitrogen (TN) (mean =+ std. dev.) before (2011) and during
restoration process (2012-2014). Statistical results were two-way ANOVA for time and sampling station (year and station) as fixed factors and one-way ANOVA for time
(year) as fixed factor with results of post-hoc tests (Tukey test).

Parameter, unit Year Fyear x stat. P Fyear P n
2011 2012 2013 2014

SD,m 1.07 £0.61 1.26+£0.38 1.15+0.46 1.17 £ 041 0.36 0.78 0.48 0.70 76

Chla, pgl! 78.3£53.6 2844210 363304 45.5+24.95 0.34 0.80 427 <0.008 75

TP, mgP1-! 0.156+0.075 0.143 £ 0.096 0.155+0.061 0.088 +0.025 0.77 0.52 491 <0.004 78

TN, mgNI-! 5.46 £2.39 260:+1.10 3.06+1.82° 401+1.48 0.95 0.42 4.92 <0.004 68

* p<0.001 vs.2011.
" p<0.01vs.2011.
" p<0.05vs.2011.
! p<0.05 vs. 2012 and 2013.

and 2013 (Table 4). Total nitrogen concentration was reduced in 4. Discussion
comparison to 2011 and generally maintained at 2mgN1-'. The

concentration of nitrogen at both stations was similar (Fig. 3). Swarzedzkie Lake became degraded and lost its ecological
The shifts of total nitrogen were statistically significant (p <0.004, and recreational functionality (Kowalczewska-Madura and Goldyn,
F=4.92) in the first two years of restoration (Table 4). 2006) as a result of an excessive supply of nutrients (Hansel-Welch
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et al., 2003; Xu et al., 2014). Swarzedzkie Lake is vulnerable to
eutrophication due to i.a. wind-generated sediment resuspension,
which causes nutrients to be released from bottom sediments,
high light attenuation and intensive growth of phytoplankton
(Kowalczewska-Madura and Gotdyn, 2006). These phenomena
contributed to the disappearance of submerged vegetation as a
consequence of the increase in its trophic status and transforma-
tion to a phytoplankton-dominated state - strong cyanobacterial
blooms occurred in the 1980s and 1990s (Rosinska and Gotdyn,
2015). Almost fifteen years after sewage diversion large patches of
Ceratophylletum demersi appeared in the shallower, south-western
part of the lake. Meanwhile, pleustophytes with reduced root sys-
tem appeared (Rosifiska and Goldyn, 2015). Nympheids did not
react so instantly because they have higher requirements for trans-
parency (Podbielkowski and Tomaszewicz, 1996). Further changes
inmacrophyte composition were observed as a result of the restora-
tion measures begun in autumn 2011. The aim of the restoration
was to decrease phosphorus concentration and in this way affect
the vegetation in Swarzedzkie Lake. The principle of sustainable
restoration is the gradual transformation of the ecosystem, utiliz-
ing the natural mechanisms that affect the improvement of water
quality. Therefore, in this method small doses of chemicals are used,
resulting in a gradual decreasing of phosphorus concentration in
the water column. It is important not to make any radical changes
in the ecosystem, which could prove detrimental to the organ-
isms important for the nature and responsible for improvement
of water quality. In addition, this method is much less expen-
sive than the methods heavily affecting the ecosystem (Gotdyn
etal.,, 2014).Such restoration affects primarily phytoplankton espe-
cially cyanobacteria, however, to a lesser extent also communities
of other organisms, including aquatic macrophytes, as proven in
Durowskie Lake (Gotdyn et al., 2013).

All the plant communities occurring in Swarzedzkie Lake before
and during restoration are common in Central Europe. They
have a wide range of occurrence and are typical of eutrophic
lakes (Podbielkowski and Tomaszewicz, 1996; Nagengast and
Kuczynska-Kippen, 2015). Some of them are characterized by a high
productivity of biomass, initiating the process of shallowing, over-
growing or even the eventual disappearance of the lake (Table 2)
(Podbielkowski and Tomaszewicz, 1996), which indicated the high
trophic status of Swarzedzkie Lake (Kowalczewska-Madura and
Gotdyn, 2006).

Phragmitetum communis formed the dominant community
(Table 2) owing to its wide ecological amplitude (Podbielkowski
and Tomaszewicz, 1996). An intensive process of overgrowth was
observed before the restoration, particularly in the northern part
where reeds dominated, and in the central part around the smaller
island. Through high productivity of biomass the Phragmitetum
communis community had made a significant contribution to the
process of vegetation succession and the aging of Swarzedzkie Lake,
a process frequently observed in other lakes (Podbielkowski and
Tomaszewicz, 1996). The Phragmitetum communis area changed
more slowly during restoration, indicating that the successional
process had been hindered.

The fertile, shallow sediments adjacent to the belt of reeds were
occupied by Typhetum angustifoliae. Rhizomes of the cattail fre-
quently drifted above the bottom forming a floating layer. It is most
likely that two factors were responsible for the decrease in the area
covered by Typhetum angustifoliae in Swarzedzkie Lake. As part of
the succession process of vegetation (ferns appeared in the older
patches) (Podbielkowski and Tomaszewicz, 1996) the community
transformed into Thelypteridi-Phragmitetum. However, an increase
of the area of Thelypteridi-Phragmitetum in the first year of restora-
tion was not so large, and in the second even decreased. So, the
disappearance of patches of Typhetum angustifoliae was probably
due to the decreasing amount of nutrient concentrations in the

water, particularly phosphorus, which limits the supply of roots and
rhizomes drifting above the bottom. Although the total phosphorus
concentration in the water was still relatively high (average value in
2014 was 0.088 mg1-! P), the concentration of mineral forms was
much lower, in particular after each chemical inactivation, when it
was decreased to not detected values. Typhetum angustifoliae also
receded from deeper waters following restoration interventions in
Durowskie Lake (Gotdyn et al., 2013). Typhetum latifoliae, as an indi-
cator of high trophic status habitat, is often noted near wastewater
discharge (Podbielkowski and Tomaszewicz, 1996). Typhetum lati-
foliae was observed in the studied lake near the outflow of Mielcuch
Stream, discharging stormwater from the city of Swarzedz. Due to
the restoration measures such a muddy habitat was present only
at that location.

Acorus calamus as an indicator of anthropogenic changes in
the environment (Ciecierska, 2006) and water rich in nutrients
(Podbielkowski and Tomaszewicz, 1996) was observed near a small
inflow of rainwater at the north-eastern bank in each year of
the research. Rainwater brings in to the lake a lot of suspended
solids with adsorbed nutrients that sediment near the shore line
(Baratkiewicz et al, 2014). These sediments are overgrown by
Acorus calamus. Oenantho-Rorippetum, which is ephemeral com-
munity (Podbielkowski and Tomaszewicz, 1996), was identified at
the south-western bank in 2014. Its presence denoted the chang-
ing composition of the vegetation in response to the restoration
measures.

The floating leaved community Nupharo-Nymphaeetum albae
occupied large areas in the shallower, southern part of the lake
and took the place of Ceratophylletum demersi. This was previously
observed in other lakes in the succession process (Podbielkowski
and Tomaszewicz, 1996). The expansion of its area during restora-
tion was associated with Nuphar lutea (L.) seed germination due to
increased water transparency and the retreat of hornwort. Numer-
ous N. lutea has a positive impact on the growth of pike Esox lucius
(L.), because it creates refuges for fry (Ozimek et al., 1990). This
enhances the viability of stocking Swarzedzkie Lake with pike fry
and the probability of a successful outcome of biomanipulation.

Hydrocharitetum morsus-ranae occurred mainly in the south-
western, sunny bays, sheltered from the waves. As a community of
pleustophytes it uses nutrients from the water column. A decrease
in their concentration during the restoration process affected the
growth of these macrophytes. Thus, as in the case of Typhaetum
angustifoliae, the occupied areas receded.

Ceratophylletum demersi showed a similar trend. As an indica-
tor of bad ecological status and high trophic status (Kolada, 2010;
Goldyn et al., 2013), Ceratophylletum demersi occurred abundantly
primarily in the shallow southern part of Swarzedzkie Lake, in
conditions typical for this association, i.e. low availability of light
radiation and high concentrations of nutrients (Mjelde and Faafeng,
1997; Lombardo et al., 2013). Hornwort community reacted to the
decreasing of nutrient concentration during the measures and the
occupied area was reduced. Hence, this is an important community
in the restoration process as Ceratophylletum demersi can indicate
changes in the quality of water. Hornwort also releases allelopathic
substances which may inhibit the growth of phytoplankton includ-
ing cyanobacteria (Mjelde and Faafeng, 1997; van Donk and van de
Bund, 2002; Celewicz-Gotdyn, 2010; Lombardo et al., 2013).

As in Swarzedzkie Lake, the surface extent of Ceratophylletum
demersi became greatly reduced in the restored Durowskie Lake
in subsequent years, but there was a simultaneous increase in
nympheids and pondweed (Gotdyn et al., 2013). The area occu-
pied by submerged macrophytes (mainly Potametum perfoliati)
increased nearly 14-fold in Durowskie Lake during three years
of restoration. Such lush growth of elodeids was not observed in
Swarzedzkie Lake due to the slowly improving light conditions.
Nevertheless, the return of Potametum lucentis in the first year
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of restoration and its presence in the two following years was
noted. Its return in 2012 after many years of absence (Rosinska
and Goldyn, 2015) indicated an improvement in the ecological sta-
tus of the ecosystem and better conditions for elodeids (Novak and
Chambers, 2014). However, species of the genus Potamogeton grow
more slowly than other submerged species (Strand, 1999). This
station should be under constant observation because the commu-
nity may retreat and be replaced by Nupharo-Nymphaeetum albae
(Podbielkowski and Tomaszewicz, 1996).

When the phytocoenotic balance is disrupted, e.g. due to human
pressure, which could be also related to the powerful pressure
exerted by restoration measures (Ogdahl and Steinman, 2014),
there follows a trend towards the simplification of vegetative com-
position. Some communities retreat, others begin to dominate, and
value of the phytocenotic diversity index (H) required to calculate
the ESMI index, decreases. The reduction in the area occupied by
the three hypereutrophy communities (Ceratophylletum demersi,
Hydrocharitetum morsus-ranae, Typhaetum angustifoliae) was the
first observed shift during restoration and resulted in a reduc-
tion of the H value. These areas will probably be colonized by
nympheids and/or elodeids in subsequent years. The colonization
index (Z) should not be less than 1.5-2.0 in reference conditions;
while in good conditions, which need to be obtained by restora-
tion, should be close to 1.0 (Ciecierska and Kolada 2014). The Z
value in Swarzedzkie Lake was much lower than 1, which indicated
constantly worse than average conditions for the development of
submerged vegetation. The retreat of communities’ characteristic
of a hypereutrophic status also led to a reduction in the range of
distribution of macrophytes in the lake, which in turn caused a
decreased Z value. The number of plant communities (S) increased
during the restoration measures. According to Kolada et al. (2014)
quantitative differences in the area occupied by individual com-
munities tend to be more important than the number of syntaxa.
Hence, an increase in the number of syntaxa does not improve
the ESMI value, which indicates a possible limitation of the index.
Decreasing values of the ESMI index during the following years
indicated that Swarzedzkie Lake has been under constant intensive
shifts.

Ciecierska and Kolada (2014) reported a stronger relationship
between the ESMI index and transparency than ESMI and nutri-
ents. According to the statistical analyses of data from Swarzedzkie
Lake, some significant changes in the concentration of chlorophyll
a (p<0.008, F=4.27) and nutrients (p<0.004, F=4.91 for TP and
F=4.92 for TN) (Table 4) were observed. Nevertheless, the shifts in
water transparency were not sufficient (p=0.70, F=0.48) to bring
about a return or dynamic growth of elodeids. This confirms the
data of Ciecierska and Kolada (2014), as well as that of van de
Haterd and Ter Heerdt (2007) and Zuccarini et al. (2011), that high
transparency is the crucial parameter which determines the devel-
opment of elodeids. Based on research in Lake Finjasjon (Sweden), it
was stated that in order to make the recolonization of macrophytes
possible, a large part of the bottom of the lake (approx. 25-30% of
the lake area) must be shallow (<2 m) (Strand, 1999). This condi-
tion is met in Swarzedzkie Lake, therefore there is a good chance
that elodeids may return and flourish, which can further accelerate
the improvement of the ecological state (Scheffer et al., 1993; van
Nes et al., 2002; Hansel-Welch et al., 2003). Data from the 1970s
showed that the return of such communities as: Potametum perfo-
liati, Myriophylletum spicati, Potametum pectinati can be expected in
Swarzedzkie Lake (Rosiniska and Gotdyn, 2015). At that time sub-
merged vegetation occupied approx. 30% of the total surface of the
lake (Jenek et al., 1979).

However, colonization is a long-term process, associated with
the destructive impacts of fish, waterfowl, resuspension of sedi-
ments, as well as the lack of a seed bank and other propagules of
aquatic vegetation (Strand, 1999; van Nes et al., 2002; Jin et al.,

2006; Gotdyn et al., 2013; Klimaszyk et al., 2015) and a high con-
tent of new organic matter in the sediments in the littoral zone (Jin
et al., 2006; Goldyn et al., 2013). Laboratory studies also showed
that seeds, oospores and other propagules found in sediments of
degraded lakes from the period preceding strong pressure are often
located too deep to receive a stimulus to germinate. In addition, a
significant number of them are damaged and are unable to ger-
minate even if they have any access to light (Rybak and Joniak,
2015). A combination of such factors could hinder the recovery of
the submerged vegetation, in spite of restoration, as observed in
Lake Ringsjon (Sweden) (Strand, 1999).

The restoration of lakes is an extended process (Grochowska
et al, 2015) and the reaction of macrophytes is slower than
other components of the ecosystem (Hilt et al., 2010). Intensive
internal loading slows down the recovery of Swarzedzkie Lake
(Kowalczewska-Madura and Gotdyn, 2010), a pattern also observed
in other lakes (e.g. Liirling and van Oosterhout, 2013). Only a com-
bination of protective measures limiting the external loading and
restoration measures reducing the internal loading can give any
prospect of improving the ecological status of lakes (including light
conditions) and lead to a revitalization of the aquatic vegetation.

5. Conclusions

The pattern of development of macrophytes under the influence
of sustainable restoration measures was initiated by a reduction
in the occurrence of hypereutrophic plant communities i.e. Cer-
atophylletum demersi, Hydrocharitetum morsus-ranae and Typhetum
angustifoliae in the deeper parts of the littoral zone. The reap-
pearance of former communities of submerged macrophytes (i.e.
Potametum lucentis), as well as an increase in the area occupied
by existing communities (e.g. nympheids) was very limited after 3
years of restoration. In spite of the distinct reduction in the level
of chlorophyll a and nutrient concentrations (both phosphorus and
nitrogen), the transparency increased only slightly, and this pre-
vented a more rapid return of submerged plant communities. Their
expected expansion requires an improvement in light conditions
and in all probability the delivery of propagules of various species
of elodeids to accelerate the processes of recolonization.

Acknowledgments

This research is part of a PhD dissertation prepared at Adam
Mickiewicz University by Joanna Rosifska. The research work was
partly financed by the Ministry of Science and Higher Education -
grant No. NN305 372838. We would like to thank Michat Antkowiak
and Monika Konieczny for their help with ArcGIS, Anna Basifiska for
her help in the field, Anna Kozak for her help in statistical analysis,
Robert Kippen for proofreading and anonymous reviewers, for their
valuable feedback on an earlier version of the manuscript.

References
. D., Chudzifiska, M., Szp B., Swierk, D., Goldyn, R.,
Dondajewska, R., 2014. Storm water contamination and its effect on the
quality of urban surface waters. Environ. Monit. Assess. 186 (10), 6789-6803

Carpenter, S.R., 1980. The decline of Myriophyllum spicatum in a eutrophic
Wisconsin lake. Can. ). Bot. 58 (5), 527-535.

Celewicz-Goldyn, S., 2010. Influence of Ceratophyllum demersum L. on
phytoplankton structure in a shallow eutrophic lake. Oceanol. Hydrobiol. Stud.
39(3), 121-128.

Ciecierska, H., Kolada, A., 2014. ESMI: a macrophyte index for assessing the
ecological status of lakes. Environ. Monit. Assess. 186, 5501-5517, http://dx.
doi.org/10.1007/s10661-014-3799-1.

Ciecierska, H., 2006. Evaluation of the status of lakes located in the City of Olsztyn
(Masurian Lake District, N-E Poland) by the macrophytoindication method
(MPhI). Hydrobiologia 570, 141-146, http://dx.doi.org/10.1007/510750-006-
0173-5.

76 |



4. Mechanizm przebudowy struktury zbiorowisk makrofitéw w wyniku
zabiegow rekultywacyjnych

52 J. Rosiriska et al. / Aquatic Botany 138 (2017) 45-52

and of the Council of 23 October
action in the field of water

Directive of the pean P
2000 ishing a fi k for Ce
policy. 0] L327/1 from 22.12.2000.

Dunalska, J.A., Grochowska, J., Wisni i, G., i6 Ki
Can we restore badly degraded urban lakes? Ecol Eng. 82, 432-441.

Elbanowska, H., Zerbe, J., Siepak, J., 1999. Physicochemical Water Testing. UAM
Univ. Press, Poznan, pp. 231 (in Polish).

Gotdyn, R., Kowalczewska-Madura, K., 2008. Interactions between phytoplankton
and zooplankton in the hypertrophic Swarzedzkie Lake in western Poland. J.
Plankton Res. 30, 33-42.

Gotdyn, R., Gotdyn, H., Kaniewski, W., 2005. Water plant associations in the valley
of the Cybina River. Rocz. AR Pozn. 373, Bot. Steciana 9, 69-87.

Gotdyn, R., Messyasz, B., Domek, P., Windhorst, W., Hugenschmidt, C., Nicoara, M.,
Plavan, G., 2013. The response of Lake Durowskie ecosystem to restoration
measures. Carpath. ). Earth Environ. Sci. 8 (3), 43-48.

Goldyn, R., Podsiadtowski, S., Dondajewska, R., Kozak, A., 2014. The sustainable
restoration of lakes—towards the challenges of the Water Framework
Directive. Ecohydrol. Hydrobiol. 14 (1), 67-74.

Grochowska, J., Brzozowska, R., topata, M., Dunalska, J., 2015. Influence of
restoration methods on the longevity of changes in the thermal and oxygen
dynamics of a lake. Oceanol. Stud. 44 (1), 18-27, http://
dx.doi.org/10.1515/0hs-2015-0003.

Hansel-Welch, N., Butler, M.G., Carlson, T.J., Hanson, M.A,, 2003. Changes in
macrophyte community structure in Lake Christina (Minnesota), a large
shallow lake, following biomanipulation. Aquat. Bot. 75, 323-337.

Hilt, S., van de Weyer, K., Kéhler, A., Chorus, 1., 2010. Submerged macrophyte

to reduced p us concentrations in two peri-urban lakes.
Reslor Ecol. 18 (52), 452 461.
Horpplla J Nurmmen L., 2003. Effects of submerged macrophytes on sediment
and internal us loading in Lake Hiidenvesi (southern
Flnland] Water Res. 37, 4468-4474.

Hutorowicz, A., Dziedzic, J., 2008. Long-term changes in macrophyte vegetation
after reduction of fish stock in a shallow lake. Aquat. Bot. 88, 265-272.

Jenek, B., Suszczewicz, R., Deplewski, A., 1979. Description of Fisheries Districts in
Open Waters in Poznan Voivodeship, Part II, Poznaf, 272-276 (in Polish).

Jin, X,, Xu, Q,, Yan, C,, 2006. ion scheme for macrop in a hypertrophic
water body, Wuli Lake, China. Lakes Reserv. Res. Manage. 11, 21-27, http://dx.
doi.org/10.1111/1.1440-1770.2005.00291.

Jusik, S., Maciot, A., 2014. The influence ofhydromorphologlcal modlﬁcanons of
the littoral zone in lakes on mac eanol. | Stud. 43 (1),
66-76, http://dx.doi.org/10.2478/s13545-014-0119-x.

Kissoon, LT.T., Jacob, D.L., Hanson, M.A., Herwig, B.R., Bowe, S.E., Ottea, M.L., 2013.
Macrophytes in shallow lakes: ips with water, sedi: an
watershed characteristics. Aquat. Bot. 109, 39-48, http://dx.dot.org/10.1016/j.
aquabot.2013.04.001.

Klimaszyk, P., Piotrowicz, R., Rzymski, P., 2015. Changes in physico-chemical
conditions and macrophyte abundance in a shallow soft ter lake mediated

A, 2015.

Moss, B., 1990. Engineering and biological approaches to the restoration from
eutrophication of shallow lakes in which aquatic plant communities are
important components. Hydrobiologia 200-201, 367-377.

Nagengast, B., Kuczyniska-Kippen, N., 2015. Macrophyte biometric features as an
indicator of the trophic status of small water bodies. Oceanol. Hydrobiol. Stud.
44 (1), 38-50, http://dx.doi.org/10.1515/ohs-2015-0005.

Novak, P.A., Chambers, ].M., 2014. Investigation of nutrient thresholds to guide
restoration and management of two impounded rivers in south-western
Australia. Ecol. Eng. 68, 116-123,

Ogdahl, M.E., Steinman, A.D., 2014. Factors influencing macrophyte growth and
recovery following shoreline restoration activity. Aquat. Bot. 120, 363-370,
http://dx.doi.org/10.1016/j.aquabot.2014.10.006.

Ordinance of the Minister of Environment, 2016. Ordinance of the Minister of
Environment dated 21 July 2016 on the classification of status of surfae water
bodies and environmental quality standards for priority substances. Dz.U.
2016, item 1187 (in Polish).

Ozimek, T., Gulati, R.D., van Donk, E., 1990. Can macrophytes be useful in
biomanipulation of lakes? The Lake Zwemlust example. Hydrobiologia
200-201, 399-407.

Penning, W.E., Mjelde, M., Dudley, B., Hellsten, S., Hanganu, J., Kolada, A., van den
Berg, M., Poikane, S., Phillips, G., Willby, N., Ecke, F., 2008. Classifying aquatic
macrophytes as indicators of eutrophication in European lakes. Aquat. Ecol. 42,
237-251, http://dx.doi.org/10.1007/s10452-008-9182-y.

Podbielkowski, Z., Tomaszewicz, H., 1996. A Guide to Hydrobotany. PWN Sci. Publ.,
Warszawa, pp. 530 (in Polish).

Rosiiiska, J., Gotdyn, R., 2015. Changes in macrophyte communities in Lake
Swarzedzkie after the first year of restoration. Arch. Pol. Fish, 23, 43-52.

Rybak, M., Joniak, T., 2015. Assessment of a natural potential for a renewal of the
submerged aquatic vegetation in degraded Géreckie Lake (Wielkopolski
National Park). Ekol. Tech. 23 (4), 177-182 (in Polish).

Schallenberg, M., Sorrell, B., 2009. Regime shifts between clear and turbid water in
New Zealand lakes: envi [ and i

and ion. N.Z. ). Mar. F
dx.doi.org/10.1080/00288330909510035.

Scheffer, M., 1998. Ecology of Shallow Lakes. Chapman & Hall, London, pp. 357.

Scheffer, M., Hosper, S.H., Meijer, M.-L,, Moss, B., Jeppesen, E., 1993. Alternative
equilibria in shallow lakes. Trends Ecol. Evol. 8, 275-279.

Schneider, S., 2007. Macrophyte trophic indicator values from a European
perspective. Limnologica 37, 281-289.

Sender, )., 2012. The dynamics of macrophytes in a lake in an agricultural
landscape. Limnol. Rev. 12 (2), 93-100, http://dx.doi.org/10.2478/v10194-011-
0049-6.

Sendergaard, M., Phillips, G., Hellsten, S., Kolada, A., Ecke, F., Mdemets, H., Mjelde,
M., Azzella, M.M., Oggioni, A., 2013. Maximum growing depth of submerged
macrop: in lakes. F ia 704, 165-177, http://dx.doi.
clrgll[) 1007/s10750-012-1389-1.

K., Goldyn, R., Kowalczewska-Madura, K., 2007. Changes of summer

for
43 (3),701-712, hup://

by a great cormorant roosting colony. J. Limnol. 74 (1), 114-122.

Kolada, A., Ciecierska, H., Ruszczyiiska, ., Dynowski, P., 2014. Sampling techniques
and inter-surveyor variability as sources of uncertainty in Polish macrophyte
metric for lake ecological status assessment. Hydrobiologia 737, 265-279.

Kolada, A., 2010. The use of aquatic vegetation in lake assessment: testing the
sensitivity of macrophyte metrics to anthropogenic pressures and water
quality. Hydrobiologia 656, 133-147, http://dx.doi.org/10.1007/510750-010-
0428-z.

Kowalczewska-Madura, K., Gotdyn, R., 2006. Anthropogenic changes in water
quality in the Swarzedzkie Lake (West Poland). Limnol. Rev. 6, 147-154.

Kowalczewska-Madura, K., Goldyn, R., 2010. Models of phosphorus turn-over in a
hypertrophic lake: the Lake Swarzedzkie case study. Oceanol. Hydrobiol. Stud.
39(3), 21-33, http://dx.doi.org/10.2478/v10009-010-0041-5.

Kozak, A., Kowalczewska-Madura, K., Goldyn, R., Czart, A., 2014. Phytoplankton
composition and physicochemical properties in Lake Swarzedzkie (midwestern
Poland) during restoration: preliminary result. Arch. Pol. Fish. 22, 17-28.

Liu, G., Liu, Z, Gu, B., Smoak, ].M., Zhang, Z., 2014. How important are trophic state,
macrophyte and fish population effects on cladoceran community? A study in
Lake Erha. Hydrobiologia 736, 189-204.

Lombardo, P., Mjelde, M., Kallqvist, T., Brettum, P., 2013. Seasonal and
scale-dependen( vana lity i in nulnem- and allelopathy-mediated

Knowl. Manage. Aquat. Ecosyst. 409,

http: //dx doi. org/IO 1051/kmae/2013055.

Lirling, M., van Oosterhout, F., 2013. Controlling eutrophication by combined
bloom precipitation and sediment phosphorus inactivation. Water Res. 47,
6527-6537.

Mijelde, M., Faafeng, B.A., 1997. Ceratophyllum demersum hampers phytoplankton
development in some small Norwegian lakes over a wide range of phosphorus
concentrations and geographical latitude. Freshwater Biol. 37, 355-365.

Mijelde, M., Hellsten, S., Ecke, F., 2013. A water level drawdown index for aquatic
macrophytes in Nordic lakes. Hydrobiologia 704, 141-151.

phytoplankton communities in Lake Swarzedzkie in the 2000-2003 period.
Oceanol. Hydrobiol. Stud. 36 (1), 77-85.

Strand, J.A., 1999. The development of submerged macrophytes in Lake Ringsjon
after biomanipulation. Hydrobiologia 404, 113-121.

Szyper, H., Gotdyn, R, Romanowicz, W., 1994. Lake Swarzedzkie and its influence
upon the water quality of the River Cybina. In: Gotdyn, R. (Ed.), Protection of
the Water of the Catchment Area of the River Cybina, vol. 74. Pr. Komis. Biol.
PTPN, Poznan, pp. 7-31.

Trajanovska, S., Talevska, M., Imeri, A., Schneider, S.C., 2014. Assessment of littoral
eutrophication in Lake Ohrid by submerged macrophytes. Biologia 69 (6),
756-764, http://dx.doi.org/10.2478/s11756-014-0365-9.

van Donk E..van de Bund, W.]., 2002. [mp.!cl of submerged macrophytes including

phytes on phyto- and ities: allelopathy versus
orher mechanisms. Aquat. Bot. 72, 261~ 274

van Nes, E.H., Scheffer, M., van den Berg, M.S., Coops, H., 2002. Aquatic
macrophytes: restore, eradicate or is there a compromise? Aquat. Bot. 72,
387-403.

van de Haterd, RJ.W., Ter HeerdL G.N.J., 2007. Potential for the development of

icated shallow peaty lakes after

ia 584, 277-290, http://dx.doi.org/10.1007/

S| d macrophy

510750-007-0593-x.

Xu, ZH., Yin, XA, Yang, ZF., 2014. An optimisation approach for shallow lake
restoration through macrophyte management. Hydrol. Earth Syst. Sci. 18,
2167-2176, http://dx.doi.org/10.5194/hess-18-2167-2014.

Zuccarini, P., Ciurli, A., Alpi, A., 2011. Implications for shallow lake manipulation:
results of aquaria and enclosure experiments manipulating macrophytes,
zooplankton and fish. Appl. Ecol. Environ. Res. 9 (2), 123-140.

77|



4. Mechanizm przebudowy struktury zbiorowisk makrofitow w wyniku
zabiegdéw rekultywacyjnych

Oswiadczenia/Authorship statements

Poznan, wrzesien 2017 r.
Joanna Rosinska
Zaktad Ochrony Waod
Wydzial Biologii
Uniwersytet im. A. Mickiewicza
ul. Umultowska 89
61-614 Poznan
rosinska.asia@gmail.com

Oswiadczenie okreslajace wklad w powstanie artykulu

Niniejszym oswiadczam, ze moj wklad w powstanie ponizszego artykutu:

Rosinska J., Rybak M., Goldyn R., 2017, Patterns of macrophyte community recovery as a
result of the restoration of a shallow urban lake, Aquatic Botany 138, 45-52, DOI:
10.1016/j.aquabot.2016.12.005

polegal na: zebraniu danych w terenie, opracowaniu danych, przygotowaniu map, napisaniu
manuskryptu i poprawie manuskryptu po ocenie recenzentow.

Moj catkowity wklad w prace wynosi 75%.

A ’b_ L9, .
\ y\\WnN 34
| O Wl e

78 |



4. Mechanizm przebudowy struktury zbiorowisk makrofitow w wyniku
zabiegdéw rekultywacyjnych

Poznan, wrzesien 2017 r.
Michat Rybak
Zaktad Ochrony Waod
Wydzial Biologii
Uniwersytet im. A. Mickiewicza
ul. Umultowska 89
61-614 Poznan
m.rybak@amu.edu.pl

Oswiadczenie wspoélautora okreslajace wklad w powstanie artykulu

Niniejszym oswiadczam, ze méj wkiad w powstanie ponizszego artykutu:

Rosinska J., Rybak M., Goldyn R., 2017, Patterns of macrophyte community recovery as a
result of the restoration of a shallow urban lake, Aquatic Botany 138, 45-52, DOI:
10.1016/j.aquabot.2016.12.005 polegal na: zebraniu danych w terenie i wykonaniu analiz
statystycznych.

Moj catkowity wktad w prace wynosi 15%.

zgu h

79 |



Poznan, wrzesien 2017 r.
Ryszard Goldyn
Zaktad Ochrony Wod
Wydziatl Biologii
Uniwersytet im. A. Mickiewicza
ul. Umultowska 89
61-614 Poznan
rgold@amu.edu.pl

Oswiadczenie wspoélautora okreslajace wklad w powstanie artykulu

Niniejszym o$wiadczam, ze moj wkiad w powstanie ponizszego artykutu:

Rosinska J., Rybak M., Goldyn R., 2017, Patterns of macrophyte community recovery as a
result of the restoration of a shallow urban lake, Aquatic Botany 138, 45-52, DOI:
10.1016/j.aquabot.2016.12.005

polegal na: zebraniu danych w terenie, dyskusji wynikow i korekcie tekstu.

JU] MPOC;T “

Moj catkowity wktad w prace wynosi 10%.

80 |



