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1. Finansowanie

Niniejsza praca doktorska zostata wykonana w ramach projektu pt. "Wptyw zimowego
zanieczyszczenia solg drogowg na sukces wylegu zooplanktonu z jaj przetrwalnikowych”
finansowanego w ramach konkursu SONATINA 2 przez Narodowe Centrum Nauki.
Nr projektu: 2018/28/C/NZ8/00235. Realizowany w latach 2018 - 2022.
Kierownik — dr Sebastian Szklarek.

N NARODOWE CENTRUM NAUKI
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2. Wspotpraca naukowa

unesco J

Centrum Europejskie Regionalne
Pod auspicjami Centrum Ekohydrologii
UNESCO Polskiej Akademii Nauk

Europejskie Regionalne Centrum Ekohydrologii Polskiej Akademii Nauk w todzi, przy wspétudziale
dra Sebastiana Szklarka.
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3. Spis publikacji wchodzgcych w sktad rozprawy doktorskiej

Praca przeglagdowa

| Szklarek S., Gérecka A., Wojtal-Frankiewicz A.; The effects of road salt on freshwater
ecosystems and solutions for mitigating chloride pollution — A review; Science of The Total
Environment; 2022; 805:150289. DOI: 10.1016/j.scitotenv.2021.150289.

IF: 10.754; punkty MEiN: 200 pkt.

Prace doswiadczalne

Il Gorecka A., Szklarek S., Frankiewicz P., Kukuta K., Woijtal-Frankiewicz A.; Does
winter application of road salt affect zooplankton communities in urban ponds?; Aquatic
Sciences; 2023; 85(111). DOI: /10.1007/s00027-023-01009-y

IF: 2.755; punkty MEiN: 100 pkt.

1] Szklarek S., Gdrecka A., Salabert B., Wojtal-Frankiewicz A.; Acute toxicity of seven
de-icing salts on four zooplankton species — is there an “eco-friendly” alternative?; Ecohydrology
& Hydrobiology; 2022; 22(4):589-597. DOI: 10.1016/j.ecohyd.2022.08.005.

IF: 2.957; punkty MEiN: 100 pkt.

v Szklarek S., Gorecka A., Jozwiak P., Wojtal-Frankiewicz A.; The effect of road salt (NaCl)
treatment on the hatching success of Daphnia magna and Thamnocephalus platyurus;
Ecohydrology & Hydrobiology; 2023. DOI: 10.1016/j.ecohyd.2023.06.005.

IF: 2.957; punkty MEiN: 100 pkt.

Vv Gorecka A., Pienigzek A., Nebelska J., Szklarek S., Wojtal-Frankiewicz A.; Odpowiedz
antyoksydacyjna situ rozpierzchtego (Juncus effesus) i oczeretu jeziornego (Schoenoplectus
lacustris) na zanieczyszczenie solq drogowq (przygotowany manuskrypt)

Sumaryczna wartos¢ IF: 19.423; punkty MEiN: 500 pkt.
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4. Wprowadzenie

4.1. Uzasadnienie podjetej tematyki badawczej

Miasta sg ostojg cztowieka od czaséw starozytnych i majg one niezaprzeczalny
wptyw na $rodowisko naturalne. Szacuje sie, ze w regionach rozwinietych 79% populacji
ludzkiej zamieszkuje tereny zurbanizowane, a odsetek ten wzros$nie do 87% do 2050 roku
(World Cities Report 2022). Wraz z postepujgcym rozwojem transportu, drogi w miastach
ulegaty przeksztatceniom, poczawszy od drég gruntowych, poprzez pierwsze drogi
utwardzane kamieniem, az po znane nam dzi$ jezdnie i autostrady.

W rejonach poétkuli potnocnej, gdzie w sezonie zimowym wystepujg temperatury
w okolicach 0°C, drogi takie wymagajg odpowiedniego zabezpieczenia przed $niegiem
i lodem. SAl drogowa, czyli najczesciej wykorzystywany w tej roli chlorek sodu (NaCl),
jest najpowszechniejszg substancjg uzywang w celu odladzania powierzchni. Poczatki
stosowania chlorku sodu jako substancji odladzajgcej siegajg lat 40. ubiegtego wieku
i od tego czasu obserwuje sie wzrost jego popularnosci (Hintz i in.,, 2022). Inne sole
nieorganiczne, takie jak chlorek magnezu (MgCl,) czy chlorek wapnia (CaCly), jak rowniez
zamienniki niezawierajgce chlorkow takie jak octany czy mréwczany mogg by¢ uzywane
w celu zimowego zabezpieczania drég, jednak chlorek sodu, w poréwnaniu do innych
substancji, jest najbardziej ekonomiczny w uzytkowaniu (Hintz i in., 2022).

Warto jednak zwréci¢ uwage na to, ze pomimo waznej roli jakg petni NaCl
w zwiekszaniu bezpieczenstwa na drogach w warunkach zimowych, ma on niekorzystny
wptyw na srodowisko. Sél drogowa wraz ze sptywem powierzchniowym oraz poprzez
infiltracje do gleby przedostaje sie do wod powierzchniowych i podziemnych, gdzie
powoduje podwyziszone stezenia jondw chlorkowych oraz sodu. Ponadto, jon CI jest
konserwatywny — nie ulega on w fatwym stopniu biotransformacji ani rozpadowi,
co powoduje, ze moze sie utrzymywac w Srodowisku przez dtuzszy czas (Hintz i Relyea,
2019).

Problem zanieczyszczenia spowodowanego stosowaniem soli drogowej jest czesto
bagatelizowany o czym swiadczy fakt, ze w wielu krajach brak jest konkretnych wytycznych
dotyczacych stezen granicznych, jezeli chodzi o oddziatywanie na biologie dla jondow
chlorkowych i sodu w wodach stodkich. Granice takich stezen zostaty wyznaczone
w Stanach Zjednoczonych (230 mg CI'/L — stezenia chroniczne, 860 mg Cl/L stezenia ostre)

(USEPA, 1988) oraz w Kanadzie (120 mg Cl"/L—stezenia chroniczne i 640 mg Cl"/L— stezenia
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ostre) (CEQG, 2011). Podobnych limitéw brak w krajach Unii Europejskiej, z kilkoma
wyjatkami. Na przyktad, w Niemczech za wody lekko zanieczyszczone solg uwaza sie wody
o stezeniu od 50 do <200 mg CI/L, natomiast te charakteryzujgce sie stezeniem
od 200 do 400 mg CI/L klasyfikowane s3 jako wody Srednio zanieczyszczone solg
(Hintz i in., 2022). W Austrii wartos¢ graniczna dla jezior i rzek to 150 mg Cl7/L (Srednia
roczna), na Wegrzech od 20 do 60 mg Cl7/L dla rzek oraz przewodnos$¢ od 20 do 1500 puS/cm
wyznaczona dla jezior (Srednie roczne), w Holandii od 40 do 300 mg ClI/L dla rzek
i od 40 do 200 mg CI/L dla jezior (Srednie sezonowe), natomiast w Polsce jest
to przewodnos¢ od 300 do 850 uS/cm dla rzek i 100 do 600 uS/cm dla jezior (Srednie roczne)
(Kelly i in., 2023). Ponadto, jak wskazuje Schuler i wspotautorzy (2019), obecne przepisy
sg niewystarczajgce, aby skutecznie chroni¢ stodkowodne ekosystemy przed zasoleniem,
poniewaz nie wigzg sie one z konsekwencjami prawnymi. Dodatkowo, nie zapewniajg one
skutecznych rozwigzan w przypadkach, gdy stezenia jondw odpowiedzialnych

za podwyzszone zasolenie sg przekraczane.

Niestety, jak wskazujg przyktady z literatury, w wodach stodkich narazonych
na zanieczyszczenie NaCl, zarowno stezenia chroniczne jak i ostre wyznaczone przez
kanadyjskie i amerykanskie limity, sg czesto wielokrotnie przekraczane. Podwyzszone
stezenia jonow chlorkowych obserwuje sie w przydroznych zbiornikach burzowych
(Marsalek i in. 2003; Gallagher i in. 2011; Tixier i in. 2011), jeziorach (Mueller i Gaechter,
2012, Rogora i in. 2015; Dugan i in. 2017), a takze w strumieniach i rzekach (Lax i in. 2017;
Hubbart i in. 2017). Chlorek sodu moze réwniez przedostawa¢ sie do wod podziemnych
i wraz z nimi migrowaé¢ do wéd powierzchniowych, powodujgc podwyzszone stezenia
jonéw chlorkowych réwniez w miesigcach cieptych (Lax i Peterson, 2009), a takze
przyczynia¢ sie do podwyziszonego stezenia chlorkow w studniach z wodg pitng

(Besteriin. 2006).

Podwyzszone stezenia jondw chlorkowych w wodzie niosg za sobg skutki zaréwno
abiotyczne jak i biotyczne. Do tych pierwszych zaliczyé mozna m.in. wptyw na zmiane
struktury gleb (Robinson i in. 2017) czy wzrost stezenia metali ciezkich w ekosystemach
stodkowodnych (Schuler i Relyea, 2018a). Zaobserwowano réwniez szereg konsekwenc;ji
podwyzszonego zasolenia na organizmy zywe, w tym mikroorganizmy (Cocheroiin., 2017),
glony (Hintz i in., 2017), bezkregowce (Clements i Kotalik, 2016) i kregowce
(Karraker i Gibbs, 2011; Tollefsen i in., 2015).

Zooplankton stanowi kluczowe ogniwo w stodkowodnych sieciach troficznych,
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zapewniajgc przeptyw energii od producentéw do konsumentéw wyzszych rzedow (Sinclair
i Arnott, 2018). Zooplankton, a w szczegdlnosci wioslarki z rodzaju Daphnia, dzieki
odzywianiu sie poprzez filtracje, kontrolujg obfitos¢ fitoplanktonu, przyczyniajgc sie tym
samym do polepszania jakosci wody w  ekosystemach stodkowodnych
(Lamperti Sommer, 2001). Jednakze, badania wskazuja, ze podwyzszone stezenia chlorkow
(600 mg CI/L) mogg wptywa¢ na zwiekszenie $miertelnosci  wioSlarek
(Searle i in., 2016), a takze wywotywaé szereg skutkéw sub-letalnych, takich jak spadek
wielkosci legu, spadek catkowite] liczby potomstwa, spadek sredniej dtugosci zycia, spadek
wspotczynnika reprodukcji netto (Ro) oraz spadek wewnetrznego przyrostu naturalnego (r)
(Martinez-Jeronimo i  Martinez-Jerénimo, 2007). Ponadto, zaobserwowano,
ze zwiekszone zasolenie moze powodowac spadek szybkosci pionowych wedréwek
wioslarek, przy czym spadek ten jest tym wiekszy im dtuzsza jest ekspozycja na zasolenie
(Huber i in. 2023). Zmiany spowodowane podwyzszonym stezeniem chlorkdw obserwuje
sie rowniez na poziomie stodkowodnych sieci troficznych, wskutek zachodzacych interakgji
top-down i bottom-up. Badania prowadzone przy uzyciu zbiornikdw, ktérych zadaniem jest
imitowanie  warunkéw  naturalnych (tzw. mesocosm  studies)  wykazaty,
ze w warunkach podwyzszonego zasolenia (1000 mg Cl/L) nastgpit wzrost zageszczenia
fitoplanktonu oraz peryfitonu, natomiast spadek zageszczenia widtonogdw oraz wioslarek
(Lind i in., 2018), czy zdominowanie spotecznosci zooplanktonu przez wrotki,
w tym gatunek charakterystyczny dla woéd stonych — Brachionus plicatilus
(Van Meter i Swan, 2014). Zaobserwowano réwniez synergistyczny efekt pomiedzy
wysokim zasoleniem a obecnoscig drapieznikéw (ryb), ktéry doprowadzit do spadku
bogactwa gatunkowego oraz zageszczenia zooplanktonu, czego skutkiem byt wzrost

zageszczenia fitoplanktonu (Hintz i in. 2017).

Badania wskazujg jednak na mozliwos¢ wyksztatcenia przez wioslarki tolerancji
na podwyzszone zasolenie. Coldsnow i wspétautorzy (2017) wykazali, ze Daphnia pulex
po 2,5 miesiecznej ekspozycji na podwyiszone stezenia chlorkéw (100, 250
i 1000 mg ClI/L), wykazywata wyzszg przezywalnos¢ w wysokich stezeniach chlorkéw
(1300 mg CI/L) w poréwnaniu do organizmow kontrolnych. Autorzy zwracajg jednak uwage
na koszty takiej tolerancji, np. mniejsze rozmiary ciata czy spadek reprodukgcji,
w poréwnaniu do populacji Daphnia zyjacych w niezasolonych wodach
(Coldsnow i in. 2017). Natomiast Hintz i wspotpracownicy (2019) wskazujg na mozliwos¢
wytworzenia przez D. pulex tolerancji krzyzowej, tzn. D. pulex wykazujace tolerancje

w stosunku do podwyzszonych stezen NaCl, mogg réwniez by¢ bardziej odporne



Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

na podwyzszone stezenia MgCl,. Jednakze, autorzy réwniez podkreslajg koszty zwigzane
z wytworzeniem tolerancji na zasolenie, tj. wolniejszy przyrost populacji w poczgtkowych

etapach eksperymentu w poréwnaniu do kontroli.

Stosowanie chlorku sodu jako substancji odladzajacej niesie za sobg powazine
konsekwencje dla srodowiska naturalnego, jednak jak dotgad brak jest skutecznych
zamiennikdw lub innych rozwigzan, ktore mogtyby pozwoli¢ na zaprzestanie jego
stosowania w przysztosci. Na rynku dostepne sg zamienniki NaCl w postaci innych soli
nieorganicznych, gtéwnie MgCl, oraz CaCl,. Jednak stosowanie tych soli nie rozwigzuje
problemu przedostawania sie jonéw chlorkowych do srodowiska. Dodatkowo, niektére
badania wskazujg na wyzszg toksycznosé MgCl, dla zooplanktonu w poréwnaniu do NaCl
(Coldsnow i Relyea, 2021). Inne substancje, czesto reklamowane jako ,,przyjazne dla
Srodowiska,” takie jak octany, substancje oparte o mocznik czy wzbogacone ekstraktem
z soku z buraka w badaniach toksycznosci wykazywaty podobng do NaCl lub nawet wiekszg
toksycznos$¢ dla zooplanktonu (Nutile i Solan, 2019). Z tego wzgledu konieczne jest
doktadne poznanie mozliwych efektéw, jakie mogg wywotywac zamienniki soli drogowe;j

w ekosystemach stodkowodnych.

Alternatywa dla zminimalizowania szkodliwego wptywu zasolenia na stodkowodne
ekosystemy moga by¢ rozwigzania oparte na naturze (ang. nature-based solutions), ktére
opieratyby sie o wykorzystanie odpowiednio dobranych gatunkéw roslin znoszacych
zasolenie. Doniesienia z literatury wskazujg na zdolnos¢ do akumulacji w tkankach jonow
Na* oraz ClI" przez wybrane gatunki tobody (Suaire i in., 2016), patki oraz situ

(Guesdon i in., 2016). Jednakze jest to temat, ktéry wcigz wymaga dalszych badan.

W niniejszej rozprawie doktorskiej starano sie podejs¢ do problemu
zanieczyszczenia  solg  drogowg  wieloaspektowo. Po pierwsze, zbadano,
jak zanieczyszczenie solg drogowa wptywa na zooplankton zamieszkujgcy miejskie zbiorniki
wodne. W tym celu wybrano cztery stawy zlokalizowane na terenie miasta todzi: Arturéwek
Gorny, Juliandw Gérny, Zbiornik Wasiaka oraz Zbiornik Zgierska. Aby oceni¢ stopien
zanieczyszczenia tych ekosystemdéw solg drogowg oraz zbada¢ wptyw zasolenia
na strukture zooplanktonu w tych zbiornikach, prowadzono trzyletni monitoring w latach
2019-2021 rdznigcych sie pod wzgledem zimowej pogody i tym samym ilosci stosowanej
soli drogowej. Po drugie, aby oceni¢ sukces wylegu zooplanktonu w warunkach

zanieczyszczenia NaCl przeprowadzono serie badan laboratoryjnych, a takze oceniono
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wptyw ekspozycji NaCl na strukture jaj przetrwalnikowych z uzyciem mikroskopu
skaningowego. Po trzecie, zbadano toksycznos¢ pieciu réznych zamiennikdéw tradycyjnej
soli drogowej dostepnych na polskim rynku dla czterech gatunkéw zooplanktonu:
Brachionus calyciflorus, Thamnocephalus platyurus, Ceriodaphnia dubia i Daphnia magna.
Wreszcie, w czwartym etapie badan, oceniono wptyw zasolenia na mechanizmy
antyoksydacyjne dwdch gatunkdw polskiej flory: situ rozpierzchtego (Juncus effusus) oraz
oczeretu jeziornego (Schoenoplectus lacustris), a takze zbadano zdolnos¢ tych roslin do
akumulacji jonéw sodu, w kontekscie wykorzystania ich do ograniczenia zanieczyszczenia

solg drogowg w ekosystemach stodkowodnych.
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4.2. Celeihipotezy badawcze

Publikacja | -,,The effects of road salt on freshwater ecosystems and solutions for mitigating

chloride pollution — A review”

Celem publikacji przegladowej byto podsumowanie aktualnej wiedzy na temat
wptywu soli odladzajgcych na srodowisko stodkowodne oraz wskazanie potencjalnych
kierunkdw ograniczenia degradacji ekosystemoéw, spowodowanej stosowaniem soli
drogowej. Cel realizowano w nastepujgcych etapach: 1) analiza zagrozen — ocena,
na podstawie danych literaturowych, w jakim stopniu naturalne ekosystemy stodkowodne
narazone sg na zanieczyszczenie jonami Cl; 2) analiza przyczynowo-skutkowa, majaca
na celu wskazanie konsekwencji wynikajgcych ze stosowania soli drogowej dla jakosci
i biologicznej aktywnosci gleby, wéd podziemnych i ekosystemow stodkowodnych, a takze
ocene wplywu zasolenia na ztozone zaleznosci miedzy parametrami abiotycznymi
i biotycznymi; 3) rozwijanie i optymalizacja metod - przedstawienie mozliwych alternatyw

dla tradycyjnych metod zimowego utrzymania drog.

Publikacja Il - ,,Does winter application of road salt affect zooplankton communities

in urban ponds?”

Hipoteza: 1) Zageszczenie zooplanktonu jest zwigzane ze stezeniami jonéw chlorkowych
w wodzie powierzchniowej, a podwyiszone stezenia chlorkéw w wodzie obserwowane
podczas surowej zimy wptyng na spadek zageszczenia zooplanktonu w zbiornikach
miejskich; 2) Warunki pogodowe oraz charakterystyka badanych zbiornikéw bedg miaty

istotny wplyw na stezenia badanych jonéw w wodzie oraz zageszczenie zooplanktonu.

Wiele badan skupiajgcych sie na poznaniu wptywu zasolenia na organizmy
zooplanktonowe to badania przeprowadzane w kontrolowanych warunkach
(tzw. mesocosm studies) lub badania toksycznosci z wykorzystaniem biotestdw. Znacznie
mniej doniesien literaturowych omawia wptyw zasolenia na zooplankton w warunkach
naturalnych. Z tego wzgledu, w publikacji Il starano sie ocenié zalezno$é miedzy stezeniami
jonéw chlorkowych oraz zageszczeniem zooplanktonu w naturalnym srodowisku,
tj., w zbiornikach miejskich. Gtéwnym celem publikacji Il byto zbadanie efektu wptywu
stezenia jondw chlorkowych na catkowite zageszczenie zooplanktonu oraz zageszczenie

poszczegdlnych grup zooplanktonu. Wybrano cztery miejskie zbiorniki zlokalizowane
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w todzi, rdznigce sie stopniem narazenia na zanieczyszczenie solg drogowga. Badania
przeprowadzono w trakcie trzech lat hydrologicznych (2019-2021), rdznigcych sie
warunkami pogodowymi w trakcie zimy. Zbadano stezenia jondw w toni wodnej oraz
w wodzie miedzyosadowej, jak réwniez przeprowadzono analizy jakosciowe i ilosciowe

organizmoéw zooplanktonowych zamieszkujacych zbiorniki.

Publikacja lll - ,,Acute toxicity of seven de-icing salts on four zooplankton species — is there an

“eco-friendly” alternative?”

Hipoteza: Dostepne na rynku zamienniki soli drogowej, w tym te reklamowane jako
»przyjazne dla srodowiska”, charakteryzujg sie podobng toksycznoscig dla zooplanktonu

co tradycyjna sél drogowa NaCl.

Zamienniki tradycyjnej soli drogowej oraz efekty jakie mogg wywotywad
na stodkowodnych ekosystemach sg mniej poznane niz efekty dziatania NaCl, jednak
niektore badania wskazujg na zwiekszong toksycznos¢ takich soli jak CaCl, czy MgCls.
Ponadto, niewiele wiadomo na temat efektdw zamiennikow promowanych jako ,,przyjazne
dla srodowiska,” ktére czesto nie przechodzg wystarczajgco doktadnych badan przed
dopuszczeniem na rynek. W badaniach toksykologicznych czesto wykorzystywane
sg substancje chemicznie czyste, a nie te dostepne komercyjnie, ktére moga zawierac
w swoim sktadzie dodatkowe komponenty. Badania dotyczgce toksycznosci wybranych
substancji na zooplankton najczesciej skupiajg sie na wybranych gatunkach wioslarek,
natomiast znacznie mniej badan wykorzystuje przedstawicieli pozostatych grup
zooplanktonu. Z tego wzgledu, w publikacji Ill przeprowadzono testy ekotoksycznosci
majgce na celu zbadanie wptywu tradycyjnej soli drogowej NaCl oraz jej szesciu
zamiennikéw dostepnych na polskim rynku, na czterech przedstawicieli zooplanktonu
pochodzacych z czystych linii laboratoryjnych, tj. Daphnia magna, Ceriodaphnia dubia,

Thamnocephalus platyurus oraz Brachionus calyciflorus.

Publikacja IV - ,,The effect of road salt (NaCl) treatment on the hatching success of Daphnia

magna and Thamnocephalus platyurus”

Hipoteza: 1) Ekspozycja jaj przetrwalnikowych Daphnia magna oraz Thamnocephalus
platyurus na podwyiszone stezenia NaCl wptynie na zmniejszenie sukcesu wylegu tych

organizmow, a sukces wylegu bedzie odwrotnie proporcjonalny do stezen NaCl;
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2) Wczesniejsza inkubacja jaj w podwyiszonych stezeniach NaCl przyczyni sie do tego,
ze sukces wylegu organizmow bedzie wiekszy niz z jaj przetrwalnikowych nie poddanych

wczesniejszej inkubacji.

Konsekwencje jakie zasolenie moze mie¢ na rozrdd stodkowodnych skorupiakow sg
wcigz stabo poznane. Z tego wzgledu celem publikacji IV byto zbadanie wptywu soli
drogowej (NaCl) na sukces wylegu dwdch organizmdéw zooplanktonowych, tj. Daphnia
magna oraz Thamnocephalus platyurus, ktére wykazaty wysokg wrazliwo$é na zasolenie
w badaniach przedstawionych w publikacji lll. Przeprowadzono badania polegajgce
na ocenie sukcesu wylegu organizméw z jaj przetrwalnikowych po ich ekspozycji
na zwiekszajgce sie stezenia NaCl: a) bez wczesniejszej inkubacji, b) po wczesniejszej

inkubacji jaj przetrwalnikowych w réznych stezeniach NaCl przez trzy, siedem i 28 dni.

Publikacja V (manuskrypt) - ,,OdpowiedZ antyoksydacyjna situ rozpierzchtego
(Juncus effesus) i oczeretu jeziornego (Schoenoplectus lacustris) na zanieczyszczenie solq

drogowq”

Hipoteza: 1) Systemy antyoksydacyjne situ rozpierzchtego i oczeretu jeziornego
skutecznie chronig rosliny przed stresem spowodowanym ekspozycja na sél drogowg;
2) Rosliny zakumulujg jony Na* w swoich tkankach, a ich stezenie w tkankach roslin bedzie

wzrastato wraz z gradientem stezen NaCl zastosowanych w czasie ekspozyciji.

Zastosowanie roslin do fitoekstrakcji jonéw sodowych z wody zanieczyszczonej solg
drogowg jest obiecujgcym kierunkiem badan. Jednak, aby skutecznie zastosowac
rozwigzania oparte o fitotechnologie, nalezy dobraé gatunki roslin, ktére charakteryzowac
sie bedg tolerancja na =zasolenie, jak rowniez zdolnoscia do akumulacji jonéw
Na*

w swoich tkankach. W tym celu wybrano dwa gatunki roslin rodzimych dla flory Polskiej —
sit rozpierzchty i oczeret jeziorny i przeanalizowano odpowiedZz systemow
antyutleniajgcych tych roslin na zasolenie, jak rowniez ich zdolnos¢ do akumulacji jonéw
Na* w nadziemnych tkankach. W tym celu przeprowadzono 60 dniowg ekspozycje roslin
na wzrastajgce stezenia NaCl, zbadano wybrane parametry stresu oksydacyjnego
oraz okre$lono zawartos¢ jondw Na* zakumulowanych w roslinach w trakcie ekspozycji na

zasolenie.
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4.3.

Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

Materiaty i metody badawcze

Badania terenowe - teren badan, materiat i metody poboru prob

Teren badan stanowity cztery stawy miejskie zlokalizowane na terenie miasta todzi

(51.7500000° N, 19.4666700° E):

1.

Arturéwek Gorny (Ryc. 1a) pofozony na rzece Bzurze, znajdujgcy sie na terenie
kompleksu wypoczynkowo-rekreacyjnego ,Arturéwek.” Stanowit on zbiornik
referencyjny ze wzgledu na zakaz stosowania soli drogowej w zlewni zbiornika
(znajdujacej sie w obszarze miejskiego Lasu tagiewnickiego).
Ograniczony doptyw zanieczyszczen wynika réwniez z zastosowanych w tym

ekosystemie rozwigzan ekohydrologicznych (Jurczakiin., 2018).

Zbiornik Wasiaka (Ryc. 1c), potozony na rzece Sokotdwce. Pierwszy od Zzrédfa zbiornik
na Sokotéwce stale wypetniony wodga. Zlewnia zdominowana zabudowg jednorodzinng,
gesty siecig drog osiedlowych oraz kilkoma wiekszymi drogami miedzyosiedlowymi,

z ktorych wody opadowo-roztopowe odprowadzane sg siecig kanalizacyjng do rzeki.

Zbiornik Julianédw Gérny (Ryc. 1b), potozony na rzece Sokotdwce (drugi stale wypetniony
wodg), lezacy na terenie Parku im. Adama Mickiewicza. Zagospodarowanie zlewni
pomiedzy zbiornikami Wasiaka i Juliandw Gérny takie samo jak w przypadku zlewni

zbiornika Wasiaka, dodatkowo z dwujezdniowg droga.

Zbiornik Zgierska (Ryc. 1d), potozony na rzece Sokotéwce (trzeci zbiornik od zrédet — po
Wasiaku i kompleksie zbiornikow Julianéw). Potozony jest ponizej dwukierunkowej
jezdni i torowiska, otoczony nieutwardzonymi $ciezkami dla pieszych. W sgsiedztwie
zbiornika znajduje sie osiedle doméw wielorodzinnych. Zasilany przelewem ze zbiornika

Julianéw Dolny, brak zidentyfikowanych doptywdw z kanalizacji deszczowe;.

Wczesniejsze badania prowadzone w zlewni rzeki Sokotoéwki wykazaty stezenia chlorkow

w sptywie poroztopowym siegajgce od 1 243 mg Cl7/L do nawet 12 086 mg Cl/L — wyloty

z kanalizacji deszczowej pomiedzy zbiornikami Wasiaka i Juliandw Goérny (Szklarek

iin. 2015).
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Ryc. 1. Badane zbiorniki wodne. a: Arturéwek Gérny, b: Staw Wasiaka, c: Julianéw Gérny,

d: Zbiornik Zgierska. Autorzy fotografii Sebastian Szklarek i Rafat Witczak.

Materiat stanowity trzy grupy zooplanktonu: wrotki, wioslarki i widtonogi pobrane
z w/w stawow miejskich. Préby zooplanktonu pobierane byly co dwa tygodnie,
od rozpoczecia kalendarzowej wiosny az do zakonczenia kalendarzowej jesieni, w latach
2019, 2020, 2021. Préby pobierano w strefie limnetycznej, przy wlocie do zbiornikéw
z warstwy 1 metr od powierzchni wody. Préba wody o objetosci 20 L byfa filtrowana
za pomocy siatki zooplanktonowej o srednicy oczek 50 pm. Wydajnos¢ sieci o tym
rozmiarze oczek jest wysoka, nawet przy pobieraniu prébek z mniejszych objetosci wody,
co zostato zweryfikowane podczas wstepnych prac terenowych. Przy objetosci probki
20 litrow i gestej siatce, w kazdej prébce uzyskano od kilkuset do kilku tysiecy osobnikéw
nie tylko wrotkéw, ale takze skorupiakéw planktonowych. Nastepnie préby zageszczano
do 10 ml, a w celu utrwalenia préb zastosowano ptyn Lugola. Zooplankton analizowano
jakosciowo i iloSciowo przy uzyciu szklanej komory Sedgewick-Rafter o pojemnosci 1 ml
i mikroskopu Nikon (powiekszenie 40-100x). Gdy liczebnos¢ osobnikéw danej grupy
taksonomicznej byta wysoka (> 150 osobnikdw na podprobke), wszystkie zwierzeta
zooplanktonowe w komorze byty liczone standardowo (liczono zawartos¢ jednej komory).
Gdy liczebnos¢ zooplanktonu w jednej podprdbce bytfa nizsza, pobierano drugg podprdobke

i liczono osobniki z kolejnej komory. Procedura ta jest modyfikacjg metody opisanej przez
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Mack i in., 2012 jako "metoda 150/prdébka." Analizy morfologiczne przeprowadzono

w oparciu o publikacje Amoros (1984), Benzie (2005) oraz Ejsmont-Karabin i in. (2004).

Pobdr wody oraz osadéw do analiz chemicznych odbywat sie dwa razy w miesigcu,
a w okresie roztopow co kilka dni. Woda z toni wodnej byta pobierana 20 cm pod
powierzchnig, pobdér osaddw zostat przeprowadzony przy pomocy czerpacza osadow,
z gornej 20 cm warstwy osadu. Wode miedzyosadowg uzyskano poprzez wirowanie préb

osadow (3000 rpm, 10 minut).

Materiat do badan eksperymentalnych

1. Organizmy zooplanktonowe:
a) pochodzgce z naturalnych ekosystemow, pobierane w terenie zgodnie z opisem
powyzszej;
b) pochodzace z linii laboratoryjnych (Microbiotest Inc.), wykorzystane do badan
z biotestami oraz w eksperymentach dotyczgcych sukcesu wylegu. Wykorzystane
gatunki to Daphnia magna, Ceriodaphnia dubia, Thamnocephalus platyurus,

Brachionus calyciflorus.
2. Materiat roslinny

Sadzonki situ rozpierzchtego (Juncus effusus) oraz oczeretu jeziornego (Schoenoplectus

lacustris) nabyte w firmie oferujgcej rosliny wodne (Perfekt Klik).

Metody badan

W celu realizacji badan terenowych i eksperymentalnych wykorzystane zostaty ponizsze

techniki badawcze:
1. Analizy jakosciowe i ilosciowe préb zooplanktonu (metodyka opisana w publikacji Il),

2. Analiza wody z toni wodnej oraz wody miedzyosadowej przeprowadzona za pomocg
chromatografii jonowej (chromatograf jonowy Dionex®) (metodyka opisana

w publikacji Il),

3. Analizy z wykorzystaniem biotestéw Rotoxkit F, Thamnotoxkit F, Daphtoxkit F magna

oraz Daphtoxkit F pulex (Microbiotests Inc.) (metodyka opisana w publikacji 1ll),

4. Analiza struktury jaj przetrwalnikowych Daphnia magna za pomocg skaningowego

mikroskopu elektronowego (Phenom ProX) (metodyka opisana w publikacji 1V),
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5. Analizy dotyczace systemow antyoksydacyjnych u rodlin (metodyka opisana

w manuskrypcie V),

a) stezenie biatka oznaczono przy uzyciu odczynnika Folina-Ciocalteu metodg opisang przez

Lowry’egoiin. (Lowryiin., 1951),

b) stopield utlenienia lipiddw oznaczono przy uzyciu kwasu tiobarbiturowego (TBA)
opisanego przez Stocks i Dormandy (Stocks i Dormandy, 1971) z modyfikacjg Rice-Evans

i in. (Rice-Evansiin., 1991),

c) stezenie zredukowanego glutationu (GSH) oznaczono przy uzyciu odczynnika Ellmana

(kwas 5,5'-ditiobis(2-nitrobenzoesowy); DTNB) (Ellman, 1959),

d) aktywnos¢ katalazy zostata oznaczona spektrofotometrycznie w oparciu o metode Aebi

(1984),

e) do oznaczenia catkowitego nieenzymatycznego potencjatu przeciwutleniajgcego

zastosowano metode opisang przez Benzie i Strain (1996).

6. Badania dotyczagce zawartosci jondw sodu w tkankach roslin prowadzono
w oparciu o metodyke opisang przez lIseki i in.,, 2017 (metodyka opisana

w manuskrypcie V).

7. Analizy statystyczne otrzymanych danych terenowych i eksperymentalnych.
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5. Omowienie prac wchodzacych w skiad rozprawy doktorskiej
5.1. Publikacja | - The effects of road salt on freshwater ecosystems

and solutions for mitigating chloride pollution — A review

Problem zanieczyszczenia solg drogowa zostat poruszony w publikacji przegladowej
[publikacja nr 1]. W publikacji ujeto problem zasolenia opierajac sie na podejsciu
ekohydrologicznym, tzn. skupiajac sie na trzech krokach: 1. monitoringu zagrozen,
2. analizie przyczynowo skutkowej, 3. tworzeniu i optymalizacji rozwigzan (Zalewski, 2014).
W sekgcji pierwszej artykutu zwrdcono uwage na podwyzszone stezenia jondw chlorkowych,
ktdre obserwowane sg w wodach stodkich, poczawszy od zbiornikéw wdéd burzowych,
poprzez stawy i jeziora, a takze zrédta, strumienie i rzeki. Dodatkowo, opisano problem
przenikania soli drogowej do wdéd gruntowych oraz ich migracji wraz
z wodami podziemnymi do wdd powierzchniowych. Sekcja druga publikacji skupia sie
na wptywie zanieczyszczenia solg drogowg na aspekty abiotyczne oraz biotyczne. Do tych
pierwszych zaliczy¢ mozna zmiany w strukturze gleb oraz wyptukiwanie z niej metali
ciezkich, zwiekszone wydzielanie nieorganicznego i organicznego wegla z sedymentéw
rzecznych czy zaburzenia w miksji jezior. Zwrdcono réwniez uwage na szeroki aspekt
oddziatywania zasolenia na organizmy zywe — mikroorganizmy, fitoplankton, zooplankton,
a takze bezkregowce bentosowe, ryby i makrofity. W ostatniej sekcji publikacji opisano
mozliwe metody przeciwdziatania i minimalizacji zanieczyszczenia solg drogowa. Zaliczy¢
do nich mozna dobre praktyki przechowywania i stosowania soli drogowej, mozliwe
zamienniki chlorku sodu, metody mechaniczne, takie jak systemy grzewcze instalowane
w drogach oraz obiecujgcy kierunek, jakim sg rozwigzania bliskie naturze,
w tym wykorzystanie roslin halofilnych zdolnych do akumulacji jonéw sodu i chlorkowych

w tkankach.

Przeglad danych literaturowych zaprezentowany w publikacji wskazat na szerokie
konsekwencje, jakie ma stosowanie soli drogowej na stodkowodne ekosystemy
oraz pozwolit zidentyfikowa¢ Iluki w badanach nad wptywem soli drogowej
na zooplankton. Wiekszos¢ badan dotyczgcych zooplanktonu to badania toksycznosci,
gtownie skierowane na pojedynczy gatunek zooplanktonu lub badania z wykorzystaniem
sztucznych zbiornikdw (tzw. mesocosm), w celu obserwacji zmian w stodkowodnych
sieciach troficznych. Wyniki te niewatpliwie rzucajg $wiatto na ztozono$¢ zaleznosci
pomiedzy podwyzszonymi stezeniami jondw Cl™ a organizmami zooplanktonowymi, jednak

bardzo mato publikacji porusza problem stosowania soli drogowej w oparciu o badania
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prowadzone w naturalnych ekosystemach.

5.2. Publikacja Il - Does winter application of road salt affect zooplankton
communities in urban ponds?

W celu lepszego zrozumienia jak soél drogowa wptywa na organizmy
zooplanktonowe w naturze, przeprowadzono badania na wybranych miejskich zbiornikach
wodnych, w réznym stopniu narazonych na zasolenie [publikacja nr Il]. Teren badan
stanowity cztery zbiorniki zlokalizowane na terenie miasta todzi: Arturéwek Gorny (zbiornik
referencyjny), Zbiornik Wasiaka, Zbiornik Julianéw Gdérny oraz Zbiornik Zgierska. Teren
w poblizu zbiornikdéw oraz ich szczegdétowa charakterystyke przedstawiono na Rycinie 1
w publikacji nr Il oraz w Tabeli S1 w Suplemencie do publikacji nr Il. Badania prowadzono
na przestrzeni trzech lat hydrologicznych, réznigcych sie od siebie warunkami pogodowymi
w czasie zimy. Zgodnie z definicja Instytutu Meteorologii
i Gospodarki Wodnej rok hydrologiczny w Polsce rozpoczyna sie pierwszego listopada
i trwa do 31 pazdziernika. Rok 2019 charakteryzowat sie przecietng zimg, rok 2020 tagodng,
bez$niezng zimg, natomiast rok 2021 surowg zimga i opadami $niegu. Przeprowadzono
monitoring jakosci wody z toni oraz wody miedzyosadowej, a takze analizy jakosciowe

i ilosSciowe organizmow zooplanktonowych zamieszkujgcych zbiorniki.

Zaobserwowano, ze w stawach narazonych na doptyw soli drogowej,
tj. w Zbiorniku Wasiaka, w Zbiorniku Julianéw Gdérny oraz Zbiorniku Zgierska, stezenia
chlorkdow w wodzie miedzyosadowej utrzymywaty sie na poziomie powyzej limitu
chronicznego (120 mg CI/L) przez wiekszg czes¢ roku 2020. Natomiast stezenia chlorkéw
w wodzie miedzyosadowej w roku 2021 przekraczaty stezenia ostre (640 mg Cl'/L) réwniez
w ciggu miesiecy wiosennych. Stezenia chlorkéw przekraczajgce limit dla stezen ostrych
utrzymywaty sie réwniez w wodzie z toni do marca [Rycina 2 i 3 w publikac;ji I1]. Swiadczy
to o tym, ze problem zanieczyszczenia solg drogowg nie ogranicza sie wyfgcznie
do miesiecy zimowych — podwyzszone stezenia chlorkdéw mogg utrzymywaé sie
w zbiornikach na dfugo po zakonczeniu zimy i wptywaé na organizmy stodkowodne takze
W ciggu pozostatych miesiecy. Potwierdzono role stawu Arturdwek Gérny jako zbiornika
referencyjnego. W tym ekosystemie stezenia chlorkéw i sodu utrzymywaty sie

na najnizszym poziomie we wszystkich badanych latach [Rycina 4 i 5 w publikacji I1].

Struktury zooplanktonu we wszystkich zbiornikach charakteryzowaty sie srednim
bogactwem gatunkowym. Najwieksza liczba gatunkéw (27) zostata zaobserwowana

w Arturéwku Gérnym w roku 2019. Do najczesciej obserwowanych gatunkéw nalezaty
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Bosmina longirostris oraz Chydorus sphaericus, a takze Keratella cochlearis, Keratella
quadrata oraz wrotki z rodzaju Polyarthra. Zbiornik Zgierska, w ktérym zageszczenie
catkowitego zooplanktonu byto najwyzsze, charakteryzowat sie dominacjg wrotkdw
w strukturze zooplanktonu. Czynnikiem wyjasniajagcym wysokie zageszczenia wrotkdéw
w tym stawie moze by¢ duza ilo$¢é materii organicznej w zbiorniku, ktéra mogta stanowic
dobre zrédto pozywienia dla wrotkdw. Wioslarki z rodzaju Daphnia we wszystkich badanych

zbiornikach obserwowane byty rzadko i pozostawaty nieliczne.

Przeprowadzone analizy RDA (ang. redundancy analysis) wskazaty, ze zaréwno
czynniki Srodowiskowe, jak i charakterystyka poszczegdlnych stawéw w znaczacy sposéb
wptynety na zageszczenie zooplanktonu w zbiornikach. Jednak czynniki srodowiskowe,
w tym stezenia chlorkéw, miaty mniejszy wptyw na zageszczenie zooplanktonu (11%),
w poréwnaniu do charakterystyki stawdéw (62%) [rycina 6 w publikacji nr 11]. W zbiorniku
referencyjnych Arturowek Goérny, stezenia jondw ClI° oraz Na* nie mialy wptywu
na zageszczenia zooplanktonu obserwowane w zbiorniku. W przypadku tego stawu
czynnikiem, ktory w najwiekszym stopniu decydowat o zageszczeniu zooplanktonu byty
warunki pogodowe. Jezeli chodzi o pozostate trzy stawy, ktore narazone byly
na zanieczyszczenie solg drogowa, catkowite zageszczenie zooplanktonu oraz zageszczenie
poszczegdlnych grup (wioslarki, widtonogi i wrotki) bylo negatywnie skorelowane
ze stezeniem jondéw ClI° w wodzie powierzchniowej. Jednak co wazne, czynnikiem
najbardziej wptywajagcym na zageszczenie organizméw zooplanktonowych byta

charakterystyka zbiornikéw.

Wyniki otrzymane w tym etapie badan wskazaty, ze jony chlorkowe byty waznym,
ale niedecydujgcym czynnikiem wptywajagcym na strukture zooplanktonu w badanych

stawach miejskich.

5.3. Publikacja lll - Acute toxicity of seven de-icing salts on four zooplankton
species — is there an “eco-friendly” alternative?

Zdecydowana wiekszo$¢ doniesien literaturowych dotyczgcych wptywu stosowania
soli drogowej na stodkowodne ekosystemy skupia sie na wykorzystaniu chlorku sodu lub
innych soli nieorganicznych tj. CaCl; lub MgCl,. Znacznie mniej informacji dotyczy efektéw
stosowania innych zamiennikéw, w tym tych reklamowanych jako ,,przyjazne dla
srodowiska” (Schuler i Relyae, 2018b). Z tego wzgledu, w drugim etapie badan skupiono sie

na zbadaniu toksycznosci szesSciu zamiennikdéw tradycyjnej soli drogowej dostepnych
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w Polsce [publikacja nr Ill]. Substancjami badanymi byty: tradycyjna sél drogowa NaCl
(z dodatkiem substancji przeciwzbrylajacej), produkt DONSOL (CaCl;), produkt DONSOL
Drogowy (NaCl + CaCl,, z dodatkiem inhibitora korozji), produkt DONSOL Magnez
(MgCl2x6H20), posiadajgcy eko-etykiete produkt Lodotamacz (CaCl,, z dodatkiem inhibitora
korozji oraz (NHa)2HPO4) oraz produkt IceGo w postaci granulek oraz ptynu (CH3COOK).
Organizmami badanymi byly cztery gatunki zooplanktonu: wioslarki Daphnia magna
i Ceriodaphnia dubia, widtonég Thamnocephalus platyrurus oraz wrotek Brachionus
calyciflorus. W badaniach wykorzystano cztery rodzaje mikrobiotestéw firmy
MicroBioTests Inc. z wymienionymi organizmami, w celu oszacowania skutecznych stezen
EC10 i EC50. Zastosowany w badanach szereg stezen chlorkéw wynosit: 15 200 mg/L,
7 600 mg/L, 3800 mg/L, 1900 mg/L oraz 950 mg/L. W przypadku CH3sCOOK w formie
granulek konieczne byto zwiekszenie stezenia wyjsciowego dwukrotnie, ze wzgledu
na brak efektu przy zatozonym szeregu rozcienczen. Dla CH3COOK stezenia wynosity 30 400
mg/L, 24 320 mg/L, 21 280 mg/L oraz 18 240 mg/L. Organizmy wystawiono na dziatanie
substancji przez okres 24 godzin. Po ekspozyciji zliczano organizmy aktywnie ptywajgce oraz

te nieruchome.

Dawki EC50 réznity sie pomiedzy organizmami oraz poszczegdlnymi substancjami
[Rycina 1 w publikacji nr lll]. Tradycyjna sél drogowa NaCl okazata sie najbardziej toksyczna
dla T. platyurus (EC50 = 3 289 mg/L) oraz B. calyciflorus (EC50 = 3 318 mg/L). Dawki EC50
NaCl dla wioslarek wynosity natomiast 4 328 mg/L dla C. dubia oraz 5244 mg/L dla
D. magna. Sposréd pozostatych substancji, jedynie CH3COOK w formie granulek okazat sie
mniej toksyczny dla wszystkich badanych organizméw i wywotywat efekt przy najwyzszych
stezeniach (EC50 w zakresie od 19 274 do 22 786 mg/L). Substancja DONSOL (CaCl,),
DONSOL Magnez (MgCl,x6H,0) oraz CH3COOK w postaci ptynu posiadaty istotnie
statystycznie nizsze dawki EC50 w poréwnaniu do soli drogowej NaCl. Natomiast dawki
EC50 dla Lodofamacza (CaCl,) oraz DONSOL Drogowy (NaCl + CacCly) nie rdéznity
sie statycznie od EC50 dla tradycyjnej soli drogowej [Rycina 2 w publikacji nr 1l1].
Otrzymane wyniki wskazaty rowniez na rézng wrazliwosé¢ badanych gatunkdéw. Sposréd
badanych organizméw dawki EC50 dla D. magna byty istotnie statystycznie wyzisze niz
dawki dla pozostatych trzech organizméw. Natomiast dawki obliczone dla T. platyurus byty
istotnie statycznie nizsze od wszystkich pozostatych organizméw. Dawki EC50
dla B. calyciflorus oraz C. dubia nie rdznity sie istotnie pomiedzy sobg [Rycina 3

w publikacji nr 111].

Uzyskane wyniki pozwolity na wyciggniecie dwoch istotnych wnioskéw.
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Po pierwsze, organizmy zooplanktonowe rdznig sie w swojej odpornosci na zasolenie.
Niniejsze badania wskazaly, ze T. platyurus wykazat sie najmniejszg odpornoscia
na podwyzszone zasolenie, a D. magna najwiekszg. Po drugie, wiele substancji
odladzajgcych, mimo obietnic ze strony producentdw, nie wykazuje mniejszej toksycznosci
w poréwnaniu do tradycyjnych soli drogowej NaCl. Z tego wzgledu istnieje koniecznos¢
dokfadnego badania wszelkich zamiennikéw soli drogowej oraz ich wptywu na ekosystemu

stodkowodne.

5.4. Publikacja IV - The effect of road salt (NaCl) treatment on the hatching
success of Daphnia magna and Thamnocephalus platyurus

Biorgc pod uwage wyniki otrzymane w drugim etapie badan, etap trzeci skupit sie
na dwéch przedstawicielach zooplanktonu — D. magna oraz T. platyurus, w celu oceny
sukcesu wylegu organizméw z jaj przetrwalnikowych: 1. przy réznych stezeniach NaCl bez
wczesniejszego okresu inkubacji oraz 2. po okresie inkubacji jaj w réznych stezeniach NaCl
przez trzy, siedem i 28 dni [publikacja nr IV]. Jaja przetrwalnikowe pochodzity
ze standaryzowanych testow Daphtoxkit i Thamnotoxkit (MicroBioTests Inc). Doktadna
metodyka eksperymentu z wylegami zostata przedstawiona na Rycinie 1 w publikacji nr IV.
Dodatkowo, w celu sprawdzenia jak ekspozycja na rézne stezenia NaCl wptywa na jaja
przetrwalnikowe i zarodki D. magna, ephippia wczesniej wystawione na rdzne stezenia
NaCl przez trzy i siedem dni zostaty zanalizowane pod elektronowym mikroskopem
skaningowym. Ephippia zostaty otworzone a obserwacje podzielono na nastepujace
kategorie: 1. puste ephippium, 2. pojedyncze jajo, 3. dwa jaja, 4. pojedynczy zarodek,
5. pojedynczy zarodek z widocznym okiem, 6. dwa zarodki, 7. dwa zarodki z widocznym

okiem, 8. jajo i zarodek.

W pierwszej kolejnosci sprawdzono sukces wylegu préb kontrolnych, tzn. jaj
przebywajgcych w pozywce (EPA dla T. platyurus i1SO dla D. magna), bez dodatku NaCl. Nie
zaobserwowano istotnie statystycznych réznic w pierwszym i drugim wylegu pomiedzy
jajami inkubowanymi przez zero (T0), trzy (T3) i siedem dni (T7). Jednakze, statystycznie
nizszy wyleg zaobserwowano po inkubacji przez 28 dni (T28), dlatego
w dalszych badaniach nie brano pod uwage inkubacji 28-dniowej [Rycina 2 w publikacji nr

IV].

Nastepnie przetestowano sukces wylegu jaj, ktére nie byty wystawione

na inkubacje (TO) w warunkach podwyzszonego stezenia NaCl. Podczas pierwszego wylegu
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zaobserwowano, ze sukces wylegu spadat wraz ze zwiekszajgcymi sie stezeniami NaCl. Dla
T. platyurus liczba wyklutych osobnikow w pozywce EPA i w najnizszym stezeniu NaCl-5
(0,95 g/L) nie rdznita sie istotnie statystycznie. Liczba osobnikow w stezeniu NaCl-4
(1,90 g/L), NaCl-3 (3,80 g/L) i NaCl-2 (7,60 g/L) réznita sie statystycznie istotnie od kontroli,
od stezenia najnizszego NaCl-5 oraz miedzy sobg. Dla D. magna liczba osobnikéw wyklutych
w pozywce ISO, w stezeniu NaCl-5 (0,95 g/L), NaCl-4 (1,90 g/L) oraz NaCl-3 (3,80 g/L) nie
roéznita sie istotnie statystycznie miedzy sobg. Statystycznie istotnie mniej osobnikow
wykluto sie natomiast w stezeniu NaCl-2 (7,60 g/L). Przy najwyzszym stezeniu NaCl-1 (15,20
g/L) nie wykluty sie zadne osobniki, zaréwno T. platyurus jak i D. magna [Rycina 3
w publikacji nr [IV]. Podczas drugiego wylegu, podobna liczba organizmow
T. platyurus wykluta sie w stezeniu NaCl-5 (0,95 g/L) oraz NaCl-4 (1,90 g/L). W stezeniu
NaCl-3 (3,80 g/L) suma z dwdch wylegéw nie réznita sie statystycznie od sumy wylegéw
zaobserwowanych w kontroli, stezeniu NaCl-5 oraz NaCl-4. Suma wylegdw w stezeniu
NaCl-1 nie rdznita sie statystycznie od sumy wylegéw w stezeniach NaCl-3 i NaCl-4 [Rycina
3 w publikacji nr VI]. Dla D. magna zaobserwowano nagly spadek wyklutych osobnikow
przy stezeniu NaCl-2 (7,60 g/L). Osobniki wykluty sie rowniez w stezeniu najwyzszym
NaCl-1 i byto ich statystycznie mniej niz w kontroli oraz stezeniach NaCl-5, NaCl-4 i NaCl-3

[Rycina 3 w publikacji IV].

Wyniki analiz jaj przetrwalnikowych, ktére wczesniej wystawione byly
na trzydniowa oraz siedmiodniowg ekspozycje NaCl, nie wykazaty istotnej zaleznosci
pomiedzy czasem inkubacji a stezeniami NaCl, ktéra wptywataby na sukces wylegu.
Wykazano jednak istotne zmiany w sukcesie wylegu pomiedzy stezeniami [Rycina S1 i S2
w Suplemencie do publikacji nr IV]. Ostatnim etapem badan byto sprawdzenie
czy przeptukanie jaj po trzydniowej i siedmiodniowej inkubacji wptynie na sukces wylegu.
Nie wykazano statystycznie istotnych zaleznosci pomiedzy stezeniami NaCl i czasem
inkubacji, ktére wptywatyby na sukces wylegu. Jednakze, zaobserwowano réznice
w zsumowanej liczbie osobnikédw wyklutych z obu wylegdw u T. platyurus po przeptukaniu

jaj przetrwalnikowych wodg [Rycina S3 i S4 w Suplemencie do publikacji nr IV].

Analizy z uzyciem elektronowego mikroskopu skaningowego zostaty wykorzystane,
aby sprawdzi¢ czy rézne stezenia NaCl majg bezposredni wptyw na ephippia oraz znajdujace
sie w nich jaja i zarodki. Do tych badan wykorzystano ephippia, ktére wczesniej inkubowane
byty przez trzy dni w stezeniach NaCl-5, NaCl-2, NaCl-2 (przeptukane wod3)
i NaCl-1 oraz NaCl-1 (przeptukane wodg). Do drugiej grupy nalezaty ephippia inkubowane

przez siedem dni w stezeniach NaCl-3, NaCl-2 i NaCl-1. Dla grupy inkubowanej przez trzy
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dni wykazano statystycznie istotne rdznice pomiedzy kontrolg a stezeniem NaCl-2 oraz
kontrolg i stezeniem NaCl-1, a takze kontrolg i stezeniem NaCl-1 (przeptukane).
W przypadku siedmiodniowe] inkubacji, wszystkie stezenia roznity sie statystycznie
od kontroli [Tabela 1 w publikacji nr IV]. Ephippia kontrolne najczesciej byly puste
po otwarciu, natomiast te wystawione na inkubacje w NaCl czes$ciej zawieraty w srodku jajo
lub zarodek na réoznym etapie rozwoju [Rycina 4 w publikacji nr IV]. Mogtoby to sugerowa,
ze inkubacja w NaCl w jakim$ stopniu uniemozliwita zarodkom opuszczenie ephippium
wptywajgc na sukces wylegu, jednak jak wykazano we wczesniejszych eksperymentach, nie

znaleziono potwierdzenia na istotng interakcje pomiedzy czasem inkubacji a sukcesem

wylegu.

Trzeci etap badan pozwolit na wyciggniecie wnioskéw, ze stezenia NaCl miaty
kluczowe znaczenie na sukces wylegu T. platyurus oraz D. magna. Podobnie jak wykazano
w publikacji nr lll, rowniez na tym etapie badan T. platyurus charakteryzowat sie wiekszg

wrazliwoscig na podwyzszone zasolenie w porownaniu do D. magna.

5.5. Publikacja V — Odpowiedz antyoksydacyjna situ rozpierzchfego
(Juncus effesus) i oczeretu jeziornego (Schoenoplectus lacustris)
na zanieczyszczenie solq drogowqg (MANUSKRYPT)

Wyniki przedstawione w Publikacji Il pokazaty, ze problem zanieczyszczenia solg
drogowa nie ogranicza sie wytgcznie do miesiecy zimowych — wysokie stezenia jonow
chlorkowych i sodu obserwowane byty réwniez w miesigcach wiosennych. W zwigzku
z tym konieczne staje sie poszukiwanie rozwigzan, ktére mogtyby niwelowaé stopien
zasolenia w celu ochrony stodkowodnych ekosysteméw. W dobie postepujgcych zmian
klimatu kluczowe staje sie wykorzystywanie rozwigzan opartych na naturze (ang. Nature
Based Solutions), ktérych dziatanie oparte jest o naturalne procesy wystepujgce
w przyrodzie. Przyktadem takich rozwigzan sg sztuczne mokradta (ang. constructed
wetlands), ktére dzieki doborowi odpowiednich gatunkéw roslin pozwalajg na remediacje

zanieczyszczonej wody czy gleby.

Celem ostatniego etapu badan byta ocena tolerancji na zasolenie oraz potencjatu
fitodesalinizacji dwdch gatunkéw roslin flory Polski: situ rozpierzchtego (Juncus effesus)
oraz oczeretu jeziornego (Schoenoplectus lacustris). Aby to osiggnac¢ przeprowadzono
dwumiesieczng ekspozycje roslin na dwa stezenia NaCl: stezenie niskie (200 mg/L) oraz

wysokie (1000 mg/L). W trakcie pierwszego miesigca rosliny podlewane byty wodg
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destylowang wzbogacong pozywka Hoagland’a w rozcienczeniu 1/4, natomiast podczas
drugiego miesigca pozywke zastgpiono wodg kranowa, w celu sprawdzenia czy
wspomaganie mineralne miato znaczenie w warunkach stresu. Schemat przebiegu
ekspozycji na zasolenie przedstawiono na Rycinie 1 w publikacji V. Po okresie ekspozyciji,
zbadano wybrane parametry stresu oksydacyjnego w komodrkach roslin: stopien
peroksydacji lipidéw, stezenie zredukowanego glutationu (GSH), aktywnos¢ katalazy,
catkowity nieenzymatyczny potencjat antyoksydacyjny. Ponadto, okreslono zawartos¢
jonéw Na* w nadziemnych tkankach roslin. Zastosowano nastepujgce nazwy wariantéow
badanych: K — kontrola w czasie aklimatyzacji podlewana wodg kranowg, K1 — kontrola
podlewana wodg destylowang z pozywka, C11 — woda destylowana + pozywka + niskie
stezenie NaCl (200 mg NaCl/L), C12 —-woda destylowana + pozywka + wysokie stezenie NaCl
(1000 mg NaCl/L), K2 - kontrola podlewana wodg kranowg, C21 — woda kranowa + niskie
stezenie NaCl (200 mg NaCl/L), C22 — woda kranowa + wysokie stezenie NaCl
(1000 mg NaCl/L).

Badane gatunki réznity sie pod wzgledem zbadanych parametrow stresu
oksydacyjnego. Dla situ rozpierzchtego poziom peroksydacji lipidéow w roslinach z kontroli
z pozywkag (K1) byt istotnie mniejszy niz w roslinach traktowanych wodg kranowa
i wysokim stezeniem NaCl (1000 mg NaCl/L) (C22). Dla oczeretu jeziornego nie
zaobserwowano zadnych réznic pomiedzy badanymi wariantami [Ryc. 2a w publikacji V].
W opozycji do tej obserwacji, stezenie zredukowanego glutationu w sicie rozpierzchtym
utrzymywato sie na takim samym poziomie we wszystkich badanych wariantach. U tego
gatunku stezenie GSH byto wyzsze niz u oczeretu jeziornego we wszystkich wariantach,
z wyjatkiem roslin w czasie aklimatyzacji (K). Natomiast, dla oczeretu jeziornego
zaobserwowano mniejsze stezenie GSH w roslinach traktowanych woda z pozywka
i niskim stezeniem NaCl (200 mg NaCl/L) niz w roslinach traktowanych wodg kranowg
i niskim stezeniem NaCl (200 mg NaCl/L) [Ryc. 2b w publikacji V]. Wyrazne rdznice
w odpowiedzi antyoksydacyjnej wybranych gatunkdw zaznaczyty sie w aktywnosci katalazy.
W sicie rozpierzchtym aktywno$¢ katalazy byta znaczgco wyzsza niz w oczerecie jeziornym.
Dodatkowo, w sicie aktywnos$¢ katalazy w kontroli z pozywka (K1) byta wyzsza niz
w roslinach traktowanych wysokim stezeniem soli, zaréwno tych podlewanych pozywka
(C12) jak i wodg kranowg (C22). Dla oczeretu jeziornego nie wykazano zadnych istotnych
réznic miedzy badanymi wariantami [Ryc. 2c w publikacji V]. Oczeret jeziorny wykazat
znaczgco wyzszy catkowity nieenzymatyczny potencjat antyoksydacyjny niz sit rozpierzchty.

Dodatkowo, u oczeretu jeziornego potencjat ten byt znaczaco wyzszy
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w roslinach w trakcie aklimatyzacji (K) niz w kontroli z woda kranowg oraz w roslinach

traktowanych NaCl [Ryc. 2d w publikacji V1].

Zaréwno sit rozpierzchty jak i oczeret jeziorny zakumulowaty znaczgce stezenia
jonoéw sodu w swoich tkankach [Ryc. 3 w publikacji V]. W przypadku situ rozpierzchtego
zawarto$¢ Na* w roslinach podlewanych wodg kranowg z wysokim stezeniem NaCl (C22;
$rednia 119,3 mg Na*/g suchej masy) byta wyzsza niz w roslinach z kontroli podlewanej
wodg kranowg (K2; $rednia 13,3 mg Na*/g suchej masy). Dla oczeretu jeziornego zawartos$¢
jondw Na* byla znaczagco wyzsza w roslinach podlewanych woda kranowa
z wysokim stezeniem NaCl (C22; Srednia 77,7 mg Na*/g suchej masy) niz w roslinach czasie
aklimatyzacji (K; $rednia 14,1 mg Na'/g suchej masy), z kontroli podlewanej woda
z pozywka (K1; srednia 24,3 mg Na*/g suchej masy), podlewanych wodg z pozywksa i NaCl
(stezenie 200 mg/L) (C11; $rednia 18,3 mg Na*/g suchej masy) oraz z kontroli podlewanej
wodg kranowg (K2; $rednia 22,4 mg Na*/g suchej masy). Sit rozpierzchty zakumulowat

w swoich tkankach wiecej Na*, jednak rdznica ta nie byta istotna statystycznie.

Wyniki otrzymane w trakcie ostatniego etapu badan wskazaty, ze odpowiedz
antyoksydacyjna situ rozpierzchtego i oczeretu jeziornego réznita sie od siebie — oczeret
jeziorny wykazat mniejszg zmiennos¢ pod wzgledem przeanalizowanych parametrow stresu
oksydacyjnego, co moze wskazywaé na jego wiekszg tolerancje na zasolenie. Pomimo
réznic, systemy antyoksydacyjne obu gatunkéw byly w stanie ochroni¢ rosliny przed
stresem spowodowanym zasoleniem. Oba zbadane gatunki roslin wykazaty zdolnos¢
do akumulacji jonédw Na* w swoich nadziemnych tkankach, przy czym sit rozpierzchty
zakumulowat ich wiecej niz oczeret jeziorny, co mogto spowodowaé wiekszy stopien

peroksydacji lipiddw zaobserwowany u tego gatunku.
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6. Whnioski

1. Problem zanieczyszczenia stodkowodnych ekosystemdw solg drogowag nie ogranicza
sie wytgcznie do okresu zimowego. Uzyskane w publikacji Il wyniki wskazujg,
ze podwyziszone stezenia jondw chlorkowych utrzymywaty sie w wodzie
powierzchniowej i miedzyosadowej réwniez w miesigcach wiosennych. Moze
to wptywa¢ negatywnie na organizmy zooplanktonowe podczas sezonu
wylegowego.

2. Zaobserwowano negatywng korelacje pomiedzy zageszczeniem zooplanktonu
a stezeniami jondéw chlorkowych w wodzie przekraczajgcymi stezenia chroniczne.
Jednakze, charakterystyka stawdéw byta gtéwnym czynnikiem decydujgcym
o zageszczeniu zooplanktonu w badanych zbiornikach [publikacja Il].

3. Zamienniki soli drogowej dostepne na polskim rynku, rowniez te posiadajgce
,,eko-etykiete” byly réwnie lub bardziej toksyczne dla organizmow
zooplanktonowych w pordéwnaniu z tradycyjng solg drogowg [publikacja IlI].
Konieczne jest doktadne badanie zamiennikéw soli drogowej zanim trafig one
do Srodowiska naturalnego, zwazywszy, ze skutki ich dziatania oraz moiliwe
interakcje z innymi substancjami nie sg jak dotad wystarczajgco poznane.
Dodatkowo, wyniki otrzymane w publikacji Ill wskazujag na koniecznos¢
poszukiwania alternatyw dla soli nieorganicznych zawierajgcych chlorki.

4. Organizmy zooplanktonowe rdéznig sie w swojej wrazliwosci na sél drogowga. Wyniki
uzyskane w publikacji lll i IV wskazaty na wyzszg odpornos¢ Daphnia magna
w poréwnaniu do Thamnocephalus platyurus. Podwyzszone stezenia NaCl byty
decydujacym czynnikiem wptywajgcym na sukces wylegu tych dwéch gatunkow z jaj
przetrwalnikowych.

5. Wstepne badania zaprezentowane w publikacji V wskazujg, ze zaréwno sit
rozpierzchty jak i oczeret jeziorny wykazujg potencjat do fitodesalinizacji terenow
zanieczyszczonych solg drogowg. Oba gatunki zakumulowaty w swoich tkankach
znaczace ilosci jondw Na*, a ich systemy antyoksydacyjne byty w stanie skutecznie

ochronié je przed stresem spowodowanym zasoleniem.
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7. Streszczenie w jezyku polskim

Stosowanie soli drogowej (gtéwnie chlorku sodu) do zimowego utrzymania drég jest
rutynowym zabiegiem w Polsce oraz innych krajach poétkuli pdétnocnej. Jednakze,
stosowanie soli drogowej jest jedng z przyczyn wtdrnego zasolenia stodkowodnych
ekosystemoéw. Podwyzszone zasolenie ma toksyczny wptyw na stodkowodne organizmy,
w tym na kluczowe ogniwo stodkowodnych sieci troficznych — wioslarki z rodzaju Daphnia.
Pomimo swojego szkodliwego dziatania, wcigz brak jest skutecznych rozwigzan, ktére
pozwolityby na redukcje uzycia soli drogowej. Z tego wzgledu konieczne staje sie
po pierwsze, dogtebne poznanie zagrozen jakie sél drogowa oraz jej zamienniki stwarzajg
dla ekosysteméw stodkowodnych, a po drugie poszukiwanie nowatorskich rozwigzan,

ktdre pozwolityby na redukcje zanieczyszczenia solg drogows.

W niniejszej rozprawie doktorskiej przedstawiono wyniki badan terenowych
oraz laboratoryjnych, ktore rzucajg sSwiatto na problem zanieczyszczenia solg drogowa.
Badania terenowe przeprowadzone na czterech zbiornikach wodnych w todzi pokazaty,
ze problem zanieczyszczenia stodkowodnych ekosystemdw solg drogowa nie ogranicza
sie wylgcznie do okresu zimowego — podwyziszone stezenia jondw chlorkowych
utrzymywaty sie w wodzie réwniez w miesigcach wiosennych. Ponadto, w oparciu
o naturalne ekosystemy, udato sie zaobserwowac¢ negatywng korelacje pomiedzy
zageszczeniem zooplanktonu a stezeniami jondw chlorkowych w wodzie przekraczajgcymi
stezenia chroniczne. Jednakze, to charakterystyka stawéw byta gtéwnym czynnikiem

decydujgcym o zageszczeniu zooplanktonu w badanych zbiornikach.

Przeprowadzone badania laboratoryjne pokazaty, ze podwyzszone stezenia NaCl
byty decydujgcym czynnikiem wptywajgcym na sukces wylegu Daphnia magna
i Thamnocephalus platyurus z jaj przetrwalnikowych. Dodatkowo wykazano, ze zamienniki
soli drogowej, rowniez te posiadajgce ,,eko-etykiete,” sg réwnie lub nawet bardziej

toksyczne dla zooplanktonu w poréwnaniu do tradycyjnej soli drogowe;j.

Badania laboratoryjne z uzyciem situ rozpierzchtego (Juncus effesus) oraz oczeretu
jeziornego (Schoenoplectus lacustris) wskazaty na potencjat tych gatunkéw
do fitodesalinizacji terendw zanieczyszczonych solg drogowa, co stwarza mozliwosé
na przyszte wykorzystanie ich w rozwigzaniach bliskich naturze, takich jak sztuczne

mokradta.
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8. Streszczenie w jezyku angielskim (Summary)

Application of road salt (mainly sodium chloride) during winter is a routine measure
in Poland and other countries of the northern hemisphere. However, the use of road salt is
one of the causes that leads to secondary salinization of freshwater ecosystems. Elevated
salinity has toxic effects on freshwater organisms, including a key link in freshwater
foodwebs — cladocerans from the Daphnia genus. Despite its harmful effects, there is still
no effective solution for reducing the wuse of road salt. Therefore,
it becomes necessary, firstly, to understand the threats that road salt and its substitutes
pose to freshwater ecosystems, and secondly, to search for innovative solutions to reduce

road salt pollution.

This dissertation presents the results of field and laboratory studies that shed light
on the problem of road salt pollution. Field studies conducted on four urban ponds located
in Lodz showed that the problem of road salt pollution was not limited to the winter period
- elevated concentrations of chloride ions persisted in the water during the spring months
as well. Moreover, based on natural ecosystems, it was possible to observe a negative
correlation between zooplankton density and chloride ion concentrations in water
exceeding chronic concentrations. However, it was the characteristics of the ponds that

were the main factor determining the density of zooplankton in the studied ponds.

Laboratory studies showed that elevated NaCl concentrations were a main factor
determining in the hatching success of Daphnia magna and Thamnocephalus platyurus
from spore eggs. In addition, road salt substitutes, including those with an “eco-label," were

shown to be equally or even more toxic to zooplankton compared to traditional road salt.

Laboratory studies using Juncus effesus and Schoenoplectus lacustris have indicated
the phytodesalinization potential of these species, which creates a possibility for future use
of these plants in nature-based solutions, such as constructed wetlands, that could mitigate

the road salt pollution.

33



Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

Kopie publikacji wchodzacych w zakres rozprawy doktorskiej

34



Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

PUBLIKACJANR |

Szklarek S., Goérecka A., Wojtal-Frankiewicz A.; The effects of road salt on freshwater
ecosystems and solutions for mitigating chloride pollution — A review; Science of The Total
Environment; 2022; 805:150289. DOI: 10.1016/j.scitotenv.2021.150289.

Praca przeglagdowa
IF: 10.754
punkty MEiIN: 200 pkt.



Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

Science of the Total Environment 805 (2022) 150289

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Contents lists available at ScienceDirect

Scencec.
Total Environmeont

Review

The effects of road salt on freshwater ecosystems and solutions for
mitigating chloride pollution - A review

Sebastian Szklarek ®*, Aleksandra Gérecka °, Adrianna Wojtal-Frankiewicz ©

* European Regional Centre for Ecohydrology, Polish Acadeny of Sciences, Tylna 3, 90-364 Lodz, Poland
Y University of Lodz, Doctoral School of Exact and Natural Sciences, 90-237 Lodz, Banacha 12/16, Poland
© University of Lodz, Faculty of Biology and Environmental Protection, UNESCO Chair on Ecohydrology and Applied Ecology, 90-237 Lodz, Banacha 12/16, Poland

HIGHLIGCHTS

GRAPHICAL ABSTRACT

Nad application causes short- and long-
term negative impacts on water and
soil,

NaCl releases pollutants from soil and
sediments.

Increasing C concentration decreases
the self-purification processes of water,
Alternative de-icing agents had similar
effects to NaCl, or more negative ones.
System solutions preventing water pol-
lution by road salt are necessary.

ECOHYDROLOGY APPROACH TO EVALUATE THE UNK BETWEEN ROAD SALT AND EUTROPHICATION

ASLSTEF « MONITORING OF THREATS

Wintet Nacl y £ * M environmentslly-
application B %2 i g : friand iy aliemnative
de-icingrengants

veomets dycectatian

SHioBRGTE Optinzation of de-drg

chaminal use

Technical slbam stivects
de-icieg chemicals

Ecohydrology solutions for
reducing O Isvel In water

Groundwater pathway of chloride

Ao it omsal

ARTICLE INFO

ABSTRACT

Atticle history:

Received 5 March 2021

Received in revised form 7 September 2021
Accepted 7 September 2021

Availabk online 11 September 2021

Editor: Jan Vymazal

Keywords:

Road salt
De-icing reagents
Water quality
Ecohydrology
Euwophication
Groundwater

Road salt (mainly NaCl) is commonly used during the winter to ensure road and pavement safety; however, the
long-term application of NaCl has negative consequences on soil and the water environment. The aims of the
present review were to evaluate the impact of road salt on catchment processes which accelerate the eutrophi-
cation of waters, and to identify a possible approach for reducing the impact of winter salt treatments of roads
and sidewalks, on water bady quality. The objectives were implemented in accordance with the ecohydrological
approach, which recommends wsing hierarchical steps to solve problems. The first step was the monitoring of
threats, in which the causes of high chloride (Cl) concentrations in groundwater and surface water were identi-
fied. The results indicate that long-term winter application of road salt increases the annual mean concentrations
of Clinrivers and lakes, due to Cl entering groundwater. The second step was a cause-effect analysis of the impact
of Nad on the abiotic processes in soil and water, and on the bictic response to chloride exposure. Chlorides ap-
pearto decrease the biodiversity of aquatic animals and plants but favour the growth of phytoplankton, especially
cyanobacteria. Moreover, Cl reduces the self-purification processes of water by decreasing nutrient accumulation
in macrophytes, decreasing the denitrification rate and reducing organic matter decomposition, The third step
was to evaluate possible solutions for reducing the negative impact of NaCl on the environment, and o improve
the effectiveness of alternative de-icing agents. An analysis of available literature indicates that a system-based
approach integrating engineering knowledge with an understanding of biological arxl hydrological processes is
necessary to indicate solutions for reducing environmental risks from road salt use.

© 2021 Published by Elsevier B.V.

* Corresponding author,

E-mail address; s.seklarek@erce.unescododzpl (S. Szklarek ).

https://doi.org/10.1016/j.scitotenv.2021.150289

0048-9697 /@ 2021 Publshed by Elsevier BV.



Adaptacje zooplanktonu do wybranych zanieczyszczeri w miejskich zbiornikach wodnych

S. Szkilarek, A. Gorecka and A. Wojtal-Frankiewicz

Sdence of the Totel Environment 805 (2022 ) 150289

Contents
1, | I ORI, o s, prscmviizy 520 Joscien misestio s prmripessiptin puves miutce Kot Mapusilonte: By pichotia Geiisssus (eaon ar (i) (EDrits FeApEam ooy So7 QUSRS Ivsve JECAVEGARRISS 2
Zi,  MODOCINZOFICAEE: 22 sowot 40 5o B Beadind e B Srhes S SRl -y Srarh S oe B8 & G0 el 5oew 0 B L s e 3
21, SIS WAERPOIRHON 2 2 SEETE S Eh TEEE RIS SRR FR TR R e B R Rl e PN enE MaE e 3
22 'Groundwaler mIgration oS WalBr & §rei 600 Sem S sien S el B e i e 9 Sel ¥ e st B i s es v en 3
F.. [CaUERHOEATRIVEIT ..o cceumin: 1o 73:m00n micaviaranmemr Soal Soqrass (aNiE] SEARS S TESe MapiE] (2 B AP v S S A BN FA e e 4
3, ADBHCDOOCESSES o vivie we 5 s foien s ST 608 Briie SeE GeE S BTWA B wiss GRS B R0® WIS 6 wieE Wi B S0 A0SR sy as e 4
B2 PRGOS . sxan G B ST SRR S0 S STETE IS SN e B 00 Gl 6 56 ST B e Wn 6 S s ed AR g 5
32T, VECOOIPATISING. i 55 G Auadh Ve i S0ailee A il 2% Sioedi 4 WSS G R AV IAEE B FUE N G & SOl WeEai 5
322, BenthiCCOMMUNILIES . . . . . L . v v v v v v e e e e e e e e e e e e e e e e e e e e e e e e e 6
323, NOMOPIES = e 060 Grossy SIS 4510 SRAKES. WacenEr SEETHY 5T SRS B s BRE B GO WY G SieE B B A OEE 190 ye e 7
324 Phytoplanltditic v o e svei smef s9i Soai ST GBI ST e B e Gl 6 56 SaEE B e h @ Sk s ed AR g 7
325  ZOoplanlten - wia 5w aveh SYaE Wi S AR s0a A% Hows A SR G W A0S IASR B N 6 S ol i s 7
326, FiSh . o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e g
327, ECOSUSMUEITICTIIG, o wvs e o s i@ SORUA wacesia SOOI Wy BT B s B B GO0 IIES W SN0 B S aRRTE e e 8
33: Theimpactofdimatedhange. . i svwin saeiipy i woais S0aW, GIRM &7 Soemr B S GG 6 G B & et W5 6 Sk d ed AT s 8
4y Treventidhloridepollation: = wid & w4l s i ahy e Sl &% s & SN B 9% Svasl B aeR @ &% Somy e i 9
A1, Otherde-iCINGAZENIS . . . . v v v v v i e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e 9
42 DPEnixnethe usE SRAEPIET . vy s svtene wie BowUs e SR TS ROFNE & ey S B Q0 GIREE W U B B 8e ESEE Wenieme 9
A8 Teohnieal SOOI, o0 o % &oad 588 soais e Sres % Sl Bia St & 00 B & Dy GeTy B oS el B oser Bie eadide 10
A4 Mahwebassonltiion . & s 5 555 GRS s SUE Aheva LR SRR B0 AbeE w0 SE 4 & an e b BT A S TR wees BT 10
5 CONEBoN .c o N 8 SSPERA A S 0@ 3 Laon kg Sl 8 o at 4 A a0l s ) pf g Gl & i ¢ R oS g 10
DedrationoFcompetiiSiniorest. .. o « .0 0 v oo woeme war B AEE mUsust Ry, WEE BT ST SIS G B SISk i SR IR YaE weTNE? MR 11
ACRTIOWIGHEBMAIIS: 2 s & B 70 B oo sl Sed Aans edid Sl el e B o ais 5 S SuuG v B 55 B Svd s el Sueside 11
ReIEIPMIeeS =i oo 5 o3 3Ei% Saui a4 GfF SRl SR 5 Dagd $AVE Sy S BB Rl 2 A e s eh e § Sn sl aasen H
1. Introd uction Increased urbanization and transport, are associated with greater

The development of motorization has changed road construction
technology, with roads evolving from stone, gravel or sand paths to
smooth asphalt and concrete surfaces. This change has been accompa-
nied by an increased risk of accidents due to sliding during the winter
period. To improve safety, sodium chloride (NaCl) is commonly used.
mainly due to its widespread availability and low cost. In countries lo-
cated at higher latitudes, where winter temperatures drop below 0 “C
and snow is often present, very large amounts of NaCl are applied to
roads each year. For example, in 2016, 20.3 million tons of salt were
used for ice control and road stabilization in the US. (Bolen, 2020); in
2009, more than 6 million tons were applied in Canada ( Prosser et al.,
2017); in addition, 10 million tons are applied each year in France
(Barbier et al., 2018) and according to the General Director for National
Roads and Motorways in Poland, approximately 490,000 tons of road
salts were applied for the winter season 2019/2020. It is worth noting
that those values often do not consider the usage of road salts by people
on their private properties or on other commercial, industrial and urban
areas. Despite the necessity for ensuring road safety, such widespread
usage of road salts is one of the factors associated with the increased sa-
linization of surface water hodies.

Although road salt application may ensure safe movement in the
short term, it also has long-term effects on the environment. The first
visible consequences of road salt application are car and infrastructure
corrosion, deteriorating vegetation near the roads (Zitkovd et al,
2018) and the corrosion of asphalt (Xiong et al, 2019). Road salt has
also been found to influence air quality through the aerasolization of
Cl™ and Na" at PM2.5 concentrations (particulate matter 2.5 um or
lessin size) (Kolesar et al., 2018). In addition, road salt application ex-
erts amuch wider impact by influencing nearby soil, groundwater and
freshwater ecosystems. Road salts change the physicochemical proper-
ties of soil structure and water, which in tum influence their biocenoses.
Although organisms have varying degrees of sensitivity to chloride pol-
lution, freshwater ecosystems have been found to demonstrate limit
values of 120 mg/L for chronic toxicity and 640 mg/L for acute toxicity
in Canada (CEQG, 2011), and 230 mg/L and 860 mg/L (respectively) in
the USA (US EPA, 1988).

emission of pollutants such as road salt; these enter the water ecosys-
tems with surface runoff, degrading the quality of water and soil.
Water is the most important and limited resource necessary for the
functioning of the environment and the development of society, and
as such, there is a strong need to protect water supplies (Lal, 2013).
Road salt pollution has not been considered in studies of water resource
quality, but recent years have seen a growing number of publications
reporting the negative impact of long-term use of NaCl. The aim of
this review is to analyse the threat posed by road salt, especially the
most commonly-used chloride salts, on the soil, groundwater and fresh-
water environment, which could lead to their degradation, accelerate
the process of surface water eutrophication and increase the risk of
algal blooms.

The study discusses the problem of salt pollution from the perspec-
tive of its effect on the mutual interactions between the hydrological
cycle and the biocenoses that has developed over the course of evolu-
tion, To ensure sustainable development, it is necessary to reduce the
negative impact of anthropogenic pollution on the environment, and
this can best be achieved by linking ecohydrological processes with
system solutions (Zalewski, 2014). To achieve this, this paper takes an
Ecohydrology approach comprising the following steps:

- Monitoring of threats (Section 2) - identify the pathways of
chloride migration after winter salt application by performing a
qualitative and quantitative evaluation of processes.

- Cause and effect analyses ( Section 3) - determine the total impact
of chlorides on physicochemical processes and determine the toxic-
ity threat for biota compounds in the environment and biological
processes, which together could accelerate the process of eutrophi-
cation.
Development and optimization of methods (Section 4. Prevent
chloride pollution) - review potential solutions which could
decrease the threat from chlorides, remove them from the environ-
ment or identify alternative de-icing methods. Such optimization is
aimed at improving purification efficiency, but as methods of
chloride pollution removal are still being developed, those parts do
not include references about optimization.
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- System solution (Section 5. Conclusion) — summarise current
knowledge and indicate potential directions to reduce ecosystem
degradation caused by road salt application.

2. Monitoring of threats
2.1. Surface water pollution

In most areas, the primary source of Cl pollution is winter road salt
application, most of which reaches surface water via stormwater
sewer systems, which has been well documented in a range of studies.
Water analyses of highway runoff showed Cl levels to range from 124
to 25,500 mg/L of Clin Southern Ontario, Canada {Mayer et al., 2011;
Prosser et al., 2017); C1 values were found to rise from 183 mg/L to
3568 mg/L during salting period near Azerailles, France, close to the
German border (Barbier et al,, 2018); finally, Cl concentrations ranged
between 1950 and 2740 mg/L in January in Vdsteras, Sweden, 100 km
west of Stockholm (Waara and Farm, 2008). High Cl concentrations
were also noted in runoff from urban catchments during melting
periods in Lodz city, central Poland, where Cl levels ranged from
1243 mg/Lto 12,086 mg/L (Szilarek et al,, 2015).

The amount of chlorides that reach the rivers or ponds is corre-
lated with the degree of cover by impermeable surfaces. In Highland
Creek (Ontario, Canada) 316 mg/L of Cl (with 1390 mg/L maximum
in January/February) was observed in a location with an urbanised
area greater than 80% of the catchment. Monitored urbanised sub-
watersheds in Illinois creeks (Upper Kickapoo Creek and Upper Little
Kickapoo, USA) noted Cl inthe range from 36 to 1344 mg/L [ Lax etal,,
2017). Hubbart et al. (2017) describe a study of chloride concentra-
tions carried out in Hinkson Creek Watershed, Missouri, USA in the
years 2010-2014. Samples were collected four times per week
from five sampling sites, which were chosen to divide the catchment
into five consecutive sub-basins located along the river continuum.
They noted that the number of days with a chronic Cl level of
230 mg/Lincreased from eight days at site #2 to 106 at site #3 during
the study period (October 2009-May 2014). The sub-catchment be-
tween those sites was highly urbanised: the area of the cacchment
changed from 102.8 km? to 116.2 km? and urban land cover doubled
from 6.1% to 12.7% (Hubbart et al., 2017).

These findings indicate that the part of the river connected with a
highly-urbanised area was subject to the greatest threat of acute toxicity
for the aquatic ecosystem. While the risk of acute toxicity decreased in
the lower part of the river, the risk of chronic toxicity increased. For ex-
ample, long-term researchin Canada (nine lakes in the Halifax Regional
Municipality of Nova Scotia) indicated thatin most lakes, after an initial
perind of accumulation, Cl concentrations tended to stabilise after ur-
banization stopped; however, all lakes demonstrated a higher annual
Cl concentration range than noted before urbanization (Scott et al,
2019).

Similar observations were made in a long-term study at 30 sites in
19 streams in the United States - even just a few percent of urban land
cover resulted in a higher Cl level (Corsi et al., 2015); at these sites, Cl
increased by 2.9 mg/L per % urban land cover for the period
1990-1994 and by roughly twice as much, i.e. 5.8 mg/L per % urban
land cover, during 2006-2010 {Corsi et al., 2015). Other long-term stud-
iesin 12 watersheds in Maryland's Upper Piedmont, USA found that a
1% increase in impervious surface resulted in increased conductivity
by 15 pS/cm over a 25-year period (1986-2010) (Baker et al,, 2019).

High annual Cl concentrations in runoff and in rivers influence the
level of salinity observed in ponds and lakes. For example, in the Kings-
ton Stormwater Pond (Canada) Cl concentrations reached nearly
1000 mg/L in the pond water and 1290 mg/L in the interstitial water
(Marsalek et al,, 2003). Also in the 68 stormwater management ponds
located in the Red Run watershed ( Maryland, USA) mean chloride con-
centrations were found to range from 7.9 to 3730.8 mg/L during spring
2007 and 2008, with a maximum Cl concentration over 22,000 mg/L
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(Gallagher et al., 2011). Tixier et al. (2012 ) found the Cl concentration
in stormwater pond pore water to be in the range of 214-4740 mg/L.

A continuous supply of chloride results in increasing amounts in
lakes and ponds. For example, in Lake Simcoe (Canada ), the Cl concen-
tration in the outflow increased from 0.7 mg/L/year in 1971 to 39 mg/L
in 2007 (Winter et al, 2011).1n Lakes Garda, Maggiore, and Iseo (Italy),
the Cl concentration increased from 21 to 39% for Cl in the period
1988-2012; in addition, the Cl load analyses for Lake Maggiore showed
that 40% of the load come from road salt application (Rogora et al.,
2015). In 38 urban lakes in the Minneapolis-St. Paul Twin Cities Metro-
politan Area [USA), the annual mean Cl concentration increased by
0.6-3% (depending on the lake) per year in the period 1984-2005
(Novotny et al., 2008). An increasing rrend in Cl level was also nored
in 125 of 371 lakes during long-term studies in North America in the pe-
riod 1985-2010 (Dugan et al, 2017).

Long-term trends in surface waters are early warning indicators
of significant local, regional and global changes. Hydrological, catch-
ment and weather conditions affect the number of chronic and acute
days of Cl concentration observed in rivers or lakes. Corsi et al.
[2015) noted that the number of chronic acute days (230 mg CI/L -
US EPA, 1988) increased from 5 to 14 per year for watersheds with
a25% urban area and from 95 to 231 days per year for watersheds
with a 90% urban area. A pond receiving runoff from a 14 ha commer-
cial lot noted acute toxicity, i.e. a Cl level of 640 mg/L (CEQG, 2011),
until June in surface water (in the range 1500-2500 mg/L from
March until halfway through May) and until September in over-
sediment water {above 2000 mg/L from March until June, with a
maximum 5500 mg/L in March); in addition, in both cases, chronic
Cl levels did not decrease below 130 mg/L (CEQG, 2011) for the
whole year of the study (Lembcke etal., 2017).

2.2. Groundwater migration to surfuce water

Although road salt application typically results in pollution of
surface water in the winter-spring period, it can also influence the
chloride concentration in baseflow, possibly due to the subsurface
flow of chloride. Road salt stored in an unsaturated zone was found
to be diluted and slowly released into groundwater during a non-
winter period: 84 days of NaCl application resulted in a Cl concentra-
tion of up to 1900 mg/L in surface soil, which decreased to 100 mg/L
at a depth 2.5 m below the surface (Laxand Peterson, 2009 ); even so,
some Cl remained in the unsaturated zone by the next winter. The
model made by Lax and Peterson (2009) indicated that 84-day
NaCl application each winter for 11 years resulted in the soil systems
reaching an equilibrium between Cl input and output: the unsatu-
rated zone was characterised by permanently elevated concentra-
rions of Cl, and this served as a constant source of groundwarer and
surface water contamination. Robinson et al. (2017) report that the
storage capacity for salts in sandy soil increases with the amount of
organic matter and that salt release from soil can take 2.5-5 months,
depending on field conditions such as longer dry periods and deeper
soils. Perera et al. (2013) noted that approximately 40% of applied
chloride enters a shallow aquifer in the Highland Creek watershed
(the City of Toronto, Canada).

Such groundwater migration poses a threat not only to the qual-
ity of surface water, but also to that of underground drinking water
resources, For example, in the period 1970-2000, the water pumped
from Greenbrook wellfield, the primary source of water for the City
of Kitchener (southwestern Ontario, Canada), had been showing
steadily increasing chloride concentrations, with some wells demon-
straring Cl concentrations exceeding the 250 mg/L drinking water
limit (Bester et al,, 2006). Similar observations were reported in
Connecticut (USA), where the Cl concentration was found to
increase from base range 0-2.5 ppm in 1894-1902 to above
250 ppm in 2002-2007 (with maximum 1500 ppm) at hot spots
near major highway corridors (Cassanelli and Robbins, 2013).
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Chloride contamination could infiltrate the underlying aquifer and
increase the Cl levels above base-line concentration in water supply
wells by 21% and 54% (during mild and sever winter, respectively)
(Rivett et al,, 2016).

This soil-groundwater path of Cl migration is also responsible forin-
creases in annual Cl concentrations in surface water, including springs.
Chloride concentrations were observed to correlate with the degree of
urbanization in a 16-spring site in Ontario, Canada, with the highest
chloride concentration at the spring site being 1345 mg/L (mean
1092 mg/L) (Williams et al., 2000). A monitoring study of 52 forest
springs in lower mountain ranges of Central Germany showed that
the effect of road salt application was still detectable 830 m from the
road (Schweiger et al., 2015). Chloride also enters rivers through
streambanks. Cl concentrations not exceeding 100 mg/L in samples
taken from the streambed interface [0-cm depth) (Halifax, NS,
Canada), but those taken from groundwater in a layer 5 to 10 cm
below the sediment surface could be as high as 3200 mg/L, and up to
3000 mg/L in a layer 25 to 50 cm below the sediment surface [Roy
et al,, 2015). Such long-term migration of Cl through groundwater re-
sulted in increased salinity in a nearby urban stream (Kelly et al.
2008; Cooper et al., 2014). Complex studies of chloride migration have
been conducted in Urmia city (Iran). During winter 2005, Cl concentra-
tions as high as 1910 mg/L were recorded in snowmelt runoff (mean
445 mg/L), as well as concentrations up to 720 mg/L in January in sur-
face water outflowing from the city area (the lowest level being
30 mg/L, noted in November) and up to 415 mg/L in groundwater sam-
ples (mean 131.3 mg/L.) (Aghazadeh er al., 2012).

To summarise, road salt application results in Cl concentration ex-
ceeding limit values of 120 mg/L for chronic toxicity and 540 mg/L for
acute toxicity in Canada (CEQG, 2011 },and 230 mg/L and 860 mg/L (re-
spectively) inthe USA (US EPA, 1988 in runoff, surface and groundwa-
ter (Fig. 1). Moreover, long-term usage of road salt increases annual
concentration of Cl in water bodies which presents a threat for abiotic
and biotic processes.

highway runoff I 5
19 135 mg CIL el 8
(Mayer et al., 2011)

stormwater pond
22 000 mg ClL
(Gallagher et al., 2011)

dnnking watar wells
300 mg CIWL
(Bester et al., 2006)
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3. Cause-effect analysis
3.1. Abiotic processes

The increase of chloride ions in the environment following road salt
application not only occurs directly as a consequence of the application
per se, they can also migrate indirectly through the soil and groundwa-
ter pathways (Fig. 2). Regular use of NaCl as road salt influences the
structure of nearby soils, with application resulting in the replacement
of Ca, Mg and K with Na, and the depression of porewater pH
(Robinson et al, 2017). Such decreases in pH result in the ammonium
and dissolved organic matter being flushed from the soils, and the min-
eralization of organic-N and nitrification being decreased, even at low
winter temperatures (Green et al., 2009, 2008; Green and Cresser.,
2008). Garakani et al {2018) found loessial soil pore diameter to be re-
duced after road salt application (NaCl, KCl, CaCl,), resulting in a
decrease in the retention capacity of soil - further research is need to ex-
amine the impact of NaCl on the hydro-mechanical behavior of unsatu-
rated collapsible soils.

Road salt application can increase the concentrations of heavy
metals in the freshwarer environment, by flushing from soils (Schuler
and Relyea, 2018a) and by increasing fluvial erosion from streambanks
(Hoomehr et al,, 2018). In addition, greater salinization in rivers signif-
icantly increases the release of dissolved inorganic (DIC) and organic
(DOC) carbon from sediment; such release was found to be statistically
significant in seven of eight cases (* = 0.64-0.99, p < 0.05) (Duan and
Kaushal, 2015). The release of DOC was 7.8 = 1.9 rimes higher at a Cl
concentration of 4000 mg/L than in controls with 0 mg/L. Salinization
also influences the release of total dissolved Kjeldahl nitrogen (TKN)
(ammonium + ammonia + dissolved organic nitrogen) from sediment
(r? = 0.72-0.95, p < 0.05): this was 133 4+ 5.1 times higher at
4000 mg/L than at 0 mg/L. The negative impact of salinization was com-
pensated forby an increase in nitrate retention; however, retention was
only 1.6 == 0.4 times higher at 4000 mg/L than at 0 mg/L (Duan and

urban catchment L. Ly
stormwaier sewer outflow
1243-12 086 mg CIL
(Szklarek et al., 2015)

stream water

3500 mg CIL
(Rivett et. al., 2016)
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Fig. 2.Impact of chlorides on abiotic processes correlated with eutrophication in the water and soil environment.

Kaushal, 2015). Haq et al. (2018 ) noted significant phosphorus release
from sediments —0.30-5.63 pg of P per 1 g NaCl. McNaboe et al.
(2017) noted that urban runoff with NaCl near the parking lot on the
University of Connecticut campus in Storrs ( CT, USA) mobilized radium
(Ra) and radon (Rn) in the groundwater. In some sampling wells, ion
exchange between Ra and Na in the soil particle resulted ina high con-
centration of Ra, which exceed drinking water standards.

The hydrology and physical characteristics of the catchment area in-
fluence the reaction by a lake to chloride pollution. In some cases, the
concentration of chlorides in bottom sediments may be several times
higher than in surface waters, In Lake Brownie (Minneapolis-St. Paul
Twin Cities Metropolitan Area, USA) about 800 mg/L of chlorides were
recorded in the bottom water (0.5 m above the sediments) in the
June/July period, while it did not exceed 200 mg/L in the surface
water, i.e. 0.5 m below the surface (Novotny et al., 2008). In Tanners
Lake (Minneapolis-St. Paul Twin Cities Metropolitan Area, USA), a
7 m-thick saline layer was identified at the bottom of the lake, in
which chloride concentrations reached 400 mg/L (Novotny et al.,
2008). In some lakes, such layering causes chemical stratification at
the deepest part, which could prevent or delay the full or partial mixing
of lake water during spring or fall, thus generating anoxic conditions in
the bottom (Sibert et al, 2015; Wyman and Koretsky, 2018); this would
lead to the accumulation of Mn?~, £H,S, and NH; in the hypolimnion
and would impact the aquatic ecosystem (Kim and Koretsky, 2013).
While higher concentrations of Cl in sediment porewater has been
found ro increase the concentrations of chloride ligands capable of
metal complexation in sediment, such as Fe, Cu, Pb, Zn and Mn, but
mainly Cd(Il) (Mayer et al., 2008), application of NaCl and CaCl, could
also stimulate the release of nutrients from sediments and stimulate
primary production by the reduction of Mn(1V) and Fe(llI). It was found
that Mn(1ll) and Fe(ll) levels increased to 35 ppm and 110 ppm,
respectively, during 100 days of incubation of wetland sediments
collected along the shoreline of Asylum Lake, Kalamazoo, MI. The
greatest increase was noted for 5000 mg CaCl, (Kim and Koretsky, 2011).

The examples given above illustrate a number of pollution sources
and disorders in abiotic processes which arise as a results of winter ap-
plication of road salts and which might increase eutrophication pro-
cesses. The most significant examples are summarized in Fig. 2;
however, further research is needed to understand the wide impact of
chlorides on abiotic element of soil and water environment.

3.2. Impact on biota

The pathways of Cl migration in the water and soil environment de-
scribed above present a risk for the biotic component of freshwater

ecosystems, both directly as a toxic response and indirectly by changes
in abiotic processes (Fig. 3). Many studies have examined the impact of
road salts on freshwater macrophytes, phytoplankton, zooplankton and
amphibians (Denoél et al., 2010; Hopkins et al., 2013), fish (Meland
et al., 2010), benthic communities (Kotalik et al.. 2017) and the fresh-
water mesocosm (Hintz and Relyea, 2019). The effect of chiorides on
trophic pyramid might accelerate the eutrophication of surface waters.
It is worth noting that both plants and aquatic animals vary greatly in
their preferences and tolerances for salinity, mainly due to differences
in their osmoregulatory abilities.

3.2.1. Microorganisms

In addition to flushing nutrients from the catchment and realising
them from sediments, Cl might also impact on the efficiency of denitn-
fication process in wastewater treatment plants (WWTP), with the spe-
cific denitrifying activity approaching zero in sewage with high salinity
(above 1500 mg/L-1.5 wt¥%) (]i et al, 2018). NaCl concentrations above
12,000 mg/L significantly reduced the respiration activity of the micro-
organisms in the activated sludge taken from Brno WWTP (513 000 PE,
Czech Republic) (Vitezova et al., 2016). Microorganisms in activated
sludge are typically inhibited or killed after exposure to high salinity,
and they need time to adapt, during which purification processes are
slowed (He et al, 2017). This adaptation time could be prolonged
from about three hours at 0.2 M NaCl (11,688 mg/L of Cl) to 30 h at
1 M NaCl (58,440 mg/L of Cl) (Vitezova et al., 2016). The length of this
lower efficiency period depends on the salinity of the sewage, the
proprieties of the species composition in sludge and the employed
treatment method. Interestingly, Ji et al. (2018) report that after high sa-
linity exposure, the microbial community structure changes from one
populated with Gracilibacteria, Bacteroidetes, Parcubacteria, Chloroflexi,
[gnavibacteriae with dominant Proteobacteria (58.42% community abun-
dance) toone almost fully dominated by Proteobacteria (93.39%). Such a
monoculture is susceptible to other forms of occasional pollution,
thus decreasing the efficiency of the WWTP. Furthermore, the com-
bination of low temperature with high NaCl has a negative effect
on the metabolism of the microorganisms in activated sludge: the
acclimation phase of the activated sludge was prolonged for 50 h
when 0.2 M NaCl (11,688 mg/L of C!) was applied at temperature of
6 °C; however, no effect was observed at 13 °C and 20 °C (Vitezovd
etal, 2018).

Denitrification processes were also found to be decreased by Cl
treatment in environmental studies. Similar denitrification ratios were
observed in forested and urban wetlands when Cl was below
1000 mg/L compared to controls (0 mg/L); although the findings were
similar to those observed in freshwater sediments (Lancaster et al.,
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Fig. 3, Impact of chlorides on biota correlated with eutrophication in surface water and sewage treatment plant.

2016), the forested wetland denitrification ratio decreased by 99% at
2500 mg/L, and urban wetland by 90%. This significant difference
(p = 0.05) might have resulted from the distinct differentiation in mi-
crobial community due to previous exposure and adaptation to Cl in
the urban site (Lancaster et al, 2016); nevertheless, the decrease was
still significant in both cases.

3.2.2. Benthic communities

Tyree et al. (2016) note that even a small addition of NaCl (214 mg/L
of Cl and 140 mg/L of Na) decreases the growth of lLirceus spp.
detritivores, by 4% for body length and 12% for telson width, compared
to low NaCl levels (3.9 mg/L of Cl and 3.0 mg/L of Na}; Lirceus also plays
an important role in the decomposition of organic matter.

A study of an urban pond in Terraview-Willow field Stormwater
Management Park (Toronto, Canada) found the densities and taxon
richness of benthic macroinvertebrate communities were lowest in
the deeper part, where conductivity ranged from 1000 to 5000 uS/cm
(chloride concentrations > 1000 mg/L), particularly compared to two
other ponds (Grapentine et al., 2008 ).In addition, the endobenthic com-
munities were also exposed to chlorides that had migrated with
groundwater. Half of the 15 groundwater-discharging sites along
urban rivers demonstrated Cl concentrations above long-term chronic
levels (120 mg/L) and as much as 70% of all samples in one site
exceeded chronic toxicity levels of 640 mg/L (Roy, 2019) during sum-
mer through autumn, Among the macroinvertebrates, the most salt-
sensitive stream insects are mayflies, stoneflies, and caddis flies (Pond,
2010), while dragonflies, crustaceans, beetles, and true flies tolerate

higher salt levels (Cafiedo-Argiielles et al,, 2013). Even so, the most sen-
sitive stream insects were affected by road salt ar concentrations of ap-
proximately 240 mg Cl/L, and many were not affected until Cl
concentrations exceeded 800 mg/L chloride (Blasius and Merritt, 2002).

In some organisms, increased salinity induces a biologically-relevant
reaction, allowing them to be used as biomarkers for field research.
Freshwater bivalves, particularly their larvae (glochidia) and juvenile
stages, are particularly sensitive to salinity. In southern Ontario
(Canada) significant increases in concentrations were observed in 23
of 24 long-term (1975-2009) monitoring sites. Cause and effect analysis
showed that long-term road salt use and retention appears to contrib-
ute to a gradual increase in baseline chloride concentrations in at-risk
mussel habitats, which may affect their reproduction (Todd and
Kaltenecker, 2012). In studies on the effect of salinity on freshwater
mussel, Lampsilis fasciola, significantly reduced glochidia viability
(56%) was observed after exposure to 1000 mg/L of NaCl. The results
suggest that the loss of larvae vitality observed after exposure to high
concentrations of NaCl (1000 mg/L) may be caused by ion regulatory
disorders associated mainly with an increased inflow of Cl (Nogueira
et al, 2015).

Benthic diatorm community structure was also affected by chloride
concentrations. Out of 41 sites in streams in southern Ontario, the com-
munirties with low Cl concentrations (<35 mg/L) had more predictable
assemblages, containing species such as Meridion circulare, Diatoma
vulgaris, Encyonema caespitosum and Pinnularia microstauron, while
those with higher Cl concentrations were less predictable, and usually
included Nitzschia hungarica, Hippodonta capitata and Caloneis
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amphisbaena; this difference might be caused by the higher chloride
concentrations associated with multiple co-varying stressors, with ele-
vated Cl being a marker of human impact on the watershed (Porter-
Goff etal., 2013).

3.2.3. Macrophytes

Macrophytes play an important role in natural purification processes
and in nature-based solutions, such as constructed wetlands and
sequential sediment-biofiltration systems (Jurczak et al, 2018;
Szklarek et al., 2018); however, they are also exposed to Cl from
stormwater and meltwater or by increases in Cl concentration in surface
waters, Seberg et al. (2017) conducted a pilot-scale study in 24
biorerention columns under controlled laboratory conditions for a
rotal of 18 weeks. Their findings indicate that high concentrations of
chlorides (>2000 mg/L) have a negative impact on the removal of dis-
solved Cu and Pb in bioretention cells of juncus conglomeratus, Phalaris
arundinacea and Carex panacea, with reductions being 20-40 times
lower compared to controls with 50 mg/L Cl.

A combination of physical (turbidity) and chemical (road salt)
stressors could have positive and negative effects on the productivity
of macrophytes. Stoler et al. (2018) in an experiment conducted at the
Rensselaer Aquatic Facility in Troy, observed that Ceratophyllum
demersum and Elodea canadensis exhibited increased nett and gross pri-
mary productivity during turbid conditions and elevated NaCl
(3000 mg/L); however, no significant or negative effect was observed
for another five investigated species ( Potamogeton robbinsii, Stuckenia
pectinate, Myriophyllum spicatum, Elodea nuttallii and Najas flexilis). In
another experiment, carried out in April, July and October 2010 in Brit-
tany (France), increasing freshwater salinity was found to promote the
invasion of Myriophyllum aquaticum and decrease the success of
Ludwigia grandiflora (Thouvenot et al., 2012). These results suggest
there is a need to properly select macrophytes to support the work of
stormwater treatment systems.

3.24. Phytoplankton

The most important group of primary producers in most water bod-
ies is phytoplankton. Different groups of phytoplankton communities
are adapted to withstand a certain range of salinity; however, species
diversity is usually considerably reduced at high salinities, When fre-
quent changes occur in salinity level phytoplankton need to increase
their respiratory activity to maintain the osmofic balance. Studies con-
firm that increasing NaCl concentration increases respiratory rate and
reduces the photosynthetic evolution of O, of a non-axenic unialgal cul-
ture of Scenedesmus protuberans (Flameling and Kromkamp, 1994).
These studies were conducted under laboratory conditions using the
culture collection of the laboratory of Microbiology of the University of
Amsterdam. Tonk et al. (2007) conducted two types of experiments:
with gradually increasing salt concentrations and with salt shoci. The
results of these studies indicate that Microcystis spp., freshwater
cyanobacteria, have high salt tolerance: their growth rate and
microcystin production rate collapsed only when cells were exposed
to salinities exceeding 10,000 mg/L for several weeks, Experiments
with salt shock show that Microcystis ceruginosa can temporarily with-
stand high salinity; in addition, cell number and production at salinity
levels above 10,000 mg/L corresponded to the values found in the ex-
periments with gradually-increasing salinity. When M. aeruginosa was
exposed to very high salinity levels {15,000 and 17,500 mg/L), cell
growth rate and microcystin production decreased, but M. aeruginosa
wasable to grow and produce microcystin for at least one week. During
this period, the mean cell size did not decrease, which indicates that the
surviving cells were still able to withstand high turgidity pressure.
However, the concentration of extracellular microcystin increased to
30% of the total concentration of microcystin in cultures exposed to
salinity of 17,500 mg/L, which may indicate that some of the cells had
disintegrated. Tonk et al. (2007) indicate that the high tolerance of
Microcystis spp. to salinity can result in blooms in freshwater
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ecosystems, even those with increasing salt concentrations, especially
as diatoms and green algae had lower tolerance for salinity.

3.2.5. Zooplankton

Through the top-down effect, zooplankton plays an important role in
controlling phytoplankton biomass. Therefore, any negative effect on
this group may result in an increase of phytoplankton biomass and a
greater risk of water blooms. A laboratory experiment by Jones et al.
(2017) found that cultures with medium and high NaCl concentrations
(480 and 780 mg/L, respectively) demonstrated significantly lower
levels of zooplankton than the controls and those with low NaCl concen-
trations {20 and 150 mg/L, respectively), after nine and 22 days of incu-
bation. Similarly, Van Meter and Swan (20 14) found their mesocosm
experiment to be dominated hy the rotifer family, Brachionidae (93%).
at a high Cl concentration (1067 mg/L), while it was composed of 27%
of Brachionidae, about 30% of copepods and about 25% of cladocerans,
with the remainder being made up of other rotifers and ostracods, at
low C concentrations ( 177.2 mg/L).

However, long exposure to Cl could promote resistance in the zoo-
plankton community. Coldsnow et al. (2017) found that Daphnia were
able to adapt to higher salt concentrarion. During phase | of a 2.5-
month experiment, individual Daphnia pulex were first exposed to chlo-
ride concentrations from 100 to 1000 mg/L over the course of 5-10 gen-
erations. In phase Il, the populations were then exposed to Cl
concentrations ranging from 1300 to 1900 mg/L. At 1300 mg Cl/L, the
Daphnia populations exposed to Cl in phase 1 demonstrated a higher
survival ratio than the control population. However, at Cl concentra-
tions above 1500 mg/L, mortality increased and was not found to be sig-
nificantly different to controls.

In addition, Hintz et al. (2019) suggest the possibility of Daphnia
pulex developing cross-tolerance to different kind of salts after evolving
tolerance to NaCl. Three populations of Daphnia pulex were exposed to
low, moderate and high concentrations of NaCl, MgCl» and CaCl,. The
three tested populations consisted of a native population with no
previous exposure to elevated NaCl concentrations, as well as two
populations with acquired tolerance to 250 mg/L and 1000 mg/L of Cl
respectively. After 60 days of mesocosm study, Daphnia pulex from the
populations with evolved tolerance showed signs of cross-tolerance:
they were less affected by moderate and high CaCl, concentrations or
by moderate MgCl, concentrations compared to the native population.
In addition, this cross-tolerance also mitigated salt-induced cascades:
no differences in phytoplankton abundances were observed in variants
with salt-tolerant Daphnia populations compared to low-salt controls,
while the phytoplankton abundances in native populations were
higher; however, all of the results depended on salt type and concentra-
tion and varied through the course of the experiment. The authors sug-
gest that, instead of cross-tolerance, the results could indicate that
Daphnia populations had evolved a new tolerance to the particular salt
types, but this possibility was described as unlikely due to the short
span of the study. However, it is worth noting that the evolutionary
tolerance of Daphnia to the road salt NaCl came at the expense of a
slower population growth rate. After 21 days of the experiment,
the population density of daphnids with evolved salt tolerance was
three times lower than the native population. This was probably
due to smaller size or number of offspring, reduced offspring survival
or increased time to reproduction due to the cost of maintaining the
evolved tolerance (Hintz et al., 2019). Long Lake, Ontario, Canada is
located 1.4 km from the nearest road, with summer Cl concentra-
tions of only 0.4 mg/L. In this lake, with a low risk of exposure to
Cl, it was found that the abundance of zooplankton communities
was significantly altered by experimental trreatments of 250 mg/L
of Cl, while their biomass was altered but not significantly. In con-
trast, no such changes were observed in a community taken from
Loughborough Lake, which is intersected by a two-lane highway,
and has higher summer Cl concentrations of 19 mg/L (Sinclair and
Arnott, 2018).
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Increasing salinization is usually connected with increasing risk of
toxicity for water ecosystems, but Brown and Yan (2015) suggest that
trophic status of lakes should be considered when assessing the acute
toxicity threat from chloride. For example, food quantity was found to
have a significant effect on egg production and neonate release in lab
scale experiments conducted on Daphnia (D. pulex x D. pulicaria) iso-
lated from McFarlane Lake, near Sudbury, Ontario, Canada. Chloride
demonstrated lower chronic LC50 values when the particulate carbon
(C) level was below 0.8 mg C/L (C indicates the quantity of
Pseudokirchneriella subcapitata that the Daphnia were fed with ), indicat-
ing oligotrophic conditions. The results suggest that oligotrophic lakes
are more vulnerable to chiloride inputs, such as road salt, than eutrophic
lakes (Brown and Yan, 2015).

3.2.6. Fish

Freshwater fish species demonstrate a wide range of salt tolerance,
depending on fish species, life stage, salt concentration, temperature
and duration of the experiment. Exposure to high salinity levels affects
osmosis and respiration in freshwater fish. Many studies on the effects
of road salt on fish are laborarory experiments on usually acute or
chronic toxicity. The lowest NaCl concentration at which 50% mortality
was observed in rainbow trout (Salmo gairdneri) in a 24-hour experi-
ment was 5.496 mg/L (Kostecki and Jones, 1983). Significant mortality
was also reported in species such as minnows, bluegill sunfish
(Lepomis macrochirus), channel catfish (Ictalurus punctatus) and gold-
fish (Carassius auratus) at salinities ranging from 11.50 to 20.00 mg/L
NaCl during short-term exposure (Kszos et al., 1990; Waller et al..
1996 ). However, Camargo and Tarazona (1991) noted a lack of mortal-
ity in rainbow and brown trout fingerlings exposed to salinities
800-1000 mg/L NaCl for eight days. Selected results from laboratory
studies on the effects of road salts on fish from 1934 to 1999 are pre-
sented in Evans and Frick (2001),

Studies indicate that freshwater fish reduce their food intake and
conversion and show slower growth when exposed to high chloride
levels (Bceuf and Payan, 2001 ). One of the more sensitive species to
high salinity are those of the trout genus. In one study, the highest den-
sities of brook trout (Salvelinus fontinalis) were observed in streams
with low chloride concentrations, i.e. below 100 mg/L (Stranko et al.,
2013). Hintz and Relyea (2017) studied the effect of various de-icing
salts, viz. sodium chloride (NaCl), magnesium chloride (MgCl,) and
calcium chloride (CaCl,), on the growth and development of newly-
hatched rainbow trout (Oncorhynchus mykiss). The results showed
that while MgCl, did not affect the growth of rainbow trout at any
concentration, NaCl exposure influenced the growth of rainbow trout
at 3000 mg/L of Cl (9% reduced length; 27% reduced weight), while
CaCl, affected the growth of rainbow trout at 860 mg/L of Cl (5%
reduced length: 16% of reduced weight).

It is worth noting, however, that despite the increasing threatof en-
vironmental pollution from road salt, there is relatively little research on
its effects on fish species.

3.2.7. Ecosystem structure

Beside the individual responses of freshwater organisms to Cl expo-
sure, itis also important to consider the possible effects on the food web
as awhole (St Denis et al,, 2010). Van Meter et al. (2011b) investigated
ecosystem structure in eight urban stormwater detention ponds in the
Red Run Watershed (Baltimore, Maryland, USA). Through the end of
May, when Cl concentration was diluted after the winter period, a de-
cline in zooplankton density was observed along an increasing chloride
gradient; as such, the density of periphytonic and phytoplanktonic algae
was found to increase with decreased grazing pressure. At the elevated
Cl concentration (645 mg/L), greater adult copepod mortality was ob-
served, resulting in the tadpoles undergoing metamorphosis earlier
and demonstrating greater mass as a result of decreased zooplankton
competitors (Van Meter et al,, 2011a). High concentrations of NaCl or
road salt (0.05-0.9% w/v) have been found to inhibit cilitate bacterivory
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in a predator/prey experiment conducted on the relationship between a
ciliate (Tetrahymena thermophile) and a bacterium (E. coli XL-1 pET-gfp)
(St Denis et al,, 2010).

In further mesocosm studies, Lind et al. (2018) examined the inter-
actions in freshwater communities at three NaCl concentrations (15,
250 and 1000 mg/L of Cl), two nutrient levels (high eutrophic and am-
bient oligotrophic) and three light levels (high, medium and low). Ele-
vated salt concentrations and nutrient levels were found to increase
the abundance of phytoplankton and periphyton. Increasing salt levels
reduced the biomass of macroalgae (Nitella spp.). Additionally, high
salt treatments were associated with lower chlorophyl a concentrations,
indicating physiological stress; moreover, as the salt level inaeased
from 250 to 1000 mg/L. two of the three zooplankton groups, viz. the
cladocerans and copepods, demonstrared reduced abundance, with
these negative effects weakening over time. When analysing the effect
of salinity on the organisms studied, the authors found no relationship
between the increase in salt and nutrient concentrations, which indi-
cates that they did not interact synergistically. Therefore, since an in-
crease in nutrient concentration did not cause the organisms to
demonstrare any disproportionate response to an increase in salinity,
the authors conclude that the rwo factors acted additively.

A mesocosm study by Petranka and Doyle (2010) on freshwater pond
communities found copepods and cladocerans to be the most sensitive
taxa to commercial road salt, ie. a NaCl and KCl base with small amounts
of CaCl, and MgCl,. Both taxa were rare or absent in mesocosms where
mean salt concentrations exceeded 1200 mg/L. In addition, growth of
wood frogs (Lithobates sylvaticus) was suppressed ar mean salt
concentrations exceeding 4500 mg/L. Interestingly, the abundance of
mosquitoes, Culex restuans, increased in pools where the mean salt
concentrations exceeded 1200 mg/L. However, this observation was not
associated with salt concentration; it is more likely that this resulted
from the disturbances in the macaozooplankton and amphibian larvae
communities, and reflected the lack of competition between the
communities and the mosquito larvae,

Sodium chloride exposure can influence the susceptibility of organ-
isms to parasites. Buss and Hua (2018) report that 24-hour exposure of
wood frog (Lithobates sylvaticus) tadpoles to 1000, 2000 and 3000 mg/L
of NaCl increased trematode infection by 68%, 63% and 96%, respectively,
compared to tadpoles that were not exposed to sodium chloride.
Among tadpoles exposed to the presence of a predator (damselfly).
those subjected to 1000 mg/L NaCl demonstrated 200% more encysted
parasites than those that were not earlier exposed. However, NaCl
exposure did not appear to affect the susceptibility to infection in
groups exposed to dragonfly kairomone + parasites, or to dragonfly
kairomone -+ parasites + predator.

To summarise the effect of Cl impact on biota, a number of studies in-
dicare that road salt application causes changes that may contribute to
faster eutrophication of waters and an increased risk of cyanobacterial
blooms; this has been attributed to flushing nutrients and other pollut-
ants from catchments (Fig, 2), the negative impact of Cl on species
which compete or control the biomass of phytoplankton, and a decrease
in the efficiency of some self-purification processes (Fig 3). This is an
area that requires further research to understand the full spectrum of ef-
fects of Cl on these processes in inland water resources,

3.3. The impact of climate change

As winters become milder, climate change may well be accompa-
nied by a reduction in the application of de-icing chemicals in many re-
gions; however, this may not necessarily remove the threat to water
ecosystems. Research conducted in the East and West Branches of the
Tioughnioga River (central New Yori, USA) suggest that even if the ap-
plication of de-icing salts to roadways were to decrease, elevated Cl
levels would be observed in the stream for decades. Results from
these field studies and discriminant analysis suggest 20 to 30-year stor-
age of Cl within the watershed in both analysed branches of the
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Tioughnioga River (Cutchess et al., 2016). Further simulations have
shown that these Cl concentrations will continue to rise over the period
2010-2039, following which, according to all Global Climate Models, it
willdecline asaresult of reduced snowfall (Gutchess et al,, 2018 ). More-
over, road salt application was found to lead to decreased productivity
of all trophic levels (periphyton, zooplankton, Northern watermilfoil -
Myriophyllum sibericum, American ribbed fluke snail - Pseudosuccinea
columella, and larval American bullfrogs - Lithobates catesbeianus ) com-
pared to other aquatic stressors, i.e. acidification (pH) and climate
change (water temperature and eutrophication), which demonstrated
a lower effect, or none at all, in a mesocosm laboratory experiment
(Dalinsky et al., 2014).

To ameliorate the consequences of climate changes associated with
water cycle changes, there is also a need to increase stormwater reten-
tion (UN WATER, 2020). Although many solutions have been proposed
and tested, all have been found to influence the flow path of Cl. For ex-
ample, permeable pavement (PP) systems decrease the concentration
of Cl and Na during winter surface runoff, but increase itin groundwater
effluent in spring and early-summer due to slower migration of the ions
through the PP (Drake et al., 2014). Although PPs disperse Cl pollution,
they still increase Cl concentrations in the water flowing through them
to high acute toxicity level ( >860 mg/L) after the first rain event follow-
ing a period of snow with road salt application (Borst and Brown, 2014).
In both cases, PP effluent typically demonstrated lower concentrations
of Cl, but only in short-term studies. Dry water ponds also change the
flow path of Cl, Studies conducted in the Red Run watershed of Balti-
more County, Maryland, piezometers located in shallow groundwater
below the dry stormwater pond reported 18,540 mg Cl/L in February;
however, the mean concentration between june 2009 and May 2010
was 3828 mg/L, and the mean value for November 2009 was
798 mg/L, ie. near the acute toxicity level of 830 mg/L, in a period
when the Cl concentration should be lowest (Snodgrass et al., 2017).
This resulted in higher Cl concentrations in non-winter months. At an
unmanaged catchment (n = 7, no stormwater ponds, first sample
point in the river continuum) January mean Cl was found to be around
500 mg/L; this value was similar to that observed in the managed catch-
ment (n = 4, first sample point in the river continuum with stormwater
ponds in catchment) and the combined catchment (n = 13, not first
point in river continuum). However, over the following months, viz.
April, June and August, the unmanaged catchments were found to
have below 50 mg Cl/L, compared to 100 mg Cl/L or more in the com-
bined and managed catchments (Snodgrass et al., 2017). Low impact
development (LID), which manages stormwater runoff as part of
green infrastructure, decreases surface runoff and increases the reten-
tion capacity, thus reducing high Cl concentrations; however, it has
also been found to increase Cl levels in base flow and in groundwater
throughout the year (Gu et al., 2019).

4. Prevent chloride pollution
4.1. Other de-icing agents

As both the surface and groundwater migration of Cl pose a threat
for freshwater ecosystems, magnesium and calcium chloride (MgCl,
and CaCl;) have been proposed as alternatives for road salt, albeit
more expensive ones, The primary advantage of the two salts is that
their dissolution is exothermic; this induces further snow melt, and
thus avoids the need for more salt. In addition, they do not displace
the cations in soil so readily and do not have such a harmful impact
on soil proprieties. Even so, they may well exert a harmful impact on
rhe warer environment.

Brown and Yan (2015) did not report any significant difference be-
tween NaCl and CaCl, application on egg production and neonate
release by Daphnia: as mentioned above, food quantity appeared to
have the greatest influence on Cl toxicity. Sun et al. (2015) examined
the effect of the salts on heavy metal leaching from sediments. An
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injection of 0.25 mol NaCl increased the concentrations of As in the
leachate by 2.2 to 55.3 ppb, Pb-concentrations from 0.51 to 84.1 ppb,
and Hg-concentrations from undetectable to 25 ppb; however, aninjec-
tion of 025 mol of CaCl; and NaCl (at a 6:4ratio), acommonly-used mix
for road salting, increased As concentrations from 0.96 to 23.14 ppb, Pb
levels from 0.79 to 749.2 ppb and Hg levels from 0.17 to 0.31 ppb.

A study of the microbial community in WWTPs found NaCl treatment
to demonstrate higher inhibition of respiration activity of activated sludge
than CaCl, and MgCl,; however, it also appeared to have the lower impact
onthe adaptation time of the microbial community. When 1 M solutions
were used, CaCl, prolonged the microbial adaptation period by 2.2 days,
MgCl; by 1.7 days, and NaCl by only 30 h (Vitezova et al, 2016).

Achkeeva et al. (2015) report that chloride-based de-icing agents
(NaCl, CaCly, MgCl,, KCI) were more efficient for melting snow
including those without Cl, and that they are also cheaper than
alternative agents such as those based on acetates or nitrates.
However, in addition to the extra cost, alternative de-icing agents are
alspassociated with other problems. Schuler and Relyea (2018b) tested
two such de-icers: a mix of MgCl, with GeoMelt (beet juice; proprietary
blend) (SNI Solutions, Genesco, IL.) and Magic Salt (MgCl, premixed
with a distillation by-product; proprietary blend) (SEACO, Rome, NY)
at concentrations of 100, 400 and 800 mg/L The results indicated that
after seven and 21 days, the concentration of dissolved oxygen (DO) de-
crease significantly in all tested mesocosms with MgCl, + GeoMelt and
MgCl; + Magic Salt, compared to controls (25 mg/L) and to pure MgCl,
with the same Cl concentration as the test substances. Although such
reductions in DO harm most aquatic organisms, mosquitoes breathe
airat the surface of the water through a siphon, and were not negatively
affected (Schuler and Relyea, 2018b).

Lee et al. (2017) performed acute toxicity tests on nine different de-
icing agents, six with an eco-label certificate, with Daphnia magna. The
lowest EC50, i.e. the concentration where 50% of the population are
immoebilized, and LC50 values, i.e. the concentration at which 50% of
the test organisms die, were noted for CaCls and solid de-icer SS (mix-
ture of NaCl + CaCl, + MgClL + CH4CO,Na); both had LC50 and EC50
values below 2000 mg/L, indicating that they had the highest toxicity
of the tested substances. In addition, two other eco-label solid de-icers
(a mixture of CaCl, + MgCl, + organic acid, and a mixture of
NaCl + CaCl, + organic-inorganic composite) also had LC50 and EC50
values lower than for NaCl. In comparison, the LC50 and EC50 values
of NaCl were found to be around 4000 mg/L (Lee et al, 2017).

Other research on the toxicity on four “eco-friendly” de-icing agents
showed that they were not less toxic for Chironomus dilutes than NaCl;
measured as a ten-day lethal concentration, NaCl was found to have a
similar LC50 value (6.61-6.32 g/L) to two other “eco-friendly” salts;
calcium magnesium acetate (LC50 = 6.61 g/L) and beet juice extract en-
hanced de-icing formulation (LC50 = 6.32 g/L). In addition, the third
“eco-friendly” de-icing formulation, based on urea, had an ever higher
toxicity, with an LC50 value of 0.63 g/L (Nutile and Solan, 2019).

Some of the more environmentally-friendly de-icing agents, like
sodium levulinate, calcium levulinate and magnesium levulinate (pro-
duced from sorghum grains), had higher freezing points than NaCl,
and so were less effective at lower temperatures. However, they should
be considered for use in some areas, where winter is not so cold and
where winter temperatures may be rising under the influence of climate
change (Canjyal et al., 2007).

The most frequently-considered alternatives for NaCl still contain
chloride ions, which might be the reason for the similar, or even more
negative, environmental effect noted for them. Other non-Cl agents
were typically much more expensive or had other disadvantages that
hampered their widespread use.

4.2. Optimizing the use of de-icing

One way of reducing the environmental impact of winterroad main-
tenance is by optimizing the use of de-icing chemicals. One potential
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strategy involves the use of an infrared thermometer to detect the freez-
ing of water on an asphalt surface (Riehm et al., 2012) combined with
socio-economic models to calculate socio-economic costs depending
on winter maintenance strategy (Arvidsson, 2017). In Finland, a 20-
year programme was carried out to reverse the increasing Cl pollution
of groundwater. The approach included improvements of de-icing de-
vice and practices, improvements in meteorological online data ser-
vices, as well as an education and reward programme for the private
contractors responsible for de-icing; this combined strategy resulted
in NaCl use falling by approximately 35% during the 2000s in compari-
son to the period immediately prior, i.e. 1988-1992 (Salminen et al.,
2011). Interestingly, this decrease in NaCl consumption was achieved
in a period when the total length of roads, needing winter maintenance,
increased by 30-40% and the winters become milder: ambient temper-
atures around 0 "C were becoming more frequent, which increased the
demand for NaCl (Salminen et al.,, 2011).

Providing an appropriate system to support the use of road salt
would yield economic benefits. A 0.1 °C error in estimating the differ-
ence between frost point and road surface temperature in the region
could result in costs of close to 28,000 € each winter, while an error of
0.5 °C could result in a cost of 93,000 € (Riehm and Nordin, 2012).

4.3. Technical solution

Technical alternatives to de-icing chemicals have been explored,
such as ground source heat pipes, electric heating cables, infrared heat
lamps. hearing fluids and electrically conductive concrete (Zhao et al.,
2011 ). However, such heating systems are rarely used due to problems
associated with cost {construction and operating), performance and the
general situation. Even solutions based on renewable energy, such as a
Hydronic Heating Pavement (Mirzanamadi et al., 2018) are not
completely suitable, due to the need for materials to be applied to
roads and pavements. Technical solutions based on solar energy could
decrease the need for road salt use, but there remains a need for life
cycle assessments, and further research into construction technology,
maintenance technology and operation parameters (Pan et al., 2015).

Another potential strategy for preventing chloride water pollution
could be recycling road salts. Craver et al. (2008) investigated the possi-
bility of recycling NaCl from stormwater ponds located near roads using
“brine generation units”. The value return (based on net present value)
of the brine generation unit after one to four years depends on the vol-
ume of used road salt and stormwater runoff accumulated in the pond.

4.4. Nature-based solution

Urban stream restoration projects that restore floodplain connec-
tions may positively impact water quality by storing high salinity road
run-off during winter overbank events and discharging that water dur-
ing the year, thereby attenuating seasonal fluctuations in chloride.
These observations indicate that groundwater storage and subsequent
discharge from floodplain aquifers in connected urban streams can at-
tenuate seasonal fluctuations in chloride caused by road salt, which
may be benefidal to aguatic organisms intolerant of large chloride
changes over short periods. On the other hand, the seasonal storage of
chloride recharged to floodplain aquifers can artificially elevate
baseflow chloride concentrations outside of winter (Ledford and
Lautz, 2015). Models of the residence time and storage capacity of an
aquifer indicate that restoration projects designed to promote flood-
plain reconnection and the frequency of overbank flooding in winter
have the potential to temporarily store chloride in groundwater, and
to buffer surface warer concentrations and reduce stream concentra-
tions following periods of road salting (Ledford et al, 2016).

Some halophytes [Atriplexhalimus and Atriplex hortensis) could reduce
the negative impacts of salt treatment by accumulating Na™ from road
salt. Both plants accumulate >50 mg/g DW of Na™ within their aerial
parts when exposed to a solution containing 2000 mg/L of NaCl (Suaire
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etal,2016), but those plants were not found to accumulate Cl. More com-
plex purification of both Na and Cl might be provided by Typha
angustifolia (all tested salinity levels from 700 pS/cm to 13,000 pS/cm)
and Juncus maritimus (at highest tested salinity, i.e. 8000 pS/cm and
13,000 pS/cm); both demonstrated significantly higher removal rate of
Cl than control (200 pS/cm) laboratory constructed wetland (CW)
(Guesdon et al., 2016). The plants also were found to accumulate more
Na in aboveground and underground parts during elevated salinity than
in control CW. Similar levels of Cl accumulation was observed only for
Juncus maritimus; in Typha angustifolia, Cl accumulation increased with
salinization only in the underground parts (Guesdon et al., 2016).

The potential for anthracite coal, pozzolan, dolomite and limestone
ro remove NaCl was investigated by de Santiago-Martin et al. (2016).
The four were selected on the basis of their potentially efficiency for re-
moving NaCl and trace metals (Cd, Cu, Ni, Zn}, availability for sale, low
economic cost, physiochemical stability with a minor impact on ecosys-
tems, and being natural and unmodified. The efficiency of those mate-
rials was tested at four Cl concentrations: 150 mg/L (C1), 1500 mg/L
(C2), 3000 mg/L (C3) and 5000 mg/L (C4). The anthradite coal had the
most stable removal ratio of 1 (ranging from 43 to 56% at 22 °C and
37-54% ar4 °C) at all tested concentrations. The removal efficiency of
dolomite at 22 °C was lower, with Cl level increasing from 59% in C1,
through 43% for C2 and 40% for C3, to only 15% at C4; however, at
4 °C the efficiency increased from 18% at C1 and 10% at 2 to 29% at
(4. Limestone and pozzolan were tested only at 22 °C: at Cl, the two
materials demonstrated 4% and 21% Cl removal, respectively. These
values increased to 45% for limestone at C4 and 651-68% for pozzolan
at C2-C4. These results indicate that anthracite coal appears the best
substance for removing only Cl, but dolomite was the best for removing
all investigated compounds, i.e. NaCl and trace metals [ Cd, Cu, Ni, Zn).
The most effective way of removing NaCl and trace metals across the
range of temperatures and ( concentrations which could occur in
field conditions would be to use a combination of materials with differ-
ent properties (e.g. sorption capabilities) best suited to the experimen-
tal factors, such as initial NaCl concentration and temperature (de
Santiago-Martin et al., 2016).

Pyrolyzed biomass (biochar or charcoal) could also be used to de-
crease Cl pollution. When added to the soil, it has bene found to neutral-
ize salt stress for plants, such as Abutilon theophrasti and Prunella
vulgaris. The addition of 5000 g/m? of biochar to the top of the soil
completely alleviated salt-induced mortality by those two species in-
duced by 30,000 mg NaCl/m? (Thomas et al., 2013). Developing denitri-
fication solutions based on carbon-rich materials for groundwater and
surface water purification from nitrates (Bednarek et al., 2014;
Schipper et al,, 2010) could also help with road salt pollution.

5. Conclusion

The use of road salt has a significant environmental impact and can-
not be ignored. Cl demonstrated considerable mobility, and although
this allows it to be widely used as a geochemical tracer to characterize
the water flow path and time of flow (Horner et al., 2017), it also ham-
pers its removal from the environment There is therefore a strong need
for greater awareness of the impact of de-icing materials on people and
the environment, and for practical measures to be taken to minimise the
risks associated with the use of road salt.

The final step of an Ecohydrology-based approach is to propose sys-
tem solution to address the water quality problems. While society and
stakeholders focus mostly on the impact of road salt on the nearest
road environment, they forget about the effects on the recipients of
urban runoff. Many studies mentioned in the “Monitoring of threats”
and “Cause-effect analysis” sections above found the use of NaCl as a
winter de-icer to have a range of effects on water quality and water eco-
system structure, While there has been a growing body of research
about the impact of Cl on water bodies in recent years, but remains a
need to investigate the long-term impact of such pollution on the
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abiotic and biotic processes and components in water. There is also a
need to investigate alternatives to NaCl de-icers more carefully before
they can be applied more widely, as many studies suggest that they
could have similar or more negative effects on surface water ecosys-
tems. In addition, the cost-benefit implications of these alternatives re-
main unclear, as some de-icing agents could be more expensive (cost),
burt not cause any increase in the levels of some pollutants or decrease
the efficiency of self-purification processes [benefits). Optimizing of
the use of de-icing agents, and including some technical solutions,
could reduce the amount of Cl applied during winter, but in some
cases they might not provide sufficient protection for water bodies sub-
jected to long-term NaCl application, and an increasing annual mean Cl
level. While some materials and pollutant-absorbing plants might play a
complementary role as nature-based solutions in reducing C1 pollution,
especially diffused sources associated with developing stormwater re-
tention approaches, there has been no more extensive analysis of the
potential of these solutions for Cl removal.

There isa clear need to apply a holistic approach and engage different
groups of stakeholders, including policy makers, environmental man-
agers, society, scientists and transportation professionals, to prevent the
negative consequences of road salt application and the consequent losses
in water ecosystems and ecosystem services (Hintz and Relyea, 2019).
One such important local initiative is the Salt Resource Management
Plan developed by the State Administration of National Roads [SHA), in
conjunction with the Maryland Department of the Environment (MDE).
This plan consists of several management practices by the state and
local jurisdictions to minimise the environmental impact of road salt run-
off; it also includes an assessment of new materials, equipment and win-
ter strategies to improve service levels to drivers during winter storms
while reducing the use of road salt (Stranko et al., 2013).

Achieving sustainable development in an environment strongly
modified by humans requires innovative and systemic solutions. Under-
standing the dynamics of ecological processes and the hierarchy of fac-
tors regulating these processes is crucial for increasing the porential of
the environment and limiting the degradation of natural resources
(Kaushal etal,, 2017; Rasuletal., 2018). Modern environmental remedi-
ation should be based on the harmonisation of nature-based solutions
(NBS) with engineering activities, and involvement of the local commu-
nity in the implementation and maintenance of system solutions
(Zalewski, 2000). One example of the implementation of ecological bio-
technology for the treatment of storm water from urbanised areas is the
sequential sedimentation-biofiltration system (SSSB), which has been
used on two rivers in the city of Lodz, Poland. The SSSB is a small and rel-
atively shallow reservoir which connects the water discharge system
from the street with the natural river system, It contains underground
separators which reduce oil substances and suspended solids, a geo-
chemical part comprising gabions filled with stone dolomite and lime
material covered with coconut matting, and a biological part overgrown
with aquatic plants for the reduction of biogenic compounds (Jurczak
et al.,, 2018; Szklarek et al., 2018). Further solutions to decrease road
salt inflow to urban aquatic ecosystems through a sequential
sedimentation-biofiltration system are being tested, e.g. use of halo-
phytes (Guesdon et al., 2016) and the application of microbial processes
for the biodegradation of chlorinated compounds.
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Abstract

Road salt (NaCl) is commonly used as a deicer during winter to improve road safety, resulting in [reshwater salinization. Such
elevated chloride concentrations may have a strong effect on zooplankton, which are key elements in freshwater food webs.
The aim of this study was to investigate the effect of chloride ion concentration and inter-pond environmental variability on
zooplankton density in four urban ponds over 3 years differing in winter conditions. Analysis of variance showed significant
differences in chloride ion concentration and zooplankton density regarding study year and ponds. Redundancy analysis of
column water data showed that both the environmental variables (including chloride ion concentration) and the pond loca-
tion significantly contributed to the model explaining the variability in zooplankton densities. However, the environment
variable (referring to the environmental variables) had a smaller contribution (11%) than the POND variable (related to the
spatial configuration of the ponds), which contributed 62%, indicating that the dynamics of zooplankton density depended
primarily on ecosystem characteristics. Even so, although chloride content was not the main determinant of zooplankton
density, their presence in aquatic ecosystems and potential interactions with other types of pollutants could have negative

biological and ecological effects.

Keywords Chloride concentrations - Cladocerans, copepods, rotifers - Freshwater salinization - Winter conditions

Introduction

To ensure road safety in regions that experience harsh win-
ters, road salt, typically sodium chloride (NaCl), is com-
monly applied during cold periods. The growth in popular-
ity of sodium chloride-based deicers can be attributed to
their relatively low cost compared to other salts (such as
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calcium chloride or magnesium chloride) as well as their
high effectiveness.

Although road salt is important to maintain road safety,
there are drawbacks to its usage. Road salt can enter ground-
water with runoff, leading to elevated chloride concentra-
tions in drinking water wells (Bester et al., 2006) and surface
waters. Elevated concentrations of chloride ions have been
observed in lakes (Scott et al. 2019; Winter et al., 2011;
Rogora et al., 2015), stormwater retention ponds (Gallagher
et al_, 201 1; Tixier et al., 2012) and rivers (Hubbart et al_,
2017; Corsi et al., 2015). Consequently, road salt application
isone of the key causes of freshwater salinization syndrome
(Cunillera-Montcusi et al.. 2022; Kaushal et al., 2021),
resulting in increasing salinization: an emerging threat to
freshwater biodiversity (Reid et al., 2019).

In freshwater ecosystems, road salt-induced salinity has
negative effects on zooplankton and various trophic inter-
actions. On the species level, Martinez-Jerénimo (2007)
observed that increasing concentrations of NaCl (between
2 and 8 g/l NaCll) negatively impacted the clutch size, total
progeny, longevity, average lifespan and life expectancy,
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net reproduction rate (R), population growth rate, as well
as survivorship of Daphnia magna exposed to salinity.
Similarly, survivorship, total progeny and R, of Scaphole-
beris mucronata and Simocephalus vetulus were shown to
decrease at NaCl concentrations between 500 to 625 mg/l
(Gokee and Ozhan. 2014). Huber and co-workers (2023)
found that chloride concentrations reaching the chronic
(230 mg/l) and acute (860 mg/1) threshold levels reduced
Daphnia mendotae vertical movement rate by 22-47%.
Moreover. increased salinity has been shown to affect zoo-
plankton communities and their structure. Elevated con-
centrations of chloride ions tested in mesocosm studies
decreased the abundance of cladocerans and copeopods
(Lind et al., 2018), triggered a trophic cascade when pre-
sent together with fish predators (Hintz et al., 2017) and, at
high CI concentrations > 1000 mg/l, caused a shift towards
rotifer-dominated communities (Van Meter and Swan,
2014). However, results from laboratory experiments sug-
gest that Daphnia populations may develop adaptations to
high concentrations of sodium chloride to increase their
survival in high salinity habitats (Parlato and Kopp, 2020).
It is crucial to assess whether, and to what extent, road salt
affects zooplankton communities in their natural environ-
ment; it is also important to understand both the differen-
tial adaptive capacity of the organisms and the particularly
significant regulatory role of zooplankton in freshwater
ecosystems. Unfortunately, the effects of winter road salt
application on zooplankton species are difficult to verify in
the wild. This is particularly so in temperate regions where
zooplankton rarely occurs outside the growing season as
overwintering populations.

The present study attempts to fill this knowledge gap, also
highlighted by Cunillera-Montcusi et al. (2022). Its main
goal was to examine the effect of chloride concentrations
on zooplankton density observed in four urban ponds of dif-
ferent environmental conditions located in the city of Lodz,
Poland. The main focus is on chlorides because they are a
component of the most commonly used de-icing salts, such
as sodium chloride (NaCl), magnesium chloride (MgCl,)
and calcium chloride (CaCl,), thus being the most repre-
sentative signal of road salt contamination (Woodley et al.,
2023). The research was conducted in 3 weather-differen-
tiated years: 2019 being a typical winter in Poland, 2020
having an exceptionally mild winter without snow days and
2021 with a harsh, cold and snowy winter. We hypothesized
that zooplankton density will be related to chloride ion con-
centrations in the water, as higher concentrations of chloride
in harsher winters will reduce the density of zooplankton
organisms, and that this effect may be modified by pond-spe-
cific environmental conditions. Furthermore, we postulate
that. due to the different winter weather conditions in each
year of the study, as well as the different characteristics of
each pond. there will be a significant effect of pond and year

& Springer

and pond/year interaction on the concentration of analysed
ions and zooplankton density.

The study was conducted over 3 full hydrological years to
verify changes in road salt concentrations in aquatic ecosys-
tems, during both the winter (resting) and growing season.

Materials and methods
Study area

The study was performed in four urban ponds located in
the city of Lodz, central Poland (51°45' N, 19°28' E). The
first pond, Arturowek Gorny (AG), on the Bzura River, is
located in Arturéwek—a recreational complex situated on
the edge of Lagiewnicki Forest (Fig. 1a). In 2010-2015 the
EH-REK project “Ecohydrological rehabilitation of recrea-
tional reservoirs in Arturéwek” (L06dZ) as a model approach
to the rehabilitation of urban reservoirs™ was responsible for
the implementation of nature-based solutions in this area,
improving water quality in the pond (Jurczak et al., 2019).
Our sampling site was located at the pond inlet. The area
around the pond receives a lower amount of road salt than
the rest of the selected sites, as the use of road salt was pro-
hibited on the roads in this area; the only likely source was
surface transport by vehicles. Arturéwek Gérny pond also
served as the reference ecosystem in our study.

The second urban pond, Zbiornik Wasiaka (ZW), on the
Sokoléwka River, is located in a residential area consist-
ing of single-family houses (Fig. 1b). The third urban pond,
Julianéw GoOrny (JG), again on the Soketowka River, is
located in Adam Mickiewicz Park, close to two paved alleys
(Fig. 1¢). The fourth urban pond, Zbiomik Zgierska (Z7),
on the Sokoléwka River, is located downstream from the
Adam Mickiewicz Park area; it is separated from the park by
a two-lane street with moderate traffic that runs near to the
pond (Fig. 1d). The surface area, mean depth and capacity of
each urban pond are presented in Table S1, Supplementary
Material.

In Poland, the city municipalities are not required to col-
lect information about the amounts of road salt used in win-
ter. However, we were able to acquire this information for
part of the city where, during the winter scason 2020/2021,
approximately 6.5 tonnes of NaCl was used per kilometer of
traffic lane. Data for other seasons were not available.

Meteorological data source and analyses

Daily meteorological data (precipitation and temperature)
were taken from national monitoring networks held by the
Institute of Meteorology and Water Management-National
Research Institute. The nearest station was Lodz-Lublinek
(ID 351190465). To determine the long-term averages and
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Fig.1 Maps of the studied ponds and their area. a. AG = Arturowek
Gorny (2017), b. ZW = Zbiomik Wasiaka, ¢. JG = Julianéw Gorny,
d. ZZ = Zbiornik Zgierska. Coordinates of the £odz city as well as

compare them with the state of the weather during the study
period, the data for the period 1951-2020 were taken from
the website htips://meteomodel.pl/, which presents meteoro-
logical data from national monitoring programs.

Surface and pore water sampling and analyses

Field monitoring was conducted for three hydrological
years: 2018/2019, 2019/2020 and 2020/2021. According to
the definition formulated by the Polish Institute of Meteorol-
ogy and Water Management-National Research Institute, the
hydrological year, by convention, begins on | November and
lasts until 31 October, which serves as the basis for calculat-
ing the country's water balance. The end of October/Novem-
ber usually marks the end of rainwater run-ofT [rom summer-
autumn heavy rainfall and storms, and thus the beginning of
the autumn-winter period. when a drop in temperature pro-
motes the development of ice phenomena, and the likelihood
of snowfall increases. Column water and pore water sam-
ples were taken twice a month for the whole year: samples
were taken more often during melting periods to determine
maximum chloride concentrations and the period of time
for which they remained elevated. Column water samples
were taken 20 ecm below the surface. Sediment samples were
taken from the top 20 cm of sediments by sediment coring
device, and then pore water was extracted by centrifugation

all of the sampling points are presentad in the decimal degrees for-
mat. Source: https://geoportal lodzkie plfimap

(3000 rpm for 10 min) in the laboratory. Column and pore
water were analysed in a Dionex® ion chromatograph with a
cation column (CG18, lonPac CS18, CSRS-ULTRA II) and
an anion column (AG22, lonPac AS22, ASRS ¢ ULTRA 1I)
to determine the concentrations of chlorides. sodium. potas-
sium, magnesium, calcium, nitrates, sulphates, ammonium

and phosphates.
Zooplankton sampling and analyses

The zooplankton samples were taken every 2 weeks, from
the start of the calendar spring until the end of calendar
autumn each year. Samples were collected in the limnetic
zone at the inflow part of each pond. Water was taken from
the 1-m layer below the surface of [rom each urban pond
(sample size 20 1) and then filtered through a plankton net
with 50-pm mesh size. In the laboratory, the samples were
concentrated to 10 ml and fixed using Lugol’s solution.
The zooplankton were subjected to qualitative and quan-
Litative analyses using a glass Sedgewick-Rafter chamber
with a 1-ml capacity and a Nikon microscope (magnification
40-100x). When the abundance of individuals of a given
taxonomic group was high (> 150 individuals per subsam-
ple), all zooplankton animals in the chamber were counted
as standard (the contents of a single chamber were counted).
When the abundance of zooplankton in one subsample was
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lower, a second subsample was taken and individuals from
the next chamber were counted. The density of each found
species (for cladocerans and rotifers) or orders (for copep-
ods) was calculated using the equation: N=XVz / Vk Vp,
where X = number of counted individuals in the chamber:
Vz = volume of the density from which the sample for
microscopic determination was taken (ml): Yk = volume of
the chamber (ml); Vp = volume of the compacted sample (1).

For copepods, the organisms were only grouped based
on their order (Calanoida or Cyclopoida). Copepod nauplii
were counted separately and were not included in the statisti-
cal analyses. Other copepod life stages were not differenti-
ated and counted. Morphological analyses of the collected
individuals were performed according to Amoros (1984),
Benzie (2005) and Ejsmont-Karabin et al. (2004).

Statistical analyses

Statistical analyses were performed using both Statistica ver-
sion 13.3 software (StatSoft) (for ANOVA) and CANOCO v.
5.15. (Microcomputer Power, Thhaca, NY, USA) (for RDA).
The Shapiro-Wilk normality test was used to determine the
data distribution. Parameltric tests were used for further
analyses (one-way ANOVA and two-way ANOVA, with
Tukey's range test as a post hoc test). One-way ANOVA
was applied to test the effect of year on the concentration
of ions in each individual pond. To test for the effect of
years and ponds and their interactions on differences in ion
concentration and zooplankton density. we used two-way
ANOVA with the years and ponds as categorical variables
and ion concentration or zooplankton densitics (total and for
selected zooplankton groups) as dependent variables. Due
1o the large differences between years and ponds, the data
used for the ANOVA tests were transformed according to
the In(x + 1) equation. Results were considered significant
if the p-value was < 0.05.

Redundancy analysis (RDA) method was applied to
examine the relationships between zooplankton density and
environmental variables. RDAs were selected because they
cnabled the compilation of all selected taxa and environmen-
tal parameters (ter Braak i §milauer, 2012).

For pore water samples, 12 quantitative variables and
one nominal variable (POND) were analysed. Quantitative
variables were: average temperature on the day of sampling
[temp (d)], average temperature of 7 days before sampling
[temp (7)], total precipitation on the day of sampling [pre-
cip (1)], total precipitation within 7 days before sampling
[precip (7)], chloride [chlorid], phosphates [phospha |, sul-
phates [sulph]. sodium [Na], ammonia [amo]. potassium
[K], magnesium [Mg] and calcium [Ca]. For column water
samples, ten quantitative variables and one nominal vari-
able (POND) were analysed. Quantitative variables were:
average temperature on the day of sampling [temp (d)],
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average temperature of 7 days before sampling [temp (7)],
total precipitation on the day of sampling [precip (1)], total
precipitation within 7 days before sampling [precip (7)],
chloride [chlorid], sulphates [sulph], sodium [Na], potas-
sium [K], magnesium [Mg] and calcium [Ca]. To avoid
multicollinearity of variables, the most strongly correlated
variables were eliminated based on the Pearson correla-
tion matrix (Pearson's correlation coefficient r > (.8). For
both groups of samples. i.e., samples from pore water and
samples taken from the column water, the Na variable was
strongly correlated with the concentration of Cl ions (chlo-
ride), and the temp (7) variable was correlated with the
temp (d); therefore, the Na and temp (7) variables were
omitted rom further analysis. In both cases, the Pearson
correlation coefficients were > 0.9.

Further analysis of the collected material was initiated
through gradient length calculations via detrended canoni-
cal correspondence analysis (DCCA). The length of the
longest gradient in the DCCA was equal to 1.0. There-
fore, to assess the dependence of zooplankton density on
environmental variables, the redundancy analysis (RDA)
method was applied. The significance of the RDA axes in
explaining the density of zooplankton taxonomic groups
was determined, as was the significance of the effects of
particular variables on the model of ordering, which was
based on the Monte Carlo test with 999 random permu-
tations. The RDA biplot displays the zooplankton and
environmental variables as vectors, and dummy environ-
mental variables are displayed as points. The data were
log(x + 1)-transformed, and, in the RDA, centering of the
zooplankton data was applied.

To isolate and determine the influence of the location
of a given pond on the community of zooplankton in the
model, the POND variable was considered a covariate. RDA
was first conducted using the entire data set. Subsequently.
to isolate the amount of variation explained by pond loca-
tion effects, we used a partial RDA (ter Braak and Smilauer,
2012), in which the variable POND served as a covariate,
and the ordination was only constrained by environmental
variables.

As a complement to the above analysis, variation par-
Llitioning for the two groups (fractions) was used (Lep§
and Smilauer, 2012). The first group was the POND (i.e.,
zooplankton density~POND), and the second group was
the other variables describing the environmental condition
(i.e., zooplankton density ~ the environment variable). The
additional fraction was the shared part (i.e.. zooplankton
density ~POND +environment).

Biodiversity indexes. including Dominance Index (D),
Simpson’s Index of Diversity (D’) and Shannon-Wiener
Diversity Index (H'), were calculated using the Past 4.03.
software. Indexes were calculated for total zooplankton as
well as two zooplankton groups: cladocerans and rotifers.
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Results
Meteorological data

Meteorological data for the city of Lodz, the site of the
present research, has been collected since 1951 by the
national monitoring service. Some base meteorological sta-
tistics were obtained daily (temperature, precipitation and
snowcover) for the investigated hydrological years. These
are compared to multiyear average values (1951-2020) in
Table S2 (Supplementary Material).

All 3 hydrological years had lower year sum of precipi-
tation, shorter non-vegetation period (daily mean tempera-
ture < 5 °C—range in Poland climate zone), shorter winter
(daily mean temperature <0 °C) and higher daily mean tem-
perature than the 1951-2020 multiyear average. A cooler
period was noted in hydrological year 2019/2020, which was
also characterized by the lowest number of days with mete-
orological winter (daily mean temperature < 0°C), days of
non-vegetation period, total precipitation in non-vegetation
period, total precipitation in meteorological winter and days
with snow cover.

Water quality of the analysed urban ponds

Changes in chloride concentrations during the hydrological
years

Chloride ion concentrations measured in water column and
pore water during 3 hydrological years in the four urban
ponds are depicted in Figs. 2 and 3 with the values given
after the In(x + 1) transformation.

Chloride concentrations exceeded the 640 mg/l acute
toxicity threshold and persisted for the longest time in the
pore water in the ZW pond during the year 202 1. These high
chloride concentrations were maintained for 124 days, 62 of
which were winter days. and the rest were spring days. Chlo-
ride concentrations exceeding the 120 mg/l chronic toxicity
threshold persisted for the longest time in pore water in both
JG and Z7Z ponds during the year 2020. In both ponds they
were maintained for 348 days, 91 of which were winter days.

Mean chloride and sodium ion concentrations in different
years and urban ponds

Over the 3-year study period, the highest mean concentra-
tions of chloride and sodium in column water (as an aver-
age for all ponds) were measured in 2021, the year with
the coldest winter (mean: 424 26 mg/l and 119.83 mg/l,

respectively). Also, high concentrations were measured in
2019 (mean: 335.39 mg/I C1~ and 155.78 mg/1 Na*), with
the lowest mean concentrations observed in 2020 (61.76
mg/l C1™ and 25.95 mg/l Na*). Two-way ANOVA analyses
confirmed significant differences in chloride (p<0.001)
(Fig. 4a. Fig. Sla, Supplementary Material) and sodium
(p<0.001) (Fig. 4c, Fig. S2a, Supplementary Material)
concentrations in column water between years.

The mean chloride and sodium concentrations measured
in pore water were the highest in 2021 (mean: 1259.97
mg/l and 355.36 mg/l respectively). followed by 2019
(mean: 303.21 mg/l Cl™ and 142.66 mg/l Na*) and 2020
(mean: 141.86 mg/1 C1~ and 53.53 mg/l Na*). Two-way
ANOVA analyses showed significant differences for chlo-
ride (p < 0.001) (Fig. 4b, Fig. Slc, Supplementary Mate-
rial) and sodium (Fig. 4d, Fig. S2¢, Supplementary Mate-
rial) (p <0.001) concentrations measured in pore water
between the years.

The highest mean chloride and sodium ion concen-
trations in column water were observed in the ZW pond
(mean: 650.54 mg/l and 238.42 mg/l respectively), fol-
lowed by the JG pond (mean: 416.98 mg/l CI™ and 129.91
mg/l Na*), ZZ pond (average: 207.6 mg/l CI~ and 72.84
mg/l Na¥) and lastly the reference pond AG (mean: 59.49
mg/1 CI™ and 21.89 mg/l Na*); no distinction was found
between years. Two-way ANOVA analyses confirmed sig-
nificant differences in chloride (p <0.001) (Fig. 4a, Fig.
S1b. Supplementary Material) and sodium (p <0.001)
(Fig. 4¢, Fig. S2b, Supplementary Material) ion concen-
trations in column water between the urban ponds.

The highest mean pore water chloride and sodium con-
centrations were found in the ZW (1757.69 mg/l CI™ and
544.31 mg/l Na*), followed by JG (619.63 mg/l CI™ and
150.41 mg/l Na™), ZZ (406.22 mg/l CI™ and 140.69 mg/l
Na*), with the lowest concentrations measured in AG
(89.61 mg/l C1~ and 34.9 mg/l Na¥). Two-way ANOVA
analyses confirmed significant differences in chloride
(p<0.001) (Fig. 4b, Fig. S1d, Supplementary Material)
and sodium (p<0.001) (Fig. 4d. Fig. S2d, Supplementary
Material) ion concentrations in pore water between the
urban ponds.

Significant year*pond interactions were observed for
both chloride (Fig. 4a, b) and sodium (Fig. 4c, d) ion
concentrations measured in both column and pore water
(p=0.01 for CI~ and p=0.02 for Na* in column water;
p<0.001 for C1I” and p <0.001 for Na* in pore water).

The mean, minimum. maximum and standard deviation
values of the concentrations of chloride, sodium and other
ions (nitrate, phosphate. sulphate. ammonium, potassium,
magnesium and calcium) observed during 3 hydrological
years, as well as in the four ponds, are shown in Tables S3,
S4 and S5 in the Supplementary Material.
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Fig.2 Changes in chloride ion concentrations measured in the col-
umn water in the studied urban ponds (a, b, ¢, d) during the 3 hydro-
logical years: 2019 (solid line), 2020 (broken line), 2021 (dotted
linc). Horizontal lines indicate the limit valucs for chronic and acute

Zooplankton structure and density

In general, the highest mean total zooplankton densities
were observed in ZZ (2742.83 specimens/l in 2019, 1989.92
specimens/| in 2020 and 1527.61 specimens/l in 2021).

The mean values in the reference AG were 254.36
specimens/l in 2019, 353.5 specimens/l in 2020 and
190.29 specimens/l in 2021. The lowest mean densities
were observed in JG (42.33 specimens/l in 2019, 17.92
specimens/l in 2020 and 10.36 specimens/lin 2021 ) as well
as in ZW (135.36 specimens/l in 2019, 7.38 specimens/l in
2020 and 2.75 specimens/l in 2021).
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toxicities of chlorides in surface water, as established in Canada
(CEQG, 2011) and the USA (US EPA, 1988). The grey arca indicates
the astronomical winter period. All of the data had been transformed
according to the In(x+ 1) equation

Two-way ANOVA for the total zooplankton density
showed significant differences between years (p<0.01) and
urban ponds (p<0.001). In 2019, total zooplankton density
was significantly higher than in 2020 or 2021, with no sig-
nificant difference between 2020 and 2021 (Fig. 5a). Total
zooplankton density was significantly higher in ZZ than in
AG, ZW and JG; in addition, total zooplankton density was
also significantly higher in AG than in JG and ZW (Fig. 5b).

Two-way ANOVA analysis confirmed the presence of
significantly more copepods and cladocerans in 2019 than
in 2020 (p =0.01), with no significant differences between
2019 and 2021, or between 2020 and 2021. For the rotifers,
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Fig.3 Changes in chloride ion concentrations measured in the pore
water in the studied urban ponds (a, b, ¢. d) during the 3 hydrological
vears: 2019 (solid line), 2020 (broken line), 2021 (dotted line). Hori-
zontal lines indicate the limit values for chronic and acute toxicities

no significant difference in density was observed between
years (Fig. 5a). All three groups of zooplankton were the
most abundant in ZZ (copepods p<0.001, cladocerans
p <0.001, rotifers p <0.001). There were also significantly
more rotifers in AG compared with JG (p=0.01) and ZW
(7<0.001). AG demonstrated higher density of cladocerans
and copepods than ZW (p=0.02 and p =0.02, respectively)
(Fig. 5b). For total zooplankton and rotifer densities. there
was no interaction between ponds and years (p=0.745 and
p=0.265, respectively). For copepod and cladoceran den-
sity, intcractions were significant (p<0.05).
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winter period. All of the data had heen transtormed according to the
In(x + 1) equation

In terms of zooplankton community structure, the urban
ponds studied were mainly dominated by rotifers. with the
exception of ZZ during the years 2019 and 2020, when the
distribution of rotifers and cladocerans was nearly even. Spe-
cies that dominated most frequently were Keratella quadrata
and K. cochlearts (as well as K. cochlearis in its tecta form,
albeil to a lesser extent).

Additional information on the characteristics of the zoo-
plankton communities of the studied ecosystems, includ-
ing the list of all observed species and selected biodiver-
sity indexcs, is presented in the supplementary material
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(Table S6, Table S7) together with graphs showing changes
in zooplankton densities during the study period (Fig. S3).

Relationship between zooplankton
and environmental parameters

For the RDA data collected for the column water, the first
ordination axis explained 52.8% of the variability in zoo-
plankton community density. Pond ZZ was most strongly
positively correlated with the first axis. The second axis
described 2.4% of the observed variability and was related
to the Ca variable (Fig. S4a, Supplementary Material). Pond
ZZ, Pond AG, K ion concentration and Cl ion concentration
had a statistically significant effect (Monte Carlo test) on
the model examining the relationships between zooplank-
ton density and environmental variables (Table S8, Supple-
mentary Material). In the partial RDA, the variables K ion
concentration. Cl ion concentration and average lemperature
on the day of sampling [temp (d)] had statistically significant
impacts on the model (Fig. 6a). The variables K ion concen-
tration, Cl ion concentration and temp (d) had statistically
significant impacts on the model.

In the RDA model for column water samples, covering
all variables, cladocerans, rotifers and zooplankton were
strongly positively correlated with the Pond ZZ variable. In
addition, rotifers and zooplankton were negatively correlated
with nitrate (Nitra) and sulphate (Sulph) variables (Fig. S4a,
Supplementary Material). When the variable POND was
included as a covariate, no significant correlation was found
between zooplankton density and environmental variables

(Fig. 6a), although the density of all zooplankton groups
demonstrated clear negative correlation with chloride and a
positive correlation with potassium. The variation partition-
ing analysis showed that both the environment variable and
the pond factor significantly contributed to explaining the
variability in zooplankton density. The environment variable
had a smaller contribution to the explained variation (11%)
than did the POND variable (62%). The mean contribution
(mean square) of the POND variable was > 10 times higher
than the environment variable (Table S9, Supplementary
Material).

For pore water sample data, the first axis explained 47.3%
of the variability in density. Pond ZZ was most strongly
positively correlated with the first axis. The second axis
described 2.4% of the observed variability and was related
to the tlemp (d) variable (Fig. S4b, Supplementary Material).
Pond ZZ, Pond AG and temp (d) had a statistically signifi-
cant effect (Monte Carlo test) on the model that examined
the relationships between zooplankton density and environ-
mental variables (Table S10, Supplementary Material). In
the partial RDA, when using the POND variable as a covari-
ate, the first axis explained 4.9% of the variation, and the
second axis described 1.6% of the variation (Fig. 6b). In
the RDA model for samples from pore water, including all
variables, rotifers and zooplankton were strongly positively
correlated with the POND ZZ variable. In conlrast, cladocer-
ans were moderately correlated with this variable (Fig. S4b,
Supplementary Material). When the POND variable was
included as a covariate, no significant correlation was found
between zooplankton groups and environmental variables
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Fig.6 Association of zooplankton, environmental variables and
POND variable for column water samples and pore water samples.
Correlation plots obtained by partial RDA using the POND variable

as the covariate. Filled triangle, nominal variables (Pond AG. Pond
JG, Pond ZW, Pond ZZ)
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(Fig. 6b). The variation partitioning analysis showed that
only POND factors significantly contributed to explaining
the variability in zooplankton density. The environment vari-
able made a smaller contribution to the explained variation
(3%) compared to the POND variable (75%) (Table S11,
Supplementary Material).

Discussion

Climate change and freshwater salinization are emerging
threats for freshwater biodiversity, as arc the cumulative
impacts of these and other stressors (Reid etal., 2019). Cli-
mate change results in not only an increase in the average
temperature but also changes in global and regional water
cycles (Douville et al., 2021). Studies have confirmed an
ongoing increase in temperature and decrease in snow cover
duration during winter in Poland (Tomczyk et al., 2021) as
well as increasing precipitation during the winter scason
(Szwed, 2018). Our results confirm this trend, with higher
daily mean temperature and lower numbers of days with
snow cover (Table S2; Supplementary Material).

However, there remains a need (o ensure road safety
in winter by road salt application. Chloride-based deicer
use represents one source of anthropogenic salinization of
freshwater ecosystems. Considering its prevalence, as well
as possible long-term consequences of road salt usage. the
topic of road salt pollution has gained more attention in
recent years (Corsi et al., 2015; Hintz and Relyea, 2019;
Szklarek et al., 2022). Notably, the maximum CI~ concen-
trations in reservoirs after winter and their persistence are
influenced by various meteorological (temperature and pre-
cipitation) and hydrological (average flow, retention time,
deep) conditions. II'a wet winter characterized by salt appli-
cation is followed by a dry spring. the length of the period
with elevated Cl~ concentration may persist, thus generat-
ing greater ecotoxicity pressure on freshwater communities.
The winter-spring characteristics of Cl~ concentration might
play a crucial role in the functioning of zooplankton and
other organisms, but understanding this relationship needs
long-term research. In the present study, CI” concentrations
above acute toxicity were noted until March in column water
(Wasiaka [ZW] pond and Julianéw [JG] pond, Fig. 2) and
until June in pore water (Wasiaka [ZW] pond, Fig. 3), but
longer C1™ chronic toxicity was observed in all three ponds
supplied by road salt runoff.

As salinisation of water due to road salt is not a seasonal
problem and can persist throughout the growing season,
various studies have examined the effects of road salt pol-
lution on individual species of zooplankton (Hintz et al.,
2019: Venancio et al., 2018; Coldsnow et al., 2017) as well
as freshwater food webs (Hintz and Relyea, 2017; Lind
et al., 2018; Van Meter and Swan, 2011). For example, Van
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Meter and Swan (2014) observed that the rotifer family Bra-
chionidae dominates zooplankton communities exposed (o
elevated chloride concentrations (93%), whereas the same
family composed only 27% of the zooplankton community
in a low chloride treatment. Van Meter and co-workers
(2011) found that elevated chloride concentrations caused
a decrease in copepod and cladoceran densities while not
alfecting the C. nauplii or rotifer densities.

The existing studies in the literature play a key role in
understanding the complex effect that elevated chloride con-
centrations may have on zooplankton species and the struc-
ture of freshwater foodwebs. However, the majority of the
studies concerning the effects of road salt on zooplankton
are performed using mesocosm studies or controlled con-
ditions (e.g., toxicity biotests). There are far fewer studies
examining the effects of road salt pollution on zooplankton
inhabiting natural environments. One valuable study is that
of Bielariska-Grajner and Cudak (2014). who examined the
cffects of salinity on specics diversity of rotifers inhabiting
14 anthropogenic water bodies located in Silesian Upland,
Poland: however, it focuses on salinization originating from
the mining industry and not road salt pollution.

This study is one of the first works to examine the effect
of road salt pollution on zooplankton inhabiting the natural
environment. We expected that the use of large amounts of
road salt, especially during cold winters, would cause a sig-
nificant increase in chloride concentrations in the studied
ccosystems and affect the dynamics of zooplankton density.
One of the most important results was obtained by RDA
analysis. which confirmed, as we correctly assumed, that
chloride concentrations may be relevant to their impact on
zooplankton. However, although chlorides were the most
important among all factors related to water chemistry, the
dynamics of zooplankton density depended primarily on
pond-specific ecosystem characteristics. RDA showed that
Zgierska (ZZ) pond, Artur6wek (AG) pond, potassium (K)
and chloride (CI) had a statistically significant effect on the
model examining the relationships between zooplankton
density and environmental variables. Potassium and chlo-
ride ion content also had a statistically significant impact on
the model after using the POND variable as a covariate.
Although these ions were not significantly correlated with
zooplankton density in this case, a clear negative correlation
was observed for all zooplankton groups with chloride. The
RDA clearly showed that in the urban ponds studied, the
effects of salt and other environmental factors on zooplank-
ton density were masked by significant differences in pond
characteristics.

For the Arturowek (AG) pond. characterised by the lowest
road salt concentrations, the chloride and sodium ion content
in column water or pore water did not appear to have any
negative effect on zooplankton. RDA showed that the key
factors relevant to this ecosystem were weather conditions.
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Thus. our results confirmed that the nature-based solutions
used in our reference pond (sedimentation-biofiltration sys-
tems; Jurczak et al., 2019) effectively reduce the influx of
road pollutants, including road salt, contributing to improved
cenvironmental quality.

The situation was different in the other three urban
ponds. which were exposed to high road salt inputs. The
RDA showed that for these water samples, the density of
total zooplankton or the density of individual zooplankton
groups was negatively correlated with the concentration of
chloride ions, although the strength of this correlation was
weakened by the significant differences in the environmental
characteristics of the ponds. Notably, the correlations relate
to the growing season: wintertime was excluded because
of the absence of zooplankton. During winter, the chloride
concentrations in the column water samples were above the
acute toxicity level in all tested urban ponds in 2021, i.c., the
year with high road salt use, and in Julianéw (JG) pond and
Wasiaka (ZW) pond in 2019, i.c., the year with the typical
winter.

Although we predicted a decrease in road salt concentra-
tions during the growing season, chronic chloride toxicity
persisted in the urban ponds long after the end of winter and
was still observed in May, June and even July in Zgierska
(Z7) pond (Fig. 2). This means that elevated chloride con-
centrations persisted in the environment during the period
of zooplankton hatching and development. Disturbingly
high chloride concentrations, exceeding acute and chronic
toxicity levels, persisted in the pore water throughout hydro-
logical years 2019, 2020 and 2021 in all urban ponds except
the reference Arturéwek (AG) pond (Fig. 3). In Zgierska
(ZZ) pond, chloride concentrations were elevated, even in
the year with a mild winter. The increase in concentrations
observed during periods without de-icing suggests that chlo-
rides may have been stored over winter in hydrological res-
ervoirs, such as a shallow groundwater system, and slowly
released throughout the year. A similar phenomenon has
been observed in streams in the northern US (Corsi et al.,
2015).

Although waler temperature is an important factor that
regulates the abundance and distribution of rotifers (Yin
et al. 2018), many studies indicate that variability in rotifer
abundance is driven by “bottom-up” forces related to food
supply (e.g., Yoshida et al., 2003; Ejsmont-Karahin, 2012).
The waters of the studied reservoirs were rich in suspended
organic matter (unpublished data). which was especially true
for Julianéw (JG) pond and Zgierska (ZZ) pond sites. In the
former, the source of the organic matter could be, among
other. fallen dead leaves which accumulate at the bottom
of the pond. During summer, Zgierska (ZZ) pond becomes
a habitat of the plants from the Potamogeton genus, which
heavily cover the water surface and begin to decay during
late summer and autumn. It is also possible that organic

matter may have had an anthropogenic source, e.g., from
pollutants entering the urban ponds via faulty sewer systems
of the nearby residential arcas. Rotifers from the Keratella
genus are known to consume detritus, organic aggregates
and bacteria (Gilbert, 2022), which mecans that two specics
that dominated in our study, K. cochlearis and K. quadrata,
had favorable feeding conditions. The relationship between
the amount of organic matter as a habitat for bacteria and
protozoa, & common part of the food of most rotifer spe-
cies, and rotifer density has been confirmed in field studies,
e.g., by Wilk-WozZniak and co-authors (2014) who showed
a significant positive correlation between rotifer abundance
and the amount of allochthonous organic matter input to the
flowing lake Dobczyce (Poland). Moreover, both K. cochle-
aris and K. quadrata are eurytopic species; therelore, their
dominance is not surprising.

The presence of road salt-derived chlorides in freshwaters
should not be underestimated. Depending on the character-
istics and degree of pollution/cutrophication of the water
bodies, the substances present may interact additively, syn-
ergistically or antagonistically with road salt (Woodley et al.,
2023). This can pose unforeseen risks to organisms and dis-
rupt the functioning of freshwater ecosystems.

Conclusions

Few studies of the relationship between anthropogenic pol-
lutants, such as road salt, and zooplankton in freshwater
bodies have been performed under natural conditions. This
may be due to the high variability and dynamics of natural
ecosystems, diversity of interacting factors influencing them
and complexity of the relationships between organisms and
the environment. making it difficult to interpret the results
obtained. Furthermore, the problem of water salinity is often
downplayed and/or not fully recognized. The results of our
3-year study lead to conclusions that can broaden knowledge
of the effects of salinity on aquatic organisms.

Our research shows that the impact of road salt on urban
freshwater ecosystems is not a seasonal problem, i.e., it does
not only affect the winter period. Elevated concentrations of
chloride ions persist in both sediment and water throughout
the year and can negatively affect zooplankton during the
growing scason.

Moreover, our findings are the first from an environmen-
tal study to show that zooplankton density is negatively cor-
related with chloride ion concentrations exceeding chronic
toxicity levels in water. This phenomenon was found to be
a consequence of cold and snowy winters. However, pond-
specific factors (e.g.. biotic interactions). which are key to
the dynamics of zooplankton density, may have modified the
response of zooplankton to the presence of road salt.
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Table S1. Characteristics of four urban ponds selected in the study. Source:
Ecophysiographic study, £.0dz [Opracowanie ekofizjograficzne, 1.6dz], 2017.

Name/abbreviation Arturowek Julianow Zbiornik Zbiornik
Gorny Gérny (JG)  Wasiaka (ZW) Zgierska
(AG) (2Z)
(Reference)
Surface area [m?] 10 800 16 400 13078 17 000
Mean depth [m] 0.93 .37 na. 1.35
Capacity [m’] 10 000 22 510 2690 23 000

Table S2. Meteorological data for three analysed hydrological years compared to multiyear
mean.

Hydrological year Mean

2018/2019 2019/2020 2020/2021 (1951-2020)
Daily mean
temperature [°C] 10.1 10.0 8.8 713
Days of
meteorological 45 19 55 503
winter*
Da_y_'s of :lon-vegetative 114 108 50 —_—
period



Year sum of

precipitation 411.4

[mm]|

Sum of precipitation

in non-vegetative 145
period**

Sum of precipitation

in meteorological 21
winter*

Days with snowcover 28.0

* daily mean temperature < 0 °C
** daily mean temperature < 5 °C

*% mean snowcover for period 1971-2020

n.a. —not available

610.2 564.0
88 100
1 39
1.0 42.0

655.8

n.a.

1.a.
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Fig. S1. Chloride concentration (In(x+1) mg/L) measured in the column and pore water
during cach year (a. ¢) and pond (b, d). Vertical bars represent 0.95 confidence intervals.
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Table $3. Mean value (inin-max) of chlorides and sodium [mg/L] for pore and column water
in each hydrological year. Different letters indicate significant differences between years in
one-way ANOVA test (p<0.05).

CHLORIDES SODIUM
2009 | 2020 [ 2021 2009 | 2020 | 2021
PORE WATER
64.73 4 50.744 12488 44.44 4 26.96 4 29054
AG 180 43.7 - 442 - 12,5 22.9 -
5169.8) (81.3) 1( 205.6) (284.4) (29.2) (21.5-62.7)
260.92 4 181,974 | 105776% | 117194 | s3714 | 211.88%
JG 16.2 - 105.5 - 128.7 - 11.2 - 28.1 -
1(347.3) (349.9) (8738) (5'247) (58.6) (0=20674)
643.334 96.34 B 3231.07¢ | 292384 | 49.16B 921.9¢
LW 43.10 - 68.6 - 83.09 - 0.8- 37.4-
E1235.7) (203.5) (14374) 2(160.9) (91.5) (o)
243.844 238384 589.04 B 116.634 | 84314 179.24 B8
77 (6.06 - (120.5 - (85.19 - (4.45 - (58.7 - (0-457.1)
779.9) 1206) 1812) 344.6) 246.1) '
COLUMN WATER
42 424 48.32 AB 74.94 B 18.534 18.744 25394
AG (21.3- 1S, 7= (10.10 - T3 -
133.5) -5 (726.8) 36.5) (23.3) P=-1708
300.16 AB 81.33B 609.18 4 124.044 | 31.56B 166.74 4
JG 15.4 - 48 4 - 49.7 - " 175 -
1(769.2) (138.1 ) 7737.7) i (54.5) F=20a3.7)
871.954 69.39 B 691.194 423484 | 222" 181.124
ZW (14.9 - (282 - (246 - (38- (138 - (114 -
9344.2) 176.7) 6827.4) 5195.8) 59.8) 1891.3)
127.054 48.01 "8 316.18 ¢ 57.07 A 21.3B 100.86 ©
77 (16.3 - (339 - 017 (21.97 - (11.8:= 0-2728)
359.1) 59.7) 1111) 149 6) 33.2) o




Table S4. Mean, minmum, maximum and standard deviation values of chloride and sodium
concentrations observed in pore and column water. Total values in each hydrological year, and
total values in each wban pond are shown.

CHLORIDES | SODIUM
PORE WATER
MEAN MIN MAX SD MEAN | MIN | MAX SD
2019 303.21 6.06 [ 4235.70 562.85 142.66 0.80 | 2160.90 | 255.81
2020 141.86 43.70 | 1206.70 152.91 53.53 22.90 | 246.10 | 30.78
2021 | 125997 |[44.20 [ 14374.40 | 2424.73 366.68 13.24 | 3604.30 | 614.86
URBAN PONDS
AG 89.61 18.20 [ 1205.60 139.68 34.90 12.50 | 284.40 | 35.70
JG 619.63 16.20 | 8738.20 | 1384.03 153.75 11.20 | 2067.40 | 292.72
YA 1757.69 | 43.10 | 14374.40 | 2969.37 556.40 0.80 [ 3604.30 | 757.65
77 406.22 6.06 1812.10 380.37 142.22 445 | 457.10 | 95.08
COLUMN WATER
MEAN MIN MAX SD MEAN | MIN | MAX SD
2019 335.39 1490 | 934420 | 1125.55 155.78 3.80 | 5195.80 | 562.15
2020 61.76 28.20 176.70 32.39 25.95 11.20 | 59.80 11.26
2021 424.26 15.70 | 7737.70 992.52 122.39 1.70 | 2063.70 | 262.79
URBAN PONDS
AG 59.49 15.70 | 726.80 74.18 22.12 7.00 | 196.80 | 19.74
JG 416.98 15.40 | 7737.70 965.41 131.27 5.30 | 2063.70 | 287.85
YALVS 650.54 14.90 | 934420 | 1598.31 238.42 3.80 | 5195.80 | 675.01
77 207.60 16.30 | 1111.92 212.49 74.37 1.70 | 27280 | 64.98




Table S5. Mean value (min-max) of potassium, magnesium, calcium, nitrate, sulphate and ammonium ions [mg/L] for pore and colmmnn water in
each hydrological year. Different letters indicate significant differences between years according to one-way ANOVA (p<0.05).

K' [ Mg Ca?! NO*
PORE WATER
2019 | 2020 | 2021 | 2019 | 2020 | 2021 | 2019 | 2020 | 2021 | 2019 2020 2021
1647 | 1186" | 7615 | 418" | 8028 | 633° | 16689~ | 166.71" | 0566 | 03025 | 024° 063+
AG [T G- | @9~ | ©4- | @6- | (@9- | (®5- | ®l2- | G58- | ©00- | ©20- | go0 30
443 | 14p | 122 221) | 104) | 125 | 2779 | 187.4) | 1m.4) | 220) 0.90) o
36.18% | 343% | 371% | 728*% | 13095 | 15225 [318.54* | 31845* | 138925 | 047~ | 1364 6248
3G [T@a- [T@6- | (06- [ (@5- [ G6- | (46- | (98- | (O77- | @86- | (©00- | (030- | oo
987) | 443 | 114 | 324 | 240 | 439 | 7833 | 3893 | 2751 | 1.70) 5.70) ety
4587* | 2419% | 13675 | 1216* | 30.16® | 17.62° | 31561+ | 40927* | 124925 | 0.74%% | 029% 2332
Zw [T@0- |T(57- [Gd2- [© @- (25| @2- [ @5- | @9- | @d6- | ©00- | (O10- | nomocn
1414) | 255 | 216 | 379 | 8.1 | 461) | 812.7) | 9729) | 3246) | 4.00) 0.90) Y
582+ | 238 | 33.7° | 1008 | 21.85° | 1566° | 255.71% | 205194 | 111.68% | 064~ | 063~ 2528
zz [(08- | (02- [ GA5- [ 033~ [ (21- [ G2~ [(943- [ 068~ [ (95- [ ©00- | ©&0- [ (0000
453.0) | 257) | 8933) | 462 477 315) | e60.) | 2735 | 1032) | 3.10) 0.70) :
COLUMN WATER
1447 [ 1075% | 2.1° | 233% | 268 | 402° | 9817~ | 58185 | 4527C | 184~ | 0.02° 574
AG [T@7- [ @9~ | @6- [ @7- [ G7- [ (@4 [T@86- [TG95- [ @~ [[©00- | ©20- [0 o0
224 | 199 7.2) 156 45) 154) | 179.6) | 846) | 1on | 890 1.60) TR
2214% | 1899~ | 373P | 4167 | 7072 | 9778 [166144 [ 125057 | 7152P | 17.88% | 2512P 17.25 4
3G [T@o- [ @lo- [T O7- | ©4- [ aa- [ ©o9- [ (72- | @85- [ 32 | ©80- [ (1430 [ 55 2500
493 | 355 | 3296 | 242) | 209 | 237 | 3308 | 1632) | 1703) | 40.90) | 5230) ki
22098 | 1514 | 525 | 626 | 11.14P | 1211P | 148014 | 06184 | 6705P | 7594 | 4662 15397
ZW [T@7- | @8- | (O7- | ©4- | @a- | @O | (@2- | @76- | WO1- | ©10- | ©30- | o0 aie0
481) | 246 [ 3842 | 386 | 227 | 234 | 3326 | 1302 | 1539) | 2530) | 17.50) . :
18797 | 14085 | 243C | 379A | 46 | 721P | 11964 | 5759P | 5501® | 2624 | 085P 2684
2z [[euo- 1 @7- [ ©7- | ©@1- [ @4- | ©oa- [@83- [ @43- [ @5- | ©00- [ 030~ [0 1030
203 | 262) | 1859) | 244) 7.6) 192) | 24880 | 719) | 139) [ 730 330) |Woet
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S02 NH,' PO
PORE WATER
2019 2020 2021 2019 2020 2021 2019 2020 2021
14,58 * 7.544 15174 4834 6.79 & 4024 1.76 2 3158 1334
AG (0.00 - (2.00 - 5 = 2 , p
131.30) 14.30) (0.10-75.10) | (1.20-11.40) | (4.20-7.80) | (0.50-7.50) 0-74) | A-11.1) | (02-4.5)
152,68 4 118.76 4 11195+ 4054 3214 2,054 G754 0454 1348
JG (2.60 - (3.70 - j
128.50) 228.10) (0.20-570.00) | (0.10-39.20) | (0.40-4.10) | (0.20 - 5.60) (0-68) | (02-1.4) | (0.1-55)
9624 128.62 8 18.96 4 7.654 9,78 AB 13.848 1164 101.73 8 5.058
2 5 i G
Ay (0.00 - 46.50) égfgo) (0.00-203.00) | (0.00-20.10) | (9.10-14.30) | (0.90-28.00) [ (0-4.8) gf‘@ (9 '143)
70234 12,038 3502 5254 9.78 B 9278 2.074 4638 1,734
77 (1.30 - (3.80 - . ,, » (1.9 -
339.80) 17.10) (0.00-251.90) | (0.17-20.00) | (8.20-18.50) | (2.50-18.70) | (0-13.5) 14.8) (0.2 -5.6)
COLUMN WATER
S4.114 45.41 A 40.744 0.674 0.08 4B 0.118 0.72A 0.78 4 03B
AG (0.50 - (31.90 - -~ = 5
163.30) 52.80) (17.21-69.90) | (0.00-8.00) | (0.00-0.30) | (0.00-0.50) | (0.1-54) [ (0.5-1.1) | (0.1-0.9)
84.08 A 04.5] A 77.284 0.68 % 0.328 0.248 7344 0734 2128
JG (7.30 - (55.20 - (19.60 - 5 5 » (0.14 -
143.00) 146.40) 180.50) (0.10-2.40) | (020-0.60) | (0.00-0.89) | (0-153.2) | (0.1-2.2) Al
65274 64.80 & 60.04 4 1.94 0.83 B 0.645 0.054 132 1.754
W 6.80 - 20.20 - 14.50 - 0.15-
1(27.50) (14940) (1314(»0) (0.10-6.70) | (020-1.30) | (0.00-1.40) (0-53) | (0.2-3.0) (3‘70)
64284 34214 60864 0.64 1.004 0.08° 1114 0.66* 0534
ZL 0.00 - (2430 - - ‘ < (008 -
165.80) 39.60) (028-145.70) | (0.00-2.40) | (0.00-1.40) | (0.00-0.51) 0-59 |(©3-09) 17




Table S6. List of all species observed in studied ponds for three years. In cases where genera
are listed, it was not possible to assign observed organisms to species.

ARTUROWEK GORNY POND JULIANOW GORNY POND
2019 2020 | 2021 2019 | 2020 | 2021
Rotifers Rotifers Rotifers Rotifers Ratifers Rotifers
|Asplanchno priodonto Asplench riodont Asplanchna priodont Asplanchna priod Asplanchno priodonta Asplanch d
|Brochionus colyciflorus Brachionus sp Brachionus calycifiorus Brochionus calyciflorus Brachionus sp Brachionus quadrientatus
|Brachionus sp Brachic 1 hie dri hi dri Brochic laris Brachionus sp.

Q

Brachionus urceoiaris

Cephalodelia sp.

Brachionus sp,

Brachionus sp.

Cephalodella sp.

Coluralla sp.

Cephalodella sp. Kerotella cochieans Brachi Jaris Cephalodelia sp. Colurelia sp. Keratells cochlearis
|Colurella sp. Keratello quodrata filinic longiseta Colurella sp. filinia longiseta Lecane sp.
{ i hls fla tetsudo K 1 his Filinia I Keratella cochlearis Cladk
Lecane sp. Lecane sp. K lia quod lia cochlearis Kerotella guod Daphnia sp.
|Lepadella sp. Lepadella sp. Lecane sp. la quod) Kerotella tetsudo Alona sp.
|Platyics ficomis Polyarthra sp. Lepadelia sp. Lecane sp. Lepadelia sp. I
'Polyarthra sp. Cladocerans Paolyarthra sp. Lepacella sp. Platyias quadricomis Chydorus sphaericus
Tetsunidelia sp. Daphniasp. Trichotoria tetrochis Monommata sp. Clad Daphnia longspina
[Trichocerca sp Bosmina longirostris Clad, Plotyias quadricornis Dophnia i Diaphan, branch
Trichotoria pocillum Chydorus sphaericus Daphnia sp. Polyarthra sp. Chydorus sphaericus Plauroxus sp.
|Trichotona tetrachis Dicphanosoma branchyurum |8 ina longirostri: Clad Daphnia sp. Scapholeberis mucronata
Clad C d: Chydorus sph. B longirostris Diaphanosoma branchyurum »epods
|Alona sp. Cyclopoida Diophancsoma branchyurum |Chydorus sphaericus i phal tult Cyclopoid.
\Alonefla nana Nauplil Pleuroxus sp. h branchyurum Nauplii
Alonella sp. Scapholeberns mucronata Scopholebens mucronata Cyclopoida
\Bosmina longirostris Copepods Copepods Nauplii
|Chydorus sphoericus Nauplii Cyclopoida
|Dophnia goieata Cyciopoida Nauplii
Daphnia sp
|Pleuroxus sp.
iScopholeben‘s mucronote
|Simocephalus vetulus
Cyclopoida
Nauplil
| ZBIORNIK WASIAKA POND ZBIORNIK ZGIERSKA POND
2019 | 2020 | 2021 2019 | 2020 2021

Rotifers Rotifers Rotifers Rotifers Rotifers Rotifers
Asplanchna priodonta Asplonchna pricd hi quadrit Asplanchna priod: Asplanchna priodont Asplanchne priodont
|Brachi Ari Cephalodella sp. Keratella quadrata Brachi alyciflt Brachi colyciflorus Brachionus celyciflorus
|Brachionus sp. Colurellz sp. lecane sp. hi dis Brachi quadri Brachi dis nis
\Brachionus fla cochit Lepadelia sp. Brachlonus sp. Brachionus sp. h quadr
|Cephalodella sp. Keratzlla quodrato Platyias quadricomis Srochionus urceolans Brachionus urceolan's Brachionus urceolars
|Colureila sp. Lecane sp. Cladocerans Colurelia sp. Cephalodella sp. Colurella sp.
I hleans Lepadella sp. [ 5 Filinia I Filinia longi Filinia lo
\Keratella quadrato Platyias quadricomis Chydorus sphoericus Kerotello cochlearis Keratella cochlearis Keratella cochlearis
Lecane sp. Clady |Copepods 1] di H: drato Kerotella quodrato
Lepadellasp. Bosmina longirostris Cyclopoida Lecane sp. lecane sp lecane sp
|Mytiling Ji: Diaph b hy Nauplii Lepacellasp. Lepadelia sp. Lepadella sp.
Plotyios quadricomis Copepods Polyarthra sp. Polyarthra sp, Polyarthra sp.
|Polyarthra sp. Cyclopoida Clads Tetsunidella sp. Cladocerans
|Trichocerca sp. auplii Bosming longirostris Cladk Alona sp.
Clad Chydorus sphaericus Alona sp. ina I
Bosmina longirostris Daphnia cucullata iong Chyd! h U
\Chydorus sphaericus Daphnia gaisota Chydorus sphaericus Digphanosoma branchyurum
Daphnia sp Daphnia i h branchyurum |Pisuroxus sp.
| Diaphanosoma branchyvrum Daphnia sp Pleuroxus sp Copepods
f’l‘ d Diophonosoma branchyurum | Scaphoieberic mucronata Cyclopoida
Cyclopoida Leptodora kindtii Cof ol Nzuplii
Nauglii Pleuroxus sp Cyclopoida

Scopholzberis mucronata Nauplii

o e

Cyclopoida

Nauplii
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Fig. $3. Dynamics of density change (specimen/L) of adult copepods, cladocerans and rotifers observed in the AG (a), IG (b), ZW (c) and ZZ (d) ponds during

the three-year study period.



Table S7. Biodiversity indexes measured for total zooplankton (including cladocerans, copepods and rotifers), in the studied ponds during the three-year
penod. Yellow highlight indicates the highest value for each index across years and reservoirs.

2019 | 2020 | 2021
Total zooplankton
AG JG ZW ZZ AG JG W 77 AG JG W 77
Taxa_S 27 19 20 23 14 19 11 20 20 15 11 18
Dominance D 0.4 0.26 0.68 0.31 0.50 039 0.45 0.29 0.45 0.23 0.32 0.42
Simpson 1-D | 0.60 0.74 0.32 0.69 0.50 061 0.55 0.71 0.55 0.58 0.68 0.58
Shannon_H' 1.313 | 1.722 [0.8396| 1.572 | 0.9015] 1.513 | 1.341 | 1.597 | 1.228 | 1.456 | 1.634 | 1.456
Cladocerans
Taxa_S 10 4 4 10 4 5 2 6 6 8 2 5
Dominance D | 0.93 0.46 0.42 0.81 0.60 0.39 0.51 0.89 0.32 0.61 0.72 0.48

Simpson_1-D | 0.07 | 0.54 | 0.58 | 0.18 | 0.39 | 061 0.49 | 0.11 068 | 039 | 028 | 0.52
Shannon_H' 10.2026 | 1.01 | 1.101 |0.4858]0.7411 | 1.156 | 0.687 [0.2259 ] 1.249 | 0.8687 | 0.4506 | 0.7893

Rotifers
Taxa S 16 14 15 12 9 13 8 13 13 6 8 12
Dominance D | 0.53 [ 035 | 0,72 | 0.54 0,52 0.65 0.66 028 | 0.70 0.42 0.21 0.58

Simpson_1-D | 047 | 065 | 028 | 046 | 048 [ 035 | 034 | 072 | 030 | 058 | 022 | 0.42
Shannon_H' | 1.035 | 1.354 |0.6901 1.002 | 0.798 | 0.7981 | 0.8268 [ 1.48]1 | 0.7115 | 1.09 [0.7844 | 1.001
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Biodiversity Indexes

The results were obtained using the Past 4.03. software. Total zooplankton includes cladocerans, rotifers and adult copepods. Cladocerans and rotifers
section include the values of the indexes only for those two groups.

The highest munber of species was observed i the year 2019 in the reference pond AG and reached 27 species, including 10 species of cladocerans and
16 species of rotifers. The number of species in this pond decreased duning the year with warm winter 2020 (to 14 species) and then increased in 2021 (to 20).
ZZ pond had a similar munber of observed species in 2019 — 23 (10 species of cladocerans and 12 of rotifers). The munber of species in this pond decreased
slightly in 2020 and 2021. Two ponds with the lowest number of species were JG and ZW with 19 and 20 species respectively. and this number also decreased
m the year 2020 and 2021. Pond ZW m 2020 and 2021 had also the lowest munber of observed cladocerans species, which was only two.

The index of dominance (D) varied between the years and ponds. In 2019, only the ZW pond showed moderate dominance when it comes to total
zooplankton. However, this year, high dominance among cladocerans was observed in AG (0.93) and ZZ (0.81) pond. Far rotifers, the dominance was moderate
in AG. ZW and ZZ ponds, with no species dominating in JG pond. In the year 2020, in all of the ponds there was no species dominance for total zooplankton.
Moderate dominance was observed among cladocerans in AG and JG ponds, and high dominance was observed in ZZ pond (0.89). AG, JG and ZW showed
moderate dominance among rotifers. Inthe year 2021, no species dominance was observed for total zooplankton. JG and ZW showed moderate dominance among
cladocerans and AG and ZZ showed moderate dominance among rotifers.

The Simpson index showed moderate diversity for total zooplankton for AG. JG and ZZ ponds in the year 2019, then for JG. ZW and ZZ ponds in 2020
and for all of the reservoirs during the year 2021. For cladocerans the Simpson index remained quite low, reaching the highest value in the JG pond during 2019.
For the rotifers, the highest value was reached i the ZZ pond in 2020, which indicated moderate diversity.

Similarly, the Shannon Wiener Diversity Index (H') remained low in all of the ponds, during all the years. Tt reached the highest value in the JG pond in
2019 for total zooplankton, in the AG pond in 2021 for cladocerans and in the ZZ pond in 2020 for the rotifers.

In general, all of the wban ponds examined in the study showed low to moderate diversity, which vaned slightly throughout the three years study penod.
Diversity in the ponds exposed to higher chloride concentrations (JG, ZW and ZZ) were similar to those measured for the reference pond (AG). During 2019 and
2020 high dominance was observed within the cladocerans in the reference pond AG and ZZ pond.
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Fig. S4. Association of zooplankton, envirornental variables, and POND variable for column water samples and pore water samples. Correlation plots
obtained by redundancy analysis (RDA) using the entire data set. A, nominal variables (Pond AG, Pond JG, Pond ZW, Pond ZZ).
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Table S8. Ranking of the environmental variables appear to influence
the density of plankton, based on their marginal and conditional effects

on ecological factors; analysis for column water samples.

Variables Al AA B
Pond ZZ 44.3 44.33 0.001
Nitra 13.0 0.13 0.756
Sulph 12.8 0.29 0.453

Pond ZW 9.9 0.23 -
Pond IG 9:1 0.23 0.572
Ca 7.9 0.42 0.312
Mg 59 0.87 0.088
K 1.4 2.01 0.009
Pond AG 1.3 2.80 0.001
Chlorid 1.2 3.51 0.001
Temp (d) 0.9 1.05 0.059
Precip (7) 0.7 0.13 0.765
Precip (1) 0.1 0.06 0.903

A = fit = eigenvalue with only variable j; Aa = additional fit= change
in eigenvalue; P = significance level of the effect, obtained through

Monte Carlo permutations under the full model with 999 permutations.



Table S9. Summary of variation partitioning using partial RDA of plankton
assemblages, with environmental variables and space (pond) as predictors; analysis for

column water samples.

Fraction Variation = % of % of Mean df Fa o)
Expl All square

Pond 0.31971 623 32.0 0.10296 3 277 0.001

Environment  0.05531 10.8 55 0.00972 | 9 2.6 0.002

Pond + 0.13856 27.0 13.9 - - - -

Environment

Total 0.51359 100 51.4 0.04651 12 125  0.001

Explained

All Variation 1 - 100.0 - 131 - -

Variation — sum of all canonical cigenvalues; % of Expl — contribution of the fraction to
the explained variation; % of All- contribution of the fraction to the total vanation;
Mean square —amount of variation explained in the group of variables per single degree
of freedom, i.e. per one constrained axis; df - degrees of freedom; F; — the F-ratio
statistics for the test onall canonical axis; p — corresponding probability value obtained

by the Monte Carlo permmtation test, 999 random penmutations.
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Table S$10. Ranking of the environmental variables appear to influence the
density of plankton, based on their marginal and conditional effects on

ecological factors; analysis for pore water samples.

Variables Al Aa P

Pond ZZ 36.5 36.47 0.001
Pond JG 93 0.19 -

Pond ZW 8.0 0.19 0.759
Amo 5.4 0.54 0.381
Sulph 4.4 0.58 0.327
Ca 38 0.39 0.513
Phospha 2.7 0.60 0.337
Temp (d) 18 319 0.013
Chlorid 1.6 0.23 0.713
Precip (7) 1.3 1.61 0.056
Mg 12 0.23 0.714
Pond AG 0.8 2.88 0.004
precip (1) 0.4 0.26 0.675
K 0.2 0.03 0.983

A1 = fit = eigenvalue with only variable j; A4 = additional fit = change in
eigenvalue; P = significance level of the effect, obtained through Monte

Carlo permutations under the full model with 999 permutations.
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Table S11. Summary of variation partitioning using partial RDA of plankton
assemblages, with environmental variables and space (pond) as predictors; analysis for

pore water samples.

Fraction Variation = % of % of Mean df Fa o)
Expl All square

Pond 0.31034  75.0 31.0 0.0991 3 17.4 0.001

Environment  0.01397 3.4 14 0.0071 10 12 0.213

Pond + 0.08923 216 89 - - - -

Environment

Total 0.41354 | 100.0 41.4 0.0375 13 6.6 0.001

Explained

All Variation 1 - 100.0 - 103 - -

Variation — sum of all canonical cigenvalues; % of Expl — contribution of the fraction to
the explained variation; % of All- contribution of the fraction to the total vanation;
Mean square —amount of variation explained in the group of variables per single degree
of freedom, i.e. per one constrained axis; df - degrees of freedom; F; — the F-ratio
statistics for the test onall canonical axis; p — corresponding probability value obtained

by the Monte Carlo permmtation test, 999 random penmutations.
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Fig. S5. Nitrate concentration (In(x+1) mg/L) measured in the column water (a, b) and pore water (d, e) of
each pond and each year (c, f). Vertical bars represent 0.95 confidence intervals. Different capital letters
indicate significant differences.
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While de-icing salts improve safety on roads and sidewalks during winter, they have a neg-
ative impact on the environment. This has spurred the search for more environmentally-
friendly alternatives. The present study tests the impact of NaCl and six other de-icing salts
(pure CaCl,, CaCl,+NaCl, “eco-label” CaCl,, MgCl,, solid and liquid CH;COOK), promoted
as more eco-friendly alternatives to NaCl, on four zooplankton species from biotests: Ceri-
odaphnia dubia (Ceriodaphtokit), Daphnia magna (Daphtoxkit), Brachionus calyciflorus (Ro-
toxkit) and Thamnocephalus platyurus (Thamnotoxkit). 24-h ECsy evaluation showed that
only solid CH3COOK was less toxic for all tested species than NaCl. The other tested de-
icing salts had similar or even higher toxicity, with CaCly, MgCl; and liquid CH3COOK being
significantly more toxic for all species than NaCl. Of the tested species, Thamnacephalus
platyurus demonstrated toxicity response at significantly lower concentration of all used
de-icing salts, while Daphnia magna had significantly the highest concentrations of toxicity
response. Our findings demonstrate that these alternatives are not less toxic in this regard
than the commonly-used NaCl and underline the need to verify the accuracy of the term

“eco-friendly” on the labels of these products.
© 2022 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Gdchter, 2012; Espinha Marques et al, 2021; Niedrist et al.,
2021), China (Yu et al., 2014; Zhao et al., 2021) and Aus-

In many countries, freshwater areas are increasingly
subject to salinity input from anthropogenic sources,
such as agriculture, mining effluents, industry effluents
and urbanization. Indeed, such trends in salt ion con-
centrations have been observed in aquatic ecosystems
in the USA (Corsi et al, 2015; Dugan et al, 2017),
Canada (Lembcke et al, 2017), many European coun-
tries (e.g. Lofgren, 2001; Salminen et al, 2011;Miiller and

* Corresponding author.
E-mail address: sszklarek@erce.unesco.lodzpl (S. Szklarek).

https://doi.org/10.1015/j.ecohyd.2022.08.005

tralia (Shenton et al., 2022). The salinity level of an area
depends on a range of climate, topography, geology, hy-
drology and catchment characteristics as well as the na-
ture of any anthropogenic sources. In cold regions, one
of the main freshwater salinization sources is road salt,
commonly used in winter for de-icing roads (Canedo-
Argiielles et al., 2013; Cunillera-Montcusi et al, 2022;
Kaushal et al., 2021).

The complex interrelationship between salt ions and
chemical, biological and geological parameters, and their
environmental and socio-economic consequences, have

1642-3593/@© 2022 European Regional Centre for Ecohydrology of the Polish Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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been named Freshwater Salinity Syndrome (FSS). Long-
term studies indicate that without urgent remedial ac-
tion, FSS will continue to increase the salinity of fresh-
water ecosystems, groundwater and soils at local, re-
gional and global scales, and alter their ionic composition
(Kaushal et al., 2021). Despite this, standards for chloride
ion concentrations in freshwater ecosystems, i.e. the most
standard chemical determinant of salinity, have not gener-
ally been established in European countries (Schuler et al.,
2018), with a few exceptions, such as Germany and Swe-
den (Schulz and Cafiedo-Argiielles, 2019). In addition, re-
search indicates that chloride concentration limits set in
the US and Canada do not sufficiently protect lake food
webs. Research to revise existing standards or to establish
new legal guidelines is therefore urgently needed to pro-
tect freshwater ecosystems from human-induced salinisa-
tion (Hintz et al., 2022).

The combined effect of increasing eutrophication and
salinization on freshwater ecosystems promotes the for-
mation of large blooms of phytoplankton and periphy-
ton, and the decline of many species of invertebrates
and macrophytes (Delaune et al, 2021; Gillis et al,
2022; Honarvar Nazari et al., 2021; Kaushal et al., 2021;
Lind et al., 2018; Szklarek et al, 2022). A particularly
salinity-sensitive group of organisms is the zooplankton.
According to published studies, elevated road salt concen-
trations cause a decrease in zooplankton reproduction and
an increase in mortality, resulting in an overall decrease
in zooplankton density (Arnott et al, 2020; Hintz and Re-
lyea, 2017). Furthermore, salinity stress affects planktivore-
zooplankton interactions: road salt and predation stress
have additive negative effects on the abundance of Daphnia
(Hintz et al., 2017), and at higher salinities, changes are ob-
served in daphniid life history and behavioural responses
to predation (Liu and Steiner, 2017).

As zooplankton play an important role in top-down
processes in lakes and other standing freshwaters, their
sensitivity to increasing salinity due to various causes such
as the use of road salt, may cause disturbances in the
trophic cascade. The use of de-icing salts therefore induces
a number of direct and indirect effects in the biotic struc-
ture, which may alter ecosystem functioning and ecosys-
tem services (Jones et al, 2017; Hintz and Relyea, 2017;
Schuler et al., 2017). Consequently, in an era of exces-
sive use of de-icing agents and salinisation of freshwa-
ter ecosystems, detailed studies are needed on the com-
plex effects of road salts on the quantitative and qualitative
structure of zooplankton communities. Furthermore, as
many zooplankton demonstrate species-specific responses
to stressors, studies on the responses to elevated concen-
trations of de-icing salts should include a range of zoo-
plankton genera, rather than focusing on the model genus
Daphnia.

Despite being the most commonly-used de-icing salt,
sodium chloride (NaCl) is responsible for a number of
negative effects on the environment around the applica-
tion site (road, car and infrastructure corrosion, deterio-
rating vegetation), and alternative road salts are currently
sought. However, while is assumed that these new salts
will be less harmful to the human infrastructure and veg-
etation near the road, their impact on water ecosystems

Ecohydrology & Hydrobiology 22 (2022) 589-597

is rarely considered in studies, if at all. A few have inves-
tigated the impact on freshwater organisms of alternative
de-icing salts, particularly those based on magnesium and
calcium chloride (MgCl, and CaCl,). Their findings sug-
gest that NaCl alternatives could have a similar or higher
toxicity on freshwater species than NaCl (Lee et al., 2017;
Nutile and Solan, 2019; Schuler and Relyea, 2018) and are
usually more expensive (Achkeeva et al.. 2015).

Consequently, little is known about the effects of new
de-icing salts promoted as eco-friendly alternatives to
NaCl, many of which have been put into use without prior
studies of their environmental impact, especially on the
freshwater ecosystem. In addition, laboratory studies pub-
lished to date have tested the effects of pure chemical
salts on zooplankton organisms, rather than commercial
de-icing salts, which may have a different toxic response;
in addition, these studies usually used in-house cultures,
which varied genetically from laboratory to laboratory (e.g.,
Mount et al., 1997; Elphick et al., 2011; Mount et al, 2016).
To fill this gap, the aim of this study was to compare
the 24-hour toxicity - effective concentration (24-h ECsq)
of seven different de-icing salts, viz. NaCl and six other
commercial de-icing salts promoted as eco-friendly alter-
natives to NaCl, on four pure laboratory lines of zooplank-
ton species: Daphnia magna, Ceriodaphnia dubia, Brachionus
calyciflorus and Thamnocephalus platyurus delivered by the
Microbiotest company.

2. Materials and Methods
2.1. De-icing salts

Seven different de-icing salts commercially available in
Poland were used in the study (Table 1, more info about
manufacturer is given in Table S1). The first was sodium
chloride (NaCl), the most commonly-used salt worldwide,
with an added anti-caking agent. The next three contained
calcium chloride (CaCly): pure CaCl,, CaCl, mixed with
NaCl and corrosion inhibitor, and CaCl, with an eco-label,
also containing a corrosion inhibitor and pH regulator. The
fifth salt was based on magnesium chloride (MgCl,), and
the last two were based on potassium formate (CH;COOK);
these were sold in two states of aggregation: solid and
liquid.

Additionally, the cost (in Euro - €) of removing the ice
and snow from 100 m?> was calculated. This calculation
was based on the average efficiency given by the producer
up to -10°C, and the price in Poland per one kilogram of
deicer.

The highest concentration of NaCl used in the biotest
was set at 15 200 mg/L, which corresponds to the chlo-
ride concentrations reported in previous studies in urban
areas (Szklarek et al., 2018, 2015) and the highest Cl con-
centration noted in other field studies (Gallagher et al.,
2011; Mayer et al, 2011; Prosser et al., 2017). Therefore,
each de-icing salt was diluted in Standard Freshwater (in-
cluded in each test) to a concentration of 15 200 mg/L and
then sent to a certified commercial laboratory for analy-
sis using the methods presented in Table 52. In addition to
the ion content of the salts, such as chlorides, sodium, cal-
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Table 1

Characteristics of the de-icing reagents used in the study.

Ecohydrology & Hydrobiology 22 (2022) 589-597

The main ingredient of Brand name (in Polish)

the de-icing salt

Other substances

The cost (€) of use on 100 m?
(based on average efficiency
from producer of de-icing salt)

De-icing efficiency

according to manufacturers’

information [m?/kg]

Nadl Road salt (sél drogowa) anti-caking agent 74.0 5.4
CaCl, DONSOL n.d. 119.7 30.0
NaCl + CaCl, Road DONSOL (Donsol corrosion inhibitor 113.6 20.0
drogowy)
MgCl, (MgCl,x6H,0) DONSOL Magnesium n.d. 125.0 20.0
(Donsol Magnez)
CaCl; (“eco label™) Icebreaker (Lodotamacz) corrosion inhibitor + pH 161.2 30.0
regulator (ammonium
phosphate - (NH,),HPO,))
CH3COOK (solid) IceGO solid (lceGO n.d. 332.4 222
granulki)
CH3COO0K (liquid) IceGO liquid (lceGO nd. 186.5 278
granulki)

nd. - no data

Table 2

Description of the microbiotest applied for assessment the 24-h EC50 of tested de-icing salts reagents.

Test Test Biota Species International Standards and Temperature of
Guidelines incubation
Ceriodaphtokit Crustacea (Cladocera) Ceriodaphnia dubia US EPA 2002.0 25°C
Daphtoxkit Crustacea (Cladocera) Daphnia magna ISO 6341, OECD 202, 20°C
OECD 211; US EPA 2021.0
Rotoxkit Rotifera Brachionus calyciflorus 1SO 19827; 1SO 20666 25°C
Thamnotoxkit Crustacea (Branchiopoda) Thamnocephalus platyurus 1SO 14380 25°C

cium, potassium and magnesium, the de-icing salts were
also tested for compounds that might be present in the
de-icing salts, such as the anti-caking agents sodium ferro-
cyanide and iron ferrocyanide (Pandolfo et al., 2012). They
were also tested for the presence of any anti-corrosion in-
hibitors. In addition to these analysed chemicals, our study
also included basic ions (Cl, Na, K, Mg and Ca) at threefold,
fourfold and fivefold dilutions (25.00%, 12.50% and 6.25%)
of the initial concentration (15 200 mg of salts per L); the
correctness of the prepared dilutions was confirmed using
a Dionex® ion chromatograph with a CG18 cation column
(lonPac CS18, CSRS-ULTRA II) and an AG22 anion column
(lonPac AS22, ASRS e ULTRA II). The test was only started
if those results did not differ from the assumed dilution
series by more than + 5%.

2.2. Toxicity tests

Four different zooplankton species were used in the
study: Ceriodaphnia dubia (Richard, 1894), Daphnia magna
(Straus, 1820), Brachionus calyciflorus (Pallas, 1766) and
Thamnocephalus platyurus (Packard, 1877). All tests were
performed according to the MicroBioTests Inc. proto-
cols (Ceriodaphtokit, Daphtoxkit, Rotoxkit and Thamno-
toxkit, respectively) which meet international standards
and guidelines (Table 2).

The first step in toxicity assessment was the range find-
ing test. In accordance with the test protocols, individu-
als were exposed for 24 hours to a dilution series of de-
icers, starting from 15 200 mg/L (100.00%) followed by four
more concentrations: 7 600 mg/L (50.00%), 3 800 mg/L
(25.00%), 1 900 mg(L (12.50%) and 950 mg/L (6.25%). In the

second step, a definitive test was performed to determine
the 10% and 50% effect concentration (24-h EC;y and 24-h
ECsp). Dilution series were prepared, with the values rang-
ing from the lowest dilution producing a 100 % effect to
the highest one producing less than 10 % effect, as iden-
tified in the range finding test (first step). In most cases,
this range was from 7 600 mg/L (50.00%) to 1 900 mg/L
(12.50%). However, a more concentrated solution had to be
prepared for the CH3COOK (solid) de-icer, because it did
not demonstrate a 100% effect, even at the highest con-
centration (15 200 mg/L). The maximum concentration was
doubled to 30 400 mg/L, with the lower concentrations be-
ing 24 320 mg(L, 21 280 mg/L and 18 240 mg|/L.

According to the test protocols, standard freshwater was
aerated for 15 minutes by bubbling air through a tube con-
nected to an aquarium air pump. Following this, the dilu-
tions of the de-icing salt given above were prepared and
these were incubated for two hours to reach the tempera-
ture demand by each test protocol (Table 3). For all pre-
pared dilutions, the dissolved oxygen, pH and electrical
conductivity were measured in a volumetric flask using a
YSI Professional Plus handheld multiparameter meter be-
fore test (TO) and after 24-hours incubation (T24).

After a 24-hour incubation, the numbers of dead and
immobilized neonates were compared with those of the
actively-swimming test organisms in each well. The im-
mobilized neonates were considered to be those not able
to swim after gentle agitation of the liquid for 15 sec-
onds, even if they could still move their antennae. Ac-
cording to the test protocol, the results were valid if the
number of dead + immobile organisms did not exceed
10 % in the controls: this condition was met in all tests.



S. Szklarek, A. Gorecka, B. Salabert et al

Table 3
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Chemical results of de-icing salts (for the concentration 15.2 g of salt per one liter), Value +4/- is the expanded measurement uncertainty - based on the
standard uncertainty multiplied by the factor k = 2, providing a confidence level of approximately 95%.

MgCl, CaCl (“eco CH3COO0K CH3COOK

Analyzed parameter NaCl CaCl, NaCl+ CaCl, (MgCl,x6H,0) label™) (solid) (liquid) Unit
Chrome (Cr) < 4.0 = 4.0 =40 = 4.0 =40 = 4.0 < 4.0 ng/L
Zinc (Zn) 0.67 (+£0.07) 0.63 (£0.07) 0.54 (+£0.006) 0.96 (+0.10) 0.61 (+0.07) 0.53 (£0.06) 0.61 (+0.07) mg/L
Sodium (Na) 5930 (+600) < 1.0 3 720 (+£380) 37.5(+38) 178 (£18) <10 102 (£1.1) mg/L
Magnesium (Mg) <20 <20 <20 1 840 (£370) <20 =20 =20 mg/L
Potassium (K) <100 = 10.0 < 10.0 45.8 (£92) 40.2 (+8.1) = 10.0 1 890 (£380) mg/L
Calcium (Ca) 24.5(+3.2) 4 920(+487) 1350 (+183) 195 (+14) 4270 (+£453) 282 (43.6) 9.0 (£0.5) mgjL
Iron (Fe) = 60.0 < 60.0 = 60.0 < 60.0 < 60.0 < 60.0 < 60.0 pg/L
Arsenic (As) < 1.0 < 1.0 <10 < 1.0 <10 =10 =10 pe/L
Barium (Ba) < 0.05 < 0.05 < 005 < 0.05 < 0,05 = 0.05 < 0.05 mg/L
Sulphates (S04%7) 143 (£22) <20 743 (£11.2) 30.0 (+45) <20 <20 <20 mg/L
Chlorides (Cl-) 9 120 (£1 370) 9 050 (1 360) 8 240 (£1 240} 5 590 (+840) 8 110 (x1220) <20 290 (+5.8) mg/L
Nitrates (NO3~) < 4.5 <45 <45 <45 <45 <45 <45 mg/L
Bound cyanides 190 (48) < 15 < 15 < 15 <15 <15 <15 pg/L
Free cyanides <15 < 15 < 15 < 15 =15 <15 <15 pg/L
Bismuth < 0.01 < 0.01 = 001 < 0.01 = 0.01 = 0.01 = 0.01 mg/L
pH 7.32 7.62 7.58 7.95 7.72 7.63 7.88 -
Electrical conductivity 29 800 30 900 31 900 22 700 40 500 513 5200 pSjem

Following this, the 24-h ECsp and ECyp values for each
salt and zooplankton spedes were determined by the Reg-
tox macro in Excel delivered by the company (author Eric
Vindimian - available online: http://www.normalesup.org/
vindimian/en_index.html). This method gives the 24-h
ECso and ECyo value with + 95% confidence intervals. To
evaluate the toxicity response of each species to de-icing
salts, the “24-h speciesECsy and EC,y" value was deter-
mined, i.e., the mean of the 24-h ECsy and ECy, values
from the seven tested salts. To assess the possible im-
pact of each deicer on the zooplankton species, the “24-h
saltECsg and ECyp” value was determined: this was calcu-
lated as the mean 24-h EC5, and EC,, value of all those
determined for the four tested organisms. The significance
of the difference between 24-h salt ECsg and ECyg, and
24-h species ECsy and ECyp were calculated by the Mann-
Whitney U-test, with p<0.05 regarded as significant.

3. Results and Discussion
3.1. Chemical analyses of de-icers

Of all of the analyzed de-icers, the traditional
road salt (NaCl) had the highest levels of sodium,
chlorides, sulphates and bound cyanides (Table 3).
Pandolfo et al. (2012) report that sodium ferrocyanide
and ferric ferrocyanide are often added to road salts as
anti-caking agents; this could account for the higher
content of bound cyanides (190 pg/L) detected in the
traditional road salt used in this study, which had an
anti-caking agent as additional component. The deicer
based on CaCl, also contained higher levels of chlorides
compared to the other substitutes. CaCl, and CaCl, (“eco
label”) had the highest calcium ion concentrations: 4 917.8
mg/L and 4 266.5 mg/L, respectively. Finally, the CH3COOK
deicer in solid form showed the lowest levels of all of the
analyzed parameters, including potassium (< 10.0 mg/L);
the liquid form demonstrated slightly higher values for
sodium (10.2 mg/L), potassium (1 890 mg/L) and chlorides
(29 mg|L).

3.2. 24-h ECsq - Toxicity of de-icers

Of the tested salts, NaCl was found to be the most toxic
for T. platyurus and B. calyciflorus (24-h ECsy 3 289 mg/L
and 3 318 mg/L, respectively). It was less toxic for clado-
ceran species, with 24-h EC5p=4 328 mg/L for C dubia and
5 244 mg/L for D. magna (Figure 1).

Of the six purportedly de-icing salts more
environmentally-friendly de-icers, only solid CH;COOK
(soild) demonstrated a higher 24-h ECsy value for all four
tested organisms. In this case, the lowest 24-h ECsq value
was obtained for T. platyurus (19 274 mg/L) and the high-
est for B. calyciflorus (22 786 mg/L). Most of the remaining
de-icers had a 24-h ECsy lower than NaCl; only CaCl, and
NaCl+CaCl; had little higher 24-h ECsg values (3 727 mg/L
and 3 432 mg/L, respectively) than NaCl, observed for B.
calyciflorus (Figure 1). The lowest 24-h ECsq values for T.
platyrus, C. dubia and D. magna were noted for CaCl, (871
mgfL, 1 473 mg/L and 2 224 mg/L, respectively). Of the
tested organisms, T. platyrus had the lowest 24-h ECsq
values for six of the tested de-icers (not solid CH;COOK),
while D. magna had the highest 24-h ECs.

Similar dependencies were observed for 24-h ECyq (Fig-
ure S1). The ECyy values were 5-63% lower than ECsq; the
smallest difference was noted for CH3;COOK (liquid) for T.
platyurus and the highest for CH;COOK (solid) for B. caly-
ciflorus (Table $4).

Due to the limited availability of analogous studies, our
24-hour results were compared with those from a Korean
laboratory experiment based on D. magna, which used a
longer exposure time (48 hours) (Lee et al, 2017). The
study yielded a 48-h ECsy value of 4 000 mg/L for NaCl,
which is similar to our 24-h ECs; result of 4 328 mg/L ob-
tained after only 24 hours (Figure 1). In contrast, Lee and
co-workers (2017) obtained a lower value for CaCl,, with
a 48-h ECsp of 1 600 mg/L, compared to 2 224 mg/L after
24 hours in our present experiment. Mount and cowork-
ers (1997) noted lower 24-h lethal concentration (24-h
LCsq) values for C. dubia for NaCl (3 380 mg/L) and for D.
magna for MgCl, (1 560 mg/L), than the 24-h ECsy values
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Figure 1. The results of 24h ECy (mean with confidence intervals + 95%) of seven tested de-icing salts for four zooplankton species.

noted in our study (Figure 1). They also reported higher
24-h LC5q values for NaCl, CaCl,, NaCl+CaCl, and MgCl,
for those species; briefly, CaCl, had the highest toxicity im-
pact (24-h LCsg) for C dubia and MgCl; for D. magna, while
NaCl had the lowest for both species. In our tests, CaCl,
had also the highest toxicity for D. magna and NaCl the
lowest toxicity (24-h ECs,) for both species; the remain-
ing three salts had a similar toxicity for C. dubia. (Figure 1,
Table S5). Those differences may be due to genetic dif-
ferences between the used culture lines and methodolog-
ical approaches: Mount et al. (1997) used analytical grade
chemicals and observed the LC effect, while our study used
commercial chemicals (Table 1 and Table S2) and deter-
mined the EC effect.

Moreover, research conducted to determine 144-h LCy
values for mayfly Colobruscoides giganteus (Ephemeroptera:
Colobruscoidea) found some difference in toxicity between
analytical grade salts and salts commercially used on win-
ter roads (Moulding et al., 2022). These findings, as well as
previously-noted differences in the toxic doses of the two
types of salt, underline the need to examine the real envi-
ronmental impact of de-icing salt used for winter mainte-
nance; indeed, commercial salt may have extra ingredients
that can pose a toxic hazard either itself, or through antag-
onistic, synergistic, additive or reversing interactions.

Differences in the toxicity of the seven de-icing salts
were evident in the 24-h ECsy calculated for all tested
zooplankton species (24-h saltECsg index) (Figure 2). Solid
CH;COOK had a significantly higher 24-h saltECsy value
(21 089 mg/L) than the other tested salts. Three salts:
CaCl,, MgCl, (MgCl,x6H,0) and CH;COOK (liquid) (2 073
mg/L, 2 497 mg/L and 2 515 mg/L, respectively) had signif-
icant lower 24-h saltECsg values than NaCl (4 026 mg/L).
The 24-h saltECsy values for NaCl+CaCl; (3 380 mg/L) and
CaCl, (“eco label™) (3 132 mg/L) were not significantly dif-
ferent to those of NaCl (Figure 2). Similar dependencies
were observed for 24-h ECy( (Figure S1).

Lee et al. (2017) examined the impact of nine de-
icing salts (with six eco-label certificate) on acute toxic-
ity against D. magna for 48h exposure. All of tested de-
icers contained chloride, but three of the liquid eco-label
de-icers had lower Cl content (17.9-21.3%) than the three
solid eco-label de-icers (37.6-51.6%), CaCl, (44.8%) and NaCl
(62.8%). The liquid eco-label de-icers were less toxic to
D. magna (24-h ECsy from 4 600 to 5 700 mg/L) than
the solid eco-label de-icers (1 400 - 3 300 mg/L). In our
experiment, no relationship was observed between lower
Cl level and lower toxic impact on zooplankton species:
MgCl, (MgCl,x6H,0) had 0.61 times the amount of Cl
measured in NaCl (Figure 1, Table 4), but demonstrated
significantly higher toxicity (Figure 3). Moreover, CH3COOK
(liquid) had a very low amount of Cl, but similar 24-
h ECsy (Figure 1) and 24-h saltECsy values (Figure 3) to
other tested de-icers (except CH3COOK solid). This might
be caused by K cations, which were found to be present at
higher concentrations in liquid CH3COOK compared to the
other deicing salts (Table 3); this is particularly significant
as K ions employ a different toxicity mechanism, resulting
in higher toxidty than other salt cations (Erickson et al,
2018, 2017; Mount et al., 2016). Interestingly, K demon-
strated 230 mg/L 24-h EC5¢ values for T platyurus, 197
mg/L for C. dubia and 289 mg/L for D. magna (Table S4);
these were similar to ECsy values noted in other studies:
126 mg/L for T. platyurus (24-h ECsp), 129 mg/L for C. dubia
and 386 mg/L for D. magna (both 48-h ECsg) (lvey et al.,
2017).

Most ecotoxicity assessments on zooplankton are per-
formed using Daphnia spp. (e.g, Martinez-Jeronimo and
Martinez-Jerénimo, 2007). In contrast, there is little data
about the effect of de-icers on other zooplankton species.
The studied zooplankton species demonstrated differ-
ent sensitivities, as indicated by 24-h speciesECs, index
(Figure 3). The lowest 24-h speciesECsq value was observed
for T. platyurus, at 4 317 mg/L, and the highest, i.e.,, 6 333
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Figure 2. The mean value with confidence intervals + 95% for 24-h saltECs, (grouped results of four tested zooplankton species) for seven tested de-icing
salts. Different letters indicate a significant difference in the Mann-Whitney U-test with p<0.05.
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mg/L, was recorded for D. magna. Both values were signifi-
cantly different from the 24-h speciesECsg calculated for B.
calyciflorus and C. dubia, which in tumn did not differ from
each other (Figure 3). For L. platyurus, B. calyciflorus and C
dubia, the 24-h speciesEC,, index value had no significant
difference (4 317 mg/L, 3 379 mg/L and 3 589 mg|L, re-
spectively; Figure S3). However, a significantly higher value
was observed for D. magna than the other analysed species
(5 189 mg/L).

Thamnocephalus is considered a very sensitive organ-
ism, and in many cases, it appears to be more sensitive
than other crustacean species in acute tests. T. platyurus
demonstrated significantly greater sensitivity to the toxi-
city of the herbicide atrazine and the insecticides endo-
sulfan sulphate and chlorpyrifos than Daphnia magna and
Vibrio fischeri (Palma et al., 2008). However, we are not
aware of any studies, other than those presented here, on

the effects of road salts on T. platyurus. Little information
exists on the long-term effects of chloride or salt expo-
sure on zooplankton communities Valleau et al. (2020) ex-
amined long-term changes in Cladocera assemblages pre-
served in five lake sediments in Ontario (Canada) impacted
by road-salt application. The authors report Cl~ concen-
trations in the range 32.8-90.9 mg/L in those lakes, and
note that Bosmina spp. were replaced by more general-
ist scraping feeders (i.e., Chydorus brevilabris and Euryc-
ercus spp.), unless Daphnia spp. were present. This may
suggest that Daphnia spp. have higher tolerance to road-
salt pollution; indeed, a study by Coldsnow and cowork-
ers (2017) found that Daphnia pulex populations reared for
2.5 months under elevated salt concentrations (i.e, 100-1
000 mg Cl/L) had higher survival rates than populations
previously exposed to natural background levels (15 mg
Cl/L). Elphick and coworkers (2011} also found that for D.
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magna toxicity occurred at higher concentrations of Cl pol-
lution (LCsp=3 630 mg Cl/L) compared to C. dubia (LCsp=1
068 mg Cl/L) and B. calyciflorus (LCsp=1 645 mg Cl/L).
In our present study, D. magna also demonstrated higher
24-ECgq against Cl (4 667 mg Cl/L) than the other three
species (Table S4). The ability of Daphnia to adapt evolu-
tionarily to salinity stress may be important in maintaining
the stability of the trophic cascade in freshwater ecosys-
tems (Liu and Steiner, 2017).

Other studies indicate that cladoceran abundance sig-
nificantly decreased with increasing chloride concentration
(r2=0.69), while rotifers were more chloride tolerant; these
demonstrated a slower decrease in abundance (r2=031)
with increasing Cl~ level (tested chloride gradient was
from 041 to 1 500 mg/L) (Greco et al., 2021). In a meso-
cosm experiment, it was found that at a high Cl concentra-
tion (1 067 mg/L), the zooplankton community was domi-
nated by the rotifer family, Brachionidae (93%); in contrast,
at a low Cl concentration (177.2 mg/L), it consisted of only
27% of Brachionidae, about 30% of copepods and about 25%
of cladocerans, with the remainder being made up of other
rotifers and ostracods (van Meter et al., 2012),

An outdoor experiment comparing the effects of three
different de-icing salts (NaCl, MgCl, and CaCl,) found no
significant difference in their effect on population profile.
After 12-day exposure to a high chloride concentration
(855 mg Cl/L) induced by exposure to the de-icing saltsde-
icers, all samples demonstrated 87-92% fewer cladocerans
and 93-97% rotifers compared to controls (Coldsnow and
Relyea, 2021). Schuler et al. (2017) report that exposure
to two de-icing salts, GeoMelt (beet juice; proprietary
blend) and Magic Salt (MgCl, mixed with a distillation by-
product), resulted in significant higher zooplankton abun-
dance at a concentration of 200 mg Cl/L compare to con-
trols (25 mg Cl/L).

All these findings demonstrate the variable nature of
the response of the zooplankton community to de-icing
salt pollution. Our own laboratory tests also showed dif-
ferent levels of toxicity response to de-icing salts among
organisms not previously exposed to chloride or other pol-
lutants (Figure 1, Figure 3). Further analysis is needed to
determine the probable cause of this varying response be-
tween the test species.

3.4. Further perspectives

New solutions are needed to prevent the further con-
tamination of water ecosystems and their degradation.
One such approach to ensuring sustainable development
that balances the need for road safety during winter
while reducing anthropogenic pollution involves the use
of more environmentally-friendly de-icing salts. However,
our results indicate that most of the tested NaCl alter-
natives had similar or even higher toxicity for the anal-
ysed zooplankton species compared to NaCl: only one from
six “eco-friendly” alternatives had significant lower tox-
icity (Figure 1, Figure 3). In addition to the short-term
effects of high salt concentrations, many studies report
long-term toxicity for zooplankton abundance, egg produc-
tion and neonate release (Arnott et al., 2020; Brown and
Yan, 2015; Coldsnow and Relyea, 2021; Delaune et al.,
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2021). It has also been found that the proposed al-
ternatives to NaCl de-icers might have similar toxicity
for other freshwater species, including Chironomus dilutes
(Nutile and Selan, 2019), filamentous algae and amphipods
(Coldsnow and Relyea, 2021).

While it seems that the Cl-free de-icing salts should
be less toxic to the environment, like the solid CH3;COOK
studied in our experiment (Figure 2, Table S4), these salts
may still might be toxic to the aquatic ecosystem; for ex-
ample, the organic de-icing salts may increase biological
oxygen demand (BOD) de-icing salts, leading to the de-
pletion of dissolved oxygen (Terry et al., 2020); however,
the dissolved oxygen concentration did not change signifi-
cantly during the realised 24-h incubation (Table S3). Our
present findings, and those of other studies, indicate that
the impact of de-icing salts on the environment remains
poorly verified. Their application might result in further
degradation of freshwater ecosystems and, together with
other factors like global warming and increasing water eu-
trophication (Donis et al.,, 2021), encourage a greater inci-
dence of cyanobacterial blooms, as cyanobacteria demon-
strate higher tolerance for salinity than other phytoplank-
ton species (Tonk et al., 2007).

The decision to use alternative de-icers also has an eco-
nomic dimension. While all the tested alternatives had
a higher cost, the information given by the manufactur-
ers suggest they are in fact more efficient (Table 1). The
most environmentally-friendly de-icer, solid CH;COOK, was
almost five times more expensive than NaCl, but it was
also five times less toxic for all tested zooplankton species
(Figure 1). This indicates the need for a combined ap-
proach comprising both socio-economic research and stud-
ies examining the toxic impact of de-icing alternatives on
freshwater ecosystems to provide the comprehensive data
needed to reduce the negative impact of winter road main-
tenance on water communities. Such studies would be use-
ful in developing uniform regulations for defining accept-
able levels of acute and chronic chloride toxicity in surface
waters.

4. Conclusion

This study compares the toxic impacts of NaCl and six
alternative de-icing salts on four zooplankton species. Our
findings showed that:

e CaCly, MgCl, (MgCl;x6H,0) and liquid CH3COOK had
significantly lower values of 24-h saltECs, (2 073 mg/L,
2 497 mg/L and 2 515 mg/L, respectively), than those
noted for NaCl (4 026 mg/L). Only solid CH3COOK salt
had a significantly higher value of 24-h saltECsy (21 089
mg/L).

Of the four tested species, the lowest toxicity response
for all seven de-icing salts was observed for T. platyurus
— with a 24-h speciesECsy value of 4 317 mg/L: signifi-
cantly lower than for the other three species. The high-
est toxicity response was demonstrated by D. magna,
with a 24-h speciesECsy value of 6 333 mg/L: signifi-
cantly higher than the other three species.

Most of the tested de-icing salts promoted as being
more environmentally friendly de-icing salts than the more
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commonly-used NaCl might in fact have similar or higher
toxicity for zooplankton species. Our results underline the
need to perform more comprehensive analysis of the im-
pact of de-icing salts on the entire water ecosystem, which
is the final recipient of surface runoff.
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Supplementary materials

Table S1. Information about manufacture of each used de-icing salt.

Main
ingredient Brand name (in Polish) Maufacturer Address
Road salt Al Niepodlegtosci 14 p.29
NaCl (s8! drogowa) BIO-WAY Sp.z 0.0. S.K.A, 39.300 Mielec
caCl: DONSOL Domena Maczka Sp. z 0.0. ul. F. Stefczyka 3, 20-151 Lublin
NaCl + CacCl, (E?::go:)dorygsaalg) Domena Maczka Sp. z 0.0. ul. F. Stefczyka 3, 20-151 Lublin
MgCl DONSOL Magnesium X
(MgCl;x6H0) (Donsol Magnez) Domena Maczka Sp. z 0.0. ul. F. Stefczyka 3, 20-151 Lublin
CaCl; ("eco Icebreaker h’ a'(‘;l’sz e e :'z““f UL. B. Radziwittowny 27, 02-496
label") (Lodolamacz) andlowe oraz zarzgdzanie Wi
nieruchomosciami
CH3COO0K lceGO solid . ul. towinskiego 7e
(solid) (IceGO granulki) Blotech$p,20:0.30. % 31-752 Krakéw
CH;COOK 1ceGO liquid g ul. towiriskiego 7e
(liquid) (IceGO granilki) Dio eell S 20,0 50 s 31752 Krakow




Table S2 Chemical parameters analyzed in the de-icing salts, together with the method used.

Analyzed parameter Unit Method

Chrome (Cr) Hg/L PN-EN SO 17294-2:2016-11
Zinc (Zn) mg/L PN-EN |SO 1729-2:2016-11
Sodium (Na) mg/L PN-EN |SO 17294-2:2016-11
Magnesium (Mg) mg/L PN-EN SO 17294-2:2016-11
Potassium (K) mg/L PN-EN |SO 17294-2:2016-11
Calcium (Ca) mg/L PN-EN |SO 17294-2:2016-11
Iron (Fe) Mg/l PN-EN 1SO 17294-2:2016-11
Arsenic (As) pgf/L PN-EN ISO 17294-2:2016-11
Barium (Ba) mg/L PN-EN SO 17294-2:2016-11
Sulphates (S04%) mg/L SO 15923-1:2013
Chilorides (Cl") mg/L SO 15923-1:2013

Nitrates (NO3’) mg/L PN-EN SO 13395:2001
Bound cyanides ug/L PN-EN SO 14403-2:2012
Free cyanides Hg/L PN-EN |SO 14403-2:2012

Bismuth

mg/L

W-METAXFX2



Table S3. Physicochemical data of the prepared de-icer salt at the beginning of the test (T0) and after

incubation (T24).

5 % concentration SPC [uS/icm] pPH DO [mg/L]

Dediting sdlt [mgiL] TO T24 T0 T24 TO T24
15200 29781 29779 7,32 7,31 8,74 8,72
7600 14885 14887 7,30 7,31 8,72 8,70
NaCl 3800 7445 7444 7.31 7.30 8,75 8,72
1900 3720 3721 7,29 7,30 8,73 8,71
950 1859 1857 7,29 7,29 8,76 8,74
15200 30901 30902 7,62 7,60 8,75 8,74
7600 15452 15452 7,58 7,57 8,73 8,70
CaCl2 3 800 7729 7728 7.55 7,55 8,75 8,72
1900 3860 3862 7,54 7,55 8,76 873
950 1932 1933 7,50 7,51 8,74 8,71
15200 31881 31878 7.58 7.59 8,72 8,70
7600 15935 15932 7.51 7,53 8,75 8,72
NaCl+CaCl2 3800 7975 7972 7.49 7,50 8,74 8,73
1 900 3982 3980 7,50 7,49 8,72 8,72
950 1990 1993 7,48 7,47 8,74 8,73
15200 22711 22704 7,95 7,94 8,75 8,74
MoCI2 7600 11350 11353 7.89 7.85 8,73 8,73
(MgCI2x6H20) 3 800 5678 5676 7.80 7.79 8,72 8,71
1 900 2840 2837 7,74 7,75 8,71 872
950 2525 2521 7,75 7,77 8,72 8,73
15200 40450 40448 7,73 7,72 8,73 8,73
CaCi2 (“eco 7600 20225 20226 7.71 7.70 8,74 8,72
label") 3800 10110 10107 7.70 7.71 8,73 8,72
1900 5058 5054 7,71 7,70 8,74 8,72
950 2527 2528 7,69 7,70 8,72 8,71
30 400 8252 8254 7,68 7,67 8,73 8,72
CH:COOK 24 300 4129 4128 7,66 7,67 8,73 8,71
(solid) 21 300 2060 2058 7,63 7,64 8,74 8,72
18 200 1027 1028 7,64 7,64 8,75 8,72
15 200 513 511 7.63 7,63 8,74 8,71
15 200 5205 5206 7.89 7.88 8,74 8,72
7 600 2601 2599 7,87 7,87 8,74 8,72
C"(’If’;‘%?" 3 800 1303 1301 7,79 7,77 8,73 871
1 900 649 648 7,76 7,77 8,74 8,72
950 323 324 7.74 7.75 8,75 8,73




Table S4. The results of 24-hour ECsp and ECyo (mean with confidence Intervals + 95%) of seven tested de-icing salts for four zooplankton species.

Thamnocephalus platyurus Brachionus calycifiorus Ceriodaphnia dubia Daphnia magna
De-icing salt Mean -95% +95% Mean -95% +95% Mean -95% +95% Mean -95% +95%
24-hECs
Nacl 3289 2733 3715 3318 3033 3615 4328 4114 4551 5244 4834 5547
cacl, 871 844 912 3727 35643 3801 1473 1429 1515 2224 2069 2376
NaCl+CaCl, 2016 1860 2193 3432 3316 3526 2737 2472 3113 5004 4005 6891
MgCl (MgClx6H; 0) 1462 927 1873 2094 1864 2380 2160 1990 2328 4313 3889 4658
CaCl, ("eco label") 1370 1284 1476 2913 27117 3167 4024 3602 4375 4224 4043 4395
CH,COOK (sild) 19274 18500 20495 22786 21146 24327 22Mm 20953 24441 20028 19114 20719
CHiCOOK (liquid) 1937 1916 1968 2839 2642 3072 1906 1806 211 3204 3036 3659
24-hECyo
Nacl 2121 1611 2863 1574 1327 1816 2872 2587 3130 4667 3973 5292
CaCl, 687 579 744 3386 3161 3668 1103 1014 1192 1409 1221 1574
NaChCaCl 1058 852 1272 2690 2337 2992 1142 1037 1235 4540 3436 6240
MgCl; (MgClox6H;0) 883 292 1776 1036 801 1361 1399 1135 1626 3116 2792 3352
CaCl; ("eco label") 813 708 921 1703 1391 2038 2823 2042 3391 3162 2825 3454
CH3COOK (soild) 16 247 13916 18317 8487 2021 22440 14205 11415 18112 17111 15 560 18793
CH,COO0K (liquid) 1848 1773 1871 1430 1206 1700 1581 1301 1843 2325 1880 2 755




Table S5. 24-h ECs, value for analysed de-icing salts, and their main ions and electrical conductivity,
for all used zooplankton species.

24-h 24-ECsc for other parameters
ECso of
Road salt Species road Cl K Na Mg Ca SPC
salt
mg/L
T. platyurus 3289 1973 1283 5 6444
Nagl B. Ca/y?iflorus 3318 1991 1295 5 6501
C. dubia 4328 2597 1688 7 8479
D. magna 5244 3146 2046 8 10274
T. platyurus 871 519 282 1771
cacl, B. calyf:iﬂorus 3727 2219 1206 7577
C. dubia 1473 877 477 2995
D. magna 2224 1324 720 4522
T. platyurus 2016 1093 493 179 4229
B. calyciflorus 3432 1860 840 304 7198
NBCIHCaCly o it 2737 1484 670 243 5740
D. magna 5004 2712 1225 443 10494
T. platyurus 1462 538 4 4 177 2 2184
MgCl, B. calyciflorus 2094 770 6 5 253 g 2127
(MgClx6H.0) C. dubia 2160 794 7 5 261 3 3226
D. magna 4313 1586 13 11 522 6 6442
T. platyurus 1370 731 4 16 385 3647
CaCl;("eco  B. calyciflorus 2913 1554 8 34 818 7751
label™) C. dubia 4024 2147 11 47 1129 10707
D. magna 4224 2254 11 49 1186 11240
T. platyurus 19274 13 36 654
CH:COOK B. calyciflorus 22786 15 42 774
(solid) C. dubia 22271 15 41 756
D. magna 20028 13 37 680
T. platyurus 1937 4 241 1 1 663
CH;COOK B. calyciflorus 2839 5 353 2 2 972
(liquid) C. dubia 1906 4 237 i 1 653
D. magna 3294 6 410 2 2 1128
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Salinization is an emerging problem for freshwater biodiversity. Road salt treatment re-
sults in salinization of local freshwater, influencing its entire ecosystem throughout the
year. The present study examines the impact of road salt on the hatching success of two
zooplankton species, Daphnia magna and Thamnocephalus platyurus, using pure laboratory
lines from MicroBioTest. Hatching success was determined without incubation (TO) and af-
ter 3, 7 and 28 days of incubation at 5°C (T3, T7 and T28, respectively), at different NaCl

ﬁﬁ'p:ﬁ;f' concentrations. The low-temperature incubation was intended to simulate winter condi-
Ecotoxicology tions - 5°C corresponds to the water temperature at the bottom of the ponds during winter
Ephippia in a temperate climate. The number of hatchings decreased with increasing NaCl concen-
Road salt tration for T. platyurus, and decreased rapidly after a crucial value of 7 600 mg NaCl/L for

;3"":1'“;‘;1 D. magna. At the second hatching (eggs washed after first incubation and put into standard
‘ooplankton

freshwater), D. magna demonstrated a low hatching rate regardless of NaCl concentration,
while most T. platyurus hatchings were observed at the highest NaCl concentration; hence,
the highest (15 200 mg/L) and lowest (1 900 mg/L) NaCl concentrations resulted in similar
total hatching for the two species. The incubation time for three and seven days in NaCl at
5°C had no significant impact on hatching success; however, 128 resulted in significantly
lower hatching success at all NaCl concentrations and controls. No significant differences
in hatching success were noted if the eggs were first washed after incubation in NaCl and

then put into the standard freshwater for hatching.
© 2023 European Regional Centre for Ecohydrology of the Polish Academy of Sciences.
Published by Elsevier B.V. All rights reserved.

1. Introduction
Of the eight categories of planetary boundaries pro-

posed by Rockstrém et al, (2009), biodiversity loss, chemi-
cal pollution and change in nitrogen and phosphorus cy-

* Corresponding author:
E-mail address: sszklarek@erce.unesco.lodzpl (S. Szklarek).

https://doi.org/10.1015/j.ecohyd.2023.06.005

cles are strongly influenced in inland freshwater ecosys-
tems by increasing salinity. Freshwater salinization (FS)
also leaches contaminants from soils and sediments and
reduces self-purification processes, and hence presents an
emerging threat to biodiversity (Reid et al, 2019) (Canedo-
Argiielles et al, 2013; Cunillera-Montcusi et al, 2022;
Kaushal et al., 2021, Szklarek et al.. 2022a). One source
of salinization is the use of salts as de-icing agents.

1642-3593/© 2023 European Regional Centre for Ecohydrology of the Polish Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Although this issue has received considerable attention in
North America, it has been largely neglected in Europe
(Cunillera-Montcusi et al., 2022). Long-term research indi-
cates that road salt pollution is not only a winter-spring is-
sue, but one that influences surface water quality through-
out the year, with increasing trends in rivers and lakes
(Corsi et al., 2015; Dugan et al, 2017). In some cases,
elevated chloride concentrations above an acute level of
640 mg/L (Canadian Guidelines - CEQG, 2011) might per-
sist in bottom water until September (Lembcke et al.,
2017).

The increased water salinity resulting from the use of
de-icing agents can affect freshwater organisms at mul-
tiple trophic levels, resulting in changes in trophic struc-
ture. This is particularly relevant for the taxonomic groups
that are crucial to the food web of lakes (Hintz and Re-
lyea, 2019). One such group is the zooplankton, which act
as energy transmitters from primary producers to higher-
order consumers in freshwater ecosystems (Lampert and
Sommer, 1997). Herbivorous zooplankton can exert pres-
sure via top-down control and determine phytoplank-
ton composition and abundance. The regulating role of
zooplankton, particularly evident in mesotrophic ecosys-
tems, influences the entire trophic structure of lakes
(Jeppesen, 1998). The top-down effect is weaker in eu-
trophic lake ecosystems, where phytoplankton can be the
dominant primary producer; in such cases, its exces-
sive biomass, known as a water bloom, deteriorates the
physico-chemical conditions and has a negative impact
on water quality, biodiversity and ecosystem functioning
(Amorim and Moura, 2021). Phytoplankton blooms in eu-
trophic ecosystems can also negatively affect zooplankton
species, resulting in changes in dominance patterns or the
disruption of zooplankton life history strategies (Moustaka
Gouni and Sommer, 2020).

The anthropogenic eutrophication of waters, cyanobac-
terial blooms can also arise as a result in increasing
salinity of freshwater ecosystems due to road salt runoff
(Tonk et al, 2007). Both factors directly and indirectly
increase the mortality of zooplankton (Li et al., 2016;
Hintz et al, 2022), thus disrupting the zooplankton-
phytoplankton energy pathway in the food web of lakes.
In addition, as zooplankton provide food for many preda-
tory invertebrates and fish, they can influence produc-
tion at higher trophic levels. One example can be seen
in Lake Michigan in the United States, where reductions
in zooplankton abundance and diversity have reduced fish
growth and recruitment (Dettmers et al. 2003).

As noted by Hintz and co-authors (2022), current wa-
ter quality guidelines in the US and Europe do not suf-
ficiently protect aquatic organisms such as zooplankton
from the negative effects of road salt. The authors report
that water salinity causes significant mortality of zooplank-
ton at the lowest Cl~ thresholds established in Canada
(120 mg Cl~/L) and the United States (230 mg Cl~/L) and
throughout Europe, where Cl~ thresholds are generally
higher and only established in some countries (e. g. Swe-
den and Germany). There is, hence, a need to revise ex-
isting guidelines and possibly set new water quality stan-
dards, and this requires scientific verification of the resis-
tance of zooplankton species to water salinity. The clado-
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cerans are particularly sensitive to elevated salt concen-
trations and respond rapidly to physicochemical and bio-
logical changes; they are hence good indicators of envi-
ronmental conditions and trophic status (Li et al. 2020;
Kuczynska-Kippen et al. 2020; Mufioz-Colmenares et al,,
2021),

The evolutionary and ecological perspectives of the im-
pact of salinisation on freshwater ecosystems is poorly un-
derstood (Cunillera-Montcusi et al. 2022). Relatively lit-
tle research has examined the functional, spatial and
trophic consequences of freshwater salinization (FS) and
the impact of salinisation on the genetic, physiological,
community or ecosystem levels of biological organisation.
Therefore, the present study examines the effect of road
salt (NaCl) on the hatching success of the model organ-
ism Daphnia magna (Straus, 1820) and Thamnocephalus
platyurus (Packard, 1877), which demonstrated high sen-
sitivity to seven types of de-icing salts, including NaCl
(Szklarek et al, 2022b), A number of experimental stud-
ies on the resilience of zooplankton to freshwater salin-
ity are being performed specifically using daphnids (e. g.
Liu and Steiner, 2017; Hintz and Relyea, 2019). The aim of
this study was to determine the hatching success of the
species 1) at different NaCl concentrations without incuba-
tion period, and 2) after egg incubation at 5°C (+ 2°C) at
different NaCl concentrations for three, seven and twenty-
eight days.

2. Material and Methods
2.1. Hatching procedure

The natural resistance of zooplankton eggs to NaCl pol-
lution was investigated using pure laboratory lines of the
zooplankton species Daphnia magna and Thamnocephalus
platyurus. Eggs were exposed for NaCl in the darkness at
5°C - temperature occurred at the bottom of ponds dur-
ing winter in temperate climate. The lines were supplied
as part of the Daphtoxkit and Thamnotoxkit bioassay kits
(MicroBioTests Inc., Mariakerke, Belgium). The testing pro-
cedure followed the standard operating procedure given by
the manufacturer, with the following modifications (steps
from 3 to 5 are shown in Figure 1):

1. Prepare standard freshwater (ISO for D. magna and
EPA for T. platyurus).

2. Prepare NaCl dilution series — the highest concen-
tration NaCl-1 (15.20 g of NaCl diluted in one litre
of EPA/ISO) was prepared based on the chloride
concentration measured in previous field research
(Szklarek et al., 2015; 2018) and literature review.
The next concentrations were prepared by 50% di-
lutions with EPA/ISO: NaCl-2 (7.60 g/L - 50.00% of
NaCl-1), NaCl-3 (3.80 g/L - 25.00% of NaCl-1), NaCl-4
(1.90 g/L - 12.50% of NaCl-1) and NaCl-5 (095 g/L -
6.25% of NaCl-1).

3. Add NaCl concentration to test plate with eggs — one
vial with eggs puts to one plate (in three repetitions
- n=3) per each NaCl concentration per each incuba-
tion time. Manufacture don’t give information about
how many eggs were in each vial, but we made con-
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Figure 1. Test scheme for assessing the impact of NaCl on hatching success of T. platyurus and D. magna (green arrows represent second hatching part of

experiment).

trol for each test which give us average of 346 + 26

SD hatched juveniles for D. magna and 427 + 23 SD

for T. platyurus (five tests for each species, each with

three repetition — see Supplementary hatching data
file). D. mugna was previously rinsed with tap wa-
ter to eliminate all traces of the storage medium in
which they were transported and stored; T. platyu-

rus was stored in vials without medium and did

not need rinsing. Each rinsing was performed three

times.

First hatching of the eggs in NaCl (or EPA/ISO for

control) without incubation (TO):

a. In continuous illumination; 3000-4000 lux for 22
hours at 25°C for T. platyurus.

b. In continuous illumination; 6000 lux for 72
hours at 25°C for D. magna.

. Incubate eggs in NaCl (or EPA/ISO for control) at 5°C
(+ 2°C) for 3 (13), 7 (T7) or 28 days (128), and then:
a. First hatching according to step 3-1.

b. Rinsing all eggs in each plate with tap water to
eliminate all traces of the storage medium (NaCl
or EPA[ISO), put eggs to the test plates with
EPA/ISO and allow hatching according to step 3-1.
a/b.

4. Record the number of living hatched neonates in
each plate - the larvae are considered dead if they
do not show any movement during 10 seconds of
observation, for T platyurus, or 15 seconds, for D.
magna. This is in accordance with standard scoring
described in test protocols.

5. Second hatching - rinsing all eggs from each plate
with tap water and put them to the test plates
with EPA/ISO and allow hatching according to step
3-1. a/b. Record the hatching success according to
step 4.

3-1.

2.2. Other analyses

The significance of hatching success at both different
incubation times and different NaCl concentrations was
tested using one-way ANOVA with incubation time and
NaCl concentration as the categorical factor and number
of hatched individuals as the dependent factor. To test for
the combined effect of the incubation time and NaCl con-
centration we used a two-way ANOVA with the incubation
time and NaCl concentration as the categorical factors and
the number of hatched individuals as the dependent fac-
tor. If significant differences were found in the ANOVA, the
Tukey's multiple comparison test was performed. The ECsg
and ECyg values for hatching success were determined by
the Regtox macro in Excel; this was delivered by the test-
ing company for the standard procedure (author Eric Vin-
dimian - available online: http://www.normalesup.org/~
vindimian/en_index.html). This method gives the ECsp and
ECyp value with + 95% confidence intervals. The results can
be compared with the 24-hour EC values obtained in other
research for adults of both species using the standard pro-
cedure.

Ephippia of D. magna previously exposed for three
and seven days to different concentrations of NaCl were
taken for analysis with an SEM microscope. Thirty ephip-
pia from each concentration were taken, then eggs and
embryos of D. magna were dissected from ephippia using
chemically-sharpened tungsten needles. They were trans-
ferred to the SEM stubs covered with a droplet of distilled
water. Prior to SEM examination, the stubs were mounted
in a temperature-controlled sample holder and frozen at -
10°C. The samples were imaged with a Phenom ProX scan-
ning electron microscope. The results observed under the
microscope after opening the ephippium were divided into
the following categories: 1) empty ephippium, 2) single
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Figure 2. Mean number (with SD) of hatched individuals of T. platyurus
(up) and D. magna (down) in the first hatching and the sum of both
hatchings among controls (EPA/ISO medium) subjected to 3, 7 and 28
days of incubation in refrigerator (T3, T7 and T28, respectively) compared
to controls without any incubation period (T0). Different letters indicate
significant differences (one-way ANOVA test; p<0.05).

egg, 3) two eggs, 4) single embryo, 5) single embryo with
visible eye, 6) two embryos, 7) two embryos with visible
eye, 8) egg and embryo. In order to determine the effect of
NaCl on the ephippia state the distributions of the different
ephippia categories observed at different NaCl concentra-
tions were compared with the control using a chi-square
test for goodness of fit.

3. Results and Discussion
3.1. Hatching success in control at different incubation time

The main aim of our studies was to investigate the
hatching success of two zooplankton species based on
eggs from the standardized tests (Daphtoxkit and Thamno-
toxkit). The eggs of both species were stored in vials at 5°C
+ 2°C before testing: T. platyrus in dry conditions and D.
magna in storage medium. As the addition of EPA/ISO with
different NaCl concentrations changed the storage condi-
tions, the first step examined the difference between con-
trol samples; the result indicated that eggs could be incu-
bated for up to seven days (T7): no significant differences
were observed between controls at TO, T3 or T7 for either
species in the first or second hatching (Figure 2). Signif-
icant lower hatching success was noted after 28 days of
incubation; therefore, the study did not examine hatching
success at T28 (whole data in Supplementary 1).
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Most previous hatching experiments were performed
on environmental samples (eg. Bailey et al, 2004;
Lopatina et al, 2021; Paes et al., 2016; Rogalski, 2015),
or examined year-round culturing of live stocks to avoid
adaptive tolerance (jonczyk and Gilron, 2005). However,
continuous culture of live test organisms, in good health
and in sufficient numbers, can present a technological and
financial burden, and the use of spore eggs, from which
test organisms can hatch on demand, is an attractive alter-
native (Persoone et al., 2009). Moreira dos Santos and Per-
soone (2000) compared the suitability of acute D. magna
neonates hatched from ephippia for testing, with that of
neonates taken from live cultures of laboratory stocks.
Tests were carried out for four chemicals. The results,
based on test sensitivity and precision, clearly confirmed
that the efippium-based toxicity test is a valuable alterna-
tive to the conventional acute Daphnia test, and that ephip-
pia is suitable for conducting research on hatching success.

Navis et al. (2013) examined the effect of pesticide on
hatching. Their experiment was conducted for 10 days, but
the eggs were hatched without incubation at low temper-
atures, and only 48 eggs were used in each replicate. In
contrast, the present study started with 40 eggs per rep-
etition, but with no repeatability of results: hatching suc-
cess ranged from 0 to 100% in controls, especially for T.
platyurus. Therefore, to provide repeatability, one vial with
eggs was used per repetition. This approach ensured repro-
ducible results of hatching for the controls.

3.2. The impact of road salt on hatching success

In the first experiment, hatching success was investi-
gated without incubation in the refrigerator (TO). The suc-
cess of the first hatching decreases with increasing NaCl
concentration for both species; however, a significantly
lower number of hatched individuals (mean 321 + 79 SD)
were noted at 1.900 g NaCl/L (NaCl-4) for T. platyurus, and
at 7.60 g NaCl/L (NaCl-2) for D. magna (mean 103 + 19 SD).
At the highest concentration, i.e. 15.20 g NaCl/L (NaCl-1),
no hatching was observed for either species (Figure 3).

More variation was observed for the second hatching.
The mean numbers ranged from 10 to 19 for D. magna
for 1SO and road salt concentrations from NaCl-2 to NaCl-
5; however, this value increased to 80 + 10 SD individu-
als for NaCl-1 (Figure 3). For T. platyurus, similar hatching
rates were observed for NaCl-5 and NaCl-4, ranging from
79 to 93 hatched individuals (Figure 3), while 179 + 60
SD hatched individuals were observed for NaCl-3. Hence,
for NaCl-3, the sum of both hatchings was not significantly
different to those observed for EPA, NaCl-5 or NaCl-4. In
addition, the mean number for the second hatching was
263 + 16 SD individuals for NaCl-2 and 425 + 15 SD for
NacCl-1; the sum of both hatchings of NaCl-1 was not sig-
nificantly different to those of NaCl-3 or NaCl-4 (Figure 3).

D. magna hatching success declined sharply when the
critical concentration was exceeded - for NaCl it was from
7.60 g/L (Figure 3). This value is similar to noted toxic re-
sponse for M. macrocopa for which survival ratio decreased
between 4 and 6 g/L of road salt based on NaCl (respec-
tively from 87% to 17%) (Lopatina et al., 2021). Moreover,
after six months of incubation with this road salt, hatching
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Figure 3. Mean number (with SD) of hatched individuals of T. piatyurus
(up) and D. magna (down) at firg and sum of both hatching: control sam-
ples and five NaCl dilutions. Different letters indicate a significant differ-
ence (one-way ANOVA test; p<0,05) — small letters for first hatching, big
letters for sum of both hathichng.

success also decrease from about 85% at salinity 5 g/L to
lower than 5% above 10 g/L salinity (Lopatina et al., 2021).
A similar response was noted also for other pollutants.
Navis et al. (2013) observed for pesticides: no significant
difference in hatching success was found between controls
and samples with 50 - 1000 pg/L fenoxycarb; however,
hatching was significantly inhibited for 2000 pg/L (6.3%)
and 4000 pg/L (0%) (Navis et al,, 2013). A similar rapid
decrease was also observed in a study on adult D. pulex,
where survivorship decreased from 5 g NaCl/L (70% sur-
vival) to 6 g NaCl /L (Larta et al, 2012). In contrast, for
T. platyurus, hatching success decreased with increas-
ing NaCl concentration. The difference between species
might be due to the fact that D. magna demonstrates
higher tolerance for NaCl than T. platyurus (Szklarek et al.,
2022b).

Research conducted on egg bank from Imboassica la-
goon, located in the urban area of the city of Macae
(Rio de Janeiro State, southeastern Brazil) found hatching
success to decrease significantly with increasing salinity
(Santangelo et al., 2014). The authors also noted higher
hatching rates (20-50 more hatched individuals) after
moving the eggs from saline concentrations from 4.0 to

(3
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32.0 g/L to freshwater for another 10 days of hatching.
These results were similar to the second hatching success
noted for D. magna in our study (Figure 3). T. platyurus
could have some mechanism which prevents it from hatch-
ing in high salinity; this would account for the higher sum
of both hatchings at NaCl-1 than NaCl-2, and the fact this
was not observed for D. magna. However, T. platyurus is
not commonly used in ecotoxicological tests, and further
research is needed.

Some of the more interesting ecotoxicological stud-
ies have been performed using the Thamnotoxkit test as
a diagnostic tool in assessing the potentially toxic ef-
fects of airport runoff water on aquatic organisms (Novak
et al. 2000; Sulej et al. 2014; Sulej-Suchomska et al. 2021).
Sulej-Suchomska et al. (2021) found the highest toxic risk
to be in winter and autumn, when most maintenance
work, such as de-icing of airport grounds and aircraft, is
carried out. The highest toxicity was observed for samples
taken just in the de-icing area, near the runway and in the
vicinity of the airport terminals. In addition, it is worth
noting that these findings also indicate that T. platyurus is
generally more sensitive to surface water and wastewater
contamination than Vibrio fischeri and other bioindicators
used in bioassays.

3.3. The impact of incubation time and hatching
environment on hatching success

The next part of the study examined the impact of egg
incubation in different road salt concentrations for three
(T3) and seven (T7) days. Generally, our results confirm
previous findings indicating that multi-day incubation time
appears to have no significant effect of NaCl on hatching
success, unlike to multi-year storage in exposition on other
pollutants, like heavy metals, organic pollutans and ion-
izing radiation, which causes egg's death (Zadereev et al.,
2019). Results of two-way ANOVA showed that NaCl con-
centration had significant effect on hatching success in
conducted study. No significant interactions between NaCl
concentration and incubation time were found to affect
hatching success. For T. platyurus, at the first hatching,
significantly different hatching success were noted be-
tween all NaCl concentration, beside NaCl-1 with NaCl-2,
and EPA control with NaCl-5. (Figure S1). At the sum of
both hatching, no significant differences were found be-
tween EPA control with NaCl-5, and NaCl-1 with NaCl-3.
(Figure S1).

For D. magna, in the first hatching, hatching success
noted for NaCl-1 and NaCl-2 were significant different from
each other and from other NaCl concentration and 1SO con-
trol (Figure S2). After the second hatching, the only differ-
ence was that the hatching success between NaCl-1 and
NaCl-2 was not significantly different.

Mést et al. (2015) report D. longispina demonstrated sig-
nificantly greater hatching success in samples exposed to
organic contaminants for four days compared to untreated
controls: the contaminants consisted of a 1000-fold in-
creased concentration of a complex mix of 10 organic mi-
cropollutants with nominal concentrations between 2 mg/L
and 800 mg/L previously detected in the sediments. In
the present study, both D. magna and T. platyurus demon-
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Percentage of SEM observations made after opening the ephippia, falling into each category.

THREE-DAY EXPOSURE

SEVEN-DAY EXPOSURE

CONTROL NaCl-5 NaCl-2 NaCl-2 (rinsed) NaCl-1  NaCl-1 (rinsed) CONTROL NaCl-3 NaCl-2 NaCl-1

EMPTY 63.33 3333 16.67 46.67
SINGLE EGG 10 26.67 20 26.67
TWO EGGS 13.33 10 10 6.67
SINGLE EMBRYO 6.67 6.67 13.33 10
SINGLE EMBRYO WITH AN 6.67 333 30 6.67
EYE/ANTENNAE

TWO EMBRYOS 0 6.67 3.33 0
TWO EMBRYOS WITH AN 0 6.67 0 0
EYE/ANTENNAE

EGG + EMBRYO 0 6.67 6.67 333

30 50 66.67 50 26,67 20
1667 26.67 13.33 2333 36,67 10
10 6.67 3.33 3.33 1333 16.67
3333 1333 3.33 20 0 1333
6.67 0 6.67 0 10 1333
0 0 0 0 333 16.67
0 0 3.33 0 333 0
333 333 3.33 3.33 6.67 10

CHI-SQUARED TEST RESULTS

3 DAYS EXPOSURE

7 DAYS EXPOSURE

CONTROL NaCl-5 NaCl-2 NaCl-2 (rinsed) NaCl-1 NaCl-1 (rinsed) CONTROL NaCl-3 NaCl-2 NaCl-1

p value 0064 <0001 0.132

<0.001 0.048 <0001 <0001 <0.001

strated greater hatching success after T3 and T7 for NaCl-
5 and NaCl-4 than controls, but no significant differences
were observed.

The final step was to investigate the hatching success
of T platyurus and D. magna eggs washed with water
after incubation for three and seven days (T3 and T7). No
significant differences in hatching success between NaCl
concentrations except sum of both hatching for T. platyurus
were found (Figures S3 and S4). Moreover, there were also
no significant interactions between NaCl concentration
and incubation time affecting hatching success (Two-way
ANOVA test; p=0.05).

The results indicate that the eggs protected the em-
bryos against NaCl pollution for up to seven days of
exposure. However, it appears that NaCl concentration
has a greater influence at times when temperature and
light conditions are suitable for hatching (Figure 2 and
Figure 3).

In order to assess whether and how NaCl concentra-
tions directly affected eggs and embryos, observations of
D. magna ephippia were carried out using SEM microscopy.
Two groups of ephippia (thirty for each salt concentra-
tion and for the control) differing in incubation time were
tested. The first group included individuals exposed to ris-
ing NaCl concentrations (control, NaCl-5, NaCl-2, NaCl-1)
for three days (T3) and ephippia from NaCl-2 and NaCl-
1 concentrations that were rinsed with water, while the
second was exposed to rising NaCl concentrations (con-
trol, NaCl-3, NaCl-2 and NaCl-2) for seven days (T7). The
observations made after opening the ephippium were di-
vided into eight categories, as described in the Methods,
and then analysed using a chi-square test to identify dif-
ferences between frequencies of the observed categories
for different NaCl concentrations, with the control used as
a reference. For the T3 group, a significant difference was
found between controls and NaCl-2 (p < 0.001), as well as
between controls and NaCl-1 (p < 0.001) and controls and
NaCl-1 (rinsed) (p = 0.048). For the T7 group, all of the
NaCl concentrations significantly differed from the control
(p = 0.001). This could suggest that exposure to the high-
est NaCl concentrations during the T3 experiment had an

effect on the egg hatching process, resulting in the eggs or
embryos being unable to hatch properly. For the T7 group,
this effect also extended to the lower NaCl concentration
(NaCl-3), at which significant differences were found with
controls. The percentage observations falling into each cat-
egory, as well as the chi-squared test results (p values), are
shown in Table 1.

After three- and seven-days exposure, the control sam-
ples demonstrated the highest hatching success, indicated
by the highest percentage of empty ephippia. Significant
differences in ephippia numbers were found between the
control samples and those exposed to NaCl-2, NaCl-1 or
NaCl-1 rinsed in the T3 group, or NaCl-3, NaCl-2 and
NaCl-1 in the T7 group. These samples more frequently
presented ephippia containing a single egg or an em-
bryo showing different stages of development. These re-
sults suggest that exposure to NaCl influenced the ephip-
pia and caused hatching difficulties for the D. magna: ei-
ther stopping the development at an early stage or pre-
venting the developed organisms from leaving the ephip-
pium. This could indicate that the ephippial case may not
offer total protection against the effects of NaCl. Similarly,
a study of the hatching success of dormant D. magna eggs
after exposure to fenoxycarb (Navis et al. 2013), found that
the tissue concentrations of the insecticide did not differ
significantly between decapsulated and encapsulated eggs,
and proposed that the ephippial case offered limited pro-
tection. The chi-square test used in our study showed dif-
ferences in hatching success of D. magna depending on
NaCl concentration and incubation time, but we did not
observe any damage or deformation of eggs or embryos
caused by increasing salinity. Analysis of the photographs
did not reveal any no visible differences between the eggs
and embryos from different salt concentrations, nor any
visible features that could suggest damage to the organ-
isms (Figure 4).

3.4. EC; values for D. magna

The mean ECyg for D. magna was 5.867 g NaCl/L for the
first hatching and 4.834 g/L for the sum of both hatch-
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Figure 4. Photographs obtained from the SEM microscope. A: Single egg from NaCl-2, 7-day exposure sample, magnification 530x; B: Embryo with visible
eye and antennae from NaCl-2, 7-day exposure sample, magnification 930x; C: Embryo with visible antennae from NaCl-2, 3-day exposure (rinsed) sample,

magnification 420x.

ings; these were not significantly different to the 24-h ECyy
value: 4.667 gL (Table 2). However, for ECsg, a signifi-
cant difference was found between the 24-h ECsq noted
for adults (4.667 g/L) and the values for the first hatching
(7.041 g/L) and both hatchings (6.921 g/L). In the case of T
platyurus no significant difference was found between ei-
ther EC value (ECyp or ECsp) for the first hatching and tox-
icity for adults; in addition, these values were lower than
those for D. magna. For first hatching of T. platyurus, ECyg
was 1.996 g/L and ECsy was 3.799 g/L (Table 2). Due to the
increasing hatching success between NaCl-2 and NaCl-1, no
EC values for the sum of both hatchings were determined
for T platyurus (Figure 3), as these results were not antici-
pated in the determined ECy values.

The ECyy and ECsp values of NaCl for D. magna hatch-
ing were higher than the EC 24-h values noted for adults

(Table 2). This indicates that a lower number of indi-
viduals might survive a short time after hatching, re-
sulting in a lower number of larger grazers in the zoo-
plankton community. The second hatching results for D.
magna and T. platyurus (Figure 3) showed that insuffi-
cient dilution of road salt pollution after winter could im-
pact spring zooplankton community structure and the ef-
ficiency of top-down control of phytoplankton biomass.
Lembcke et al. (2017) noted that in a pond receiving
stormwater from a parking lot in Canada, a Cl level above
0.640 g/L, indicating acute toxicity, remained in surface
water until June and in over-sediment water until Septem-
ber (above 2.00 g/L from March until June, with a max-
imum 5.50 g/L in March). Our results suggest that such
a value might decrease hatching success of zooplankton
species (Figure 3).
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Mean EC,; and EC,, values (with confidence intervals & 95%) for D. magna and T. platyurus for first hatching and sum of both hatching, 24-h EC values
for adults. Different letters mean significant differences (t-test; p<0.05) separately for each species.

Daphnia magna Thamnocephalus platyurus

ECio First hatching
[g NaCllL]
Sum of both hatching

Toxicity for adults’
ECsp First hatching
[g NacCliL]

Sum of both hatching

Toxicity for adults’

5.8674 1.996*

(4.214 - 6.340) (1.526 - 2.763)
4.834% na.

(3.196 - 6.250)

46677 2,121

(3973 - 5.292) (1.611 - 2.863)
7.041% 3.7992

(6391 - 7.234) (3.339 - 4.280)
6.9217 n.a.
(6.613-7.236)

5.2448 3.2892

(4.824 - 5.547) (2.733 - 3.715)

* Results from other research - (Szklarek et al. 2022b)

n.a. — not analysed, because of not standard curve of results — the highest concentration did not have the lowest death ratio - see Figure 3.

Moreover, climate change increases evapotranspiration,
changes the precipitation and flow regime characteris-
tics and increases water temperature (Reid ef al, 2019;
Cartwright ef al., 2021); all of these increase the frequency
of spring droughts (Swain and Hayhoe, 2015) and increase
freshwater salinization (Jones and van Vliet, 2018), and can
impact freshwater ecosystem structure (Brock et al., 2005)
and increase the biomass of phytoplankton (Lind et al,
2018; Szklarek et al, 2022a). Further studies are hence
needed to determine the effect of decreasing NaCl concen-
tration gradients and increasing temperature gradients on
hatching success.

4. Summary

Our assessment of the effect of road salt on the hatch-
ing success of zooplankton species lies within the research
priorities on the ecological and evolutionary importance of
freshwater salinity (FS) (Cunillera-Montcusi et al., 2022).
It is also the first step to determining the factors influ-
encing zooplankton community functioning and its conse-
quences to ecohydrological processes (Cunillera-Montcusi
et al., 2022; Kaushal et al, 2021, Szklarek et al., 2022a).

Zooplankton species, particularly Daphnia spp., are
very useful in ecotoxicological studies. Tonkopii and lo-
fina (2007) used Daphnia magna as an indicator organ-
ism to determine the presence of anthropogenic pollu-
tion in freshwater systems in Japan. The high sensitivity
of D. magna has even led it to be seen as a more ethical
and economical substitute for mammals during prelimi-
nary toxicity testing of some chemicals (Guilhermino et al.,
2000).

Our research uses pure laboratory lines of D. magna
and T. platyurus to investigate the natural mechanism of
successful hatching in response to road salt pollution. The
determining factor for hatching success in both species
was NaCl concentration. This is evidenced by the fact that
no neonates were observed at the highest NaCl-1 con-
centration (15.20 g/L), even though light and tempera-
ture conditions were optimal for hatching. In contrast,
high hatching success was noted after rinsing the eggs
with water, especially in T. platyurus. It is possible that in
both species, there is a physiological mechanism to pre-
vent hatching under extremely critical conditions. Our re-

sults also confirm previous observations (Szklarek et al.,
2022b) that D. magna is more resistant to road salt than T.
platyurus: hatching success was found to decrease gradu-
ally with increasing NaCl concentration in T. platyurus, but
decrease sharply in D. magna when the threshold value
was exceeded. This may be due to the high adaptive po-
tential of the Daphnia genus (Arnér and Koivisto, 1993;
Teschner, 1995, Zadereev et al., 2021). A characteristic fea-
ture of Daphnia biology is its phenotypic plasticity, de-
fined as the ability of a genotype to adjust its metabolism
and physiology in response to current environmental con-
ditions (Elmarsafy et al, 2021; Ebert, 2022). This pheno-
typic plasticity can be seen on both the natural environ-
ment and in laboratory studies. For example, Parlato and
Kopp (2020) observed that D. magna specimens reared un-
der increasing salinity conditions were significantly more
resistant to osmotic stress when placed in a 2.30 g NaCl/L
solution than specimens previously reared in pure wa-
ter. Interesting results were presented by Ortells and co-
authors (2005) investigating the hatching success of dif-
ferent age-classes of resting D. magna eggs from the lake
sediment in different salt concentrations. The authors ob-
served that, as in our study, the salinity of the solution
appeared to have the strongest effect on neonate sur-
vival. Non-adapted genotypes were rapidly eliminated after
hatching, while those that survived acquired the ability to
function in the range of elevated salinity conditions, due to
phenotypic plasticity.

However, over a longer period of time, the presence of
an agent in the environment can lead to the development
of local adaptations of resistant Daphnia clones resulting
from genetic differences. Liu and Steiner (2017} found that
clonal lines that had bheen bred for several generations
from populations taken from high salinity ponds showed
greater survival in acute toxicity tests than lines bred from
low salinity ponds.

Some authors (e.g. Ortells et al., 2005) suggest that
sexual reproduction and the production of persistent
ephippia-type eggs allows dormant forms of Daphnia to
survive in sediments under high salinity conditions. How-
ever, Bailey et al. (2004) observed that higher salinity
significantly increased Daphnia mortality in ephippia col-
lected from Great Lakes sediments in North America. In
our study, although high salinity was not found to dam-
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age the ephippig, the salt may have a negative effect on
eggs and embryos, as indicated by their lower hatching
success in these experimental variants. The variation in
resistance to salt concentrations by ephippia taken from
the natural environment may be due to genetic adapta-
tions developed over a long evolutionary process. For ex-
ample, Branstrator et al. (2013) found the hatching suc-
cess of the cladoceran Bythotrephes longimanus resting eggs
to not decrease in response to long-term high salinity
(up to 4 weeks at 35 g/L salt). This suggests that, de-
spite the species' current preference for fresh water, salin-
ity exposure may have been important in the evolution
of B. longimanus, originating from euryhaline ponds, and
that high salinity conditions are not stressful to its ephip-
pia. In addition, complex interactions between tempera-
ture, egg metabolic rate, membrane permeability and dor-
mancy cues, as well as the eggs being protected by over-
lying sediments, may be influence the rate and gquality
of cladoceran hatching (Aladin and Potts 1995). Some re-
searchers have examined the close relationship between
temperature and salinity: Branstrator et al. (2013) and
Gray et al. (2005) found high salinity (up to 32 g/L salt) to
have no negative effect on the hatching of cladoceran rest-
ing eggs when kept at 4°C; while Bailey et al. (2006) report
that zooplankton resting eggs exposed to 8 g/L salinity at
10°C or 30°C had greater hatching success than those at
20°C.

Hence, our results indicate that further research is
needed to investigate the effects of road salt and its con-
taminant mixtures on the hatching success of zooplank-
ton from egg banks. These studies should take into account
the various conditions resulting from increasing freshwater
salinity and the consequences of climate change for aquatic
ecosystems.
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Figure S1 Average (with SD) of hatched individuals of T. platyurus at first (upper) and both (down)
hatching at control samples and five NaCl dilutions after 3 and 7 days of incubation in refrigerator (T3
and T7, respectively) in comparison to hatching success in samples without incubation period (T0).
Different letters mean significant difference between NaCl concentration in two-way ANOVA with
p<0.05.
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Figure 52 Average (with SD) of hatched individuals of D. magna at first (upper) and both (down)
hatching at control samples and five NaCl dilutions after 3 and 7 days of incubation in refrigerator (T3
and T7, respectively) in comparison to hatching success in samples without incubation period (T0).
Different letters mean significant difference between NaCl concentration in two-way ANOVA with
p<0.05.
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Figure 53 Average (with SD) of individuals of T. platyurus hatched in standard freshwater (EPA) after
wash eggs after incubation at first (upper) and sum of both hatching (down) at control (EPA) and five
NaCl dilutions after 3 and 7 days of incubation in refrigerator (T3 and T7 respectively} compared to
results of hatching in EPA without incubation (EPA T0). Different |etters mean significant difference
between NaCl concentration in two-way ANOVA with p<0.05.
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Figure 54 Average (with SD) of individuals of D. magna hatched in standard freshwater (1SO) after
wash eggs after incubation at first (upper) and sum of both hatching (down) at control (ISO) and five
NaCl dilutions after 3 and 7 days of incubation in refrigerator (T3 and T7 respectively) compared to
results of hatching in ISO without incubation (ISO T0). Different letters mean significant difference
between NaCl concentration in two-way ANOVA with p<0.05.
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1. Wstep

Postgpujace zasolenie naturalnych ckosystemow staje si¢ coraz powaznicjszym
problemem dotykajacym wszystkie regiony $wiata. Wtorne zasolenie, tzn. wynikajace
z dzialalnodci cztowieka stanowi rosngce zagrozenie dla ekosystemdw stodkowodnych i moze
przyczynia¢ sie do zmian w strukturze 1 funkcjonowaniu zbiorowisk stodkowodnych
organizmow (Cunillera-Montcusi 1 in., 2022). Réwniez ekosystemy ladowe narazone sg na
nadmierne zasolenie. Szacuje sie, ze zasolenie gleb dotyka ponad 10 milionéw km? 1agdow na
swiecie 1 przeklada sie na spadek jakosci ushig ekosystemowych, np. zmniejszona
produktywno$¢ upraw rolnych (Litalien i Zeeb, 2020). Obok takich czynnikow jak
zwiekszajaca sie liczba ludnosci, postepujace zmiany klimatu czy niedostatki wody stodkiej,
degradacja gleb spowodowana przez zasolenie wymieniana jest wsrod przyczyn zagrazajacych

bezpieczenstwu zywnosciowemu na Ziemi (Zaman i in., 2016). Do antropogenicznych
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przyczyn zasolenia ekosystemow zaliczy¢ mozna: irygacje terenow rolnych, intensywne
nawozenie oraz stosowanie pestycydow, wydobyecie ropy, odpady z przemystu wydobywczego,
papierniczego, metalurgicznego oraz nadmierne stosowanie soli drogowej w celu zimowego
utrzymania drog (Litalien 1 Zeeb, 2020; Klosowska, 2010), szczegolnie w przypadku regionow
klimatu umiarkowanego.

W krajach, w ktorych wystepuja zimy z oblodzeniem i opadami $niegu, stosowanie soli
drogowej (NaCl) jest powszechna praktyka, majaca na celu zapewnienie bezpieczenstwa
w ruchu pojazdow 1 pieszych. W dobie szybko postepujace) urbanizacji odsetek powierzchni
utwardzonych, ktére wymagajg zabezpieczenia w czasie zimy wzrasta. Wraz z topniejacym
sniegiem 1 lodem, jony sodowe oraz chlorkowe przedostaja si¢ do wod powierzchniowych,
przenikajg do gleb 1 za posrednictwem wod podziemnych docieraja do pobliskich zbiornikow
wodnych (Rogora i in., 2015, Gallagher i in., 2011, Snodgrass i in., 2017). Warto zauwazy¢,
ze zanieczyszczenie sola drogowa gleb oraz wod stodkich jest problemem, ktory nie ogranicza
sig¢ wylacznie do miesiecy zimowych. Podwyzszone steZenia jondw chlorkowych obserwowane
sa w zbiornikach miejskich takze w miesigcach wiosennych, a nawet letnich (Gorecka i in.,
2023, w druku).

Zanieczyszczenie sola drogowa ma wplyw na wiele organizméw zywych, poczawszy
od bakterii, az po organizmy kregowe (Szklarek i in., 2022; Hintz i Relyea, 2019). Rowniez
rosliny sa wrazliwe na podwyzszone zasolenie. Do skutkow takiej ekspozycji zaliczy¢ mozna
np. zmniejszenie dostgpnosci do wody 1 tlenu dla korzeni spowodowane zmianami w strukturze
gleby; redukcje lub odwrdcenie gradientu osmotycznego, co wplywa na zaburzenia
w pobieraniu wody przez korzenie roslin 1 prowadzi do suszy fizjologicznej; zaburzenia
w gospodarce jonowe] prowadzace do deficytow kationu K™; a takze spadek wydajnosci
1 zaburzenia procesu fotosyntezy (Litalien i Zeeb, 2020; Klosowska, 2010). Nieprawidlowosci

w przebiegu procesu fotosyntezy powodowane przez podwyzszone stgzenia soli moga



doprowadzi¢ do nadprodukeji reaktywnych form tlenu (RFT), spadku efektywnosci procesow
naprawczych 1 w konsekwencji do stresu oksydacyjnego. Reaktywne formy tlenu moga
powodowac¢ w komorkach roslinnych m.in. uszkodzenia bialek prowadzace do ich inaktywacji,
peroksydacje lipidow, utlenianie skladnikéw kwasow nukleinowych oraz uszkodzenia
barwnikow fotosyntetycznych (Lata, 1998; Klosowska, 2010).

Rodliny poddane stresowi solnemu wykazuja zloZone reakcje molekularne,
uruchamiajace mechanizmy odpornosciowe (Zhu i in., 1997). Jednym z takich mechanizmow
jest aktywacja systemu antyoksydacyjnego, w ktorego skiad wchodzg enzymy (np. katalazy,
dysmutaza ponadtlenkowa, reduktaza glutationowa) oraz niskoczasteczkowe antyoksydanty
takie jak np. glutation. Wydajna ochrona antyoksydacyjna moze zwigckszyc tolerancje roslin na
stres solny (Zhu, 2001), co stwarza mozliwosci wykorzystania odpowiednio dobranych
gatunkow do tworzenia zielonej infrastruktury w miastach. Pojawia sie jednak potrzeba
opracowywania nowych rozwiazan, ktore przyczynialyby si¢ do zmniejszenia stezen jonow
sodowych 1 chlorkowych w Srodowisku, a w szczegolnosci w wodach powierzchniowych.
Stad, istotne jest podejmowanie badan dotyczacych potencjatu roslin odpornych na zasolenie
do oczyszczania ekosystemow stodkowodnych z nadmiaru soli (fitodesalinizacji srodowiska
wodnego) (Manousaki 1 Kalogerakis, 2011), gdyzwiedza na temat praktycznego wykorzystania
roélin halofilnych jest weiaz ograniczona.

Rozwiazaniami, ktore moga by¢ wykorzystane do oczyszczania wody zanieczyszczonej
sola drogowa sg np. sztuczne mokradta (ang. constructed wetlands) (Suaire 11n., 2016; Guesdon
iin., 2016). Istotg konstrukcji efektywnie dzialajacych sztucznych mokradet, ktore pozwolilyby
na niwelowanie zanieczyszczenia solg drogowa jest dobor gatunkow roslin, ktore beda
tolerowaé¢ warunki stresowe 1jednoczesnie skutecznie akumulowac jony sodu 1 chloru w swoich
tkankach. Doniesienia literaturowe wskazujg na potencjal do fitodesalinizacji takich gatunkoéw

jak toboda solniskowa, loboda ogrodowa (Suaire 1 in., 2016), loboda rozlozysta, palka



szerokolistna (Morteau 1 in., 2009), palka waskolistna, sit morski (Guesdon 1 in., 2016)
czy oczeret Tabernemontana (Rozema 1 in., 2014). Sa to jednak gatunki obcego pochodzenia,
moggce stwarza¢ zagrozenie dla rodzime;j flory.

Celem niniejszej pracy byla ocena potencjalu fitodesalinizacji dwdch polskich
gatunkow roslin: situ rozpierzchlego (Juncus effesus) 1 oczeretu jeziornego (Schoenoplectus
lacustris). Postawiono nastepujace pytania: 1) jaki wplyw ma s6l drogowa na wybrane
parametry stresu antyoksydacyjnego u situ rozpierzchlego i oczeretu jeziornego? 2) w jakim
stopniu wybrane dwa gatunki roslin maja zdolnos¢ do akumulacji jonéw sodu? 3) czy wybrane
dwa gatunki ro§lin moga by¢ uznane za przydatne w redukeji szkodliwego zanieczyszczenia

wod powierzchniowych sola drogowa?

2. Materialy i metody
2.1. Rosliny i ich ekspozycja na zasolenie
Do badan wybrano dwa gatunki roslin: sit rozpierzchly (Junmcus effesus) 1 oczeret
jeziorny (Schoenoplectus lacustris). Przy wyborze tych gatunkow kierowano si¢ nastepujacymi
kryteriami: 1) pochodzenie — rosliny sa rodzime dla Polski, 2) wczesniejsze doniesienia
o zdolnos$ci rodzaju Juncus oraz Schoenoplectus do znoszenia zasolenia, 3) dostepnos¢ zakupu
sadzonek. Ekspozycje roslin na zasolenie prowadzono w oparciu o metodyke opisana przez
Morteau i in. (2009). Sit rozpierzchly i oczeret jeziorny zostaly zakupione w postaci sadzonek
w firmie Perfekt Klik, a nastgpnie zasadzone w doniczkach o srednicy 13,5 cm, wysokosci
10 cm. Podloze stanowila mieszanka piasku krzemionkowego i podioza uniwersalnego
(sktad: torf, perlit, agrosil, dodatek nawozu NPK) w stosunku 1:1. Zasadzono 12 sadzonek
z kazdego gatunku rosliny. Doniczki umieszczono w trzech plastikowych pojemnikach
o wymiarach 39 x 58 cm, tak aby w kazdym pojemniku znalazty sie cztery sadzonki situ i cztery

sadzonki oczeretu. Rosliny podlewano (do pojemnikow) odstana woda kranowa przez okres



3 miesiecy, w celu zaaklimatyzowania si¢ roslin. Przez caly okres aklimatyzacji oraz trwania
eksperymentu rosliny znajdowaly si¢ w namiocie (grow-box), gdzie utrzymywana byla stata
temperatura (26°C, = 3°C) oraz fotoperiod (16 h $wiatla, 8 h ciemnoS$ci). Przygotowano trzy
warianty eksperymentu: kontrole, wariant eksponowany na niskie st¢zenia soli 1 wariant
eksponowany na wysokie stezenia soli. W kazdym wariancie byly cztery powtorzenia dla
kazdego gatunku.

Po aklimatyzacji. przez okres 30 dni rosliny kontrolne podlewano mieszanka wody
destylowanej z pozywka Hoagland’a (Hoagland 1 Armon, 1950) w rozciefczeniu %, natomiast
roéliny badane podlewano woda destylowang z pozywka Hoagland’a w rozciefczeniu
Y4 z dodatkiem NaCl, tak aby uzyskac stezenie 200 mg NaCl/L (st¢zenie niskie) 1 1000 mg
NaCl/L (stezenie wysokie). Do kazdej doniczki wlewano 200 ml przygotowanego wczesniej
TOZtworu.

Po zakonczeniu okresu 30 dni, ekspozycje roslin na sél kontynuowano, jednak
zZrezygnowano z uzycia pozywki, aby sprawdzi¢ czy wspomaganie mineralne miato znaczenie
w warunkach stresu. Rosliny kontrolne podlewano odstang wodg kranowa, natomiast pozostate
rosliny odstang woda kranowa z dodatkiem NaCl, tak aby uzyska¢ podane wyzej stezenia.
Do kazdej doniczki wlewano 200 ml wczesniej przygotowanego roztworu. Druga ekspozycja
na sOl drogowa rowniez trwala 30 dni. Zastosowano nastgpujgce nazwy wariantow
badawczych: K — kontrola w czasie aklimatyzacji podlewana woda kranowa, K1 — kontrola
podlewana woda destylowana z pozywka, C11 — woda destylowana + pozywka + niskie
stezenie NaCl (200 mg NaCl/'L), C12 —woda destylowana + pozywka + wysokie stezenie NaCl
(1000 mg NaCl/L), K2 - kontrola podlewana wodg kranowa, C21 — woda kranowa + niskie
stezenie NaCl (200 mg NaCl/L), C22 — woda kranowa + wysokie stezenie NaCl (1000 mg
NaCl/L). Schematyczny przebieg ekspozycji roslin na zasolenie przedstawiono na Ryc. 1,

natomiast rosliny w trakcie doswiadczenia przedstawia fotografia Ryc. 2.
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Aklimatyzacja, 3 miesigce (K)

ETAP 1

KONTROLA NISKIE STEZENIE WYSOKIE STEZENIE

n 200 ml roztworu

zi do kazdej doniczki

POZYWKA 200 mg NaCliL 1000 mg NaCliL
(K1) POZYWKA POZYWKA
c11) (c12)

30 DNI EKSPOZYCJI

ETAP 2

n 200 ml roztworu
] i do kazdej doniczki

KONTROLA NISKIE STEZENIE WYSOKIE STEZENIE
WODA KRANOWA 200 mg NaCliL 1000 mg NaCl/lL
(K2) WODA KRANOWA ~ WODA KRANOWA
(c21) (c22)

30 DNIEKSPOZYCJI

Ryc. 1. Schematyczny pizebieg ekspozycji rosiin na zasolenie. Oznaczema: sit — sit rozpierzchly; oc — oczeret jeziomy.



SOKIE STEZENI

R

Ryc. 2. Fotografia przedstawiajgca rosiiny w trakcie doswiadczenia w namiocie grow-box. Autorstwo zdjecia: Justyna

Nebelska

22 Przygotowanie materialu roslinnego do oznaczen parametrow stresu
oksydacyjnego
Nadziemne tkanki roélin pobrano trzykrotnie, tj. 1) przed ekspozycja na zasolenie,

2) po ekspozycji pozywka + s61 drogowa oraz 3) po ekspozycji woda kranowa + sol drogowa.



w roztworze buforu fosforanowego (5 mM., pH = 7.4) (1 g mokrej masy lisci + 4 ml buforu
fosforanowego). Homogenizacje materialu prowadzono przy uzyciu homogenizatora
nozowego (CAT M. Zipperer X 120) w lodzie przez 10 min. Nastepnie probki wirowano 15 000
obr/min przez 10 min. Zebrany supernatant przechowywano w temperaturze -20°C
(maksymalnie 10 dni) do momentu dalszych analiz.
2.3. Oznaczenie stezenia bialka
Stezenie biatka w homogenatach oznaczono przy uzyciu odczynnika Folina-Ciocalteu
metodq opisang przez Lowry’ego 1 wspolautorow (Lowry 1 1n., 1951).
2.4. Ocena stopnia peroksydacji lipidow
Stopien peroksydacji lipidow w homogenacie oznaczono przy uzyciu kwasu
tiobarbiturowego (TBA) opisanego przez Stocks 1 Dormandy (Stocks 1 Dormandy, 1971)
z modyfikacjq Rice-Evans i wsp. (Rice-Evans i in., 1991). W niskim pH TBA reaguje
z produktami peroksydacji lipidow tworzac barwne produkty TBARS (thiobarbituric acid
reactive substances). Koncowe produkty reakcji oznaczono przy 535 nm, a stezenie TBARS
obliczono stosujgc milimolowy wspoélczynnik absorpeji (¢ = 156 mmol’-L-cm™). Stezenie
TBARS wyrazono w nmol/mg bialka.
2.5. Oznaczenie stezenia zredukowanego glutationu
Stezenie zredukowanego glutationu (GSH) w homogenatach oznaczono przy uzyciu
odczynnika Ellmana (kwas 5,5'-ditiobis(2-nitrobenzoesowy); DTNB) (Ellman, 1959). Podczas
reakcji DTNB z wolnymi grupami tiolowymi zredukowanego glutationu, powstaje optycznie
aktywny 2-nitro-5-tiobenzoesan (NTB). Poziom powstajacego NTB, oznaczano
spektrofotometrycznie przy dlugosci fali A = 412 nm. Stezenie GSH obliczono w oparciu
o rownanie krzywej kalibracyjnej przygotowanej dla roznych stezen zredukowanego glutationu

1 wyrazono w nmol/mg bialka.



2.6. Oznaczenie aktywnosci katalazy
Aktywnoé¢ katalazy w homogenatach zostala oznaczona spektrofotometrycznie
w oparciu o metode Aebi (1984). Stezenie rozkladanego, przez obecng w homogenacie
katalaz¢. nadtlenku wodoru mierzono przez 1 min. przy dhugosci fali 2 = 240 nm. Spadek
absorbancji rowny 0,036 przyjmowano jako 1 jednostke aktywnosci enzymu (1U). Aktywnosc
katalazy w homogenatach wyrazono jako U/mg biatka/min.
2.7, Oznaczenie calkowitego nieenzymatycznego potencjalu antyoksydacyjnego
Do oznaczenia calkowitego nicenzymatycznego potencjalu antyoksydacyjnego
zastosowano metode opisana przez Benzie i Strain (1996). Metoda polega na redukcji
kompleksu zelazotripirydylotriazyny [Fe(III)-TPTZ] do zelaza [Fe-(II)] w niskim pH.
Kompleks zelaza [Fe(IlI)-TPTZ] zredukowany przez antyoksydanty obecne w homogenacie
ma Intensywnie niebieska barwe z maksimum absorpcji przy dhigosci fali A = 593 nm.
Nieenzymatyczny potencjat antyoksydacyjny homogenatu zostat wyrazona w rownowaznikach
Troloxu wykorzystanego do przygotowania krzywej kalibracyjnej, a uzyskane wyniki podano
w nmol/mg bialka.
2.8. Analiza zawartosci jonéw sodowych w tkankach roslin
Badania dotyczace zawartosci jonow sodowych w tkankach roslin prowadzono
w oparciu o metodyke opisang przez Iseki 1 in., 2017. Nadziemne czg¢sci roslin zostaly pocigte
1 wysuszone w piecu w temperaturze 70 °C przez 12 godzin. Po wysuszeniu rosliny utarto
w mozdzierzu, a nastepnie pobrano 50 mg materialu roslinnego i dodano do niego
1 ml wody destylowanej. Tak przygotowane probki wytrzasano wraz z metalowymi kulkami
przez 15 minut na homogenizatorze Tissue Lyser II (Qiagen). Nastepnie probki odwirowano

(10 000 obrotow/min, 10 minut). Pobierano 400 pl supernatantu 1 badano steZenie jonow



sodowych (ppm) na mierniku Na LAQUA Twin. Miernik wezesniej skalibrowano, w oparciu
o mstrukcje producenta.
2.9.Wykonane analizy statystyczne

Analizy statystyczne wynikow obejmowaly sprawdzenie zgodnosci rozkladu danych
z rozkltadem normalnym za pomoca testu Shapiro-Wilk’a. Homogennos¢ wariancji oceniono
za pomoca testu Levene'a. Nastepnie dla danych wykazujacych zgodnoé¢ z rozkladem
normalnym 1 homogenno$¢ wariancji przeprowadzono dwuczynnikowa analize wariancji
ANOVA, a nastepnie test post hoc Tukey’a. W przypadku danych niewykazujacych zgodnosci
zrozkladem normalnym do analizy statystycznej zastosowano test nieparametryczny Kruskala—
Wallisa oraz test U Manna-Whitneya. Istotnos¢ statystyczna byta akceptowana dla p <0,05.
Analizy statystyczne przeprowadzono przy uzyciu programu Statistica v. 13.3 (StatSoft Polska,
Krakow, Polska). Dane na wykresach przedstawiono w postaci mediany i rozstepu

¢wiartkowego (IQR - interquartile range).

3. Wyniki
3.1.Analiza aktywnosci systemow antyoksydacyjnych u roslin narazonych na zasolenie
Stopien peroksydacji lipidow. Dla situ rozpierzchlego z kontroli podlewane; woda
z pozywka (K1) wykazano statystycznie istotnie mniejszy stopien peroksydacji lipidow
w porownaniu z roslinami traktowanymi woda kranowa 1 NaCl (stezenie 1000 mg/L) (C22).
Dla oczeretu jeziornego niec wykazano statystycznie istotnych réznic w stopniu peroksydacji
lipidéw pomiedzy badanymi préobami. W przypadku C12, K2 oraz C22 stopien peroksydacji
lipidow byt wyzszy u roslin z gatunku sit rozpierzchly niz u oczeretu jeziornego (Ryc. 3a).
Stezenie zredukowanego glutationu (GSH). W przypadku situ rozpierzchlego nie
wykazano statystycznie istotnych réznic w stezeniu zredukowanego glutationu pomiedzy

badanymi probami. Natomiast dla oczeretu jeziormego wykazano statystycznie mmniejsze
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stezenie zredukowanego glutationu w roslinach traktowanych woda z pozywka 1 NaCl (stezenie
200 mg/L) (C11) a roslinami traktowanymi woda kranowa 1 NaCl (stezenie 200 mg/L) (C21).
Z wyjatkiem roélin w czasie aklimatyzacji (K), we wszystkich pozostatych kategoriach (K1,
Cl11,C12,K2,C21, C22) stezenie zredukowanego glutationu bylo statystycznie istotnie wyzsze
W sicie rozpierzchlym niz w oczerecie jeziornym (Ryc. 3b).

Aktywnos$¢ katalazy. Sit rozpierzchly z kontroli podlewanej woda z pozywka wykazat
statystycznie istotnie wieksza aktywnos¢ katalazy niz sit traktowany woda z pozywka 1 NaCl
(stezenie 1000 mg/L) (C12) oraz sit traktowany wodg kranowg 1 NaCl (stezenie 1000 mg/L)
(C22). Dla oczeretu jeziornego nie wykazano statystycznie istotnych réznic w aktywnosci
katalazy pomiedzy probami, jednakze aktywnosc¢ katalazy w probach roslin podlewanych woda
kranowa (K2, C21, C22) byta wyzsza niz w roslinach podlewanych wodg z pozywka (K1, C11,
C12). W przypadku K, K1, K2, C21 oraz C22 aktywno$¢ katalazy byla wyzsza u roslin
z gatunku sit rozpierzchly niz u oczeretu jeziornego (Ryc. 3c).

Calkowity nieenzymatyczny potencjal antyoksydacyjny. Dla situ rozpierzchlego
w trakcie aklimatyzacji (K) catkowity nieenzymatyczny potencjal antyoksydacyjny byt istotnie
statystycznie nizszy niz w roslinach traktowanych woda kranowa 1 NaCl (stezenie 1000 mg
NaCl/L) (C22). W oczerecie jeziornym w trakcie aklimatyzacji (K) calkowity nieenzymatyczny
potencjal antyoksydacyjny byl wyzszy niz w roslinach traktowanych wodg z pozywka 1 NaCl
(stezenie 200 mg/L) (C11), woda z pozywka 1 NaCl (stezenie 1000 mg/L) (C12), roslinach
z kontroli podlewanej woda kranowa (K2), roslinach podlewanych wodg kranowa 1 NaCl
(stezenie 200 mg/L) (C21) oraz roslinach podlewanych woda kranowg i NaCl (stezenie 1000
mg/L) (C22). Oczeret jeziorny wykazal wyzszy catkowity potencjal antyoksydacyjny
W porownaniu z sitem rozpierzchtym we wszystkich kategoriach (K, K1, C11, C12, K2. C21,

C22) (Ryc. 34).

3.2. Stezenie jonow sodewych w tkankach roslin
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U obu gatunkdéw zaobserwowano wzrost zawartosci jonow Na™ w nadziemnych
czesciach roslin wraz ze wzrostem zastosowanych w czasie ekspozycji stezen NaCl. Dla situ
rozpierzchlego wykazano istotnie wyzsza zawarto$¢ jonéw Na™ w roglinach podlewanych woda
kranowa z NaCl (1000 mg/L) (C22; srednia 119,3 mg Na/g suchej masy) niz w roslinach
z kontroli podlewanej woda kranowg (K2; srednia 13,3 mg Na™/g suchej masy). Dla oczeretu
jeziornego wykazano istotnie wyzsza zawartos¢ jondw Na™ w roslinach podlewanych woda
kranowg z NaCl (1000 mg/L) (C22; srednia 77,7 mg Na'/g suchej masy) niz w roslinach
w czasie aklimatyzacji (K; srednia 14,1 mg Na'/g suchej masy), z kontroli podlewane) woda
z pozywka (K1; srednia 24,3 mg Na'/g suchej masy), podlewanych wodg z pozywka i NaCl
(stezenie 200 mg/L) (C11; srednia 18,3 mg Na™/g suchej masy) oraz z kontroli podlewane)
woda kranowa (K2; srednia 22.4 mg Na /g suchej masy). Nie wykazano statystycznie istotnych

réznic w zawartosci jondw Na™ pomiedzy dwoma gatunkami roslin (Ryc. 4).
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4. Dyskusja
4.1.Analiza parametrow stresu oksydacyjnego

Ze wzgledu na brak mozliwosci przemieszczania sie, rosliny s3 organizmami
szczegdlnie narazonymi na zmienne warunki srodowiska, w ktorym zyja. Do czynnikow
abiotycznych mogacych wywotywaé stres zalicza sie m.in. promieniowane UV, niedostatki
wody, obecno$¢ metali ciezkich w glebie, temperature i1 zasolenie (Olko, Kujawska, 2011).
W toku ewolucji roéliny wytworzyly mechanizmy pozwalajace im na regulacje stresu
oksydacyjnego (Hassan 1 m., 2017). O tym, w jakim stopniu rosliny beda w stanie zwalczy¢
toksyczny wplyw reaktywnych form tlenu, decyduje efektywno$¢ dzialania systemu
antyoksydacyjnego enzymatycznego i nieenzymatycznego. Do enzymow antyoksydacyjnych
naleza m.in.: dysmutaza ponadtlenkowa, katalaza oraz peroksydaza 1 reduktaza glutationowa.
Nieenzymatyczny system antyoksydacyjny stanowia z kolei czasteczki o matej masie
czasteczkowej zdolne do redukcji reaktywnych form tlemu. Do zwiazkow o takich
wiasciwosciach w komorkach naleza przede wszystkim glutation 1 kwas askorbinowy, ale takze
tokoferol i karotenoidy (Klosowska, 2010).

Proces peroksydacji lipiddow polega na utlenianiu wielonienasyconych kwasow
thuszczowych. Produkty tych reakcji mogag mie¢ negatywny wplyw na funkcjonowanie
komorek. Peroksydacja lipidow blonowych moze wpltywa¢ na system transportu blonowego,
a takze na plynnos¢ blony komorkowej i jej depolaryzacje (Bartosz, 2003). Poziom produktow
reagujacych z kwasem tiobarbiturowym (TBARS) w homogenatach situ rozpicrzchlego
poddanego dziataniu wysokiego stezenia NaCl z woda kranowa (C22) byl znaczaco wyzszy
w porownaniu z kontrolg z pozywka (K1). Znaczacych roznic w poziomie TBARS nie
zaobserwowano pomig¢dzy kontrolg z pozywka (K1) a sadzonkami situ poddanym wysokiemu
stezeniu NaCl z pozywka (C12). Wskazuje to, ze sktad pozywki podawanej ro§linom pomagat

komorkom w przeciwdzialaniu peroksydacji lipidow. Pozniejsze odstawienie pozywki
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spowodowalo znaczacy wzrost TBARS s$wiadczacy o utlenianiu kwasow tluszczowych.
Stopien peroksydacji lipidow w roslinach wystawionych za zasolenie byl wyzszy, co wskazuje
na to, ze zar6wno wysokie zasolenie jak i odstawienie pozywki i zastapienie jej woda kranowgq
spowodowaly wigkszy stres u situ. Na ochronne dzialanie pozywki wskazuje réwniez rézna
reakcja roslin, ktore w czasie aklimatyzacji podlewane byly woda kranowa, a w czasie
eksperymentu stanowily kontrole podlewana pozywka. Zaobserwowano u nich spadek
poziomu peroksydacji lipidow po dodaniu pozywki. jednak roéznica ta nie byla istota
statystycznie. Hassan 1 m. (2017) zaobserwowali réznice w stopniu peroksydacji lipidow
(wyrazonego jako zawarto$¢ wolnego dialdehydu malonowego MDA) w zaleZnosci
od tolerancji gatunku situ na zasolenie. Zwartos¢ MDA w sicie czlonowatym (Juncus
articulatus), wrazliwym na zasolenie. byla wyzsza niz u gatunkow tolerujacych zasolenie
(J. martimus i J. acutus) 1 wzrastala wraz ze zwigkszajacymi sie stezeniami NaCl. W przypadku
oczeretu jeziornego nie wykazano zadnych istotnych réznic w poziomie TBARS pomigdzy
analizowanymi wariantami badawczymi. Moze to wskazywac¢ na wieksza odpornos¢ tego
gatunku na zasolenie. Niemniej jednak, obserwujac poziom TBARS u obu gatunkow roslin,
zarowno pod wzgledem czasu jak i stgzenia soli, mozna przypuszczac, ze komorki oczeretu
jeziornego s mniej podatne na proces peroksydacji lipidow, a tym samym bardziej odporne na
stres.

Glutation (GSH) pelni kluczowa role w utrzymywaniu homeostazy komorkowe;).
Do jego funkeji zaliczy¢ mozna utrzymywanie grup tiolowych bialek w stanie zredukowanym.
Poziom grup tiolowych w biatkach jest bardzo czulym wskaznikiem procesow utleniania
bialek. Modyfikacje struktury bialek przez reaktywne formy tlenu moga powodowac utrate ich
funkeji 1 aktywnosei (Bartosz, 2003). W warunkach fizjologicznych ponad 99% glutationu

w komorkach wystepuje w formie zredukowanej (GSH), jednak w wyniku reakcji GSH
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zreaktywnymi formami tlenu, GSH zostaje utleniony do disulfidu glutationu (GSSG) (Bartosz,
2003).

W przypadku otrzymanych wynikow, nie zaobserwowano spadku stezenia GSH u situ
rozpierzchlego — we wszystkich wariantach, tj. zarbwno w czasie aklimatyzacji roslin,
jak rowniez po ich ekspozycji na zasolenie, stezenie GSH utrzymywato si¢ na takim samym
poziomie. Moze to wskazywac, ze zastosowane stezenia NaCl nie przyczynialy sie do redukeji
grup tiolowych bialek. Wyniki te wydaja sie niespdine z wczesniejsza obserwacja dotyczaca
peroksydacji lipidow u situ rozpierzchtego. Warto jednak zauwazy¢, ze stezenie GSH
w komorkach situ rozpierzchtego bylo wyzsze niz to oznaczone u oczeretu jeziornego. By¢
moze zaobserwowany u situ wyzszy poziom peroksydacji lipidow doprowadzit do wzmozone)
produkeii glutationu. W przypadku oczeretu jeziornego, zaobserwowano spadek stezenia GSH
w probach wystawionych na zasolenie (z pozywka) w poréwnaniu do roslin w trakcie
aklimatyzacji, jednak rdznica ta nie byla istotna statystycznie. Jedyna istotna roznica
W poziomie stezenia glutationu u oczeretu jeziornego zostata zaobserwowana pomiedzy
ro$linami traktowanymi woda kranowa i NaCl (200 mg/L) (C21) a ro$linami traktowanymi
woda z pozywka 1 NaCl (200 mg/L) (C11).

Dwa zbadane gatunki roélin roznily si¢ znaczaco pod wzgledem aktywnosci katalazy.
U oczeretu jeziornego aktywnos¢ tego enzymu utrzymywata sie na bardzo niskim poziomie
i nie r6znila si¢ istotnie pomigdzy wariantami. Natomiast u situ rozpierzchlego byla ona istotnie
wyzsza. Dla tego gatunku zaobserwowano rowniez roznice pomig¢dzy wariantami,
fj. aktywno$¢ katalazy w kontroli podlewanej woda z pozywka (K1) byla wyzsza niz
w roshinach traktowanych woda z pozywka 1 NaCl (stezenie 1000 mg/L) (C12) oraz woda
kranowa 1 NaCl (stgzenie 1000 mg/L) (C22). Spadek aktywnosci katalazy wraz
ze wzrastajagcymi stezeniami NaCl zaobserwowany zostal rowniez u Juncus rigidus

(Abd El-Maboud i in., 2023), a takze u trzech gatunkow situ (J acutus, J. martimus
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1 J. articulatus) przez Hassana 1 in. (2017). Hassan 1 wspolautorzy sugeruja, ze spadek
aktywnosci katalazy w roslinach moze wskazywa¢ na wysoce dynamiczny system
antyoksydacyjny badanych gatunkéw, u ktorych poziom enzymdéw antyoksydacyjnych zalezny
od intensywnosci, a takze dlugosci trwania stresu. Autorzy proponujg rowniez, ze aktywnosc
katalazy mogta by¢ wyzZsza zaraz po poczatkowej ekspozycji na NaCl, jednak wraz z uptywem
czasu (w cytowanych badaniach material ro§linny do analiz zebrany zostaly po 8 tygodniach),
ulegta ona obnizeniu.

Nieenzymatyczna aktywnos¢ antyoksydacyjna oczeretu jeziornego byla wyzsza od tej
zaobserwowanej u situ rozpierzchtego. Dodatkowo, u oczeretu parametr ten byl najwyzszy
w roslinach w czasie aklimatyzacji. Mozne to wskazywac, ze u oczeretu jeziornego to
nieenzymatyczne elementy odpowiedzi antyutleniajace; petnity glowna role w ochronie rosliny
przed stresem spowodowanym zasoleniem, zwazywszy réwniez na bardzo niskg aktywnosé
katalazy u tego gatunku. Dla oczeretu jeziornego nie zaobserwowano istotnych zmian
W poziomie glutationu pomiedzy badanymi wariantami, jednakze nie mozna wykluczyc,
ze poziomy innych antyoksydantow takich jak kwas askorbinowy, karotenoidy czy flawonoidy,
ulegaly zmianie wraz ze wzostem stezenia NaCl. Na przyklad, Zahoor 1 in. (2012)
zaobserwowali spadek zawartosci karotenoidéw u innego gatunku oczeretu (Schoenoplectus
Juncoides) wraz z rosnacymi stezeniami NaCl. Zawartos¢ antyoksydantéw w roslinach moze
zmieniac si¢g W rozny sposob, w zaleznosci od gatunku rosliny oraz jej tolerancji na zasolenie.
Hassan 1 in. (2017) zaobserwowali wzrost catkowitej zawartosci flawonoidow u trzech
gatunkow situ (Juncus acutus, J. martimus 1J. articulatus) wraz z rosnacymi stezeniami NaCl.
Natomiast, w badaniach przeprowadzonych na dwoch odmianach marchwi (jedna tolerujaca
zasolenie, druga wrazliwa na zasolenie) zaobserwowano spadek calkowite; zawartosci

zwigzkow fenolowych (TPC — total phenolic content) w odpowiedzi na zasolenie, a takze
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spadek stezenia kwasu askorbinowego w liSciach spowodowany stresem solnym, przy czym
spadek ten byt wyzszy w przypadku odmiany wrazliwe] na zasolenie (Kaminska i in., 2022).

Podsumowujac, sit rozpierzchly i oczeret jeziorny roznily sie w swojej odpowiedzi
antyoksydacyjnej na zasolenie. Sit jeziorny charakteryzowal sie wyzszymi stgzeniami GSH
oraz wyzszg aktywno$cia katalazy, natomiast oczeret jeziorny wykazal wyzszy catkowity
nieenzymatyczny potencjal przeciwutleniajgcy. Zastosowana w etapie I pozywka mogla
przyczyni¢ si¢ do podtrzymania kondycji obu gatunkdéw. Oczeret jeziorny wykazal mniejsza
zmienno$¢ badanych parametrow stresu oksydacyjnego, co moze wskazywac na jego wieksza
odporno$¢ na zasolenie w porownaniu do situ rozpierzchlego. Pomimo rdéznic, systemy
antyoksydacyjne obu gatunkow roslin byly wystarczajaco efektywne wobec ekspozycji
na zasolenie, co sugeruje, ze moglyby one by¢ wykorzystane na terenach narazonych
na zanieczyszczenie solg drogowa.

4.2.Analiza akumulacji jonow sodu w roslinach

Biorge pod uwage wczesniejsze doniesienia o zdolno$ci roslin z rodzaju Juncus
1 Schoenoplectus do akumulacji jondw sodu w swoich tkankach (Rozema i in. 2014; Guesdon
1 1n., 2016), w przedstawionych badaniach wybrano dwdch przedstawicieli tych rodzajow,
rodzimych dla flory Polski. Zgodnie z przyjetym wczesniej zalozeniem, zaréwno sit
rozpierzchly, jak i oczeret jeziorny wykazaly zdolnos¢ do akumulacji jondéw sodu w swoich
tkankach. W szczegolnosci dla situ rozpierzchlego, akumulacja jondw sodu byla znaczaca —
w roslinach po dwoch miesigcach ekspozycji na wysokie stgzenie NaCl (1000 mg/L) wyniosta
119,3 mg Na'/g suchej masy. Warto jednak zauwazy¢, Ze sit rozpierzchly, ktory zakumulowat
wigce) jonow sodowych, wykazal wieksza zmiennos¢ w parametrach stresu oksydacyjnego.
W przypadku oczeretu jeziornego srednia zawarto$¢ jonow sodu w roslinach po dwoch
miesigcach ekspozycji na wysokie stezenie NaCl wyniosta 77,7 mg Na’/g suchej masy.

Wartosci te sg podobne do tych zaobserwowanych u halofitow, fobody ogrodowe;j 1 tobody
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solniskowej, u ktoérych akumulacja w nadziemnych czesciach roslin wyniosta odpowiednio
53 mg Na'/g suchej masy 1 60 mg Na'/g suchej masy po 60 dniowej ekspozycji na stezenie
2000 mg NaCVL (Suaireiin., 2016).

Akumulacja jonow Na” oraz jonow Cl-moze skutkowac uszkodzeniem 1 obumieraniem
lisci, a objawy te beda zalezne od tempa akumulacji jonoéw oraz efektywnosci ich sekwestracji
w tkankach (Klosowska, 2010). Zwiekszona zawarto$¢ jonow sodu moze réwniez prowadzié
do obnizenia stosunku K*/Na®, co pociaga za sobg szereg zaburzen m.in. dotyczacych drég
metabolicznych (Klosowska, 2010). Pomimo ze w przeprowadzonych badaniach nie
zaobserwowano obumierania roélin wystawionych za zasolenie, akumulacja jonéw Na*™ w sicie
rozpierzchlym oraz oczerecie jeziornym wymaga dalszych badan, np. wykonania analiz
zawartosci jonow K™ czy Ca®*. Dodatkowe analizy pozwola na lepsza ocene przydatnosci tych
gatunkéw do stosowania np. W przydroznych sztucznych mokradtach lub innego typu
Rozwigzaniach Bliskich Naturze (NBS) stosowanych coraz powszechniej w miastach

(np. w sekwencyjnych systemach sedymentacyjno-biofiltracyjnych; Jurczak 1 n., 2019).

S. Whnioski

Wstepne badania zaprezentowane w pracy wskazuja. ze sit rozpierzchly oraz oczeret
jeziorny wykazuja potencjal do fitodesalinizacji terenow zanieczyszczonych sola drogowa.
Zbadane parametry stresu oksydacyjnego pokazuja, ze systemy antyoksydacyjne roslin byly
w stanie ochroni¢ je w warunkach podwyzszonego zasolenia. Odpowiedz antyoksydacyjna tych
gatunkéw roznita sie miedzy sobg — oczeret jeziorny wykazal mniejsza zmiennosé pod
wzgledem parametrow stresu oksydacyjnego, co wskazuje na jego wyzszg tolerancje
na zasolenie. Oba gatunki wykazaly rowniez zdolnos¢ do akumulowania jonow sodowych, przy

czym sit rozpierzchty okazal sig pod tym wzgledem Dbardziej skuteczny.
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6. Podzickowania

Analizy z uzyciem homogenizatora Tissue Lyser II przeprowadzono w Pracowni

Obrazowania Mikroskopowego i Specjalistycznych Technik Biologicznych Wydzialu Biologii

i Ochrony Srodowiska Uniwersytetu L.odzkiego.
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