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STRESZCZENIE

Rosnaca popularno$¢ technologii zielonych dachéow moze przyczyni¢ si¢ do
zrOwnowazonego rozwoju miast oraz wptyna¢ na poprawe warunkéw zycia mieszkancow.
Powodzenie uprawy roslin w tej technologii zalezy w gtownej mierze od wtasciwego sktadu
podtoza uprawnego oraz odpowiedniego doboru gatunkow roslin. Dostepne na rynku substraty
komercyjne bazuja przede wszystkim na drogich w transporcie, niedostgpnych lokalnie,
lekkich materiatach pochodzenia wulkanicznego, ktore drastycznie wplywaja na wartos¢
koncowa produktu, ograniczajac tym samym dostgpnos$¢ tego rozwigzania. Wykorzystanie
rodzimych gatunkéw roslin rdOwniez pozostaje innowacyjng taktyka. W sprzedazy powszechne
sa bowiem mieszanki zi6t i traw, w ktorych sktadzie dominujg gatunki obce.

Celem badan stanowigcych podstawe rozprawy doktorskiej byla ocena mozliwosci
wykorzystania materiatow odpadowych jako komponentéw podtozy do dachow
ekstensywnych. Dostepne lokalnie odpady zostaly poddane szczeg6towej analizie wtasciwosci
fizyko-chemicznych, by ostatecznie wej$¢ w sktad przygotowanych mieszanek podtozowych —
przebadanych przed rozpoczgciem uprawy, jak i po zakonczeniu poszczegdlnych cykli
wegetacyjnych. W pracy wykorzystano trzy rodzime gatunki ro$lin stanowisk
kserotermicznych: Hieracium pilosella L., Sedum acre L. oraz Dianthus carthusianorum.
Wyniki badan zostaty zamieszczone w trzech oryginalnych publikacjach naukowych. W sktad
rozprawy doktorskiej wchodzi tez monografia zawierajaca charakterystyke materialow
odpadowych, ktére moga by¢ wykorzystane w technologii ekstensywnych zielonych dachow.

Prace badawcze wykonane w latach 2013-2015 wykazaty, ze zastosowane materialy
odpadowe moga stanowi¢ dobry i tani element sktadowy podtozy do uprawy w technologii
dachow ekstensywnych, przyczyniajac si¢ do wzrostu dostgpnosci zaktadania ogrodéw
na dachach w Polsce oraz zmniejszenia objetosci odpadow na sktadowiskach. Ze wzgledu
na mozliwe zanieczyszczenie odpadéw metalami ciezkimi podkreslono konieczno$¢ wykonywania
analiz fizyko-chemicznych, przed skomponowaniem mieszanek podtozowych. Zwrdcono
uwagg na pozytywny wptyw opadow krzemionkowych na wzrost roslin, biomas¢ czy warto$¢
dekoracyjna. Wszystkie trzy badane gatunki roslin wykazaty wysoka zdolno$¢ adaptacji do
warunkow panujacych na zielonym dachu, szczegolnie H. pilosella L. 1 S. acre L.

Dobre zarzadzanie zielonymi dachami, pozwalajace uzyska¢ maksymalne korzysci
dla srodowiska miejskiego, wymaga wiedzy o wptywie gatunkow roslin na skiad podtoza
i odwrotnie. Zaakcentowano konieczno$¢ prowadzenia dalszych badan, skupiajacych
si¢ na dynamice obiegu skladnikoéw pokarmowych w ekosystemie zielonego dachu,
jak réwniez okreslenia stopnia zanieczyszczenia wod odptywowych.

Stowa kluczowe: materialty odpadowe, zielone dachy, substraty, wlasciwosci
fizyko-chemiczne



SUMMARY

The growing popularity of green roof technology can contribute to the sustainable
development of cities and improve the living conditions of city residents. The successful
cultivation of plants in this technology depends mainly on the correct composition
of the growing medium and the appropriate selection of plant species. Commercial substrates
available on the market are mostly based on expensive to transport and locally inaccessible
light volcanic materials, which drastically affects the final price of the product, thus limiting its
availability. The use of native plant species is also an innovative tactic; mixtures of herbs
and grasses, mostly foreign species, are commonly sold.

The aim of the research constituting the basis of the doctoral dissertation was to assess

the possibility of using waste materials as components of extensive roof substrates.
The locally available waste was subjected to a detailed analysis of its physicochemical
properties in order to eventually be included in prepared substrate mixtures (which were tested
before the start of cultivation and after the completion of individual vegetation cycles). Three
native plant species of xerothermic sites were used in the study: Hieracium pilosella L., Sedum
acre L., and Dianthus carthusianorum. The results of the research were published in three
original scientific publications. The doctoral dissertation also includes a monograph containing
the characteristics of waste materials that can be used in the technology of extensive green
roofs.

The research work carried out from 2013 to 2015 showed that the used waste materials
can be a good and cheap component of substrates used for plant growing in the extensive roof
technology, which may contribute to the increase in the popularity of roof gardens in Poland
and the reduction of the amount of waste in landfills. Due to possible contamination with heavy
metals, the necessity to perform physical and chemical analyzes of waste, before composing
base mixtures, was emphasized. Attention was paid to the positive effect of silica precipitation
on plant growth, biomass, and decorative value. All three plant species showed high
adaptability to green roof conditions, especially H. pilosella L. and S. acre L.

Good management of green roofs, in order to obtain the maximum benefits for the urban
environment, requires knowledge of the effect of plant species on the composition
of the substrate and vice versa. The need for further research was emphasized, focusing
on the dynamics of the circulation of nutrients in the green roof ecosystem and determining
the degree of contamination of wastewater.

Keywords: waste materials, green roofs, substrates, physico-chemical parameters
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WPROWADZENIE

Miasta nieustannie si¢ rozwijaja, przyciagajac coraz wigksza liczbe mieszkancow.
Obecnie ponad polowa §wiatowe] populacji ludzkiej mieszka w miastach. Wspodlczesne
aglomeracje budowane sa z betonu, zaktadaja korzystanie z paliw kopalnych i sg uzywane
z logika liniowa, generujac tym samym duzo odpaddéw [Marouli i in. 2022] oraz wplywajac
na zwigkszenie odptywu wod opadowych i gromadzenie si¢ zanieczyszczen [Chow i Yusop
2019]. W trosce o nierespektowane prawa przyrody dostrzezono potrzebg ich ,,renaturyzacji”
zmierzajaca do uczynienia miast bardziej zielonymi przy uzyciu optacalnych, lokalnie
dostosowanych rozwigzan [Komisja Europejska 2021]. Powszechny efekt miejskiej wyspy
ciepta wymusza wigksze naklady chtodzenia budynkéw za pomocg systemoéw klimatyzacji.
Zielone dachy stanowig promowane rozwigzanie problemu wysokich temperatur,
kontrolowania odpltywu wody opadowej (nawet o okoto 45-100%) i og6lnej poprawy jakosci
zycia w mie$cie [Dunnett i Kingsbury 2004, Mentens i in. 2006, Oberndorfer i in. 2007, Sutton
2015, Chow 1 in. 2017]. Podobnie jak inne miejskie tereny zielone, majg rOwniez znaczenie
ekologiczne. Przyciagajac miejskg faun¢ wspieraja tworzenie bardziej zréznicowanych
biologicznie miast [Wooster i in. 2022].

Wyrdznia si¢ trzy glowne typy zielonych dachow: intensywny, semi-intesywny
oraz ekstensywny. Dach ekstensywny charakteryzuje si¢ najmniejsza glebokoscig podtoza
(2-20 cm), umozliwiajaca wzrost roslin o plytkim systemie korzeniowym i wysokiej
odporno$ci na susz¢. Jest on rowniez latwiejszy w utrzymaniu i bardziej odpowiedni
dla r6znych typow budynkéw [Carson i in. 2012]. Plytkie podtoze jest rowniez czgsto
wybierane przez wzglad na nizsze koszty infrastruktury [Heim i Lundholm 2022]. Powodzenie
projektu zielonego dachu zalezy od kilku kluczowych czynnikow, w tym od prawidlowego
sktadu podloza uprawowego. Jego odpowiednia formula zapewnia przetrwanie roslin
1 stabilno$¢ ich populacji na przestrzeni czasu [Gabrych i in. 2016, Vijayaraghavan 2016].

Na rynku dostgpne sa dwa rodzaje podtozy do stosowania w technologii zielonych
dachow: komercyjne (opracowane przez firmy zajmujace si¢ zielonymi dachami)
i niekomercyjne (opracowane przez osoby fizyczne lub instytucje badawcze) [Ampin i in.
2010]. Mieszanki niekomercyjne sa zwykle oparte na podstawowych wytycznych
do projektowania, wykonywania 1 pielegnacji zielonych dachéw (FLL 2015 — wydanie
rozszerzone o przepisy polskie, wydane przez Stowarzyszenie DAFA), natomiast sktad
mieszanek komercyjnych jest czesto poufny [Emilsson i Rolf 2005]. Mimo to specyfika
wigkszosci substratow do zielonych dachdéw nie rézni si¢ zbytnio pod wzgledem wiasciwosci
fizycznych — wszystkie muszg by¢ lekkie, stabilne, dobrze napowietrzone, umozliwiajace
swobodny drenaz i zdolne do zatrzymywania sktadnikéw odzywczych [Friedrich 2008].

Idealne podtoze ekstensywnego zielonego dachu oparte na materiatach mineralnych
zawiera lekkie, dobrze przepuszczalne materiaty charakteryzujace si¢ odpowiednia zdolno$cia
zatrzymywania wody i1 sktadnikow odzywczych, zdolnoscig buforowania (tak, aby makro-
i mikroelementy byty w formach dostgpnych dla roslin) oraz odpornoscia na degradacje
[Olszewski 1 Young 2011, Gabrych i in. 2016, Vijayaraghavan 2016]. Niemieckie
Towarzystwo Naukowo-Badawcze Krajobrazu i Rolnictwa (FLL) opracowato charakterystyke
komponentéw substratow do technologii dachow zielonych. Wyr6zniono 14 kategorii
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oceniajacych wlasciwosci fizyczne i chemiczne podtozy, m.in. zawarto$¢ materii organicznej,
sktad granulometryczny czy tez gesto$¢ objetosciowa [FLL 2008, 2015], ktore stanowig punkt
odniesienia do projektowania, wykonywania oraz pielegnacji zielonych dachéw réowniez
na terenie Polski.

Typowe podtoze dachowe sktada si¢ w 70-95% z frakcji mineralnych z materiatlami
organicznymi i nawozem o kontrolowanym rozpuszczaniu [Sutton 2015]. Odpowiednia ilo$¢
lekkich i porowatych czastek mineralnych, takich jak pumeks, lawa, keramzyt, tupki, popiot
wulkaniczny, perlit i gruboziarnisty piasek moga zapewni¢ niskg gesto$¢ i przepuszczalno$é
podtoza [Emilsson 2008]. Zwykle dodaje si¢ niewielkg ilo$¢ (2-10%) materialdw organicznych
w postaci kompostu lub torfu, aby poprawi¢ zawarto$¢ sktadnikéw pokarmowych w podtozu
oraz podnie$¢ pojemnos$¢ wodng [Oberndorfer i in. 2007, Sutton 2015]. Podloza dachowe
muszg zapewnia¢ nie tylko stabilng strukture umozliwiajaca ukorzenienie ro$lin, ale takze
odpowiednie odzywienie wspierajace rozwoj roslin. Wiekszos¢ lekkich podtozy o niskiej
zawartos$ci materii organicznej wymaga uzupetniania wody 1 sktadnikéw odzywczych w celu
utrzymania prawidlowego wzrostu roslin [Bradley i in. 2006].

Obecnie rosnie zainteresowanie wykorzystaniem odpaddéw/materiatéw z recyklingu
w celu zmniejszenia negatywnego wptywu na $rodowisko i zdrowie ludzi. Podloza oparte
na odpadach s3 stosunkowo tanie w porOwnaniu ze standardowymi substratami
przemystowymi, ktére zazwyczaj skladaja si¢ ze modyfikowanych lub importowanych
mineralow. Materialy pochodzace z recyklingu, ktore sg czgsto wykorzystywane do produkcji
podlozy na komercyjne zielone dachy, obejmuja pokruszone cegly lub plytki czy tez
pokruszony beton [Ampin 1 in. 2010]. Wykorzystanie tych materiatdw moze obnizy¢ koszty
transportu, zamieniajac sktadowane lokalnie materialy o niskiej wartosci w uzyteczny sktadnik
podtoza [Emilsson 2008], jak rowniez obnizy¢ $lad weglowy zielnych dachow do 73% [Tams i
in. 2022].

W literaturze $wiatowej opublikowano stosunkowo niewiele badan na temat
mozliwo$ci wykorzystania materiatéw odpadowych jako elementow skladowych podioza w
technologii zielonych dachow. Przebadano podloza na bazie: odpadéow plyt kartonowo-
gipsowych, betonu, gontéw dachowych, szkta i scinkow drewna, przetwarzajac te materiaty na
kruszywo. Wyniki wykazaty, ze materiaty odpadowe — zwlaszcza kruszywo z betonu — moga
powodowac¢ znacznie wigksze obcigzenia strukturalne niz inne podtoza komercyjne [Carson i
in. 2012]. Wykazano réwniez ogromny potencjal lokalnie pozyskiwanych materiatow
alternatywnych, takich jak pokruszone granulki z czerwonej cegly (wytworzone z gliny i osadu
Sciekowego), popidt papierowy (z gazet z recyklingu) i wapien weglowy w technologii
zielonych dachéw [Molineux i in. 2009].

Solano i in. [2012] zbadali podtoza z okruchami gumy (z opon z recyklingu) jako
lekkim materialem do uszlachetniania podtoza zielonego dachu. Pomimo uwalniania si¢ cynku
(Zn) z tego materiatu, okruchy gumy z recyklingu opon moga by¢ uzywane jako cenny
sktadnik, jesli potaczy si¢ je z innym medium (np. Rooflite®, Skyland USA, Landenberg, PA,
USA). Substraty charakteryzujace si¢ wysokimi zdolno$ciami wymiany kationdéw moga
hamowa¢ uwalnianie cynku z okruchow gumy i umozliwia¢é ponowne wykorzystanie tego
materiatu odpadowego. Niemniej jednak nalezy pamigtaé, ze kazdy pojedynczy sktadnik
bedzie miat wptyw na wlasciwosci chemiczne i fizyczne podloza uprawowego. Materiaty
odpadowe moga zawiera¢ wiele pierwiastkow, ktore sa zarowno korzystne, jak i1 potencjalnie
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toksyczne dla roslin. Zanim jakikolwiek komponent bedzie mozna uzna¢ za warto$ciowe
zrédto do zastosowania w podtozach uprawowych, powinien on spetnia¢ szereg kryteridw,
takich jak odpowiednie wlasciwosci fizyczne i chemiczne, a zwlaszcza powinien by¢ wolny
od zanieczyszczen lub mie¢ stosunkowo niski ich poziom [Pereira i in. 2004].

W badaniach laboratoryjnych przeprowadzonych przez Mickovski i in. [2013]
przetworzone materialty odpadowe zostaly zmieszane z inertng gling i kompostem,
co zapewnito dobry drenaz, stosunkowo stabilng strukture oraz odpowiednie warunki wzrostu
dla traw 1 rozchodnika. Young i in. [2014] oceniali znaczenie kompostu z odpadow zielonych i
kory drzew iglastych, pokruszonej czerwonej cegly odpadowej oraz dodatku wodochtonnego
(hydrozelu) w uprawie Lolium perenne. Kompost z odpadéw zielonych, ze wzgledu na wyzsza
niz w korze zawarto$¢ sktadnikéw pokarmowych dostepnych dla roslin, spowodowat znaczny
wzrost biomasy ro$linnej. Bates 1 in. [2015] podczas szeScioletniego eksperymentu z uprawg
mieszanki tgkowych kwiatéw zastosowali pokruszong cegle, pokruszony kruszywo
rozbiérkowe, popiot denny ze spalarni odpadéw komunalnych i dwie rézne ich mieszanki.
Biomasa roslinna byta podobna we wszystkich kombinacjach, ale wysoki dodatek pokruszone;j
cegly w podtozu pozytywnie wptynat na zdolno$¢ do wysiewu wigkszej liczby gatunkow.
Grard 1 in. [2015] wykorzystali lokalne odpady organiczne jako sktadnik substratu do uprawy:
kompost z odpadéw zielonych z miejskich parkéw publicznych i1 terenéw zielonych,
pokruszone drewno z terenéw publicznych 1 mielonej kawy z grzybnig Pleurotus ostreatus
z farmy produkujacej grzyby. Stwierdzono, ze wykorzystanie lokalnie dostgpnych materiatow
odpadowych moze zapewni¢ wysoki poziom produkcji roslinnej przy ograniczonych
naktadach. Do podobnych wnioskéw doszli Eksi i in. [2020] w do$wiadczeniu, w ktorym
sprawdzano potencjat materiatow pochodzacych z recyklingu (thuczen betonowy, pokruszone
cegly, trociny i kompost z odpadéw komunalnych) oraz materiatow dostepnych lokalnie w
Stambule (zestalona lawa, pumeks, zeolit, perlit i obornik). Asaf i in. [2020] wskazali torf
kokosowy i tani, lokalny tuf wulkaniczny jako obiecujacy wybor dla sktadu podioza zielonego
dachu. Wykazano jednak, ze sktadniki organiczne, takie jak torf kokosowy, zwigkszaja
5,2-krotnie swoja poczatkowa mas¢ przy najwigkszej zawarto$ci wody [Cascone 2019].
Podobne wyniki uzyskali Xue i1 Farell [2020], ktorzy oceniali wptyw lokalnie dostgpnych
organicznych materiatow odpadowych (grube wtokno kokosowe, drobne widkno kokosowe,
kompostowane odpady zielone, tupiny migdaléw i pistacji) na wiasciwosci fizyczne i
chemiczne podioza przygotowanego na bazie zuzla. Werdin i in. [2021] do podioza opartego na
zuzlu dodali dwa rodzaje biowegla o réznej wielkosci czastek. Dodatek drobnych frakceji
wplynat na zwigkszenie retencji wodnej przy jednoczesnym zmniejszeniu szybkosci infiltracji,
podczas gdy udziat wickszych frakcji biowggla w substracie zwickszyt dostepnos¢ wody dla
ro$lin przy utrzymaniu dobrego drenazu oraz zmniejszyl mas¢ podtoza.

Ekstremalne warunki $rodowiskowe, takie jak upal, susza i ograniczona objetos¢
podtoza uprawowego w ekstensywnych ogrodach dachowych wymagaja odpowiedniego
doboru ro$lin. Sukulenty sg dobrze przystosowane do takich warunkéw [Thuring i in. 2010].

Gatunki rozchodnika majg zdolno$¢ ograniczania transpiracji i magazynowania wody,
co pomaga im przetrwaé w warunkach suszy. To sprawia, ze s najpopularniejszymi gatunkami
na plytkie ekstensywne zielone dachy na catym $wiecie [Monterusso i in. 2005, Schrader
1 Boning 2006, Carson i in. 2012, Farrell i in. 2012, Rowe 1 in. 2012]. Nie sg gatunkami
rodzimymi w wielu cze$ciach $wiata i dlatego moga nie by¢ przystosowane do lokalnych
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warunkow pogodowych [Vijayaraghavan 2016]. Warto podkresli¢, ze naduzywanie
rozchodnika na ekstensywnych zielonych dachach przyczynia si¢ do powstawania niestabilnych
monokultur [Sutton 2008]. Gabrych i in. [2016] stwierdzili, ze ilo$¢ ro$lin rozchodnika
zmniejszala si¢ z czasem, zwlaszcza na podtozach o glebokosci wigkszej niz 5 cm.

Ogolnie rzecz biorac, projekt zielonego dachu powinien wspiera¢ biordéznorodnos¢,
ktéra jest kluczowa w dlugoterminowej uprawie oraz zapewnia zrdéwnowazony rozwoj
srodowiska [Sutton 2008]. Przy wyborze gatunkdéw ros$lin nalezy uwzglednia¢ ich
wytrzymato$¢, wzrost i przystosowanie do lokalnych warunkach $rodowiskowych [Kohler
iPoll 2010]. Inne kryteria wyboru materialu roslinnego powinny obejmowac tatwosc
rozmnazania, szybkie zasiedlenie i wysoka gestos¢ pokrycia gruntu [Beattie i Berghage 2004].

Niektorzy naukowcy oceniajg zielone dachy jako potencjalny sposob na przywrdcenie
rodzimych gatunkow ro$lin na danym obszarze [Getter i Rowe 2006, Dunnett i in. 2008, Van
Mechelen i in. 2014]. Jednym z kierunkoéw poszukiwan staty si¢ gatunki roslin, ktére mozna
zastosowa¢ zamiast rozchodnika na zielonych dachach w réznych regionach geograficznych i
klimatycznych. Nektarios i in. [2011, 2015, 2016a, 2016b] badali: Sedum sediforme, Dianthus
fruticosus, Ebenus cretica i Cirthmum maritimum na ekstensywnych zielonych dachach w
$rodziemnomorskich warunkach srodowiskowych. W innych doswiadczeniach prowadzonych
w tym samym regionie klimatycznym wykorzystano Lavandula angustifolia [Kotsiris 1 in.
2012], Lotus creticus 1 Asteriscus maritimus [Ondofio 1 in. 2015], a Benvenuti i Bacci [2010]
przebadali dwadzie$cia rodzimych gatunkéw. Blanusa i1 in. [2013] wskazali na ogromny
potencjat Stachys byzantine w klimacie Wielkiej Brytanii, a Vijayaraghavan i Joshi [2014]
zalecaja Portulaca grandiflora jako odpowiednig rosling zielonego dachu dla tropikalnego,
mokrego 1 gorgcego klimatu Indii. Natomiast Schweitzer i Erell [2014] doszli do wniosku, ze
Aptenia cordifolias jest wytrzymala na susz¢ i pobiera mniej wody w goragcym, suchym
klimacie Izraela. Mimo to, wcigz nie ma duzej ilosci badan nad stanem odzywienia roslin
uprawianych na zielonych dachach.

Biomasa roslin i parametry jako$ciowe sg $ciSle zwigzane ze stanem odzywienia
ro§liny. Nieodpowiednia (tj. nadmierna Iub niedostateczna) zawarto$¢ skladnikow
pokarmowych oraz obecno$¢ pierwiastkow toksycznych w podiozu uprawowym czesto
skutkuje wyraznym spadkiem biomasy roslin, a takze niskg jako$cig roslin i wrazliwo$cig na
stresy abiotyczne lub biotyczne. Ponadto nadmierna zawarto$¢ pierwiastkow toksycznych
moze mie¢ negatywny wplyw na S$rodowisko: np. poprzez wymywanie sktadnikow
pokarmowych lub emisje gazéw [Barker i Pilbeam 2007]. Z tego wzgledu ocena zawartos$ci
sktadnikéw pokarmowych ro$lin jest niezbedna dla uzyskania lepszych zalecen dotyczacych
sktadu podtoza w oparciu o materialty odpadowe i powinna stanowi¢ cze$¢ projektu zielonego
dachu.
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HIPOTEZY BADAWCZE

Na podstawie aktualnego stanu wiedzy na temat zielonych dachéw ekstensywnych
oraz badan wlasnych postawiono nast¢pujace hipotezy badawcze:

1. Lokalnie wystepujace materialy odpadowe moga by¢ dobrym i tanim surowcem
do przygotowania podtoza dachowego o wlasciwosciach poréwnywalnych
do komercyjnych substratow dostepnych w handlu, produkowanych na bazie
importowanych i drogich sktadnikéw.

2. Podloza z dodatkiem odpadu krzemionkowego moga poprawi¢ warunki wzrostu
1 rozwoju gatunkéw uprawianych w technologii zielonych dachow poprzez stymulujace
dziatanie krzemu na mechanizmy odpornos$ci roslin.

3. Rodzime gatunki roslin, charakterystyczne dla stanowisk slonecznych i suchych,
stanowig dobrg alternatywe dla powszechnie stosowanych z rodzaju Sedum (L.).

CEL PRACY

Zasadniczym celem prowadzonych doswiadczen byto:

1. Sprawdzenie przydatnosci alternatywnych surowcéw jako komponentéw podiozy
dachowych poprzez wykonanie analizy ich wtasciwosci fizyko-chemicznych.

2. Opracowanie receptur substratow uprawowych w oparciu o lokalnie dostgpne materiaty
odpadowe.

3. Ocena zmian wiasciwosci fizyko-chemicznych tych podtozy w czasie.

4. Sprawdzenie przydatno$ci rodzimych gatunkéw roslin stanowisk kserotermicznych
w technologii zielonych dachow ekstensywnych.

5. Ocena stanu odzywienia oraz wizualna ro$lin w czasie.

MATERIAL I METODYKA

Szczegotowy opis metod badawczych, ktore zostaty wykorzystane do realizacji wyzej
wymienionych zadan zostatl przedstawiony w rozdziatach pt. ,Materials and Methods”
poszczegolnych publikacji.

Skrécone wersje metodyki zostaly opisane w streszczeniach publikacji zawartych
w autoreferacie pracy doktorskie;j.

11:3780122034
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STRESZCZENIA ZAL.ACZONYCH PUBLIKACJI

1. Publikacja nr 1:

Krawczyk A., Domagata-Swigtkiewicz 1., Lis-Krzyscin A. 2016. Materialy odpadowe
wykorzystywane do produkcji podtozy uprawowych do zaktadania ekstensywnych zielonych
dachow. [W:] Wspoiczesne kierunki badan nad roslinami ozdobnymi w Polsce. Monografia
PAN. Red. A. Bach i in. Wyd. Uniwersytet Rolniczy w Krakowie, Krakow: 345-357.
Punktacja MNiSW 2016: 4

Tematem publikacji byt przeglad literatury na temat mineralnych i organicznych
materialdow odpadowych w konteks$cie ich potencjalnego wykorzystania w produkcji podtozy
do technologii ekstensywnych zielonych dachéw. Za punkt odniesienia przyj¢to
charakterystyke podlozy opracowana przez Niemieckie Towarzystwo Naukowo-Badawcze
Krajobrazu i Rolnictwa (FLL), ktora zawiera 14 kategorii oceniajacych wlasciwosci fizyczne
ichemiczne substratdw uprawowych (m.in. zawartos¢ materii organicznej, sktad
granulometryczny, czy tez gestos¢ objetosciowa). Podtoze powinno charakteryzowac si¢ niska
gestoscig objetosciowy (0,6-1,2 g - cm™) oraz wysokg przepuszczalno$cig przy jednoczesnym
zachowaniu wysokiej pojemnosci wodnej (35-36%) i sorpcyjnej w stosunku do sktadnikow
pokarmowych, niezb¢dnych do wzrostu roslin.

Przedstawione wyniki wilasne oraz ré6znych autorow wykazaty przydatnos¢ dostepnych
lokalnie odpadéw oraz materialdw mineralnych (takich jak cegla rozbiorkowa, kruszywo
krzemionkowe po kilkuletnim sktadowaniu, tupki przepalone z hald, odpad po produkcji
pieczarek czy kompost miejski), jako alternatywy do powszechnie stosowanych, drogich
w wytwarzaniu oraz transporcie materiatow mineralnych (takich jak perlit, wermikulit, zeolit,
keramzyt czy pumeks).

Zwrocono uwage na wazny aspekt proekologiczny, jakim jest recykling odpadéw,
podkreslajac jednak konieczno$¢ wykonania analiz fizyko-chemicznych, w tym zawarto$ci
metali, przed ich wykorzystaniem. Udziat poszczegdlnych komponentow w sktadzie substratu
nie moze bowiem wplywac na obnizenie bezpieczenstwa konstrukcji. Substraty musza zatem
spelnia¢ wszelkie kryteria jakosciowe, ale 1 zapewnia¢ warunki do prawidlowego wzrostu
1 rozwoju uprawianych w nich roslin.
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2. Publikacja nr 2:

Krawczyk A., Domagata-Swigtkiewicz I., Lis-Krzyécin A., Daraz M. 2017. Waste silica
as a valuable component of extensive green-roof substrates. Polish Journal of Environmental
Studies 26(2): 643-653.
DOI: 10.15244/pjoes/64791
Punktacja MNiSW 2017: 15
IF 2017: 1,285
4-letni IF: 1,369

Celem badan byta ocena zdolnosci lokalnie dostepnych materiatéw odpadowych jako
komponentéw podtozy dachowych: odpadéw z produkcji Zelazokrzemu zaraz po czyszczeniu
piecow, bez i z pytem krzemionkowym, po kilkuletnim sktadowaniu na sktadowisku, pytu
krzemionkowego, celulozy oraz gleby murszowe;.

W tym celu, przed przygotowaniem czterech mieszanek testowych, pokruszono
mechanicznie wicksze odtamki mineralne, odsiano elementy wigksze niz 20 mm i wykonano
analiz¢ podstawowych wiasciwosci fizyko-chemicznych (odczyn, zasolenie, gestos¢
objetosciowy, zawarto$¢ substancji organicznej, sklad granulometryczny, zawarto§¢ makro-
i mikrosktadnikow wraz z metalami cigzkimi). Proporcja skladnikow podloza zostata
okreslona iloSciowo w oparciu o wymagania i wytyczne niemieckich norm FLL. Za kontrole
postuzyto komercyjne podtoze firmy Optigriin (typ E).

Dos$wiadczenie przeprowadzono w kontrolowanych warunkach symulowanego
ekstensywnego zielonego dachu o warstwie podtoza 6 cm, w Stacji Doswiadczalne]
Uniwersytetu Rolniczego w Krakowie, w okresie od maja do wrzes$nia 2013 roku. Do oceny
podtozy wykorzystano dwie mieszanki roslin firmy Optigriin: ziota (mix E-Herbs) i trawy (mix
E-Grass), ktore zostaty wysiane zgodnie z rekomendacja producenta. Rosliny byty podlewane
ta samg iloscig wody we wszystkich kombinacjach do$wiadczalnych oraz zostaty dwukrotnie
nawiezione YaraMila Complex (12N : 11 P: 18K :2,7Mg: 8 S).

Analiza wiasciwosci fizyko-chemicznych podlozy zostata wykonana przed wysianiem
nasion oraz po zakonczeniu sezonu wegetacyjnego. Nadziemne cze¢$ci roslin zostaly $cigte
po 150 dniach uprawy i po zwazeniu, zostaly poddane analizie na zawarto§¢ suchej masy
oraz sktadnikéw pokarmowych.

Wiasciwosci fizyczne substratdow po uprawie nie zmienily si¢ znaczaco w stosunku
do punktu wyjscia, wcigz spetniajac wytyczne FLL [2008, 2015]. Natomiast, mimo
stosunkowo krotkiego czasu doswiadczenia, zaobserwowano zmniejszenie pojemnosci wodne;j
we wszystkich podlozach przygotowanych na bazie materialow odpadowych. Wigksza
zawarto$¢ substancji organicznej po uprawie we wszystkich obiektach byla zwigzana z
rozwojem duzej masy korzeniowej roslin. Wyniki wykazaly istotnie wyzsza zawarto$¢
pierwiastkéw $ladowych, z wyjatkiem boru, w przygotowanych podtozach odpadowych w
porownaniu z podtozem kontrolnym. Stezenie Fe, Mn, Zn, Cd, Ni, Pb i Cr byto wyzsze przed
wysiewem roslin. Odwrotny trend stwierdzono dla zawarto$ci Cu. Wyniki te moga sugerowacé
zmniejszenie rozpuszczalno$ci jondw metali w wyniku wzrostu wartosci pH i stezenia Ca w
substratach. Odczyn alkaliczny moze przyczynia¢ si¢ do immobilizacji metali cigzkich,
gléwnie poprzez tworzenie si¢ weglanow i fosforandw, co zmniejsza ich toksyczno$¢ i
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dostepnos¢ dla roslin. Ponadto materia organiczna bardzo silnie wigze Cr, Fe i Pb; do$¢ mocno
Cd i Ni; a tylko nieznacznie Mn, Zn i inne metale §ladowe.

Biomasa ro$linna jest niezwykle wazna dla okreslenia przydatnosci rosliny do uprawy
oraz niezbedna do osiggnigcia optymalnej retencji wody deszczowej, estetyki i innych
korzysci, jakie moga zapewnic zielone dachy. Produkcja §wiezej masy zi6t i traw byla istotnie
wyzsza w przypadku dwoch substratow zawierajacych odpadowa krzemionke niz w przypadku
obiektu kontrolnego. W przypadku traw uprawianych na dwdch opracowanych substratach,
byla dwa do trzech razy wyzsza niz z kontroli. Krzem moze zwigksza¢ tolerancje roslin na
susz¢, co jest niezwykle wazng adaptacja dla ro$§lin uprawianych w warunkach
kserotermicznych.

We wszystkich kombinacjach stwierdzono nizsza od optymalnej zawarto$¢ azotu
oraz potasu w biomasie roslinnej. Stwierdzono istotnie wyzsze zawartosci Cu, Fe, Cd, Pb, Cr
iNi w tkankach roslin uprawianych na substratach odpadowych. Wysokie st¢zenia Zn
w stosunku do kontroli odnotowano tylko w roslinach z ,,mieszanki ziotowej” rosnace]
w jednym podlozu. Trawy charakteryzowaty si¢ stosunkowo niskim stezeniem metali
potencjalnie toksycznych. Krzem moze lagodzi¢ toksyczno$¢ metali cigzkich w roslinach
zardwno na poziomie roslinnym, jak i glebowym. Nalezy zauwazy¢, Ze zmniejszong absorpcje
metali po uzupehieniu odpadéw krzemionkowych mozna przypisa¢ wzrostowi pH gleby
oraz zmianom specjacji metali w podtozach uprawowych. Moze to wyjasnia¢ wysoka
produkcje¢ biomasy w substratach opartych na odpadach krzemowych o stosunkowo wysokich
stezeniach metali cigzkich. Mniejsza zawarto$¢ boru w roslinach uprawianych na podtozach
odpadowych jest zwigzana z antagonistycznym efektem dziatania krzemu na pobieranie boru.

Substraty z dodatkiem odpadow krzemionkowych mialy pozytywny wplyw na wzrost
ro$lin 1 ich biomas¢. Wyniki wykazaly, ze pierwiastki §ladowe zawarte w alkalicznych
podtozach odpadowych nie byly tatwo dostepne dla systemu korzeniowego, a tym samym nie
ograniczaly wzrostu ro$lin. Udowodniono, ze odpad krzemionkowy moze by¢ cennym
1 przyjaznym dla srodowiska dodatkiem do substratow uprawowych.
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3. Publikacja nr 3:

Krawczyk A., Domagala-Swigtkiewicz 1., Lis-Krzyscin A. 2017. The effect of substrate
on growth and nutritional status of native xerothermic species grown in extensive green roof
technology. Ecological Engineering 108: 194-202.
DOI: 10.1016/j.ecoleng.2017.08.022
Punktacja MNiSW 2017: 35
IF 2017: 3,469
4-letni IF: 3,799

W niniejszej pracy skupiono si¢ na czterech celach:

- ocenie wilasciwosci fizyko-chemicznych podtoza na bazie odpadéw w kontek$cie zmian
W czasie,

- zbadaniu wptywu sktadu podtoza na wzrost roslin i stan ich odzywienia,

- okres$leniu przydatnosci gatunkow roslin typowych dla siedlisk suchych do uprawy
w systemie zielonych dachéw na terenie Matopolski (Krakowa),

- identyfikacji wywotanych przez ro$liny zmian parametrow podlozy uprawowych.

Trzyletnie doswiadczenie (2013-2015) przeprowadzono w warunkach pilotazowego
ekstensywnego zielonego dachu o migzszo$ci podioza 10 cm, na terenie Stacji Doswiadczalnej
Uniwersytetu Rolniczego w Krakowie.

W oparciu o wyniki uprzednich analiz fizyko-chemicznych poszczegdlnych
komponentéw, przygotowano poditoze na bazie materialdow odpadowych (odpadu i pytu
krzemionkowego, kruszonej cegly, piasku, gleby murszowej oraz kompostu miejskiego).
Za podtoze kontrolne postuzyt substrat typu E firmy Optigriin.

W doswiadczeniu wykorzystano trzy gatunki roslin: Hieracium pilosella L., Sedum
acre L. oraz Dianthus carthusianorum, pozyskanych z naturalnych stanowisk
kserotermicznych na terenie Krakowa i okolic.

Wykonano analiz¢ wlasciwosci fizyko-chemicznych (sktadu granulometrycznego,
gestosci  objetoSciowej, pojemnosci wodnej, zawartosci makro- 1 mikroelementow
oraz pierwiastkow $ladowych, odczynu, stezenia soli oraz zawarto$ci substancji organicznej)
podtozy przed rozpoczgciem uprawy oraz pod koniec kazdego roku wegetacyjnego.
Nadziemne czg¢éci roslin zostaty Sciete 1 zwazone na koniec okresu wegetacyjnego (2013) oraz
w petni wegetacji (2014-2015), a nastepnie poddane analizom (zawarto$¢ skladnikow
pokarmowych oraz metali cigzkich, zawarto$¢ suchej masy). Ponadto oceniono wyglad
zewngtrzny roslin.

Zaobserwowano tendencje do zmniejszania si¢ gestosci objetosciowej oraz odczynu
podtoza oraz znaczne zwigkszenie zawartosci materii organicznej w obu badanych obiektach w
czasie. Rosliny charakteryzowaty si¢ podobnym stanem odzywienia roslin w makroelementy,
niezaleznie od zastosowanego podtoza. W stosunku do podwyzszonych stezen pierwiastkow
sladowych w odpadowym podtozu krzemionkowym, ilo§¢ metali nagromadzonych w tkankach
ros$lin byla stosunkowo niska. Wyniki wykazaly, ze modyfikacja sktadu powszechnie
stosowanego podtoza na zielony dach moze znaczaco wptyna¢ na wzrost i rozwdj roslin oraz
zawarto$¢ w nich pierwiastkéw. Mieszanka zawierajagca odpady speiniata standardy FLL
[2008, 2015] stawiane podlozom do uprawy na zielonych dachach i stanowila cenne
srodowisko korzeniowe dla badanych, rodzimych gatunkéw roslin.
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4. Publikacja nr 4:

Krawczyk A., Domagata-Swiatkiewicz 1., Lis-Krzyscin A. 2021. Time-dependent changes
in the physico-chemical parameters and growth responses of Sedum acre (L.) to waste-based
growing substrates in simulation extensive green roof experiment. Agronomy 11(2): 298.
DOI: 10.3390/agronomy 11020298
Punktacja MNiSW 2021: 100
IF 2020: 3,417
5-letni IF: 3,640

Celem badan byta ocena przydatnosci lokalnie wystgpujacych materiatlow odpadowych
jako elementéw podlozy uprawowych oraz ocena zmian parametréw fizyko-chemicznych
podtozy odpadowych w czasie oraz powodzenia uprawy rozchodnika.

Dwuletnie do$wiadczenie (2014-2015) przeprowadzono w warunkach pilotazowego
zielonego dachu ekstensywnego o 10 cm migzszosci podioza, na terenie Stacji Doswiadczalne;j
Uniwersytetu Rolniczego w Krakowie. Bazujac na wynikach uprzednich analiz
fizyko-chemicznych poszczegélnych, lokalnie dostgpnych materiatow odpadowych oraz
mineralnych (odpadu i pylu krzemionkowego, kruszonej cegly, kompostu miejskiego, odpadu
po uprawie pieczarek, widkien kokosowych po uprawie, gleby murszowej, piasku, tufu
filipowickiego, melafiru, kruszyw kopalnych) oraz wytycznych FLL, przygotowano pigc
podtozy uprawnych. Za obiekt kontrolny postuzyt substrat typu E firmy Optigriin.

Wiasciwosci  fizyko-chemiczne  podlozy (sktad granulometryczny, gestosé
objetosciowa, pojemno$¢ wodng, zawarto§¢ makro- i mikrosktadnikow pokarmowych
i pierwiastkow $ladowych, odczyn podtoza, stezenie soli oraz zawarto$¢ substancji organicznej)
przeanalizowano trzykrotnie: zaraz po wymieszaniu skladnikow oraz po pierwszym i1 drugim
sezonie wegetacyjnym. W pelni wegetacji (2014-2015) nadziemne cze$ci roslin zostaty Sciete i
zwazone oraz poddane analizom (zawarto$¢ sktadnikow pokarmowych oraz metali ciezkich,
zawarto$¢ suchej masy). Dodatkowej ocenie poddano réwniez wyglad zewnetrzny ro$lin.

Wszystkie podloza charakteryzowaly si¢ optymalng pojemno$¢ wodng, sktadem
granulometrycznym, odczynem i stezeniem soli. Wyzsze stg¢zenie makro- (N, P, K, Mg)
i pierwiastkow $ladowych (B, Cu, Fe, Mn, Zn, Cd, Ni, Pb i Cr) stwierdzono w podtozach
odpadowych. Gesto$¢ objetosciowa podlozy uprawowych ulegla zmniejszeniu w czasie, z
wyjatkiem podtozy, gdzie zrodtem materii organicznej byto szybko mineralizujacy si¢ odpad
po uprawie pieczarek. Zawarto$¢ substancji organicznej w podtozach po dwuletnim okresie
wegetacji wzrosla w stosunku do podtoza kontrolnego, z wyjatkiem mieszanki z odpadem
pieczarkarskim. Po dwoch latach doswiadczenia stgzenie wszystkich dostepnych
makrosktadnikoéw i1 pierwiastkow sladowych (z wyjatkiem mineralnego N, K, S-SO4 1 B) byto
wyzsze niz w 2014 roku, natomiast pH i stezenie soli byly nizsze. Uogoélniajac rosliny
uprawiane na podlozach odpadowych charakteryzowaly si¢ nizsza zawartoscig suchej masy
i wigksza biomasg. Istotnie wyzsza biomase S. acre L. stwierdzono w pierwszym roku
doswiadczenia. Nie zaobserwowano objawow nieprawidlowego wzrostu, pomimo wyzszych
stezen pierwiastkéw sladowych w roslinach zebranych z podtoza odpadowego.

Podloza uprawowe na bazie odpadoéw uznano za cenne $rodowisko korzeniowe
dla S. acre L. w systemie ekstensywnego zielonego dachu.
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WNIOSKI

Badania pozwolily na lepsze poznanie probleméw podtozy dachowych, poszerzajac znikoma
liczbe prac badawczych w Polsce. B¢da mogty rowniez, tuz obok norm niemieckich, stanowié¢
punkt odniesienia do projektowania, wykonywania i pielggnacji zielonych dachow.

1. Przebadane w pracy materialy odpadowe moga stanowi¢ dobry i tani element sktadowy
podtozy do uprawy w technologii dachow ekstensywnych. Stanowig punkt wyjscia
do zwigkszenia dostepnosci ogrodow na dachach w Polsce oraz zmniejszenia objetosci
odpadow na sktadowiskach.

2. Wykorzystanie materialdw odpadowych do produkcji podiozy na ekstensywne zielone
dachy dobrze wpisuje si¢ w zatozenia gospodarki o obiegu zamknigtym. Selekcja odpadow
lub komponentéw poddanych recyklingowi powinna by¢ przeprowadzona w sposob
ostrozny. Podloze do uprawy powinno by¢ odpowiednio przygotowane, aby osiagnac
zalety zielonych dachow i1 zapewni¢ optymalne $srodowisko dla wzrostu korzeni roslin.
Ze wzgledu na mozliwe zanieczyszczenie materialdw odpadowych metalami ci¢zkimi,
jak réwniez rozne parametry kazdego z nich, nalezy pamigtac o koniecznos$ci wykonywania
analiz fizyko-chemicznych jeszcze przed przygotowaniem mieszanki podtozowe;.

3. Wyniki prowadzonych badan wykazaty, ze modyfikacja sktadu podtoza moze znaczaco
wplyna¢ na wzrost i koncentracj¢ pierwiastkow w ro$linach. Opracowane podtoza
zawieraly wigksze ilosci P, K, Mg, S i innych skladnikéw odzywczych niz podtoze
kontrolne, dostgpne w sprzedazy.

4. Substraty z dodatkiem odpadoéw krzemionkowych, o lekko zasadowym odczynie,
zmniejszaja dostepnos¢ potencjalnie toksycznych metali, zapobiegajac
ich fitotoksycznosci. By oceni¢ wplyw podlozy odpadowych na cate S$rodowisko,
w przysztych badaniach nalezy okresli¢ stopien zanieczyszczenia wod odptywowych.

5. Podtoza z dodatkiem odpadow krzemionkowych maja potencjat do utrzymywania odczynu
podtoza przy wysokiej zdolnos$ci buforowania.

6. Pomimo podwyzszonych st¢zen metali w odpadowym podtozu na bazie krzemionki, ilo$¢
metali nagromadzonych w tkankach wszystkich badanych roslin byta niewielka.

7. Odpady krzemionkowe mialy pozytywny wplyw na wzrost roslin, biomas¢ i ocen¢
wizualng roélin (szczegélnie w przypadku S. acre L.), moga wigc stanowi¢ cenny
1 przyjazny dla §rodowiska dodatek do podtozy na zielone dachy.

8. Rodzime gatunki roslin ze stanowisk kserotermicznych: H. pilosella L. oraz S. acre L.
wykazaly wysoka zdolno$¢ adaptacji do surowego srodowiska panujacego na dachu
oraz lokalnych warunkéw pogodowych i tym samym potwierdzity przydatno$¢ ich
wykorzystania w technologii zielonych dachéw ekstensywnych. Charakteryzowaly
si¢ wysoka produkcja biomasy, latwos$cig rozmnazania, szybkim zasiedlaniem i ggstoscia
pokrycia powierzchni podtoza (z wyjatkiem D. carthusianorum) oraz dekoracyjnoscia.

9. Decydujac si¢ na przygotowanie podioza na bazie odpadéw, nalezy potozy¢ nacisk
na mozliwo§¢ wykorzystania roslin, ktore sa wykorzystywane w fitoremediacji terendw
skazonych metalami §ladowymi (np. D. carthusianorum).
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14.

Introdukcja rodzimych gatunkéw roslin w technologii zielonych dachéw moze wspomodc
dzika flor¢ w kolonizacji powierzchni dachowych w krajobrazach miejskich i przyczynic¢
si¢ do zwigkszenia ich bior6znorodnosci.

Dobre zarzadzanie zielonymi dachami, pozwalajace uzyska¢ maksymalne korzysci
dla srodowiska miejskiego, wymaga wiedzy o wplywie gatunkéw roslin na sktad podloza
1 odwrotnie.

W badanych  podtozach  zaobserwowano zmiany  niektérych  parametréw
fizyko-chemicznych zwigzane z czasem i uprawiang roslinno$cig. Stwierdzono tendencje
do zmniejszania si¢ gestosci objetosciowej 1 wartosci odczynu oraz wzrost zawartosci
materii organicznej. Typ systemu korzeniowego oraz szybkos$¢ rozmnazania miaty wptyw
na zawarto§¢ substancji organicznej w podlozach: byla nizsza w kombinacjach
z H. pilosella i D. carthusianorum w poréwnaniu z S. acre.

Materiaty organiczne o wysokim stosunku C : N ulegaja szybkiej mineralizacji uwalniajac
sktadniki odzywcze dostepne dla roslin, ktére moga by¢ rowniez wymywane.

Wiedza na temat dynamiki obiegu sktadnikow pokarmowych w ekosystemach zielonych
dachow jest wcigz ograniczona, dlatego istnieje konieczno$¢ prowadzenia dalszych badan.
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Abstrakt. Praca obejmuje przeglad odpadowych materialéw mineralnych i organicznych réznego
pochodzenia, potencjalnie przydatnych do przygotowania podlozy uprawowych, majacych zasto-
sowanie w technologii zielonego dachu ekstensywnego. W Polsce ta technologia jest stosunkowo
nowa, ale jej rozwdj w ostatnich latach nastepuje bardzo dynamicznie. Stwarza to potrzebe prze-
prowadzenia badan z zakresu optymalizacji sktadu komponentéw mineralnych i organicznych
substratow uprawowych w dostosowaniu do warunkéw naszego klimatu, ale takze przydatnych
lokalnie wystepujacych materialéw. Surowce do substratéw wegetacyjnych powinny by¢ dostepne
lokalnie i tanie, co zmniejsza koszty transportu i ogranicza cene gotowego podloza do zazielenienia
ekstensywnego dachu. W Polsce konieczna jest realizacja licznych przedsiewzieé, zwlaszcza w za-
kresie uporzadkowania gospodarki odpadami, likwidacji niedostosowanych do wymogéw Unii
Europejskiej modernizacji istniejacych skladowisk odpadow, ale przede wszystkim zwigkszenia
stopnia powtornego ich wykorzystania. Wykorzystanie zt6z antropogenicznych, jako surowcéw
do produkgji podlozy ogrodniczych, z uwagi na konieczno$¢ zréwnowazonej polityki surowcowej
oraz ze wzgledu na rosngce ograniczenia ekologiczne, urbanistyczne i spoleczne w eksploatacji
216z surowcowych skalnych jest waznym dziataniem proekologicznym.

Stowa kluczowe: materialy z recyklingu « kompost miejski o gesto$¢ objetosciowa o pojemnosé
wodna  materia organiczna
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1. Wstep

Ekstensywne dachy zielone stanowig rozwigzanie stropodachu, gdzie warstwa pod-
foza do uprawy wynosi 5-20 cm, oferujac roslinom bardzo ograniczong przestrzen
do rozwoju korzeni. Jednak ze wzgledu na stosunkowo niski ciezar i tatwos¢ utrzy-
mania dachu technologia ta jest najbardziej odpowiednia dla wiekszosci struktur
budowlanych [Oberndorfer i in. 2007, Schweitzer i Erell 2014]. Bates i in. [2015]
wskazujg, ze cho¢ deficyt wody jest gtéwnym czynnikiem determinujagcym powo-
dzenie uprawy w tej technologii, wlasciwosci podloza i jego migzszos¢ odgrywaja
takze znaczacg role. Wlasciwosci substratu uprawowego, szczegélnie zawartos¢ ma-
terii organicznej, maja bezposredni wpltyw na wzrost roslin i trwalos$¢ okrywy ro-
slinnej na zielonym dachu ekstensywnym [Nagase i Dunnetta 2011, Kostiris i in.
2012, Ondoio i in. 2015]. Dlatego tez wybor odpowiedniego podioza jest kluczowy
dla utrzymania roslin i stabilnosci populacji [Vijayaraghavan 2016].

Obecnie na rynku substraty uprawowe do zazieleniania dachéw w systemie eks-
tensywnym sa przygotowywane gléwnie z keramzytu, tupkow i ekspandowanych
kruszyw mineralnych. Skladajg si¢ z 90-95% frakcji mineralnych, niewielkiej ilosci
materialow organicznych (do 10%) i nawozéw o spowolnionym dzialaniu [Ampim
iin. 2010]. Niektorzy autorzy [Moulineux i in. 2009, Carson i in. 2012, Solano i in.
2012] sugerujg, ze maly koszt i lokalna dostepno$¢ materialéow odpadowych wska-
zuja na mozliwos¢ ich stosowania na zielonym dachu, zamiast drogich substratow
handlowych. Korzystanie z lokalnie dostgpnych materialéw odpadowych ma wiele
potencjalnych korzysci, w tym obnizenie kosztéw transportu, zmniejszenie ilosci
odpadow na skladowiskach i zachowanie naturalnych kruszyw [Bates i in. 2015].
Odpady muszg jednak spelni¢ wiele kryteriow, takich jak odpowiednie wlasciwosci
fizyczne i chemiczne, ale przede wszystkim dopuszczalny poziom zanieczyszczen.

Charakterystyka komponentow substratéw do technologii dachéw zielonych oraz
gotowych podlozy zostala opracowana przez Niemieckie Towarzystwo Naukowo-
Badawcze Krajobrazu i Rolnictwa (FLL) [Burszta-Adamiak 2015]. Wedtug tego opra-
cowania wyrdznia si¢ 14 kategorii oceniajacych wilasciwosci fizyczne i chemiczne
substratow, m.in. zawarto$¢ materii organicznej, sktad granulometryczny lub gestos¢
objetosciowa. Normy te stanowig punkt odniesienia do projektowania, wykonywania
i pielegnacji zielonych dachéw, takze w Polsce. Standardowe podtoze dla zielonego
dachu ekstensywnego powinno spetnia¢ szereg wymogow. Powinno by¢ lekkie (niska
gestos$¢ objetosciowa) i przepuszczalne [Nektarios i in. 2016], a jednoczes$nie mie¢
wysoka pojemnos$¢ wodng i sorpcyjng w stosunku do sktadnikéw pokarmowych, co
zapewni roslinom odpowiednie warunki do wzrostu i rozwoju [Beattie i Berghage
2004, Ampim i in. 2010, Vijayaraghavan 2016]. Zgodnie z normami FLL [Burszta-
Adamiak 2015], gesto$¢ objetosciowa substratu do omawianej technologii powinna
wynosi¢ 0,6-1,2 g - cm™, warstwa 1 cm podtoza powinna wazy¢ okoto 10 kg - m™,
a pojemnos$¢ wodna powinna zawierac sie w przedziale 35-65%.
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W czteroletnim eksperymencie z uprawga kserotermicznych gatunkéw roslin,
przydatnych do uprawy w warunkach ekstensywnego dachu zielonego, przebadano
46 rodzajow materiatéw mineralnych i organicznych pochodzenia odpadowego lub
naturalnego. Materialy mineralne, obejmujace gtéwnie kruszywa naturalne oraz
odpadowe, mialy gesto$¢ objetosciowa w zakresie od 0,59 g - cm™ (gruz gipsowy) do
1,73 g - cm™ (kruszywo wapienne 3/0-30/A) oraz pojemnos¢ wodng od 56,5%
w/w (gruz gipsowy) do 3,7% w/w (kruszywo wapienne 8/16-30/A). Wlasciwosci
fizyczne i chemiczne wybranych materialéw mineralnych zamieszczono w Tabelach
1, 2a i 2b. Materialy organiczne obejmowaly m.in. komposty miejskie, ziemi¢ mur-
szowa, podioza po uprawie pieczarek, obornik, zuzyte wtokno kokosowe. Materiaty
te mialy gestos¢ objetosciowg w granicach od 0,10 g - cm™ (wldkno kokosowe) do
1,0 g - cm™ (obornik bydlecy) oraz pojemno$¢ wodng w zakresie 577% w/w (wtokno
kokosowe) do 20,5% w/w (obornik bydlecy) (tab. 3).

2. Ogdblna charakterystyka odpaddéw

Obecnie aglomeracje miejskie cechujg sie¢ wysokim stopniem uprzemystowienia oraz
nowoczesnym rolnictwem, ktdre przyczyniajg si¢ do wytwarzania nadmiernych ilo-
$ci réznorodnych materiatéw odpadowych [Saint-Fort 1991]. Odpadami nazywa si¢
substancje powstate w wyniku bytowania lub dzialalnosci gospodarczej ludzi, ktore
sa nieprzydatne lub ucigzliwe dla srodowiska w czasie i miejscu ich wytworzenia. Ze
wzgledu na pochodzenie oraz przyrodnicze wykorzystanie odpadéw dzieli si¢ je na
trzy grupy:

« odpady komunalne zwigzane z bytowaniem oraz dzialalnoscia ludzka o wysokiej
zawartos$ci substancji organicznej (30-50%), np. osady sciekowe, kompost miej-
ski. Sa one najczgsciej stosowane w rekultywacji terenow poprzemystowych oraz
do nawozenia uzytkéw rolnych [Baran i Turski 1999, Tognetti i in. 2006, Baran
i in. 2008, Krzywy i in. 2008],

o odpady przemyslowe zwigzane z dziatalno$cig m.in. hutnictwa, gérnictwa, prze-
mystu chemicznego, np. odpadowe frakcje wegla brunatnego, popioty ze spalania
wegla, zwigzki zasadowe CaCO;, MgCO;, CaO, MgO. Z reguly s3 wykorzysty-
wane do odkwaszania i nawozenia gleb kwasnych [Korc 2002],

o odpady rolnicze zwigzane z dziatalnoscig rolnicza i przetwdrcza ptodow rolnych,
np. odchody zwierzat hodowlanych, podloza po uprawie pieczarek, wywar go-
rzelniany. Po odpowiednim przetworzeniu i uzdatnieniu moga uzyskac status
nawozow naturalnych [Dz. U. Nr 224, poz. 1804, Dz. U. Nr 147, poz. 1033].
W przypadku opracowania technologii ich przetworzenia na produkty lub su-
rowce uzyteczne (metody recyklingu), zgodnie z dyrektywa 2008/98/EC wpro-
wadza sie pojecie ,,utraty statusu odpadu” [Baran i in. 2011].
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3. Ogolne przepisy prawne w zakresie gospodarki odpadami

Bezpieczne stosowanie materiatow odpadowych na uzytkach rolnych jest mozliwe
po przejsciu odpowiedniej procedury kontrolnej i uzyskaniu przez nie statusu na-
wozu lub srodka wspomagajacego uprawe roslin (Dz. U. Nr 147, poz. 1033). Istotne
zmiany w ustawodawstwie polskim w kwestii zuzycia odpadéw nastapily w latach
2001-2002. Wtedy tez okreslone zostaly obowigzki wszystkich posiadaczy/wytworcoéw
odpaddéw, dotyczace ich odzysku, zbierania, transportu oraz unieszkodliwiania.
Rozporzadzenie Ministra Rolnictwa i Rozwoju Wi z dnia 18 czerwca 2008 r. w spra-
wie wykonania niektérych przepiséw ustawy o nawozach i nawozeniu (Dz. U. Nr
119, poz. 765) okresla maksymalne dopuszczalne zawartosci zanieczyszczen w na-
wozach i srodkach wspomagajacych uprawe roélin oraz minimalne wymagania ilo-
sciowe dotyczace zawartos$ci skladnikéw pokarmowych i wegla organicznego.

4. Materiaty odpadowe majgce potencjalne zastosowanie
do produkcji podtozy do zaktadania zielonych dachow
ekstensywnych

4.1. Odpady przemystowe

Kruszona, plukana cegla - charakteryzuje si¢ stabilng strukturg, wzglednie wysoka
pojemnoscig wodng (w granicach > 30% obj.) i porowatoscia (ok. 47%). Stosunkowo
niska cena powoduje coraz czestsze zastosowanie w produkcji substratéw uprawowych
do zaktadania zielonych dachéw ekstensywnych [Molineux i in. 2009, Ampin i in.
2010, Bates i in. 2015]. Kruszywo ceglane jest odpadem przy produkcji cegiet, po-
wstalym przez rozkruszanie w specjalnych kruszarkach. W kruszywie ceglanym
znajduje si¢ zawsze znaczny procent pylu, ktéry powinno si¢ usung¢ przed wykorzy-
staniem kruszywa do uprawy. Podczas dtugotrwalych opadow warstwa wegetacyjna,
zawierajgca duzo frakcji pytowych, nadmiernie uwadnia sig, a czgstki splawiane
zamulajg warstwe drenujaca. Cegly sa wyrabiane z gliny ceramicznej, ktérej gtownym
skladnikiem jest kaolin. W kruszywie ceglanym przewazajg wigc tlenki krzemowe
i glinowe. Znajduja si¢ tam réwniez inne skfadniki, np. nadajace charakterystyczne
ceglaste zabarwienie tlenki Zelaza oraz pewna ilos¢ tlenku wapnia. Zawartos$¢ Ca
w grysie ceglanym moze miesci¢ si¢ w zakresie 3-15%. W $wiezo wypalonej cegle
znajduje si¢ tlenek wapniowy CaO, ktéry po nawilzeniu zmienia si¢ w wodorotlenek
wapniowy Ca(OH),, wywolujacy zasadowy odczyn odpadu. Odpadowa cegla kru-
szona i ptukana (frakcje 2-15 mm), stosowana w badaniach wtasnych, miata gestos¢
objetosciowa 0,85 g - cm™ oraz pojemnos¢ wodng réwng 38,4% w/w, natomiast cegla
porozbiorkowa, odpowiednio gestos¢ 1,30 g - cm™ i pojemnos¢ wodng 20,8% w/w (tab.
1). Young i in. [2014] podaja, ze 50% wzrost pojemnosci wodnej kruszonej cegty
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mozna uzyska¢ przez zastosowanie frakcji drobnych kruszywa w zakresie 2-5 mm,
w poréwnaniu z frakcja o wymiarach 4-15 mm.

Tabela 1. Srednia gesto$¢ objetosciowa oraz kapilarna pojemnoé¢ wodna wybranych mineralnych
komponentéw zastosowanych do substratéw uprawowych do zakladania zielonego
dachu ekstensywnego

o Gestos¢ f)bj. Pojemno$¢ wodna | Pojemnos¢ wodna
[g-cm?] [% wiw] [% w/v]
Cegta - kruszywo 0,85 38,4 324
Kruszywo ceglane porozbiérkowe 1,30 20,8 27,1
Melafir 1,19 10,8 12,8
Lupek przepalony na haldach 1,19 13,2 15,7
Krzemionka pokadziowa 1,20 16,1 19,4
Tuf filipowicki jasny 1,22 12,8 15,6
Tuf filipowicki ciemny 1,28 8,1 10,3
Kruszywo z ZGH Bolestaw 1,30 10,8 14,0
Kruszywo z kopalni Cholerzyn 1,39 9,3 12,9
Kruszywo z kopalni Czatkowice 1,46 2,8 4,2
Piasek formierski 1,49 23,6 35,1
Piasek rzeczny 1,51 23,7 35,9

Oprocz kruszonej cegly inne kruszywa alternatywne moga mie¢ zastosowanie
do produkcji substratéw przeznaczonych do zazieleniania powierzchni dachowych,
takze kruszywa z recyklingu powstate w trakcie robdt wyburzeniowych i rozbidrko-
wych. Szczegélnie przydanym kruszywem moze by¢ kruszywo ceglane i dachowko-
we [Emilsson 2008, Bates i in. 2015]. W Polsce znaczenie kruszyw z recyklingu bedzie
rosto ze wzgledu na przebudowe i likwidacje przestarzatej infrastruktury mieszka-
niowej i przemysltowe;j.

Zloza antropogeniczne wtérne — zalicza si¢ do nich kopaliny towarzyszace,
niewykorzystywane ze wzgledéw ekonomicznych, ale sktadowane do pdzniejszego
wykorzystania, masy ziemne i skalne (material powstajacy w szczegélnie duzych
ilosciach w kopalniach odkrywkowych), skaly ptonne, uznawane za odpad ze wzgle-
du na fakt, Ze s3 niezagospodarowane. Obecnie coraz wigkszg uwage zwraca si¢ na
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mozliwosci odzyskiwania i zabezpieczania przed utratg kopalin towarzyszacych oraz
na ograniczanie przeznaczania nowych terendw pod eksploatacj¢ gorniczg i lepsze
wykorzystanie istniejacych [Dulewski i Uzarowicz 2006]. Do kopalin towarzyszacych
wydobyciu surowcdw w kopalniach odkrywkowych moga naleze¢: torfy (w obnize-
niach terenu), piaski i zwiry, ity oraz kreda jeziorna i wapienie [Ratajczak i in. 2007].
Odpadowe kruszywa mineralne ze skal magmowych i metamorficznych, np. tufy
porfirowe czy tupki, moga mie¢ zastosowanie jako komponenty podlozy do zakla-
dania zielonych dachoéw, ze wzgledu na niska gesto$¢ objeto$ciowa, stosunkowo
dobra pojemnos¢ wodng (tab. 1) i zasobnos$¢ w sktadniki pokarmowe dla roslin.

Pyl krzemionkowy (mikrokrzemionka) — jest odpadem przemystu hutniczego,
powstajacym przy produkgji zelazokrzemu i innych stopdéw krzemowych jako efekt
redukcji kwarcu o wysokiej czystosci przez wegiel w piecach tukowo-oporowych. Pyt
o barwie od jasno- do ciemnoszarej ma mikrosferyczne ziarna bezpostaciowej krze-
mionki o $rednim wymiarze czastek ok. 0,1 um. Zawarty w pyle krzemionkowym
krzem stanowi 92,8% SiO,, w tym krzem pierwiastkowy wolny 0,11% Si. Przecig¢tna
zawarto$¢ krzemu rozpuszczalnego jest jednak niewielka i wynosi od 7 do 80 mg
Si0O, - dm™.

Ponadto pyly z produkcji zelazokrzemu zawierajg gléwnie tlenki glinu, zelaza
i magnezu oraz réznego rodzaju pierwiastki sladowe, wykazuja tez niewielki udziat
niespalonego wegla [Strzatkowska 2016]. Pyt jest atrakcyjnym dodatkiem do betonoéw,
przy zastosowaniu skutecznych superplastifikatoréw. Inne postacie mikrokrzemion-
ki, ktére nie znalazly zastosowania w budownictwie, to granulat krzemionkowy, szlam
krzemionkowy i pyt krzemionkowy zbrylony [Wolska-Kotanska 1995]. Pyly krze-
mionkowe, produkowane w Polsce przez hute Laziska, ktéra rozpoczeta odpylanie
procesu produkgji zelazokrzemu w 1971 r., do poczatku lat 90. byly odprowadzane
na skladowisko, gdyz nie wykazywano zainteresowania wykorzystaniem tego mate-
riatu [Wolska-Kotanska 2000].

Zgodnie z aktualnymi regulacjami prawnymi CLP (12 72/2008/EC) pyt krze-
mionkowy moze by¢ uzywany takze jako czynnik zapobiegajacy spiekaniu w nawo-
zach mieszanych oraz nawoz krzemionkowy w rolnictwie. Wcze$niejsze badania
autoré6w prowadzone z wykorzystaniem odpadu krzemionkowego wykazaty brak
zagrozenia Srodowiskowego przez odpad z gazéw odlotowych, ktéry jest malo mo-
bilny w $rodowisku, nie rozklada si¢ i nie ulega akumulacji biologicznej [Krawczyk
iin. 2016].

Krzem nie jest niezbednym skladnikiem pokarmowym dla roslin. Ostatnio jed-
nak, ze wzgledu na coraz szerzej opisywane korzystne efekty stymulowania przez Si
w odpowiedzi obronnej roélin na stres biologiczny i abiotyczny, uzywa si¢ okreslenia
»rolniczo niezbedny” lub ,korzystny” [Epstein 2001, Frantz i in. 2010, Toresano-
Sanchez i in. 2010].

Badany pyt krzemionkowy, pochodzacy z huty Laziska, mial alkaliczny odczyn,
male stezenie soli, duzg zawartos¢ dostepnego dla roslin fosforu, siarki i magnezu

31:8072333648
! Roéliny ozdobne (2017).indd 350 2017-01-09 21:22:57



32:5981925854

! Rosliny ozdobne (2017).indd 351

23. Materiaty odpadowe wykorzystywane do produkcji podtozy uprawowych... 351

oraz $rednig zawarto$¢ potasu, wapnia i sodu. Ponadto wykazano malg zawarto$¢
dostepnego dla roslin boru, w przeciwienstwie do duzej zawartosci miedzi, manganu
i cynku (tab. 2a). Zawarto$¢ dostepnych dla roslin form arsenu, niklu, otowiu i kad-
mu przedstawiono w tabeli 2b.

Tabela 2a. Odczyn (pH), stezenie soli (EC) oraz zawartosci dostepnych dla roslin sktadnikow

pokarmowych i sodu w pyle krzemionkowym

pH P’ K Ca Mg S Na
H.O ECpuS-cm™
wth [mg - dm™]
114 107 1240 248 46 24
B Cu Fe Mn Mo Zn
7,56 194
[mg - kg s.m.]
1,9 47 1406 1246 0,50 118

* P, K, Mg, Ca, S i Na oznaczono w 0,03 mol - dm~ CH,COOH, a B, Cu, Fe, Mn, Mo, i Zn w 1 mol -
dm= HCl

Zrédto: Ostrowska i in. [1991]

Tabela 2b. Zawarto$¢ rozpuszczalnych form (w 1 mol - dm™ HCI) pierwiastkow sladowych
w pyle krzemionkowym

As Cd Ni Pb Sb Sr
[mg - kg s.m.]
11 20 3,2 104 1,1 29

Badania wykazaly, ze ilosciowy dodatek pytu krzemionkowego do podtoza jest
warunkowany zawarto$cia metali ciezkich w tym materiale, a przede wszystkim kad-
mu. Dopuszczalna, wedtug Rozporzadzenia Ministra Srodowiska w sprawie standar-
dow jakosci gleby oraz standardow jakosci ziemi (Dz. U. z 2002 r. Nr 165, poz. 1359)
catkowita zawarto$¢ kadmu w glebach uzytkowanych rolniczo wynosi 4 mg Cd - kg™
gleby.

4.2. Odpady komunalne

Komunalne osady $ciekowe — cechuja si¢ duza zawartoscia substancji organicznej
oraz skladnikéw pokarmowych dla roslin [Rosik-Dulewska 1999]. Osady z mniejszych
oczyszczalni s zazwyczaj pozbawione metali cigzkich. Powstaja w obrebie terenéw
uzytkowanych rolniczo, a zatem stanowia potencjalnie wartosciowy i dostepny sub-
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strat dla rolnictwa [Siuta i Miluniec 1999]. Sa skfadnikiem podlozy osadowych lub
gruntowo-osadowych (z dodatkiem gleby mineralnej), stosowanych szczegélnie do
uprawy wieloletnich traw, rzepaku, rzepiku i gorczycy, jak rowniez roslin energetycz-
nych, takich jak: wierzby, topole, miskanty, malwa pensylwanska czy trzcina pospo-
lita [Siuta i Wasiak 2001]. Stosowane w niewielkich ilosciach moga by¢ takze zrédtem
materii organicznej oraz skladnikéw pokarmowych w substracie uprawowym, sto-
sowanym do zakladania ekstensywnego dachu zielonego. Emilsson [2008] oraz
Molineux i in. [2009] wykazali mozliwos$¢ wykorzystania alternatywnych surowcow
lokalnego pochodzenia do produkeji lekkiego granulatu, na bazie osadéw sciekowych
oraz kruszywa ceglanego, ilu, popiotu z przetworzonych gazet i wapienia, do pro-
dukcji podlozy uprawowych, stosowanych do zazieleniania dachéw. Wedtug norm
FLL zawartos$¢ substancji organicznej w substratach uprawowych, stosowanych do
zakladania zielonego dachu, nie powinna przekracza¢ 20% [Burszta-Adamiak 2015].
Nagase i Dunnett [2011] donosza, ze zawarto$¢ materii organicznej wigksza niz 10%
objetosci podioza moze by¢ powodem nadmiernie wybujalego wzrostu roslin (duza
biomasa), czego rezultatem jest zwickszone ryzyko uszkodzenia rodlin w okresie
niedoboru wody. Te same zaleznosci dotycza duzej zawartosci dostepnych dla roslin
sktadnikéw pokarmowych [Rowe i in. 2006].

Komposty miejskie z odpadéw zielonych — powstaja po przekompostowaniu
odpaddéw organicznych z pielegnacji zieleni w miastach (pokosy trawy, galezie i in.).
Odpady roélinne, pochodzace z aglomeracji miejskich, stanowig duze zasoby mate-
rii organicznej oraz skladnikdéw pokarmowych, ktdére nalezy racjonalnie wykorzysty-
wac. Przyrodnicza utylizacja tych odpadéw moze by¢ realizowana na potrzeby rol-
nictwa, a takze w organizacji i utrzymaniu terenéw zielonych w aglomeracjach
miejskich i obiektach rekreacyjnych. Komposty miejskie znajdujg zastosowanie jako
komponent podtozy w niegruntowej produkcji sadzonek, uprawie warzyw, kwiatéw
[Baran i in. 2011] oraz rosélin na zielonych dachach [Ampim i in. 2010, Nagase
i Dunnett 2011, Carson i in. 2012]. Testowany w badaniach wlasnych kompost miej-
ski z odpadéw zielonych, pochodzacy z Baryczy k. Krakowa, mial gestos¢ objetoscio-
wa 0,34 g - cm™ oraz pojemno$¢ wodng 198% w/w (tab. 3). Cechowal si¢ alkalicznym
odczynem, duzym zasoleniem (EC 3,8 mS - cm™) oraz duza zawartoscig skladnikow
pokarmowych, dostepnych dla roélin, przy stosunku N : P : Kjak 1:1,2: 0,7 (tab.
4). Gondek i Filipek-Mazur [2005] podaja, Ze zawarto$¢ metali cigzkich w réznych
kompostach, produkowanych z miejskich odpadéw zielonych, byla znacznie mniej-
sza niz przewidujg przepisy zawarte w Ustawie o nawozach i nawozeniu, co sprawia,
ze komposty te moga by¢ bezpiecznie stosowane do celéw rolniczych.

Ampim i in. [2010] zalecajg analizy chemiczne w celu ustalenia wielko$ci dawki
kompostéw miejskich, dostosowanej do wymagan uprawianych roslin. Komposty
miejskie charakteryzujg si¢ duzym zréznicowaniem sktadu mineralnego, w zalezno-
$ci od uzytych substratéw oraz stopnia ich dojrzatosci [Gondek i Filipek-Mazur 2005,
Bozym i in. 2014].

33:4281220530
! Rodliny ozdobne (2017).indd 352 2017-01-09 21:22:58



23. Materiaty odpadowe wykorzystywane do produkcji podtozy uprawowych... 353

Tabela 3. Srednia gesto$¢ objetosciowa oraz kapilarna pojemno$¢ wodna wybranych organicznych
komponentéw do przygotowania substratéow uprawowych do zakladania zielonego
dachu ekstensywnego

R Gestos¢ f)bj. Pojemno$¢ wodna | Pojemnos¢ wodna
[g-cm™] [% w/w] [% w/v]
Wiékno kokosowe 0,10 577 56
Odpad popieczarkowy 0,13 484 62
Celuloza 0,18 295 53
Kompost miejski 0,34 198 60
Gleba murszowa 0,77 60 46
Obornik 1,00 20 20

Tabela 4. Odczyn (pH), stezenie soli (EC), zawarto$¢ dostepnych dla roslin makrosktadnikow
i sodu w komposcie miejskim z Baryczy k. Krakowa wykorzystanym do przygotowania
substratow uprawowych do zielonego dachu ekstensywnego

H Niin P K Ca Mg S Na
1;_1 o ECmS.cm™!
W, [mg - dm]
7,69 3,7 335 412 251 2543 439 296 352

4.3. Odpady rolnicze

Podloze po uprawie pieczarek - stanowi cenne zrédfo materii organicznej i sklad-
nikéw pokarmowych (tab. 5). Duza zawartos$¢ rozpuszczalnych soli w odpadzie oraz
znaczne zréznicowane sktadu chemicznego, zalezne od technologi jego produkcji
oraz wielkosci plonu pieczarki, decyduje o koniecznosci ustalenia poziomu zasolenia
i zawartosdci skladnikéow pokarmowych, przed jego rolniczym wykorzystaniem
[Kalembasa i Majchrowska-Safaryan 2009, Rutkowska i in. 2009, Wisniowska-Kielian
2012].

Tabela 5. Odczyn (pH), stezenie soli (EC) oraz zawartosci substancji organicznej (SO) i dostepnych
dla roélin makrosktadnikéw w odpadzie po uprawie pieczarek

pH » SO P K Ca Mg S
ECmS - -cm
w H,0 % [mg - dm~]
6,80 4,0 45,5 315 1649 4230 363 2267
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Odpad ten znajduje zastosowanie jako komponent w produkcji podlozy ogrod-
niczych [Kopec¢ i Gondek 2011], a takze moze by¢ dobrym zrédlem prochnicy w sub-
stratach stosowanych do zakladania zielonego dachu ekstensywnego. Kalembasa
i Wisniewska [2001] podaja, ze odpad popieczarkowy ma stosunek C : N w granicach
okoto 14 : 1, a stosunek N : P : K wynosi 1 : 0,4 : 0,8. Waski stosunek C : N moze
by¢ przyczyna szybkiej mineralizacji zwigzkow organicznych, w wyniku czego uwal-
niajg si¢ skfadniki pokarmowe fatwo dostepne dla roélin, ale z drugiej strony obniza
sie zawartos$¢ prochnicy, wplywajacej na wlasciwosci fizyko-chemiczne podtoza.
Substraty stosowane do dachéw ekstensywnych muszg zawierac substancje organicz-
ng charakteryzujaca si¢ duza trwaloscig. Obecnos¢ prochnicy w substracie wegeta-
cyjnym zapewnia duzg pojemnos$¢ sorpcyjng, wodng oraz zwieksza jego odpornos¢
na dziatanie wiatru [Olszewski i Young 2011].

5. Podsumowanie i wnioski

Praca przedstawia charakterystyke wybranych materialéw odpadowych, majacych
potencjalne zastosowanie do produkcji podtozy, wykorzystywanych do uprawy roslin
na zielonym dachu ekstensywnym. Wyniki uzyskane przez réznych autoréw oraz
wlasne wskazujg na przydatnos¢ wystepujacych lokalnie odpadéw przemystowych
i rolniczych, ktore ze wzgledu na swoje wlasciwosci fizyczne i chemiczne mogg by¢
z powodzeniem uzyte do produkeji podtozy uprawowych, w specyficznych warunkach
zielonego dachu ekstensywnego. Stanowig one alternatywe dla obecnie powszechnie
stosowanych w tym celu, drogich w transporcie, a przede wszystkim w wytwarzaniu
materialow mineralnych przetworzonych (ekspandowanych — poddawanych dziala-
niu wysokiej temperatury), takich jak perlit, wermikulit, zeolit, keramzyt czy pumeks.
Ponadto, recykling materialéw odpadowych zapobiega ich zaleganiu na sktadowiskach,
co wydaje si¢ waznym dzialaniem proekologicznym. Uzycie jednak materialow od-
padowych powinno by¢ poprzedzone wykonaniem analiz, okreslajacych ich wtasci-
wosci fizyczne oraz chemiczne, w tym zawartos¢ metali, gdyz zastosowane kompo-
nenty powinny spetniaé odpowiednie kryteria, zapewniajgce bezpieczenstwo
zaréwno konstrukcji budowli (masa podtoza i jego przepuszczalnosé), jak i uwzgled-
nia¢ potrzeby uprawianych roslin (dostepnos¢ wody i skladnikéw pokarmowych).
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Waste materials used in the production
of growing substrates for extensive green roofs

Summary. Since green roofs are a relatively new concept in Poland, there is a need to examine
substrates’ composition and characteristics, including the ingredients commonly used therein as
well as the suitable alternative recycled/waste materials. The aim of the study was to assess the suit-
ability of waste materials from local sources as roof growing media amendments. Materials used
in green roof substrates were obtained from local and recycled sources, which could reduce the
amount of waste disposal, while limiting the cost. Consequently, the green roofs, which are based
on these materials, are relatively cheap. In Poland, there is a necessity to modify waste manage-
ment system, to eliminate or modernize the landfills which are unadjusted to the requirements of
European Union, but most importantly, to increase reuse of waste material. Therefore, due to the
EU policy in the field of sustainable raw materials, and following the increased environmental,
urban and social restrictions of raw materials exploitation, anthropogenic deposits have become
an important raw material in the production of horticultural substrates.

Key words: recycled materials « municipal compost « bulk density « water capacity « organic matter
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Abstract

Green roofs are becoming increasingly common practice of the urban sustainable environment.
The growing substrate is the most important part of green-roof technology. The cost of engineering substrates
can be reduced by using locally available components. Since green roofs are a relatively new concept in
Poland, there is a need to examine substrate compositions and characteristics, including commonly used
ingredients as well as alternative recycled/waste materials. The aim of our study was to assess the ability
of locally sourced waste materials as roof-growing media amendments. In the greenhouse experiment we
tested two grass and herb species mixtures and four waste substrate formulas. The locally disposed waste
materials used as components of growing media included silica wastes (byproducts of metallic ferrosilicon
alloys), cellulose, foundry sand, and organic waste material removed from the organic horizons of mucky
peat. The engineered Si-waste substrates were compared with the commercially available media. The
physico-chemical properties of components and substrates, their stability over time, and the influence on
plant growth and mineral nutrient status were examined. Particle size distribution, bulk density, mass, water
capacity, soil reaction, and total dissolved salt content of Si-waste-growing media were compatible with
FLL standards. We found low amounts of available P and K, and high concentrations of Ca, Mg, S, and trace
elements (with the exception of B) in Si-waste substrates in comparison with the control media. Silica waste
materials have the potential to maintain pH with high buffering capacity. Engineered Si-waste substrates had
a positive impact on plant growth and biomass. In general, these results indicate that contaminant elements
contained in alkaline Si-waste substrates were not easily available to the root system, and consequently they
did not restrict plant growth. We consider Si-wastes to be a valuable and environmentally responsible green

roof media amendment.
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Introduction

Roof gardens represent a unique system that can
contribute to urban sustainability and well-being in cities.
They are especially effective in dense agglomerations
with dramatically limited green space availability.
Generally, an urban ecosystem is characterized by
challenging environmental conditions for growth and
development of plants with excessive moisture as well
as periods of drought, raised temperature, high light
and windspeed intensity, and the risk of dessication and
physical damage to plants and substrate [1].

The two main types of roof garden include an
extensive and intensive green system. An extensive roof
is characterized by a lower depth of substrate (2-20 cm),
which supports succulent plants and herbs with shallow
root systems and high resistance to drought. An extensive
green roof system is low maintenance and more suitable
for a range of buildings types [2]. It is usually designed
to have an ecological rather than esthetic function. The
growing substrate is one of the most important parts of an
extensive green roof system. Choosing the right substrate
formulas is crucial because it guarantees the survival
of plants and the stability of their population. Today it
is possible to use as the roof substrate both natural soil
and engineering substrates [3]. The suitability of rooftop
substrates is mostly mineral-based, with a small amount
of organic components [4]. A number of studies have been
carried out to develop appropriate recipes for substrate
composition [2, 5-7]. A typical roof substrate consists of
70-95% of mineral fractions with organic materials and
slow-release fertilizer [8]. An adequate amount of light and
porous mineral particles such as pumice, lava, expanded
clay, shale and slate, volcanic ash, perlite, and coarse sand
can provide low substrate density and permeability [9].
A small amount (2-10%) of organic materials in the form
of compost or peat usually is added to improve substrate
nutrient and water capacity [1, 8]. Green roof media need
to provide not only a stable structure promoting plant
anchorage but also nutrition to support a healthy plant
community. Most lightweight substrates with coarse
texture and low organic matter content require water and
nutrient supplementation for maintaining major plant
growth functions [10].

Characteristics of materials for roof substrates have
been included in the German Landscape Research,
Development, and Construction Society [11]. Within the
living roof industry, FLL tests are currently more widely
used than standard agronomic testing, particularly as a
marketing tool [3].

Currently, there is growing interest in the use of waste/
recycled materials to reduce the negative impacts of
waste on the environment and human health. The waste-
based substrates are relatively cheap in comparison to the
industry standard media that are generally composed from
modified or imported minerals. Recycled material that are
often used for commercial green roof substrates include
crushed bricks or tiles, crushed concrete, and subsoil [4].
Using these waste materials may reduce transport costs
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and turn locally landfilled low-value materials into a
useful substrate component [9].

Relatively little has been published on the possibility
of using waste materials for green roof substrate
composition. Carson et al. [2] examined many recycled
substrates created from waste drywall, concrete, roof
shingles, glass, and lumber cuttings by processing these
materials into aggregate form. Promising results showed
that waste materials — especially aggregate from concrete
— may cause significantly more structural loading than
other commercial substrates. Molineux et al. [5] indicated
the great potential of locally sourced alternative materials
such as crushed red brick pellets (made from clay and
sewage sludge), paper ash (from recycled newspapers), and
carbonated limestone for engineered green roof substrates.
Solano et al. [ 12] examined media with recycled tire rubber
crumb as a lightweight material for amending green roof
substrate. Nevertheless, each individual component will
affect chemical and physical characteristics of growing
media. Waste materials can contain many elements that
are both beneficial and potentially toxic for plants.

Before any source can be considered valuable for
growing media uses, it should meet a number of criteria,
such as suitable physical and chemical properties and
especially be free of, or have tolerably low levels of
contaminants [13-14].

Nutrients cycling and their availability to biota are key
factors in regulating the structure and function of every
ecosystem [8]. Due to the challenging environmental
conditions on the green rooftop, providing support of
beneficial elements can improve plant resistance to
both abiotic and biotic stress. Beneficial elements can
compensate for toxic effects of other elements or may
substitute mineral nutrients in some other less specific
function [15]. Although silicon has not been considered
an essential nutrient for plants, due to the more widely
reported beneficial effects of crops, terms such as
“agriculturally essential” or “almost essential” have
been used recently [16]. The importance of silicon to
plants increases under stress conditions, as it takes part
in building the mechanisms of resistance to biotic and
abiotic factors [15]. Research demonstrates that low-cost
silica wastes can be a valuable source of silicon for plants
on Si-deficient growing media [13, 17]. Silica wastes such
as silica fume or silica slag have very high content of
amorphous silicon dioxide and are more easily solubilized
than crystalline silica [18]. However, Si waste materials
as an industrial by-product carry the risk of polluting
growing media or otherwise affecting plant growth and
development. We hypothesize that Si-rich wastes may
have such agronomic value as a silicon plant promoter that
enhance growth and resistance to stress in very specific
rooftop environmental conditions.

Considering the possibility of using Si waste materials
from landfills, the aim of our study was to assess the ability
of locally sourced wastes as an addition to the green roof
substrate. We quantified and compared benefits of green
roof substrate engineered from waste/recycled materials
with commercially available media. The physico-chemical
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properties of components and substrates, their stability
over time, and influence on plant growth and mineral
nutrient status were examined.

Materials and Methods
Material and Experimental Design

The study was carried out under controlled conditions
at the cold greenhouse in the Experimental Station of
the University of Agriculture in Krakow (50° 5° 3.79”N,
19° 57° 2.16”E). The experiment was established on a
stimulated, triple-layered, extensive vegetated roof with

an approximate substrate layer of 6 cm. Perforated trays
with 1.0 m long and 0.5 m wide were filled with different
waste substrates (types [-IV) and commercial substrate
made by Optigreen E-type (control). Characteristics
of waste materials are presented in Table 1. Used
landfilled silica wastes were a by-product of metallic
ferrosilicon alloys. The waste material named Si-waste
I was represented by blast furnace slag from cleaning
blast furnace, Si-waste II material was blast furnace slag
with other residues such as filter powders (silica fume)
deposited over a few years in a landfill site, and Si-waste
IIT material — the same by-products from the production
of ferrosilicon after many years of being deposited
in a landfill. The stones and gravel were mechanically

Table 1. Some physical and chemical properties of waste materials used as a component of green roof substrates.

C:;?frzrelte;t/ Si waste 1 Si waste 11 Si V;I?Ste 1;/([:1‘3 1; IS\:)[HCIl; Sand ?‘1111::1:: Celullose
pH 8.22 7.86 9.48 4.72 4.72 6.91 7.56 7.49
EC (mS cm™) 0.15 0.16 0.23 0.27 0.27 0.56 0.19 0.66
Bulk density (g cm™) 1.81 1.50 1.75 0.24 0.27 1.48 0.07 0.38
Water capacity (%) 19.1 32.6 28.3 71.5 25.8 352 3.30 534
Organic matter (%) 0.0 0.5 1.5 63.8 83.0 0.70 0.00 72.1
Fractions (%)
> 5mm 87.5 66.5 555 -
5-3 7.5 7.8 10.5 g
3-2 6.8 3.0 4.0 EIJ
2-1 7.5 0.8 4.0 é
1-03 0.6 8.3 215 “
"
<0.06 0.5 33 4.5 <
Element
P (mg dm™) 1.25 4.4 5.0 0.27 2.78 0.63 114 2.64
K (mg dm™) 224 123 51.7 13.2 323 20.5 107 21.6
Ca (mg dm™) 5,278 4,616 2,403 953 1,169 322 1,240 1,922
Mg (mg dm™) 269 218 90.8 97.2 207 16.7 248 56.0
S (mg dm™) 52.2 42.1 359 209 124 23.1 46 215
B (mg kg") 11.5 4.40 1.94 6.06 6.01 0.23 1.9 5.4
Cu (mgkg™) 119.7 89.0 455 5.80 5.45 7.8 47 14
Fe (mg kg!) 3,982 2,691 1,520 2,520 2,234 1,012 1,406 890
Mn (mg kg™) 8,257 2,603 2,706 178 167 169 1,246 52
Zn (mg kg) 1,082 516.7 73.3 30.7 29.5 8.0 118 85
As (mg kg™) 10.5 3.55 2.68 4.26 4.12 1.01 10.8 3.21
Cd (mg kg™ 4.61 2.08 0.00 1.28 1.11 trace 19.8 0.30
Cr (mg kg™) 23.7 11.4 6.68 0.42 0.38 2.49 8.7 0.41
Ni (mg kg™) 12.7 13.0 5.78 15.1 14.8 1.41 3.2 0.71
Pb (mg kg') 254 128 28.5 24.0 22.7 4.39 104 9.53
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crushed to reduce the size of large fragments and to produce
particles <20 mm. Then the fragments are screened and
blended with other components. Organic matter content
was added into the substrates in the form of muck soil I
and II, and organic waste material was removed from the
organic horizons of mucky peat. Waste substrates were
also supplemented with foundry sand, waste cellulose, and
silica fumes. Silica fumes were generated by electric arc
furnaces as a byproduct of ferrosilicon alloys.

The substrate composition of the particular ingredients
is shown in Table 2.

The proportion of substrate components was quantified
by volume based on requirements and guidelines of
German FLL standards. The greenhouse study consisted
of two species combinations (‘grass mix’ and ‘herbs mix”)
and five substrate formulas, including control growing
media. Plant selections are typically alpine-type since
they are usually drought- and heat tolerant (Table 3).
Plant mixture seeds were sown on 1 May 2013 at rate of
0.33 g m? of ‘grass mix’ and 1.16 g m? of ‘herbs mix’
according to the producer recommendations.

Plants were grown until the end of September 2013.
The temperature in the greenhouse was maintained at 18°C
on cloudy days, 28°C on sunny days, and 12°C at night.
They were watered manually once a week or more often at
an advanced stage of growth with the same water amount.
Plants were fertilized two times during the growing season
with a solution of Yara Mila Complex multicomponent
fertilizer (12N:11P:18K:2.7Mg:8S).

Component/Substrate Analyses

Substrate analyses were determined before and after
the vegetation period. Particle size analysis was performed
using 5, 3,2, 1,0.3,and 0.06 mm [11] sieves, and bulk den-
sity and water capacity using Kopecky’s cylinders meth-
od [19] and by the Bagg-Olsen method [20]. Water per-
meability was estimated using Swigcicki’s method [19].
The content of available macroelements was detected by
extraction using 0.03 mol dm® CH,COOH solution. The

Table 2. Waste/recycled material components content (%) in
prepared roof substrates.

Content (%)
Component
I I 111 v
Sand 20 30 10 30
Si waste I 30 30 20 10
Si waste 11 10 20 5 -
Si waste IIT - - 30 25
Muck soil I 30 - 25 -
Muck soil 1T - 15 - 25
Cellulose 5 5 5 5
Silica fume 5 - 5 5

contents of micro- and trace elements were determined
used Rinkis method with extraction of 1 mol dm? HCI
[20]. This technique with relatively “aggressive extract-
ant” removed more than the soluble, exchangeable, and
weakly adsorbed fractions. This soil test is currently used
to estimate availability and critical levels for available mi-
cronutrients in Poland. The components after extraction
were analyzed with an inductively coupled plasma opti-
cal emission spectrometer (ICP-OES; Prodigy Teledyne
Leeman Labs). Soil reaction (pH) and total concentration
of salt (EC) were determined in a 1:2 soil:water solution
[20], and we estimated the organic matter content by loss
on ignition method (in 550°C). The same procedure was
used for determining physical and chemical properties of
media components.

Plant Analyses

After 150 days, the above-ground parts of the plants
were harvested and weighed. Dry matter content was
determined at 105°C. The plants were dried at 65°C (24 h)
and then ground. The plant content of P, K, Ca, Mg, S, Na,
B, Cu, Fe, Mn, Zn, Cd, Ni, Pb, and Cr was determined after
mineralization in 65% extra pure HNO, in a CEM MARS-
5 Xpress microwave system, using a high-dispersion ICP-
OES spectrometer. The leaf N content was assayed by
the Kjeldahl method using a VELP Scientifica UDK 193
distillation unit [20].

Statistical Analyses

The experiment was arranged as a randomized
complete block design in four replications. Statistical
analyses were performed using STATISTICA 10.PL
(StatSoft Inc., USA). A one-way analysis of variance
was used to determine the main effects of the study. To
determine the significance between means we used the

Table 3. The composition of plant species seeds in the Optigreen
mix.

‘Herbs mix’ - E-Herbs Grass mix
- E-Grass
Achillea millefolium, Allium
schoenoprasum, Anthemis tinctoria,
Aster amellus, Campanula rotundifolia,
Centaurea scabiosa, Dianthus
Anthoxanthum

carthusianorum, D. deltoides, Erodium
cicutarium, Fragaria vesca, Galium
verum, Geranium robertianum,
Hieracium aurantiacum, H. pilosella,
Leucanthemum vulgare, Linaria

odoratum, Briza

media, Bromus
tectorum, Festuca
cinerea, F. ovina

. . wild,
vulgaris, Linum perenne, Origa-
. . F pallens,
num vulgare, Petrorhagia saxifrage, .
. F rupicola,
Potentilla argentea, Prunella gran- N,
diflora, P. Vulgaris, Ranunculus Melica ciliate,
;£ uigaris, Phleum phleoides

bulbosus, Sanguisorba minor, Saponaria
ocymoides, S. officinalis, Silene nutans,
Silene otites, Thymus pulegioides,
T. serpyllum
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HSD Tukey test. Tests were considered significant at a
level below 0.05 (p < 0.05).

Results and Discussion
Media Components Analysis

Original Si-waste materials not containing (Si waste
I) or containing a low amount (Si waste II and III) of
organic matter were P- and N deficient. The pH of Si-
waste components were alkaline (pH 7.86-9.48), and they
contained high amounts of Ca and Mg, and elevated levels
of Cu, Mn, Zn, and Pb — especially the Si waste I material
from blast furnace cleaning, and Si waste II (Table 1).
Muck soils I and II were characterized by high content
of S. Sand and cellulose contained low levels of macro-,
micronutrients, and trace elements.

Substrate Physical Analysis

Bulk density of waste substrates ranged from 0.88
to 1.17 g dm?, and their mass at a depth of 6 cm varied
from 52.7 to 70.3 kg m? The control media had bulk
density 1.04 g dm? and mass 62.2 kg m? (Table 4).
During six months of vegetation in greenhouse conditions
these substrate parameters did not change significantly.

According to FLL standards [11], a suitable dry bulk
density range of 0.6 to 1.2 g cm™, and at the bulk density
of 1.0 gem?, a 1 cm depth of growing media would weigh
10 kg m™2.

Water capacity in waste-based media and control
substrate was similar and acceptable by FLL norms and
ranged from 47.7% (substrate II) to 50.7% wv (substrate
IIT) (Table 4). According to the German standards [11],
multi-layer extensive substrate type should have a
maximum water capacity within >35<65% wv. Green
roof substrates should demonstrate maximum rainwater
capacity in a vegetation layer, but at the same time should
be able to guarantee runoff excess into the drainage layer
[3]. The results of the presented study showed a decrease of
water-holding capacity during the relatively short growing
season in the greenhouse, particularly in waste substrates.
The form of organic matter added to substrate may
affect water-holding capacity due to different absorption
properties. It should be noted that even small changes to
organic composition or quantity as a result of microbial
decomposition or recycling of biomass of roots may have
great impact on substrate water properties, which was
confirmed by the studies of Emilsson [9], Young et al. [7],
and Ondofio et al. [21].

Water permeability of the waste substrates determined
after the growing season reached values 0.02-0.04 cm s,
and was significantly lower than for the control treatment

Table 4. Some physical and chemical properties of prepared roof substrates before and after planting.

Substrate Growing season Bulé( j;lllmy kgdiii* Organi(;omatter Watizc;%acity
before 1.04 b 62.2b 83a 45.6a
Control
after 092a 552a 10.8b 51.0b
before 090a 540a 73 a 57.1b
: after 1.17b 699b 9.6b 42.6a
before 1.13 67.8 6.8a 493 Db
! after 0.88 52.7 940 46.2a
before 1.02 61.2 6.3 54.0b
III after 1.06 63.4 7.9 473 a
before 1.01a 60.6 a 6.8 554b
v after 1.17b 703 b 7.5 404 a
before 1.02 61.2 63a 523b
Mean period

after 1.04 62.3 9.0b 455a

Control 0.98 58.7 95¢ 48.3

I 1.03 62.0 8.4 be 49.8

Mean substrate II 1.00 60.3 6.2a 47.7

I 1.04 62.3 7.1 ab 50.7

v 1.09 65.5 7.1 ab 479

*The calculation assumes the thickness of the substrate layer = 6 cm.
Values followed by different letters differ significantly, p<0.05.
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Fig. 1. Water permeability (cm s) of substrates after planting.

(0.08 cm s) (Fig. 1). This might be linked to the addition
of fine particles (0.1-0.5 pm) of silica fumes to waste
media. According to Sutton [8], water permeability of
extensive type substrates should be approximately 0.001
cm s (assuming bulk density of 1 g cm?). The FLL
guidelines target a lab-measured permeability of > 0.001
cm s’ to <0.1 cm s for extensive roofs.

In the presented study, the highest organic matter con-
tent (9.5%) was found in the commercial control media,
while the content of organic matter in examined waste
substrates was generally lower (Table 4). Oberndorfer et
al. [1] showed that the right organic matter content in ex-
tensive green roof growing media should be about 10% by
weight. High amounts of organic matter can lead to sub-
strate volume shrinkage and increased nutrient loss in run-
off as a result of microbial decomposition [4, 10]. Accord-
ing to German standards [11], the minimum content of
organic matter in the roof substrate is 4% for single-layer
systems in the extensive type, and up to 10% in intensive
systems. Sutton [8] demonstrated that the preferred value
is 6.5% of organic matter. Generally, plant growth is great-
er in media with a high content of organic matter, but lush
vegetation may result in damage during drought [6]. On
the other hand, increased organic matter content contrib-
uted to increased water-holding capacity and consequently
increased weight on the roof [8, 22]. However, Molineux
et al. [5] found that the addition of organics reduced the
pH of the recycled aggregates, making growing conditions
for plants more favorable. In relation to the initial values,

we observed a significant increase in the organic matter
content in all substrates — including the control media at
the end of the experiment (Table 4). Similar results were
found by Schrader and Boning [23] and Ko6hler and Poll
[24], who reported increased C organic and total N in old-
er roof substrate. This phenomenon might be related to the
development of a large mass of plant roots. Plants inter-
act with their environment, actively influencing the rhizo-
sphere by chemical secretions. Plant litter and microbio-
logical activity mediated physical and chemical processes
and contributed organic matter to the soil [23, 25]. This
clearly demonstrated that soil-forming processes during
roof substrate maturation lead to increased organic matter
and biological activity.

German recommendations also specify require-
ments of the granulation composition of the roof
substrate. The content of the particles with a diameter
of <0.063 mm in substrate for extensive roofs should
not exceed 15% by weight [8, 11]. The high content of
clay and silt fractions in excessive humidity cause strong
plasticity and stickiness. Restrictions of air and water
movement largely limit expansion of the root system of
plants [8]. In our investigations, all waste substrates have a
small amount of fine particles (<0.06 mm), not exceeding
the recommended level by FLL standards (Table 5).

Substrate Chemical Analysis

According to the FLL standard [11], the optimum pH
of growing substrates that guarantees nutrient uptake by
plants ranges 6.5-9.5 for an extensive roof system. The
pH analysis for waste substrates I-IV before planting has
revealed that all the growing media is slightly acid to
neutral (pH 6.21-6.93). The industry standard had higher
pH (7.85) in accordance with FLL guidelines. After the
growing season, pH increased significantly to 7.61-7.98 in
waste substrate and 8.10 for control (Table 6). Ampim et
al. [4] indicated that higher pH substrates may be useful in
areas with acid rainfall events. However, extreme values
of pH could severely restrict plant growth [8]. According
to Molineux et al. [5], the addition of organic matter could
reduce pH for a variety of recycled alkaline substrates and
bring each component closer to FLL requirements. On the
other hand, in alkaline growing media the availability and
phytotoxicity of certain trace elements such as Pb, Cd, and
Ni is severely limited [26].

Table 5. Particle size distribution of prepared roof substrates after planting.

% fractions (diameter mm’s)
Substrate
>5 5-3 3-2 2-1 1-0.03 0.3-0.006 <0.06
Control 314 9.3 8.6 33 17.3 233 0.6
I 432 5.9 7.9 4.1 20.8 17.3 1.0
II 31.5 5.5 8.1 4.5 24.6 18.8 1.0
III 28.0 5.7 9.4 5.8 24.2 21.2 0.6
v 31.8 3.8 8.1 4.0 244 224 1.3
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The total dissolved salt content in the substrate should
not exceed 3.5 g dm™ by extensive greening [11]. In the
presented study, total salt concentration of all substrates,
expressed as electrical conductivity (EC) of soil
solution, was much lower than the maximum acceptable
level (2 mS cm™) and ranged from 0.24 (control) to
0.35 mS cm! (waste substrate [; Table 6). Total dissolved
salt content was significantly lower at the end of the
growing season.

According to FLL standards [11] the nutrient content
of extensive roof substrates needs to be kept as low as
possible and may not exceed the recommended levels (in
mg dm) of N <80, P<20, K <400, and Mg <200. In our
study, soluble forms of macronutrients were detected after
extraction with 0.03 mol dm acetic acid. This procedure
is commonly used in Poland for available macronutrient
determination in growing media. According to reference
values for this soil test (mg dm™>: 30 P, 150 K, 1000 Ca,
60 Mg, <20 S-SO,), we found low amounts of available P
and K, and high concentrations of Ca, Mg, and S (Table
5). The concentrations of K, Ca, Mg, and S significantly
varied and depended on substrate formulations. Generally,
a high amount of Si-waste I material in the substrate
formula increased K, Mg, and S concentrations in waste
substrates.

Phosphorus content in all waste substrates was
significantly higher at the end of vegetation than before
planting (Table 6). It is possible that Si displaced P from

the exchange sites, an increase in P solubility resulting
from an increase in soil pH and the application of silica
fumes, which contained 114 mg P dm™ of waste.

With the exception of waste substrate III, with
increasing pH values of growing media during vegetation,
Mg content in substrates also increased. Contrasting this,
sulphur concentration in tested substrates was lower after
vegetation than before.

Essential elements for plants, such as B, Cu, Mn, Zn,
and Ni often acting as cofactors in biochemical reaction,
can be toxic when present in excess. Other trace elements
such as Cd and Pb have no known biological functions and
could be toxic even at very low concentrations [26]. Heavy
metals induce oxidative stress and manifest themselves by
inhibiting plant growth, lowering chlorophyll content, and
causing root injury, leading to reduced nutrient uptake.
However, plants are much more resistant to an increased
concentration than to an insufficient content of elements
[27].

The results showed significantly higher content of
trace elements with the exception of boron, in prepared
waste substrates in comparison with the control media
(Table 7). The concentrations of Fe, Mn, Zn, Cd, Ni, Pb,
and Cr were higher in growing media before planting
season than after vegetation. The reverse trend was shown
for Cu content. These results can suggest a reduction
in the solubility of metal ions due to the increase in
pH values and Ca concentration in substrates. Media

Table 6. Soil reaction (pH), salt concentrations (EC mS c¢cm™), and macronutrient concentrations (mg dm?) in the substrates before and

after planting.
Substrate Time pH,,, EC P K Ca Mg S
before 7.85a 0.39b 8.6 36 2,725 40.3 72
Control
after 8.10b 0.09a 6.9 30 3,706 126 86
before 6.21a 0.48 b 2.7 72 2,805 132 126
: after 7.86b 021a 16.6 82 3,297 327 106
before 693 a 0.41b 2.7 79 4,001 173 100
! after 7.61b 022a 223 50 1,729 194 70
before 6.51a 0.41b 8.4 55 2,055 145 82
. after 7.96 b 0.18a 11.9 33 1,174 140 40
before 6.40 a 0.34b 5.1 36 1,271 117 81
v after 7.98 b 0.13a 7.4 35 1,293 143 36
before 6.78 a 041b 55a 56 2,571 122 a 92b
Mean time
after 790 b 0.17 a 133b 46 2,113 187 b 66 a
Control 798 ¢ 024 a 7.7 33a 3,216 b 83.2a 79 ab
I 7.03a 0.35b 10.6 78 ¢ 3,086 b 244 ¢ 115b
Mean substrate 11 727b 0.31 ab 13.9 63 bc 2,703 b 185 be 83 ab
I 723 b 0.29 ab 10.6 41 ab 1,505 a 142 ab 56a
v 7.19b 024 a 6.4 36a 1,284 a 132 ab 56a

Values followed by different letters differ significantly, p<0.05.
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Table 7. Trace element (mg kg!) contents in the substrates before and after planting.

Substrate Time B Cu Fe Mn Zn Cd Ni Pb Cr
before 3.4 5.4 583 66 18 0.14 1.3 5 0.5
Control
after 1.9 18 307 37 16 0.14 1.4 6 1.0
before 0.1 34 2,707 2,797 171 1.6 6.5 91 6.0
: after 1.4 40 1,521 3,244 123 1.4 10.2 86 6.7
before 0.7 43 1,453 1,953 141 1.8 9.9 100 7.5
! after 0.8 11 889 312 43 0.48 33 22 2.6
before 1.9 69 1,893 4,853 199 2.4 17.1 89 9.8
HI after 1.0 111 1,334 1,471 78 1.0 6.2 43 52
before 0.3 24 1,210 1,354 41 0.55 7.5 19 3.6
v after 0.8 115 1,127 1,408 51 0.7 6.9 33 5.6
before 1.1 37a 1,640 b 2,357b 121b 1.4b 9.0b 65b 58b
Mean time
after 1.2 59b 1,036 a 1,294 a 62 a 0.74 a 5.6a 38a 42a
Control 24c¢ 14a 399 a 46.6 a 16a 0.14a 13a 6a 0.8a
I 0.9 ab 37a 2,029d 3,052 ¢ 144 d 1.5d 8.6¢c 88 ¢ 64c
Mean substrate 1I 0.8a 25a 1,131b 1,015b 85¢ 1.0¢ 6.1b 56 be 47b
I 140 93b 1,573 ¢ 2,920 ¢ 47b 1.6d 10.9d 63 ¢ 72c¢
v 0.6a 76 b 1,163 b 1,385b 47b 0.62b 7.2 be 27 ab 4.7b

Values followed by different letters differ significantly, p < 0.05.

alkaline reactions can contribute to the immobilization
of heavy metals, primarily through the formation of
carbonates and phosphates, which reduces their toxicity
for plants. Moreover, organic matter fixes very strongly
Cr, Fe, and Pb; fairly strongly Cd and Ni; and only
slightly Mn, Zn, and other trace metals [26]. Solano et al.
[12] demonstrated that media with high cation exchange
capacities can effectively mitigate zinc released from
waste materials.

Plant Analysis

The dry matter content of ‘herbs mix’ plants grown in
the waste substrates ranged from 23.6% (substrate IV) to
30.6% (substrate II) in relation to the control ones with
28.1%. The ‘grass mix’ plants had dry matter content
between 22.2% (substrate 1) to 30.0% (substrate IV),
compared to the highest control with 31.6%.

Plant biomass is extremely important for determining
plant success on a green roof and is necessary to achieve
optimal stormwater retention, aesthetics, and other benefits
that green roofs can provide. The biomass production
of herbs and grass was significantly higher for Si-waste
substrates II-IV than for control treatment (Tables 8-9).
Grass biomass collected from waste substrates IV and
IIT was two to three times higher than that collected from
control media. Relatively low biomass produced by plants
was observed for the growing medium I characterized
by the lowest part of the waste mineral fraction (65%).

46:7061012478

Generally, grass species are considered Si accumulators
[15]. Silicon may increase the drought tolerance of plants
[14], which is extremely important adaptation for plants
grown in extensive green roof conditions. Additionally,
the soluble Si can stimulate increased P and Mo uptake
by plants, as well as Mn transport within plant tissues
[26]. Turnau et al. [28] found that plants originating from
xerothermic grasslands are able to grow in industrial
wastes rich in high metals concentrations and are tolerant
to drought and raised temperatures.

Herbaceous crops from fertilized soils are
characterized by concentrations of nitrogen, which exceed
3.0% d.m. of mature leaves. The sufficiency range N
concentration commonly reported for foliage plants is
2.2-3.8% d.m., and for grasses 2.0-3.2% d.m. with low
value when symptoms of deficiency are shown <2.2% and
<1.5%, respectively [29]. In our investigation the content
of N in herbs biomass was lower than the optimal level,
especially in Si-waste substrates. The similar low nitrogen
status of plants was proved for grass biomass. However,
in grass control treatment N concentration was lower
than in substrates I and II. It should be noted that low N
concentration in plants grown in waste substrates could
be the result of the ‘dilution effect’ in the highest biomass
produced in those treatments.

Phosphorus concentration in ‘herb mix’ did not vary
reliably across treatment and ranged from 0.21% to
0.29% P in dry mass (Table 8). In ‘grass mix’ species we
detected from 0.14% (substrate IV) to 0.21% P in d.m
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Table 8. Dry matter (%) and biomass (g m?) of ‘herbs mix’ production in different green roof substrates, and element concentrations

(% d.m.) in plant biomass.

% d.m.

Substrate d.m. % Biomass
N P K Ca Mg S Na
Control 28.1 338 1.82 0.21 2.2 1.11 0.22 ab 0.13a 345
1 25.0 268 1.49 0.29 2.2 1.09 0.27b 0.20b 323
1T 30.6 364 1.45 0.21 0.96 0.97 0.23 ab 0.18b 328
111 23.6 524 1.57 0.24 1.9 0.85 0.20 a 0.13a 534
v 244 382 1.54 0.21 1.7 0.88 0.24 ab 0.15 ab 624

mg kg!' d.m
Substrate

B Cu Fe Mn Z/n Cd Ni Pb Cr
Control 42 b 52a 124a | 196 a 72 0.79 a trace 0.62 a 0.35
1 31 ab 16.8 ab 373a | 289a 71 0.82a 0.15a 2.72 ab 12.0
11 31 ab 10.6 a 4;32 185a 92 1.05 ab 0.44 a 3.71 ab 2.30
11 34 ab 18.2 ab 338a | 122a 76 1.32b trace 3.76 ab 1.78
v 28 a 284b 953b | 854 b 77 0.96 ab 2.04b 5.19b 5.20

Values followed by different letters differ significantly, p<0.05.

(substrate II). Low concentrations of P in grasses were
correlated with low content of available phosphorus in
growing media. Barker and Pilbeam [29] reported that the
total phosphorus content of the plant is about 0.1 to 1%
and for grasses (0.20-0.35% d.m.).

The optimum potassium concentration for fully
developed leaves of forage grasses range from 2.5 to
3.5% d.m. [29]. According to this sufficiency range, in our

study K content in plant biomass was below the optimum
level in all treatments, including the control (Table 9).
However, species used for the ‘grass mix’ combination
belong to xerothermic plants, which are commonly low-
nutrient requirements. Turnau et al. [30] found that plants
growing on the industrial waste substrates generally
had greater concentrations of heavy metals (Zn, As, Pb,
and Fe) and lower concentrations of K than plants from

Table 9. Dry matter (%) and the biomass (g m) of ‘grass mix’ (g) production in different green roof substrates, and element concentrations

(% d.m.) in plant biomass.

. % d.m.
Substrate d.m. % Biomass
N P K Ca Mg S Na
Control 316b 182 1.35 0.18 ab 1.9 ab 0.82b 0.18 0.12 ab 287
1 222a 152 1.45 0.20 ab 2.0b 0.53 ab 0.15 0.16b 630
1I 24.0 ab 336 1.45 021b 1.9 ab 0.57 ab 0.15 0.14 ab 581
11 27.5 ab 534 1.32 0.16 ab 1.5a 0.37a 0.11 0.08 a 594
v 30.0 ab 438 1.28 0.14a 1.5a 0.38 a 0.12 0.08 a 459
mg kg!' d.m
Substrate
B Cu Fe Mn /n Cd Ni Pb Cr
Control 17.8 5.5 120 28 a 54 0.65a trace 0.8 1.1 ab
1 8.7 7.8 217 77 ab 38 0.83 ab trace 1.3 1.6 ab
II 8.7 7.0 156 59 ab 42 0.67 a trace 2.2 2.5b
111 4.8 12.9 144 102 b 37 12b trace 1.7 0.75a
v 4.7 7.8 145 105b 34 0.88 ab trace 1.65 0.54 a

Values followed by different letters differ significantly, p<0.05.
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natural xerothermic grasslands. The authors concluded
that K-supplementation of the waste substrates should be
considered to improve plant growth.

Among all nutrients detected, Ca prevailed in the
plant material. Generally, grasses showed much lower
concentrations of Ca when compared to ‘herb mix’ species
from all substrate root environments. Its concentration
ranged from 0.38% in ‘grass mix’ substrate III to over 1% in
the control ‘herb mix’ (Tables 8-9). The Ca concentration in
plants varies between 0.1% and 5% of dry weight [29]. As
shown in the present study, plants from control treatment
contained more Ca when growing in the waste substrates.
These results are in close agreement with those reported
by Turnau et al. [30]. Silicon may affect the bioavailability
of Ca for plants.

Significantly higher Cu, Fe, Cd, Pb, Cr, and Ni contents
were identified in plant tissues from waste substrates
than from control samples (Tables 8-9). On average, a
relatively low concentration of potentially toxic metals
was characteristic for grasses. High concentrations of Zn
in relation to the control were noted only in plants from
the ‘herb mix’ growing in substrate II. Silicon can alleviate
heavy metal toxicity in plants at both plant and soil levels
[15, 31]. It should be noted that reduced uptake of metals
after silica wastes amendment can be attributed to an
increase in soil pH and changes in metal speciation in the
growing media. This may explain the high production of
biomass in substrates based on silicon waste with average-
high concentrations of heavy metals.

The boron content in plants collected from Si-waste
substrates was relatively low in relation to control plants
(Tables 8-9). The possible explanation for this phenomenon
is the antagonistic effect of Si on the uptake of B [26].

Manganese content in ‘herb mix’ plants was higher
than in grasses and ranged from 122 mg to 289 mg kg’
d.m., and from 28 mg to 102 mg kg™, respectively. Mengel
and Kirkby [32] demonstrate that Mn amounts of less than
20 mg kg!' d.m is insufficient for most of the plant species,
20-500 mg kg is optimal, and concentrations exceeding
500 mg kg' d.m are toxic. The substrate chemical
composition with particularly high concentrations of
available Mn had low impact on manganese concentration
in plant tissues. Kabata-Pendias [26] demonstrate the
ameliorative effect of available Si on reducing the toxicity
of Al and Mn by immobilizing these elements at the root
surface. Siincreases Mn binding to cell walls, which limits
cytoplasmic concentrations [15].

Conclusions

Currently, a need to identify suitable locally available
waste products is a growing concern, as the import of
lightweight minerals or using processed cost-consuming
materials for commercial green roof substrates is likely
to be uneconomical. This study investigated the potential
for use of waste materials including silica wastes as a by-
product of metallic ferrosilicon alloys as a component
of the substrate for extensive green roofs. Particle size

48:8643004521

distribution, bulk density, mass, water capacity, soil
reaction, and total dissolved salt content of Si-waste
growing media were compatible with FLL standards.
However, of greater importance for the structure of
substrates was the effect of the Si wastes on the fertility of
growing media. Engineered substrates had higher amounts
of P, K, Mg, S, and other nutrients than the control media.
Our results suggest that alkaline (well drained and
containing immobile forms of organic matter Si-waste
substrates) reduce the availability of potentially toxic
metals to the root system, preventing its phytotoxicity
for plants. They have the potential to maintain pH with
high buffering capacity. Si wastes had a positive impact
on plant growth and biomass. We consider that Si wastes
may be a valuable and environmentally responsible green
roof media amendment.
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ABSTRACT

The increasing popularity of green roof technology can contribute to urban sustainability and well-being in
cities. However, there still is limited knowledge about the effect of substrate, especially composed from waste
amendments, on plant species suitable for the extensive green roofs. Currently the urban agglomeration is
characterized by a high degree of industrialization and modern agriculture, which contributes to the production
of excessive amounts of various waste materials. The usage of locally available waste materials has many po-
tential benefits, including reduced transportation costs, reduced waste disposal and preservation of natural
aggregates. However, the waste has to meet many criteria, such as appropriate physical and chemical properties.
The main purposes of green roofs in Poland are: to create additional green space in dense urban area and to
increase biodiversity, which could be done by using native plants (well adapted to local weather conditions). A
3-year study was carried out in Krakow using a pilot-scale roof system in field containers. Treatments included
two substrates—a Si-waste substrate composed of locally available waste materials and a commercial substrate
(control)—and three native xerothermic plant taxa: Dianthus carthusianorum, Hieracium pilosella L. and Sedum
acre L. The physicochemical properties of substrates, their stability over time and influence on plant nutrient
status as well as the visual rating of plants measurements were examined. We observed a tendency to decrease
the bulk density and pH value, and a significant increase in the organic matter content in both tested substrates
during a subsequent year of the study. The plant nutrient status was similar in terms of macro-elements, re-
gardless of the substrate used. In relation to elevated trace element concentrations in the Si-waste substrate, the
amount of metals accumulated in the tissues of all tested taxa was relatively low. We concluded that waste
substrate may be a valuable root environment for examined native species which can be successfully used in
Europe on green roof plant communities.

1. Introduction

environmental conditions such as heat, drought and limited volume of
growing media on extensive rooftop gardens require an appropriate

Green roof technology is the most efficient and appropriate man-
agement practice for sustainable urbanism (Vijayaraghaven, 2016). It
provides a range of urban environmental benefits, i.e., reduction of a
heat island, cooling of buildings, saving of energy, decrease of storm
water runoff, improvement of air quality and the creation of additional
green space in dense urban area (Oberndorfer et al., 2007). Green roofs
also create a new habitat that supports biodiversity in the disturbed
urban areas (Madre et al., 2014; Gabrych et al., 2016).

An extensive green roof system is designed for cultivation in a
5-20 cm deep layer of growth substrate, offering limited space for the
plant root zone. Because of relative low weight and easy maintenance,
this technology is more suitable for a wide range of building structures
(Oberndorfer et al.,, 2007; Schweitzer and Erell, 2014). Extreme

* Corresponding author.

syntaxes. Succulent plants are well adapted to such conditions (Thuring
et al., 2010).

Sedum species have the ability to reduce transpiration and water
storage, which helps them to survive in drought conditions. This makes
them the most popular species for shallow extensive green roofs across
the world (Monterusso et al., 2005; Schrader and Boning, 2006; Rowe
et al., 2011, 2012; Carson et al., 2012; Farrell et al., 2012). They are
non-native to several parts of the world and therefore might not be
adaptable to local weather conditions (Vijayaraghavan, 2016). Fur-
thermore, overuse of Sedum on extensive green roofs contributes to the
creation of unstable monocultures (Sutton, 2008). Gabrych et al. (2016)
found that the amount of Sedum plants decreased with time, especially
on substrates greater than 5 cm in depth.
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In general, a green roof project should consider biodiversity for
long-term successful cultivation and sustainability of the environment
(Sutton, 2008). Therefore, the selection of plant taxa should be based
on initial survivability, growth and long-term sustainability in local
environmental conditions (Kohler and Poll, 2010). Other criteria for
selection of plant material should include easy propagation, rapid es-
tablishment and high ground-cover density (Beattie and Berghage,
2004).

Native plant species with their adaptive abilities to harsh rooftop
environments are better for shallow layers of substrate (Getter and
Rowe, 2006; Dunnett et al., 2008; Van Mechelen et al., 2014). Recent
studies have focused on the search for vegetation types which can be
used on green roofs instead of Sedum in various geographic and climatic
regions. Nektarios et al. (2011, 2015, 2016a, 2016b) studied: Sedum
sediforme, Dianthus fruticosus, Ebenus cretica and Cirthmum maritimum on
extensive green roofs in Mediterranean environmental conditions,
which are thriving in a hot dry environment and strictly comparable to
the species utilized in the current study. In the same climatic region,
Kotsiris et al. (2012) used Lavandula angustifolia, Ondono et al. (2015)
examined Lotus creticus and Asteriscus maritimus, while Benvenuti and
Bacci (2010) twenty native species- in the study of green roof substrate
composition. Blanusa et al. (2013) indicated the great potential of
Stachys byzantine in the climate of the United Kingdom, and
Vijayaraghavan and Joshi (2014) identified Portulaca grandiflora as a
suitable green roof plant for the tropical wet and dry climate of India.
Schweitzer and Erell (2014) concluded that Aptenia cordifolias is
drought efficient and takes up less water in the hot, dry climate of Is-
rael. Despite this, there still are not enough studies of the nutritional
status of plants grown on green roofs.

Bates et al. (2015) indicated that although water deficit was the
main factor determining plant success on green roofs, quality of sub-
strate and its depth also played a significant role. Properties of growing
substrate, particularly depth and organic matter content, directly affect
plant growth and durability of green roofs (Nagase and Dunnett, 2011;
Kostiris et al., 2012; Ntoulas et al., 2013; Ondoiio et al., 2015; Gabrych
et al., 2016). Therefore, the choice of an appropriate substrate is ex-
tremely important for the plant survival and stability of the plant po-
pulation (Kohler and Poll, 2010; Thuring et al., 2010; Vijayaraghavan,
2016).

Nowadays, commercially engineered substrates are prepared with
expanded clay, shale and slate, and consist of 70-95% mineral frac-
tions, some amount of organic materials and slow release fertilizer
(Ampim et al., 2010). Some authors (Molineux et al., 2009; Carson
et al., 2012; Solano et al., 2012; Vijayaraghavan, 2016) have suggested
that low-cost and lightweight waste materials could be used in ex-
tensive green roof technology instead of commercial substrates. Utili-
zation of waste/recycled materials saves natural resources, conserves
raw materials and reduces the amount of wastes dumped in landfill
sites. This changes locally stored materials with low values to the useful
component of the substrate. Using locally available waste materials has
many potential advantages, including reduction of transport costs, de-
crease of waste volume in landfills and conservation of natural ag-
gregates (Bates et al., 2015). Waste materials, however, must meet a
number of criteria such as appropriate physical and chemical properties
and a principally acceptable level of pollutants. The properties of
growing media affect the supply and storage of water, gas and nu-
trients, and therefore create the conditions for plant growth and de-
velopment. In response to this, plants and microorganisms affect the
physical and chemical properties of substrate. The processes of sub-
strate formation, which occurs on the rooftop during cultivation, are
influenced by climate, vegetation and the weathering of freshly accu-
mulated substrate materials (Schrader and Boning, 2006; Kohler and
Poll, 2010; Gabrych et al., 2016).

Plant biomass and quality parameters are closely connected with the
nutritional status of the plant. Inadequate (i.e., excessive or deficient)
nutrient content and the presence of toxic elements in the growing
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media often result in the marked decrease of plant biomass as well as to
low plant quality and sensitivity to abiotic or biotic stresses.
Furthermore, excessive content of toxic elements has a negative impact
on the environment through nutrient leaching or gaseous emission
(Barker and Pilbeam, 2007). Therefore, diagnosis of plant nutrient
composition is essential for better recommendations of substrate com-
position based on waste materials and should be part of the integrative,
green roof vegetation design.

This three-year study describes the effect of an extensive green roof
substrate made of silica waste materials on the growth and nutrient
status of three native, xerothermic plant species (Hieracium pilosella L.,
Sedum acre L. and Dianthus carthusianorum). Preliminary examination of
a few substrate compositions based on silica slag showed that Si-waste
material can be a valuable and environmentally safe component of the
green roof media. Silicon as beneficial elements, can compensate the
toxic effects of other elements or may substitute mineral nutrients in
some other less specific function (Guntzer et al., 2012). According to
Crooks and Prentice (2011) and Berthelsen et al. (2013), who demon-
strate that low-cost silica wastes can be a valuable source of silicon for
plants on Si-deficient growing media, we hypothesized that Si-wastes
(fume or silica slag) may have some agronomic values as a silicon plant
promoter which enhance growth and resistance to stress in very specific
rooftop environmental conditions.

Our experiment had four objectives: (1) evaluation of the physical
and chemical properties of waste substrate (from currently emerging
waste materials) and time-related changes, (2) examination of the
substrate composition effect on plant growth and nutritional status, (3)
determination of the nature plant taxa, collected in typically dry ha-
bitats, potential for cultivation on green roof systems in local weather
conditions, and (4) identification of plant-induced changes in growing
media parameters.

2. Materials and methods
2.1. Material and experimental design

The three-year study was carried out at the Experimental Station
belonging to the University of Agriculture in Krakow (50°5’3.1365”N,
19°57/1.4373”E) in southern Poland. The pilot-scale roof system was
constructed in 1.2 m x 0.8 m containers placed on a platform 40 cm
above the ground and designed as a full-scale, extensive green roof.
Containers were filled with a separation protection and storage fleece
(Optigreen RMS 300) on the bottom, a commercial green roof drainage
layer (Optigreen FKD 25), a geotextile filter layer (Optigreen FKD 10)
and 10 cm of substrates. The Si-waste growing medium was made up of
locally available waste materials: 25% vol. silica waste and 5% vol.
silica fume (from still operating ferro-silicon works), 20% vol. crushed
brick, 10% vol. sand, 20% vol. muck soil (histosols), and 20% vol.
urban compost. The physico-chemical properties of these components
had been evaluated and presented in a separate publication by
Krawcezyk et al. (2017). A commercial substrate for extensive green
roofs made by the Optigreen Company (E-type”) was used as a control
substrate.

The waste material named ‘silica waste’ was represented by blast
furnace slag stored for several years in landfill and silica fume gener-
ated by electric arc furnaces as a by-product of ferrosilicon alloys. Muck
soil was organic waste material removed from the organic horizons of
mucky peat. Green waste compost (Barycz, Krakéw, Poland) was
composed of composted garden waste collected in Krakéw area. The
coarse mineral fractions were mechanically crushed to obtain particles
smaller than 10 mm. Fragments then were rinsed with water and mixed
with other components. The substrate composition with all ingredients
was adjusted to the requirements of German FLL standards (2015), in
particularly content of organic matter and fraction below 0.06 mm, pH
and bulk density. The characteristics of the substrates used are pre-
sented in Tables 1 and 2. In general, the Si-waste growing medium had
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Table 1
Selected physical and chemical properties of roof substrates (*BD- bulk density, OM-
organic matter content, WC- water capacity).

Substrate BD*g Mass OM* % WC* % fractions
em™® kg % wv
m—2
10-2 1.0 0.30 0.06 < 0.06
Control 1.04 104 8 456 543 146 241 6.89 0.05
Si-medium  0.88 88.0 8 509 549 58 289 9.08 1.34

Table 2
Soil reaction (pHgz0), salt concentration (EC g dm ~2), macronutrients (mg dm ~2) and
trace element (mg kg~ ') content in the substrates. *To compare EC to the FLL guidelines

(2008), EC S cm ™! was converted to g dm ~> using the conversion formula g dm ™3 = pS
em ™! * 0.00156 (Farrell et al., 2012).
Substrate pPHu2o EC* N-NH; N-NO; P K Ca Mg S
Control 7.85 0.61 2.0 28.3 40 392 3358 124 169
Si-medium 7.11 2.65 6.2 67.1 161 1190 2053 273 207
B Cu Fe Mn Zn Cd Ni Pb Cr
Control 6.07 9.5 747 81 25 0.3 1.6 9.5 0.9

Si-medium  9.38 38.5 1031 2434 124 1.7 4.2 42.8 5.7

a lower bulk density, lower pH values and salt (EC) content, and a
higher content of nutrients and trace elements in comparison to the
control media.

After the first year of the experiment, the content of available po-
tassium and phosphorus in the growing medium decreased sig-
nificantly. Therefore, during the late spring of 2014 solution of po-
tassium monophosphate was applied (39P + 50K mg dm ™) to the Si-
medium treatment. The content of P and K was supplemented to the
same level as in the control object (80 mg P + 150 mg K in 1 dm® of
substrate).

2.2. Plant species

Three plant species were used as phytomether species: Hieracium
pilosella L., Sedum acre L. and Dianthus carthusianorum. Table 3 presents
the detailed characteristics of the selected taxa. The H. pilosella and S.
acre plants were obtained from natural xerothermic grasslands in the
Matopolska Upland. Young tufts of the metallicolous ecotype of D.
carthusianorum were sourced from waste that remained after the mining
and processing of Zn-Pb ores in Bukowno, near Krakow. All plant spe-
cies used in the study belong to typical communities of the xerothermic
grassland and grow on remarkably sunny areas, warm and dry origin on
limestone, or for Sileno otitis — Festucetum associations settled on al-
kaline or slightly acid sandy soils. Although not commonly found on
green roofs, H. pilosella was used as a species characterized by high
tolerance to dry soils with a low content of nutrients. The metallicolous
ecotype of D. carthusianorum is commonly known as a drought- and
metal-tolerant species (Wéjcik et al., 2015).

The study comprised of 24 micro-plots of 0.5m? each

Table 3
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(0.8 m x 0.625 m internal dimensions). The experimental design was
multi-factorial and involved two factors (two substrate types (depth of
10 cm) and three plant species). Moreover, the plot arrangement fol-
lowed a randomized complete block design with four replications, each
consisting of 24 rosettes of H. pilosella, of 24 tufts of D. carthusianorum
and of 24 mat-like 5 cm stands of Sedum) (Fig. 1). Plants were planted
as monoculture on 17 June 2013 and were grown until 17 July 2015.
Plants were watered manually, only during long dry periods (according
to weather data in Fig. 2.), with the same amount of water each re-
plication (it simulated 5 mm of rainfall), which led up to reaching
80-90% of the water-holding capacity. We opted for additional irriga-
tion per Monterusso et al. (2005), who found that plants do not grow
well on extensive-type roofs without irrigation. Additionally, we
needed enough biomass of the plants for chemical analysis of plant
material.

2.3. Weather data

Precipitation and air temperature data were obtained from the
Meteorological Station of the University of Agriculture in Krakow (50°
4’ 48.5446”N, 19° 50’ 56.9347”E). Fig. 2 presents the total monthly
precipitation and average monthly temperature. In the Krakow area,
the total annual precipitation is usually 650-700 mm. Forty-one per-
cent of the annual rainfall comes in the summer. The site of the study
has an average minimum temperature of —3°C (in January) and a
maximum temperature of about 19 °C (in July). In 2013, temperatures
were near average for the Krakow area from April to September.
Rainfall during the growing season in 2013 was high in May and very
high in June. This season was characterized as slightly cooler and much
drier in July and September, especially compared with 2014, which had
rainfall equally distributed throughout the growing season. In 2015, the
growing season was warmer and drier, especially in June and July. In
2013, the following periods were recorded as without rainfall: 13-20
May, 11-22 June, 29 June-5 July, 15 July-6 September, 13-20 Sep-
tember, 22-29 September, and 29 October-16 November. Dry periods
in 2014 were recorded on 3-10 June, 16-23 July, 1-15 October, and in
2015 on 15 April-6 May, 27 May-15 June, 28 June-8 July, 29 July-5
September, 17-25 September, 6-14 October and 27 October-12 No-
vember.

2.4. Substrate analyses

Samples of substrates were collected before and after each growing
season. Sieves were used to analyse particles of the following sizes: 10,
3, 2, 1, 0.3 and 0.06 mm according to FLL (2008). Bulk density and
water capacity were estimated using Kopecky’s cylinders method.
Undisturbed substrate sampling was performed using a stainless steel
cylinder with a diameter of 70 mm and height of 65 mm. The content of
the available form of macro-elements was detected by extraction with
0.03 mol dm ~3 CH3COOH solution (Ostrowska et al., 1991). The con-
centration of mineral nitrogen (NH4—N, NO3—N) was determined using
the Flow Injection Analysis technique (PN-EN ISO 13395:2001, 2001;
PN-EN ISO 11732:2005 (U), 2005). The content of micronutrients and

The characteristics and habitats and syntaxonomic units of species used in the study (Matuszkiewicz, 2005; Cwener and Sudnik-Wéjcikowska, 2012).

Plant name/family Native

Typical habitats/syntaxonomic units

Decorative part

Hieracium pilosella L., Asteraceae ~ western Asia, Europe

Sedum acre L., Crassulaceae North America, Japan,
New Zealand, Europe
Dianthus carthusianorum, Europe

Caryophyllaceae

shallow and drought-prone soils, alkaline and rich in limestone to
moderately acidic soil with nutrient low status, species characteristic of
the Nardo-Callunetea class

thin and dry sandy soils, shingle, typical rock areas, species characteristic
of the class Koelerio-Corynephoretea

thin, well-drained, infertile lime-rich soils, a calamine (zinc-lead) waste
heaps, species characteristic of the class Festuco-Brometea and for the
association of Sileno otitis-Festucetum in the Koelerio-Corynephoretea class

high-density patches of rosettes, mat-
forming growth, lemon-coloured
flowers (V-VIII)

mat-like stands, bright yellow flowers
(V-VvII)

tufts of grey-green slender leaves, dense
heads of dark pink to purple flowers
(VI-IX)
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trace elements were determined used Rinkis method with extraction of
1 mol dm ™3 HCI (Ostrowska et al., 1991). This relatively “aggressive
extractant” removes more than the plant-available forms of elements,
including exchangeable and weakly adsorbed fractions of ions. This soil
test is used to estimate critical levels of micronutrients in soils and is
recommended for first-level screening of soil contamination in Poland.
After extraction, the content of nutrients was determined using In-
ductively Coupled Plasma Optical Emission Spectrometry (ICP-OES,
Prodigy Teledyne Leeman Labs). Soil reaction (pH) and the total con-
centration of salt (EC) were determined in a 1:2 soil-water (by volume)
solution (Ostrowska et al., 1991). The organic matter content was es-
timated by loss on ignition method (in 550 °C).

2.5. Plant analyses

The above-ground parts of the plants were harvested and weighed
on 24 September 2013, 7 July 2014 and 17 July 2015. Plants were cut
in September 2013 in order to produce a sufficient amount of biomass.
In 2014-2015, plants were cut in full vegetation in July. D. carthusia-
norum was harvested only in 2013 and 2015 due to the low biomass
production in 2014 after abundant flowering and cutting in the first
year of the study.

The plant material was dried at 65 °C (24 h) and ground in a
Pulverisette 14 (FRITSH) variable speed rotor mill, using a 0.05 mm
sieve. The content of nutrients and metals in plants (Cd, Cr Ni and Pb)
were determined after mineralization in 65% extra pure HNO3 in a CEM
MARS-5 Xpress microwave system, using a high-dispersion spectro-
meter ICP-OES. The leaf N content was assayed by the Kjeldahl method
using a VELP Scientifica UDK 193 distillation unit (Ostrowska et al.,
1991). Dry matter content of the plants was determined after drying in
the laboratory dryer with forced air circulation at 105° + 5 ° C until a
constant weight was achieved.

Five independent evaluators examined the relative appearance of

53:3966601981
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Fig. 1. Graphic representation of a roof platform. Illustration by Anna
Krawczyk.

Control medium

Si-medium

6 x 4 =24 plants

Fig. 2. Mean monthly precipitation (mm, chart bars) and temperatures
(°C, chart line) for the study.

2013
2014
I 2015

2013
eseess 2014
— 2015

each plant according to Monterusso et al. (2005) on September 2013,
July 2014 and July 2015. They used a 6-point scale: 0 (dead), 1
(stressed plant showing visible wilting and browning), 2 (plant showing
little change since planting), 3 (plant showing slow growth), 4 (healthy
plant exhibiting a large amount of growth) and 5 (plant showing ex-
ceptional growth and fullness).

2.6. Statistical analyses

Results were statistically verified using the ANOVA module of
STATISTICA 10.PL (StatSoft Inc., USA). A two-way analysis of variance
(ANOVA) was used to determine the main effects of the study (two
factors: substrate type and plant species), and the HSD Tukey test was
used to determine the significance between means. Tests were con-
sidered significant at a probability level of less than 0.05 (p < 0.05).
Due to the large amount of data in this study only the main effects were
shown. The interactions between objects were not presented.

3. Results and discussion
3.1. Physical and chemical analysis of substrate

The physical parameters of the analysed substrates are presented in
Table 4. The bulk density of the Si-waste growing medium was 1.03 g
dm ™3, this parameter in the control medium were 1.04 g dm~>. Ex-
tensive green roof substrates should comply with a number of re-
quirements, including high water-retention capacity, low bulk density,
good aeration, good drainage, light weight, low cost and stability, and
they should support the maintenance of species diversity by providing
good anchorage for plants (Ampim et al., 2010; Beattie and Berghage,
2004; Vijayaraghavan, 2016). According to FLL standards (2008) the
bulk density of extensive green roof substrate should be
0.6-1.2gcm™3, and a 1 cm depth of growing media should weigh
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Table 4
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Selected physical and chemical properties of roof substrates affected by time and plant species (HP- Hieracium pilosella, SA- Sedum acre, DC— Dianthus carthusianorum; a,b,c- means

followed by different letter differ at p < 0.05).

3 2

Factor BD gem™ Mass kg m™~ OM% WC% wv % fractions
10-2 1 0.30 0.06 < 0.06

Control 1.04 104 59a 45.2 a 51.5b 5.45a 155a 25.6 b 2.05a
Si-medium 1.03 103 6.3b 479 b 47.5 a 8.37b 26.8 b 145 a 2.92b
2013 1.07 b 107 b 49a 46.6 529 ¢ 7.41 16.6 a 19.4 3.69 ¢
2014 1.03 a 103 a 6.2b 46.0 49.2 b 7.00 22.1 b 19.3 2.47 b
2015 1,02 a 102 a 7.3c 47.6 455 a 6.95 272c¢ 18.9 1.49 a
HP 1,06 b 106 b 59a 47.1 49.5 6.71 a 22.1 19.0 2.63
SA 1.00 a 100 a 6.4 b 46.1 49.7 7.48 ¢ 21.4 18.8 2.54
DC 1.06 b 106 b 6.1 ab 47.1 48.3 7.16 ab 22.3 19.8 2.47

10 kg m~2 at a bulk density of 1 gem™3.

The weight of the substrate plays a crucial role in the construct-
ability of green roofs, especially for construction on existing buildings
where the additional roof loading might affect the building’s structural
integrity (Carson et al., 2012). Therefore, it is important to maintain as
low a weight as possible (Ntoulas et al., 2013). During the study, we
observed a tendency to decrease the bulk density, clay fraction <
0.06 mm content. Substrates in which H. pilosella and D. carthusianorum
were planted had slightly but significantly higher bulk density than
growing media collected from the S. acre treatment (Table 4).

During all growing seasons, substrates used in the experiment
showed a high and stable soil water capacity. The values of this para-
meter were in accordance with German FLL (2008) standards, which
are in the range of =35 =65% wv (Table 4). The value of water ca-
pacity represents the potential of substrate to hold and drain water
(Vijayaraghavan and Joshi, 2014).

The Si-waste growing medium was characterized by slightly, how-
ever significantly higher organic matter content (6.3%) than the control
medium (5.9%); despite this increase, it still was at an acceptable level
(FLL, 2008). A typical roof substrate usually consists of 80-90% mineral
fraction and 10-20% organic materials (Beattie and Berghage, 2004).
Higher organic matter content may cause shrinkage of substrate, pro-
mote the growth of unwanted weeds, increase the load during rain
events and threaten the long-term success of the whole roof (Nagase
and Dunnett, 2011; Ntoulas et al., 2013; Ondofo et al., 2015). Fur-
thermore, high levels of organic matter in the media could encourage
growth of plants, resulting in lower resistance to drought stress, espe-
cially on non-irrigated roofs (Getter and Rowe, 2006). According to
German FLL standards (2008) only <6% wv of organic matter is re-
commended for extensive roof types. In our experiment, we observed a
significant increase in the organic matter content in both tested sub-
strates during a subsequent year of the study (Table 4).

Dead or alive biomass (roots and aboveground parts of plant) can be
an important source of carbon, which is needed for microbes to produce
a fraction of organic matter in the substrate. A significant enrichment of
green roof media in organic C was found in studies by Schrader and
Boning (2006), Kohler and Pol (2010) and Thuring and Dunnett (2014).
Similarly, in tested substrates, we also observed significant plant-

Table 5

induced changes in C content. The lowest organic matter content in
growing media was collected from H. pilosella and D. carthusianorum
treatments as compared to S. acre species (Table 4). This phenomenon
might be related to the development of a greater mass of roots and a
higher degree of vegetation cover by this species. Decomposing Sedum
roots residues probably are an important C source in growing media.

According to German recommendations (2008) particles smaller
than 0.06 mm (silt and clay fractions), which cause high stickiness and
plasticity, should not exceed 15% by weight. In our study, measure-
ments of the grain-size composition demonstrated that the number of
particles smaller than 0.06 mm in diameter in both substrates was
within the recommended range (Table 4).

The pH value of the substrates used in our experiment was within
the range proposed by FLL (2008) guidelines (pH 6.5-8.5). With an
average 7.75 pH for the control substrate and a 7.69 pH for the Si-waste
substrate, both substrates are appropriate for use as a buffer media for
acid rafalls. Vijayaraghavan and Joshi (2014) showed the potential to
increase the pH of roof substrate to neutral/alkaline values. In third
year of our experiment, the pH decreased slightly from 7.90 (after the
first year of the study) to 7.69. Schrader and Boning (2006) and Thuring
and Dunnett (2014) found similar results.

On the one hand, a slight decrease in the alkaline soil reaction may
be beneficial for the increased availability of some nutrients, which is at
the pH in a range of 5.5-7.0 (Ampim et al., 2010). On the other hand,
alkaline media significantly reduce the availability and phytotoxicity of
some trace elements such as Pb, Cd and Ni (Kabata-Pendias, 2011). The
contents of soluble salts in the substrates were comparable between
treatments. Furthermore, these contents were very low during all
growing seasons and did not exceed recommended values (FLL, 2015)
for extensive roof systems (Table 5).

For optimal yielding, all plants must receive adequate amounts of
each nutrient. If one or more nutrients are deficient in the soil, plant
biomass is reduced even when there is an adequate amount of other
elements. The substrate used in green roof technology should contain
only minimal nutrients to avoid weed succession and generation of
eutrophic runoff (Vijayaraghavan, 2016). According to FLL standards
(2015), the content of soluble nutrients in extensive roof substrates
needs to be as low as possible and should not exceed the recommended

Mean content of macronutrients (mg dm ™ of substrate) in the growing media affected by time and plant species (a,b,c- means followed by different letter differ at p < 0.05).

Factor PHuz0 EC g dm 3 N—NH4 N—NO;3 P K Ca Mg S
Control 7.75b 0.16 6.9 a 35b 50 79 4097 b 168 26
Si-medium 7.69 a 0.14 9.3b 1.8a 57 100 2223 a 169 23
2013 7.90 ¢ 0.17 b 33a 1.5a 25a 43 a 3271 b 164 ab 37b
2014 7.57 a 0.17 b 12.2 ¢ 1.9 ab 72b 150 ¢ 2662 a 147 a 15a
2015 7.69 b 0.11a 9.5b 41b 64 b 79 b 3144 ab 194 b 20 a
HP 7.78 b 0.16 8.7b 2.2 55 100 2633 a 155 a 24
SA 7.67 a 0.13 6.6 a 3.3 55 79 3559 b 193 b 26
DC 7.71 ab 0.16 9.6 b 2.0 52 93 2886 a 157 ab 23
198
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Table 6
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Mean content of trace elements (mg kg ™' of substrate) in growing media affected by time and plant species (a,b,c- means followed by different letter differ at p < 0.05).

Factor B Cu Fe Mn Zn cd Ni Pb Cr
Control 1.6 b 85a 1079 4323 a 29 a 0.20 a 13a 9a 0.7 a
Si-medium 0.8a 38 b 1112 4633 b 117 b 0.81b 40b 55b 2.0b
2013 1.6 ¢ 71a 886 a 119a 57 0.39 19a 32 0.8a
2014 1.2b 26b 1098 b 4501 b 79 0.55 28b 35 1.5b
2015 0.7 a 44c 1310 ¢ 8883 ¢ 102 0.70 37¢ 38 22¢
HP 1.3b 23 1086 204 a 84 0.59 29b 35 1.4
SA 1.0a 31 1127 6976 ¢ 61 0.41 3.0b 21 1.5
DC 1.la 23 1081 6323 b 93 0.64 26a 50 1.5
Table 7
Dry matter (%), biomass (g m~?) and macroelements content (% d.m.). in the plants depending on substrate, year and plant species (a,b,c- means followed by different letter differ at
p < 0.05).
Factor d.m.% Biomass N P K Ca Mg S
Hieracium pilosella
Control 19.7 a 5736 1.90 0.35 2.51 0.92 0.11a 0.16
Si-medium 223b 6536 1.80 0.35 2.40 0.98 0.13b 0.16
2013 19.6 a 2095 a 2.29 b 0.26 a 3.29b 1.08 b 0.13b 0.19b
2014 24.0b 12862 b 1.68 a 0.40 b 1.93a 1.13b 0.14b 0.18 be
2015 199 a 3622 a 1.56 a 0.37 b 213a 0.66 a 0.10 a 0.11a
Sedum acre
Control 14.1 7797 1.10 0.35b 0.98 b 2.28 0.12 0.23
Si-medium 14.0 7386 1.08 0.28 a 0.85a 2.24 0.13 0.21
2013 128 a 5838 a 1.45b 0.29 1.11b 3.03 ¢ 0.16 ¢ 0.34 ¢
2014 14.1b 11523 b 0.92a 0.30 0.86 a 2.58 b 0.14 b 0.21b
2015 152 ¢ 5326 a 0.89 a 0.35 0.76 a 117 a 0.09 a 0.12a
Dianthus carthusianorum
Control 33.1 2604 1.32 0.21 1.81 1.46 0.14 0.11
Si-medium 29.5 2804 1.46 0.22 2.04 1.51 0.15 0.11
2013 27.2a 2611 2.05 b 0.31b 2.38 b 2.08 b 0.19b 0.18 b
2015 34.8b 2825 0.75 a 0.11a 1.50 a 0.90 a 0.10a 0.03 a
levels (mg dm™3%); N (NO3—N + NH,—N) = 150, P < 100, K < 250, significant differences between the years of the experiment. Metals
Mg =< 150. Both substrates used in our study were characterized by low phytotoxicity can inhibit plant growth, reduce the content of chlor-
amounts of available N, P and K and a high amount of Mg. After P and K ophyll and damage the root system. Nutrient uptake also might be re-
fertilization in the second year of the study, the concentration of these duced due to the direct ion competition from trace metals (Kabata-
elements in Si-waste substrate increased. We observed the variable ef- Pendias, 2011; Wojcik et al., 2014). It should be noted that irrespective
fect of plants on the nutrient composition of the substrate. S. acre plants of the study year, heavy metal concentrations in the Si-waste medium
increased content of Ca and Mg in the growing medium, and D. car- did not exceed the national limits for agricultural and urban soils. These
thusianorum caused the increases in NH,—N concentration in the sub- limits, with total metal concentration of mg kg~ *, are Cd — 4, Cu —
strate. 150, Pb — 100, Ni — 100 and Zn — 300 (Environment Minister’s
Green roof substrates, especially those made of waste materials, regulation, 2002).
might be a source of some toxic metals (Ampim et al., 2010; Solano The substrate in which H. pilosella was grown had higher B and Ni
et al., 2012). Our results showed significantly higher content of trace and very low Mn content compared to other tested plant taxa. S. acre
metal elements (except Fe) in the prepared Si-waste substrate compared plants induced the solubility of Mn and Ni. Plants might control bio-
to the control medium (Table 6). According to criteria for content of logical activity and nutrient cycling in the substrate (Schrader and
micronutrients detected by the Rinkis method in Poland, low content of Boning, 2006). They can sequester, solubilize or immobilize some
B and high content of available Cu, Zn and Mn were measured in the Si- fractions of the metals that might be released from the substrate (Alsup
waste substrate. A very high Mn concentration in the Si-waste medium et al., 2010; Solano et al., 2012). In a study by Vijayaraghavan and
was caused by the high content of MnO in blast furnace slag and silica Joshi (2014), Portulaca grandiflora planted on green roof substrate acted
fume substrate amendments. Availability of Mn for plants is affected by as sink for various metals and showed the potential to generate better
soil pH and soil redox potential, and it decreases with increasing pH and runoff.
oxidation potential (Barker and Pilbeam 2007). Consequently, Mn
toxicity for plants generally does not occur in alkaline, well-drained 3.2. Plant analysis
growing media. Additionally, Kabata-Pendias (2011) indicated that Mn
oxides have relatively high total surface and CEC values (150-320 cmol The H. pilosella grown in the Si-waste medium had significantly
+/kg) and can bind metals (Cu, Zn, Pb, Cr, and As) in metal-polluted higher dry matter content (22.3%) compared to the control treatment
media. Because Mn oxides have a great impact on the immobilization of (19.7%) (Table 7). The biomass of H. pilosella also was higher in the Si-
trace metals in soils, the risk of leaching pollutants is minimal. waste medium, but the difference was not statistically significant. Plant
In the second and the third year of the experiment, due to func- biomass was greater in the second year of the study which could be
tioning of the substrate as the living ecosystem, the concentration of Cu, connected to relatively regular rainfall during the growing season
Fe, Mn, Ni and Cr was significantly higher than at the beginning of the (Fig. 2). Nagase and Dunnett (2011) and Bates et al. (2015) demon-
study. This can indicate an increase of the solubility of metals in the strated, however, that luxuriant vegetation is not always desirable and
growing media. The same trend was observed for Zn, Cd and Pb with no can be detrimental to plant survival, making plants more susceptible to
199
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drought stress.

The plant nutrient status was similar in terms of macroelements,
regardless of the substrate used. Only S. acre planted in the control
substrate was characterized by a higher content of P and K compared to
plants collected from the Si-waste substrate. Generally, regardless of the
growing medium, the content of K in S. acre was very low, i.e., less than
1% d.m. (Table 7). Turnau et al. (2010) demonstrated that plants
growing in industrial waste substrates generally had higher con-
centrations of heavy metals but lower concentrations of potassium than
plants from natural sites.

H. pilosella grown in the Si-waste medium had slightly higher Mg
content and significantly higher Cu and Mn content (9.4 mg kg ™! and
31.2mgkg ™!, respectively) in relation to the plants grown in the
control substrate (7.4 mg kg~ * and 21.9 mg kg~ %, respectively). S. acre
planted in the Si-waste substrate had higher concentrations of Fe, Zn
and Pb than that in the control treatment. Generally, S. acre and D.
carthusianorum plants accumulated the highest contents of Cu, Fe, Mn,
Zn, Ni, Pb and Cr in the first year of the experiment. In subsequent
years, the concentration of these elements in plants decreased with the
exception of H. pilosella, which had the highest content of Cu and Cr
after three years (Table 8). It should be noted, however, that in relation
to elevated metal concentrations in the Si-waste substrate, the amount
of metals accumulated in the tissues of all tested taxa was relatively
low, and in case of Mn, near to the critical deficiency level, which for
most plants ranges from 15 to 25 mg kg~ ! d.m. (Barker and Pilbeam,
2007; Kabata-Pendias, 2011). Silicon can alleviate heavy metal avail-
ability and toxicity for plants by reducing active metal ions in growing
media and decreasing metal uptake and root-to shoot translocation and
chelation. This also might explain the high production of biomass in
substrates based on silicon waste with average-high concentrations of
heavy metals. The boron concentration in all species was lower than in
the control treatment. A possible explanation for this phenomenon is
the antagonistic effect of Si on the uptake of boron (Kabata-Pendias,
2011).

Metallicolous ecotypes of D. carthusianorum showed no significant
differences in the content of trace elements between tested substrates.
This species represents plants with a greater ability to resist, tolerate or
succeed in toxic metalliferous habitats (Wojcik et al., 2015).

It has been found that, compared to the control substrate, a visual
rating of plants grown in the Si-waste substrate was higher. The dif-
ferences, however, were significant only for Sedum, which showed a
greater plant cover in the Si-waste substrate than in the commercial
growing medium (Table 9). This may be associated with an individual
response of plants to silicon nutrition.

We noticed significantly increased visual results ratings in 2014 and

Table 8
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Table 9
Effect of substrates on the visual rating (0-5 scale) of plants measurement, 2013-2015(a,
b- means followed by different letter differ at p < 0.05).

Hieracium pilosella Sedum acre Dianthus carthusianorum
Control 3.67 342a 3.08
Si-medium 4.00 3.92b 3.50
2013 3.00 a 3.38 237 a
2014 4.25b 3.63 3.63 b
2015 4.25b 4.00 3.88b

2015, with the exception of S. acre where only tendencies were ob-
served. The H. pilosella and D. carthusianorum plant cover significantly
increased throughout the experiment. D. carthusianorum cover was re-
latively low, however, suggesting that this species is less adaptable to
the covering of a green roof. On the other hand, this plant produces a
relatively huge amount of seeds, which makes it a good component of a
mixed population, and provides fast ground cover, especially in the first
year of growth.

In the habitats dominated by H. pilosella, typical field density often
is in the range of 600-1200 rosettes per m~ > and sometimes exceeds
3000 rosettes per m~ 2 (Bishop and Davy, 1994). In our study, the
plants had a basal rosette with clustered leaves and the steam apex
underwent flowering at an early stage. The plants produced long sto-
lons with a terminal daughter rosette and adventitious roots when the
rosette flowered. The succulent S. acre showed little response to
weather conditions during the experiment, which can confirm its use-
fulness for extensive green roof systems. Comparable to the observa-
tions of Gabrych et al. (2016), a decline in coverage was only the result
of die-back after summer flowering.

Due to the increasing number of waste in the environment, future
research should consider reusing these materials for substrates in green
roof technology. Urban biodiversity is a significant matter, therefore we
plan to carry out a study on suitability of other native plant species in
this technology.

4. Conclusions

To get the maximum benefits for an urban environment, better
management of green roofs require knowledge of the impact of plant
species on substrate composition and vice versa as well as knowledge of
the influence of substrate on plant growth and development. The use of
local, low cost waste materials to prepare the roof substrate can be an
alternative to the common use of expanded minerals and might de-
crease of waste volume in landfills. Furthermore, the introduction of

Mean content of trace elements (mg kg ™' d.m.) in the plants, depending. on substrate, year and plant species (a,b,c- means followed by different letter differ at p < 0.05).

Factor B Cu Fe Mn Zn Cd Ni Pb Cr
Hieracium pilosella

Control 235b 7.35a 312 219a 39.9 0.21 2.84 1.99 5.36
Si-medium 21.0 a 9.38 b 387 31.2b 71.3 0.38 4.26 9.78 10.30
2013 26.0 b 7.41 a 258 24.2 a 53.4 0.45 3.67 4.17 297 a
2014 249b 6.36a 417 30.8b 80.8 0.36 4.02 14.0 2.24 a
2015 15.4 a 11.80 b 389 26.7 ab 39.4 0.12 3.28 1.16 19.4 b
Sedum acre

Control 25.0 b 2.57 261 a 19.9 259a 0.28 2.36 0.68 a 2.76
Si-medium 22.0a 3.49 515 b 26.1 33.6b 0.25 7.08 3.35b 11.50
2013 259 b 5.83b 804 b 40.6 ¢ 40.2 b 0.26 a 11.8b 2.64 b 189b
2014 25.4 b 1.20 a 293 a 23.2b 39.8b 0.50 b 2.96 a 3.65b 1.48 a
2015 185a 2.25a 121 a 6.6 a 10.8 a 0.04 a 0.38 a 0.33 a 2.87 a
Dianthus carthusianorum

Control 25.7 5.83 201 13.4 49.0 0.20 4.96 0.94 7.24
Si-medium 21.1 5.00 307 17.0 92.9 0.52 3.51 6.50 5.83
2013 24.9 9.37 b 427 b 249 b 119b 0.55 6.21 b 8.14 9.35b
2015 21.3 1.29 a 95 a 6.0 a 30.0 a 0.21 2.05a 0.10 3.53a
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native plant species could serve to help wild flora colonize roof surfaces
in urban landscapes.

The results showed that modification of the composition of com-
monly used green roof substrate can significantly affect the growth and
element concentration in plants. The Si-waste substrate met the FLL
(2008) standards for green roof growing media and was as equally
suitable as the commercial substrate. We suggest that Si-waste materials
and other recycled ingredients can be recommended as components of
extensive green roof substrates. In the tested substrates, we observed
time related and plant-induced changes in some physical and chemical
parameters. A tendency to decrease the bulk density and pH value, and
an increase in the organic matter content in both tested substrates
during a subsequent year of the study was noted. The lowest organic
matter content was determined in growing media collected from H.
pilosella and D. carthusianorum treatments compared to the S. acre
species.

We conclude that our waste substrate created a favourable root
environment for the examined species. The plants were characterized
by a high production of biomass, easy propagation, rapid establishment,
high density of ground cover (with exception of D. carthusianorum) and
high decorativeness. The plant nutrient status of the tested taxa was
similar in terms of macro-elements, regardless of the substrate used. It
should be noted that in relation to elevated metal concentrations in the
Si-waste substrate, the amount of metals accumulated in the tissues of
all tested taxa was relatively low. We found higher visual rating of
plants grown in the Si-waste substrate but only in Sedum were mea-
surements significant.
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Abstract: Over the last decade, an increase in the use of locally available, recycled, and waste
materials as growing media components have occurred in various regions of the world in extensive
green roof technology. For eco-concept reasons, such a strategy appears to be appropriate, but
can be problematic due to difficulties in obtaining proper parameters of growing substrate. The
growing media should be properly engineered in order to enable the proper functioning of green
roofs and provide suitable environment for ideal root growth. The aim of the study was to assess
the utility of locally occurring waste materials for growing media composition and estimate plant-
and time-dependent changes in the physico-chemical parameters of waste-based substrates in a
simulated extensive green roof system during a two-year Sedum acre L. cultivation. Five different
substrate compositions were prepared using silica waste, crushed brick, Ca- and Zn-aggregates,
melaphyre, tuff, sand, muck soil, urban compost, spent mushroom, and coconut fibres. Optimal
water capacity, particle-size distribution, pH and salts concentration were found in all substrates. A
higher concentration of macronutrients (N, P, K, Mg) and trace elements (B, Cu, Fe, Mn, Zn, Cd, Ni,
Pb, and Cr) was found in waste-based substrates than in the commercial medium. In comparison to
the parameters determined before establish the experiment, bulk density of tested growing media
decreased, except for the substrates where the source of organic matter was the rapidly mineralising
spent mushroom. The organic matter content in substrates after the two-year vegetation increased in
relation to the ready-made substrate, with the exception of the composition with spent mushroom.
After two years of the experiment, all available macronutrients and trace elements (with the exception
of mineral N, K, SO4-S, and B) concentration were higher than in 2014, while pH, salt concentration
was lower. In general, plants grown in waste substrates had lower dry matter content and higher
biomass. A significantly higher biomass of S. acre L. was found in the first year of the experiment.
In the second year of the research, the plants grown in the commercial medium, the substrate with
silica waste, and the substrate with spent mushroom produced higher biomass than in the first year.
No symptoms of abnormal growth were observed, despite the higher trace element concentrations
in plants collected from waste-based substrate. Waste-based growing media can be considered as a
valuable root environment for S. acre L. in an extensive green roof system.

Keywords: silica waste; spent mushroom; urban compost; bulk density; nutrient elements;
trace elements

1. Introduction

In the foreseeable future, installing green roofs in sustainable urban infrastructures
will be the key tasks of any local government. Benefits that green roofs provide are well
documented in literature: creation of new green spaces and vegetation in density urban
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areas, minimisation of storm water loss, reduction of urban heat island, and improvement
of the quality of indoor environment [1-5]. Green roofs also enable habitat creation, which
supports biodiversity [6-8]. Green roofs, especially the extensive, are sustainable, energy-
efficient, and eco-friendly structures toward low or zero carbon building standards [9]. In
his review paper, Vijayaraghaven [10] indicated that in the near future one can expected
green roof technology to be spread around the world. The success of a green roof project de-
pends on several key factors, including the proper arrangement of plant growing medium
(substrate). The right formula ensures survival of plants and stability of their population
over time [10-12]. The ideal extensive green roof substrate based on mineral materials
includes light, well-drained ingredients characterised by adequate water and nutrient hold-
ing capacity, buffering capacity (so that macro- and microelements form are available for
plants), and resilience to degradation [10,13,14]. With the growing interest in green roofs,
a wide variety of substances are being considered as potential growing substrates [7,15].
Due to the low bulk density, porous structure and, ion-exchange properties, the use of
heat expanded aggregates is very high for the commercial production of roof substrates.
Common types of such materials are the following: expanded clay, high furnace slag,
slag made of burned coal, and expanded perlite [16,17]. The above-mentioned materials
are similar to volcanic tuff, natural rock mineral formed by consolidation of volcanic ash,
pumice, and scoria [18,19]. Tuff can be found in Poland in Filipowice, from which the
samples to the experiment were taken, and in other areas around Krzeszowice. The tuff
has a pink colour with brighter spots; it is strongly porous, with randomly arranged biotite
crystals. According to Grela et al. [20], tuffs as natural sorbents can be used in the process
of removing heavy metals from water, ammonia from municipal sewage, or cesium and
strontium from water coming from nuclear power plants. Tuffs are widely used in the field
of environmental protection.

The selection criteria commonly used in Europe, which describes physical and chemi-
cal properties of individual components as well as the ready-made substrates, was pub-
lished by the German Landscape Research, Development, and Construction Society [21].
The extensive growing media should be light (1 cm of substrate—10 kg m~2), permeable,
and, at the same time, should have a high sorption capacity, i.e., >35% <65%, to store water,
nutrients and buffering capacity (so that macro- and microelements form are available
for plants) [10,16,21]. The creation of a green roof system requires a considerable amount
of effort over a long period in time. Although some procedures (such as feeding with
nutrient or replacing substrate that has eroded) [21] may be employed in order to improve
the qualities of a green roof, a complete change in growing medium during vegetation is
not possible. Therefore, the substrate has to be as subsidence and resistance to erosion as
possible [18,22].

On the market, there are many ready-made growing media consisting of about 90-95%
of mineral fraction (expanded clay, expanded shale, and mineral aggregates) and up to 10%
of organic matter [15]. These materials are often manufactured overseas and are not locally
available [23,24]. Due to the increasing environmental awareness and economic reasons
(reduced haulage and transportation costs), more and more research works is concerned
with the green roof substrates based on locally available waste materials [15,25-27]. The
immense potential of waste components as green roof substrate ingredients was shown
in many studies. Molineux et al. [23,28] used crushed red brick, clay pellets, paper ash
(from recycled newspapers), and carbonated limestone blended with organics (conifer-
bark compost and medium clay soil). The results showed that the substrates based on
recycled and locally available materials perform as well as commonly used growing media.
Recycled-tire crumb rubber as a light-weight component for amending green roof substrate
was examined by Solano et al. [29]. Despite the release of zinc (Zn) from this material,
recycled-tire crumb rubber can be used as a valuable ingredient if it is combined with other
medium (e.g., rooflite®, Skyland USA, Landenberg, PA, USA). The media characterised
by high cation exchange capacities can mitigate the Zn from crumb rubber and allow the
reutilisation of this waste material. Carson et al. [30] examined waste drywall, concrete,
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roof shingles, glass, and lumber cutting. Concrete aggregates proved to cause admittedly
more structural loading than commercial substrates. This material as well as lumber cutting
may significantly alter the pH of runoff above acceptable limits. The recycled construction
waste materials mixed with inert loam and compost provided good drainage, relatively
stable structure, and proper growth conditions for grass and sedum in laboratory study
conducted by Mickovski et al. [25]. Young et al. [7] assessed the importance of green
waste compost and conifer bark, crushed waste red brick and water absorbent (hydrogel)
additive during Lolium perenne cultivation. Green waste compost, due to the higher content
of nutrients available to plants than in bark, caused a significant increase in plant biomass.
Bates et al. [26] used crushed brick, crushed demolition aggregate, solid municipal waste
incinerator bottom ash aggregate, and two different mixes of them during a six year
experiment in a wildflower mix cultivation. Plant biomass was similar for all treatments,
but high addition of crushed brick in substrate supported richer assemblages, making
them suitable for more species and a smaller amount of sedum. Grard et al. [31] used local
organic waste as a component of the growing substrate: green waste compost from urban
public parks and green spaces, crushed wood from public spaces and coffee ground with
Pleurotus ostreatus mycelium from a farm producing mushrooms. It was found that using
locally available waste materials can provide high levels of crop production with limited
inputs [31]. Similar conclusions were made by Eksi et al. [27] in the study in which the
potential of recycled materials (crushed concrete, crushed bricks, sawdust, and municipal
waste compost) and locally available materials in Istanbul (lava rock, pumice, zeolite,
perlite and, sheep manure) as green roof substrates was evaluated. Asaf et al. [19] indicated
coco-peat and cheap, local volcanic tuff as a promising alternative for green roof substrate
composition. However, organic components, such as coco-peat, were demonstrated to
improve, by 5.2 times, their initial weight in the highest water content [14]. Similar results
were obtained by Xue and Farell, [32] who evaluated the effects of locally available organic
waste materials (coarse coir, fine coir, composted green waste, almond hull, and pistachio
shell) on the physical and chemical properties of a scoria-based substrate.

A two-year study of the suitability of waste materials from local sources as roof grow-
ing media amendments during Sedum acre L. cultivation was carried out. Considering that
the composition of the growing substrate for the extensive green roof technology should
depend on locally available materials, preferably recycled, five substrate formulas were
arranged for intended plant selection and the climate of the tested region. The following
components were used: silica waste, crushed brick, Ca- and Zn-aggregates, porphyry,
tuff, sand, muck soil, urban compost, spent mushroom substrate, and coconut fibres. The
research was carried out in three steps: (i) green roof substrate formula development,
(ii) substrate evaluation, and (iii) pilot-scale experiment. A detailed specification of sub-
strates was prepared after blending the components and before the installation process.
Time-dependent changes in physical and chemical properties of growing media and S. acre
growth were examined during and after a two-year extensive green roof experiment.

2. Materials and Methods
2.1. Material and Experimental Design

The two-year experiment was carried out at the Experimental Station of the University
of Agriculture in Krakow (50°5'3.1365” N, 19°57'1.4373" E) in Southern Poland. The pilot-
scale roof system was constructed in 1.2 m x 0.8 m containers placed on a platform 40 cm
above the ground; it was designed as a full-scale extensive green roof. Containers were
filled in sequence with a commercial green roof drainage layer on the bottom, a geotextile
filter layer on top of it, and 10 cm of substrate on the top. The five growing substrates
were made up of locally available waste materials; their composition is shown in Table 1.
The Optigreen E-type® (Optigriin International AG, Krauchenwies-Goggingen, Germany),
which is a commercially available growing media for extensive green roofs, was used as a
control substrate.
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Table 1. Composition of prepared green roof substrates.
%
Component II-Si III-CaSM IV-TSM V-TUF VI-MEL

Sand 20 10 10 10 10

Crushed brick 2-10 mm 20 30 20 20 20
Silica fume 5 5 5 5 5

Silica waste 20 - - - -
Ca-aggregate 2-8 mm - 15 - - -
Zn-aggregate 2-10 mm - 5 5 - -

Melaphyre 2-10 mm - - 10 5 20
Tuff 2-10 mm - - 15 20 5

Muck soil 20 5 - 25 25

Urban compost 15 15 15 15 15
Spent mushroom - 10 15 - -
Coconut fibres - 5 5 - -

62:8677481741

All green roof substrate components used for the experiment were taken from the
local area. The ‘silica (Si) waste” was blast furnace slag stored for several years in landfill,
and silica fume was generated by electric arc furnaces as a by-product of ferrosilicon alloys
from steel mill in Laziska. It was hypothesised that Si could alleviate heavy metal toxicity
in plant; hence, 5% silica fume additive was included in each formula of the growing
media. Silicon can reduce active heavy metal ions in substrate, plant metal uptake, and
root to shoot translocation [33-36]. The Ca-aggregate was taken from the Czatkowice
Limestone Mine in Krzeszowice, and Zn-aggregate (mining waste rock fragments as well
as flotation residues)—from the Boleslaw Mine and Metallurgical Plant in Bukowno near
Olkusz. The Zn-Pb ores from this area contain an average of 4-6% Zn, 1-3% Pb, and
5-8% Fe. The gangue minerals are largely composed of dolomite and calcite; in total, they
constitute about 70% of the mining output [37]. Permian volcanic rocks were taken from
inactive quarries in the vicinity of Krzeszowice: brown melaphyre from Regulice and tuffs
from Filipowice. Igneous rocks represented soft rock materials with porphyritic textures.
Filipowice tuffs are described as anomalous potassium contents, and brown melaphyres
are characterised by elevated concentrations of Cr and Ni [38]. Muck soil was removed
from the organic horizons of mucky peat during drainage or structure excavation, and
spent mushroom was a typical by-product of mushroom production. Urban compost was
obtained from the Barycz Composting Plant. The coconut coir was obtained as agricultural
waste form greenhouse vegetable production. Fibres exhibit resilience to degradation of
lignin and cellulose and are rich in potassium and the following micronutrients: Fe, Mn,
Zn, and Cu.

The percentage share of each constituent in growing media and physico-chemical
characteristics of the waste components utilised in the study are presented in Tables 1-3.
In Tables 4 and 5, properties of five prepared green roof substrates used in the two-year
experiment with S. acre are shown. Before the mixing of the components, the coarse mineral
fractions were mechanically crushed to obtain particles smaller than 10 mm; later, they
were rinsed with water. The substrate compositions were prepared in order to meet the
FLL standards [21].
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Table 2. Properties of mineral components used in the experiment.

Parameter Unit Si-Waste Crushed Brick Tuff Melaphyre Ca Aggregates >NmMM“~MM”Mm
pH in H,O 7.86 10.1 8.19 8.87 10.8 7.98
EC mS cm~! 0.16 0.88 0.36 0.87 0.92 0.73
Bulk density gcm™3 15 0.77 12 1.2 15 1.3
Water capacity % wWv 33 46 16 13 4 14
>5 67 1
5-3 E 8 15
3-2 ,M\ 3 g m m 5 32
2-1 £ 1 T n i T 13
2 ~ o~
1-0.3 = 8 24
<0.06 13 15
Table 3. Physical and chemical properties of green roof substrate components.
Parameter/Element Unit Si-Waste Silica Fume Sand Muck Soil Compost ZMMM“ME O_MM“MM” Tuff Melaphyre >NWM“DMM”Mm
pH H,0O 7.86 7.56 6.91 4.72 7.69 6.80 4.76 8.19 8.87 7.98
EC mS em ™! 0.16 0.19 0.56 0.27 3.7 4.0 1.7 0.36 0.87 0.73
Bulk density gcm™3 15 0.07 1.5 0.24 0.34 0.13 0.10 1.2 12 1.3
Water capacity Yowv 33 3.3 35 71 60 62 56 16 13 14
Organic matter Y% 0.5 0.0 0.7 64 26 45 87 - - -
P 4.4 114 0.63 0.27 397 315 40 458 * 1511 0
K T 123 107 20 13 376 1649 1614 184 312 24
Ca ,m 4616 1240 322 953 2571 4230 43 34,829 16,370 103,986
Mg mo 218 248 17 97 430 363 71 3005 2132 7932
SO4-S ) 42 46 23 209 317 2267 5.2 21 39 191

63:9948720443
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Table 3. Cont.
Element Unit Si-Waste Silica Fume Sand Muck Soil Compost ZMMMMME OMMMMMH Tuff Melaphyre >NWM“MMMMm
B 4.4 1.9 0.23 6.1 17 23 8.9 0.81 0.73 1.00
Cu 89 47 7.8 5.8 10 18 16 2.7 6.5 trace
Fe 2691 1406 1012 2520 4561 3672 132 236 490 2026
Mn 7 2603 1246 169 178 219 452 112 113 221 379
Zn LWM 517 118 8.0 31 227 121 99 17 4.0 297
As *m 35 11 1.0 4.3 1.2 trace trace 1.9 49 0.4
Cd ) 2.1 20 trace 1.3 0.76 0.13 0.02 trace trace 4.8
Cr 11 8.7 25 0.42 9.8 3.2 0.10 15 11.5 trace
Ni 13 3.2 1.4 15 3.2 2.2 0.01 0.8 3.5 trace
Pb 128 104 44 24 17 3.5 1.0 1.8 trace 69.9
*__concentration of soluble forms in 0.03 mol dm 3 CH3;COOH; *—concentration of soluble forms in 1 mol dm~3 HCL.
Table 4. Physical and chemical properties of the green roof substrates.
BD WC Mass OM % Fractions (mm)
Substrate gem™> % wv kgm~2 % 5 3 2 1 0.3 0.06 <0.06
I-Contr. * 1.0d 46 bc 63d 8c 344a 9.1ab 10.9 ab 14.6d 24.1Db 6.9 ab 0.1a
I1-Si 0.88 ¢ 51d 53¢ 8¢ 3l6a 9.7 abc 13.6 ¢ 58a 289b 9.1bc 13c¢
II-CaSM 0.78 b 47d 46b 14 d 52.0b 123 ¢ 9.6a 6.3 ab 125a 6.6a 0.7 a
IV-TSM 0.69 a 51d 41 a 18e 482Db 11.7 bc 12.2 bc 58a 15.6 a 6.1a 0.5ab
V-TUF l4e 38a 82e 5b 309 a 85a 92a 75b 35.7 ¢ 7.9 abc 0.3 ab
VI-MEL 13e 42 ab 79e 4a 31.0a 8.0a 12.0 bc 120c¢ 26.0b 10.0c 1.0 bc

*—Optigreen E-commercial substrate; BD—bulk density, WC—water capacity, OM—organic matter. Means followed by different letters in columns differ at p < 0.05, compositions of substrates—see Table 1.

64:9532239998
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Table 5. Soil reaction (pHpp), salts concentration (EC—mS cm 1), macronutrients (mg dm™3), and trace elements

(mg kg~!) contents in substrates estimated before planting.

Substrate pH EC NH;4-N NO3;-N P K Ca Mg SO4-S Na
I-control 784 € 04a 82e 24 a 40 a 260 b 4062 ¢ 125a 188 ¢ 86b
1I-Si 713 a 18¢ 3.1bc 2la 125d 167 a 3030 a 245 be 61lb 18 a
[I-CaSM 748 ¢ 1.6 bc 1.4 ab 28 a 105 ¢ 608 c 4925d 254 c 352e 83b
IV-TSM 7.31b 1.7 c 43cd 187 ¢ 276 e 1499 e 3256 ab 362 e 577 £ 192d
V-TUF 7.69d 1.6 bc 6.0d 116 b 119d 891d 4159 c 294d 282d 109 ¢
VI-MEL 7.70d 1.0 abc 1.0a 9a 57 b 179 a 3595 b 229b 30a 13a
Substrate B Cu Fe Mn Zn Cd Ni Pb Cr Sr
I-control 0.7b 9a 747 a 8la 25a 0.25a l.6a 9a 09a 30c
[I-Si 09d 38 cd 1031 b 2434 e 124 ¢ 1.7 ¢ 42c 43 b 57d 43 e
III-CaSM 0.8c 44d 1465 ¢ 362b 326d 48d 2.6b 208 ¢ 21b 34d
IV-TSM 25§ 36 cd 876 ab 381b 311d 1.1b 25a 42b 1.8b 32d
V-TUF 13e 30 bc 973b 793 d 88b 1.4 bc 28b 28 ab 34c 26b
VI-MEL 04a 26b 903 ab 695 ¢ 81b 1.2 bc 25b 25 ab 35¢ 23a

65:4845687840

a—f—means followed by different letters in columns differ at p < 0.05; compositions of growing substrates—see Table 1.

2.2. Growing Media Analyses

The physico-chemical properties of substrates were determined 3 times: after the
mixing of the components and after the first and second growing seasons. Granulometric
distribution was analysed by the usage of sieves of the following sizes: 5, 3, 2, 1, 0.3,
and 0.06 mm [21]. Bulk density (BD) and water capacity (WC) were measured using
Kopecky’s cylinders (250 cm? in volume). Soil cores samples were weighed, wetted (in
order to cause capillary action), and dried at 105 °C. The content of the available forms of
macroelements was determined by extraction with 0.03 mol dm—3 CH3COOH solution [39].
The concentration of mineral nitrogen (NH4-N, NO3-N) was detected using the Flow
Injection Analysis technique [40,41]. The Rinkis method with extraction of 1 mol dm—3
HCI [39] was used to determine the content of soluble micronutrients, and trace elements.
The method, by the usage of which plant-available forms of elements, exchangeable, and
weakly adsorbed fractions of ions are removed, is used as first level of estimation of
critical levels of microelements in soils in Poland. After the extraction, the content of
nutrients and trace elements was determined using Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES, Prodigy Teledyne Leeman Labs. Mason, OH, USA). Soil
reaction (pH) and total concentration of salt (EC) were estimated in a 1:2 soil-water (by
volume) solution. The organic matter content was estimated by loss on ignition method (in
550 °C) [39].

3. Plant Material and Analysis

Sedum acre L. plants obtained from natural xerothermic grasslands in Lesser Poland
Upland were used as phytomether species. The randomised complete block design had
four replications, each consisting of 24 mat-like 5 cm stands of S. acre. Plants were planted
on 10 June 2014 and were grown until 17 July 2015. According to the FLL [21] and
Monterusso et al. [6] recommendations, plants were watered manually with the same
amount of water only during long dry periods (meaning >7 days without rainfall).

The above-ground parts of the plants were harvested in full vegetation, i.e., on 7 July
2014 and 17 July 2015. The biomass was measured immediately after cutting. Dry matter
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content was determined after the plants were dried in a laboratory oven with forced air
circulation at 105 °C £ 5 °C to constant weight.

4. Weather Data

Precipitation and air temperature data were obtained from the Meteorological Station
of the University of Agriculture in Krakow (50°4'48.5446" N, 19°50'56.9347" E).

Figure 1 presents the total monthly precipitation and average monthly temperature
during the vegetation period. In the Krakow area, the average annual rainfall is usually
650-700 mm. The average rainfall in the 2014 growing season was higher than in 2015.
In 2014, no rainfall was recorded in the following periods: 3-10 June, 16-23 July, 1-15
October; in 2015: 15 April-6 May, 27 May-15 June, 28 June-8 July, 29 July-5 September,
17-25 September, 6-14 October and 27 October—12 November. Significant differences in
temperature were found in September—higher in 2015 than in 2014.

25
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Figure 1. Mean monthly precipitation (mm, chart bars) and temperatures (°C, chart line) during the vegetation period.

66:6769429432

5. Statistical Analyses

All substrate and plant material analyses were carried out in four replicates. Results
were statistically verified using the ANOVA module of STATISTICA 13.1. (Dell Inc. Tulsa,
OK, USA, StatSoft Polska, Krakow, Poland). A two-way analysis of variance (ANOVA)
was used to determine the main effects of the study, and the Tukey’s HSD test was used
to determine the significance between means. Tests were considered significant at a
probability level below 0.05 (p < 0.05). The main effects are presented in the Tables,
while interactions between experimental factors (year x substrate type) are presented in
the Figures.

6. Results and Discussion
6.1. Component Analysis

All used mineral materials were characterised by neutral to alkaline reaction
(pH 6.91-8.87), while organic components—acid to alkaline pH, which ranged from 4.72
for muck soil to 7.69 for compost (Tables 2 and 3). Only the spent mushroom, because of its
high nutrient content, had a relatively high salt concentration (EC) (4 mS cm™1). Si-waste
material, spent mushroom, tuff, melaphyre, and zinc (Zn) waste aggregates contained
high amounts of soluble forms of calcium (Ca). Compost was distinguished by a high
content of phosphorus and magnesium available to plants, while spent mushroom—a high
concentration of potassium (K) and sulphur (SO4-S). Elevated concentrations of copper
(Cu), manganese (Mn), Zn, cadmium (Cd), chromium (Cr), nickel (Ni) and lead (Pb) in
Si-waste material and Zn-aggregates were found, which is, however, typical for many
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waste materials. High concentrations of boron (B) and iron (Fe) was detected in urban
compost and spent mushroom (Table 3).

Tuffs and melaphyres contained high levels of Cr (15 and 11.5 mg kg !, respectively)
(Table 3). It should be noted that only a limited amount of heavy metals are soluble under
physiological conditions and bioavailable for plants. Heavy metals such as Fe, Mn, Zn, Ni,
and Cu are considered to be essential for life, act as cofactors in biochemical reactions, and
are toxic when present in excessive amounts. The biological function of other trace elements
is not well known, but they can be toxic even at low concentrations. Metal mobility in the
soil is strongly influenced by a number of factors such as their concentration, coexistence
of other metals, soil pH, presence of nutrient elements, etc. [42,43]. Therefore, according to
the analyses, heavy metals may have a negative influence on plant quality and chemical
properties of prepared substrates.

6.2. Substrates Validation

In Tables 4 and 5, the most important physical and chemical parameters of the prepared
growing media are given. The bulk density of the waste-based substrates ranged from
0.69 g cm 3 (IV-TSM) to 1.4 g cm~3 (V-TUF).

According to the FLL standards [21], bulk density of the growing medium used on flat
roofs should not exceed 1.2 g cm 3. Organic matter content varied from 4% (VI-MEL) to
18% (IV-TSM). The minimum content of organic matter for single-layer extensive systems
is 4%. The content of organic matter in the II-Si substrate and the control growing medium
was the same-8%. To avoid excessive plasticity and viscosity, the roof substrate should not
contain more than 15 wt% of particles with a <0.063 mm diameter. All prepared substrates
met that criteria (Table 4). The highest percentage of particles with a diameter of 5 mm
was found in the III-CaSM and IV-TSM substrate, while significantly more of the smallest
fraction (<0.06 mm diameter) was present in the II-5i (silica substrate) in comparison to
others. The lowest water capacity was determined in the V-TUF medium (38%), and the
highest—in the II, III, and IV substrates (51%, 47%, and 51%, respectively), which was in
line with the FLL norms and their recommendation of >35 <65% w/v.

The optimal pH range of extensive roof substrates should be in the wide range of
6.5-9.5 [21]. All waste-based substrates and the commercial substrate had a pH between
7.13 (neutral) and 7.84 (slightly alkaline) (Table 5). The total dissolved salt content in
examined substrates ranged from 1.0 to 1.8 mS cm~!, which was below the maximum
acceptable level of 3.5 g dm~3 (2 mS cm™!). According to a soil test commonly used in
Poland for available macronutrient determination, reference values for macronutrients in
green roof substrates are the following (mg dm~2): 30 P, 150 K, 1000 Ca, 60 Mg, <20 SOy-S.
Significantly higher amounts of available macronutrients in prepared waste-based sub-
strates and in the commercial growing medium were found. The IV-TSM substrate, based
on the highest content (15 wt%) of spent mushroom as a source of organic matter, was
characterised by the highest level of P, K, Mg, and S. These results correspond with the
really high content of these elements in the raw material (Table 3).

The highest Na content in the IV-TSM growing substrate was connected with the
highest EC (Table 5). In the IV-TSM waste-based substrate (15 wt% of spent mushroom,
rich in boron), significantly more B (2.5 mg kg~!) than in other substrate and a high
concentration of Zn (311 mg kg~!), comparable with the III-CaSM substrate, was noted.
The highest contents of the following elements were found in the III-CaSM substrate: Ca
(resulting from the medium containing Ca-aggregates, 15 wt%), Cu, Fe, Zn, Cd, and Pb
(Table 5). The II-Si growing substrate was characterised by the highest content of Mn, Ni,
Cr, and Sr. The commercial medium had the lowest content of all analysed trace elements,
with the exception of Sr (Table 5).

7. Plant and Time-Depended Changes in the Physical and Chemical Parameters of
Growing Substrates

A significantly higher bulk density and substrates” mass were found during the second
year of the experiment (Table 6, Figure 2a). The higher BD in 2015 could be related to
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substrate subsidence and particle disintegration. However, the content of the smallest
tested particles (diameter <0.06 mm) did not change significantly in comparison to the
previous year and in the examined substrates. Disintegration of particles from 2 mm into 1
and 0.3 mm in diameter was noted (Table 6). The mean water capacity was higher in 2015
than in 2014, especially for the I-Control, IV TSM, and V-TUF (Figure 2b). In comparison
to the bulk density determined in the substrates before plant cultivation (Table 4), the
BD in 2015 decreased in the tested waste-based substrates, except for the growing media
II-CaSM and IV-TSM, in which the source of organic matter was the rapidly mineralising
spent mushroom. Kalembasa and Wisniewska [44] state that the spent mushroom has
a C:N ratio of 14:1, while the N:P:K ratio is 1:0.4:0.8. The narrow C:N ratio is believed
to be the cause of the rapid mineralisation of the organic compounds it contains. While
the rapid microbiological decomposition of organic compounds leads to the release of
nutrients available to plants, the humus content, on the other hand, is reduced, which may
deteriorate the physical properties of the substrate. Kéhler and Poll [45], in a long-term
study, showed that total porosity of growing media raised from 50 to 69% over 10 years.
The authors found that both biological processes (such as plant root development and
microbial activity) and physical processes contribute to that development.

Table 6. Physical and chemical properties of green roof substrates after one- and two-year growth of Sedum acre
L. (main effects).

BD WC Mass oM % Fractions (mm)
Factor 3 o K 2 o

gcm low/v g m % 5 3 2 1 0.3 0.06 <0.06
5 2014 10a 443a 60 a 93b 35.6 10.6 13.7b 80a  215a 94a 12a

v
- 2015 1.1b 469b 66b 89a 37.1 10.0 10.6 a 94b  23.6b 83a 11a
I-Cont 0.85a 43 a 51a 9c¢ 42.7b 9.6 ab 7.8 a 7.5a 224 ¢ 9.3 ab 0.7 a
II-Si 0.88 a 53¢ 53 a 15e 31.8a 103b  133c  78ab 242c  114b 1lla

[]
5 - 0.89 a 47b 54 a 10d  508c 108b  116bc  79ab  11.0a 6.5a 14a

ki CaSM

3 IV-TSM 1.0b 47b 61b 8¢ 313a  133c  19.2d 10bc  175b  73ab  1l4a
V-TUF 13¢c 43a 78 ¢ 7b 30.2a 76a 8.7 ab 69a  370d 85ab 1.0a
MVéL 13¢ 40a 80 5a  290a 97ab  127c¢  120c  248c  10.6ab 12a

68:1062083855

a—e—means followed by different letters in columns differ at p < 0.05; compositions of substrates—see Table 1.

The mean organic matter content was significantly higher in 2015 than in 2014, but
it decreased in the commercial substrate and the substrate with silica waste (Figure 2c).
Older roofs typically have more organic matter content than younger roofs. Thuring and
Dunnett [46] and Kohler and Poll [45] demonstrated that roof age had positive relationship
with growing media organic matter content.

All physical parameters of the I-IV growing substrates were fully in line with the
FLL standards [21]. The substrates V-TUF and VI-MEL were characterised by a slightly
higher bulk density (1.3 g cm~3) than recommended (up to 1.2 cm ) for extensive green
roof type [21] and had the highest content of small particles (0.3 mm). The weight of a
substrate is still one of the most important factors, especially in the context of existing
constructions, where extra roof loads can affect the structural integrity of the building [30].
Green roof media with a high bulk density may also result in high heat stress during
summer months, because they are subject to increased thermal conductivity [13]. According
to Friedrich [47], a typical bulk density of an extensive substrate is 0.67 g cm~3, while
Olszewski and Young [13] used mixes of heat-expanded clay that ranged from 0.68 to
077 g cm 3. However, Getter and Rowe [48] decided to test substrate with bulk density of
1.37 g cm 3.
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Figure 2. Selected physical parameters (a,b,d) and organic matter (c) content (%) of six different
green roof substrates during the two years of the Sedum acre L. experiment.

The water capacity was in the recommended range of >35 <65% w/v (Table 6,
Figure 2b) during the experiment. The maximum rainwater capacity of a substrate is as
significant as ensuring adequate drainage in the vegetation layer [11]. That property is
closely connected with the form of organic matter added to growing media, due to different
absorption characteristics.

According to Fassman-Beck and Simcock [11], a typical extensive roof substrate
contains 5-20% of organic matter, while Ampim et al. [15] claim that it is up to 10%. In pre-
sented study, organic matter content slightly increased during the experiment (2014-2015)
in substrates: V-TUF and VI-MEL (only in VI-MEL statistically significant) (Figure 2c). The
II-Si growing media was characterised by the highest average organic matter content, i.e.,
15% and exceeded the recommended 10 wt% [1]. Compared to the analyses performed
before the experiment started, the greatest decrease in the content of organic matter in the
growing substrates was found in the substrate with spent mushroom (Tables 4 and 6), and
the highest increase—in the II-Si substrate (twice as high) and V-TUF. In the case of the
V-TUF substrate, this increase can be explained by the accessibility of organic residues from
biomass; V-TUF had the highest biomass after the first year of growing season. Plant litter,
root exudates, and microbial biomass are the sources of organic matter in soils. It may be
also speculated that silicate addition in the II-5i growing media and the formation of new
clay minerals, which are characterised by high biogeochemical activity, could be the reason
for the changes in the C content in the substrate during the experiment. Green roofs may
sequester carbon in plants and soil. Carbon is transferred to the substrate via plant litter
and exudates. Getter et al. [49] found that 100 g cm 2 was sequestered by substrate (6 cm)
over two growing season of Sedum sp. However, the knowledge of the formation and fate
of organic matter in soil/substrate and its response to changing environmental conditions
is still inconsistent, especially in man-made ecosystems [50].

High organic matter content allows better plant growth, but damages during drought
periods are then also higher [13], due to lower plants’ resistance to drought stress [49].
Furthermore, substrates rich in organic matter could decompose, causing shrinkage [16].
According to the FLL recommendations [21], extensive growing substrates should contain
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no more than 8% of organic matter per volume. Rowe et al. [16] claims that it is generally
accepted that up to 15% of organic matter may be used in green roof substrates.

8. Chemical Properties

In general, all growing substrates throughout the entire experiment were characterised
by optimal, according to FLL [21], pH range (6.5-9.5) (Tables 5-7). However, pH value
decreased in 2015 and was closer to recommended pH 5.5-7.0 [15]. Kohler and Poll [43] and
Thuring and Dunnettt [46] received similar results. As expected, due to the addition of Ca-
aggregates, only the III-CaSM substrate, which might have released calcium by weathering,
had higher pH in 2015 (Figure 2d). The total dissolved salt content (EC) after the first and,
especially, the second year of the experiment has levelled out for every substrate and was
much lower (an average of 0.05 mS cm~!) than before planting. In 2015, a significantly
higher concentration of P, Ca, Mg, and Na was found in the growing media in relation to
2014. The opposite was true for EC, N-NHy4, N-NOj3, and K (Table 7).

Table 7. Soil reaction (pHyypp), salts concentration (EC—mS cm™1), macronutrients (mg dm~3), and trace elements

(mg kg~!) content estimated after one- or two-year growth of Sedum acre L. in the substrates.

Factor pH EC NH4-N  NO;3-N P K Ca Mg SO4-S Na

Year 2014 793b 0.07b 40b 6.2b 118 a 166b 4160 a 314a 3la 14 a
2015 7.78 a 0.05a 1.0a 35a 193 b 103 a 7389 b 465b 3la 28b

I-Control ~ 7.93 cd 0.06 a l6a 21a 49 a 61 ab 6026 b 202 a 3la 17 a

II-Si 7.87 c 0.06 a 56b 8.2 bc 175 bc 162 ¢ 2585 a 341 ab 26 a 23a

% III-CaSM 7.62 a 0.06 a 0.7a 8.8c 153 bc 33a 6812 b 360 b 19a 19a
é) IV-TSM 7.74b 0.06 a 21a 22a 218 ¢ 92b 6858 b 437b 32a 19a
° V-TUF 8.02d 0.07 a 2.8 ab 3.4 ab 211c¢ 239d  5374b 395b 41a 23a
VI-MEL 8.14e 0.09 a 2.4 ab 4.1 abc 125ab  221d  6991b 603 ¢ 36a 26 a

a—e—means followed by different letters in columns differ at p < 0.05; compositions of substrates—see Table 1.

The trace elements content, with the exception of boron, was also higher in the second
year of the experiment (Table 8). It should be noted that the alkaline soil reaction can limit
the availability or/and phytotoxicity of certain trace elements. The pH of soil solution
directly influences sorption/desorption, precipitation/dissolution, complex formation,
and oxidation/reduction reactions [43,51]. This may be particularly useful for waste-based
substrates rich in toxic metals.

Table 8. Trace elements (mg kg ') content estimated after one- or two-year growth of Sedum acre L. in the substrates.

Factor B Cu Fe Mn Zn Cd Ni Pb Cr Sr
Year 2014 1.27b 23 a 1719 a 888 a 181a 2.0a 39a 70 a 2.6a 28 a
2015 0.57 a 37b 2233 b 2232 b 203 b 25b 51b 86 b 3.7b 40b
I-Control 0.63 a 11a 1025 a 580 a 33a 027 a 22a 10a 0.6a 29 ab
1I-Si 1.15¢ 35 bc 1833 ¢ 1081 ¢ 122b 1.3 bc 6.0d 45 ¢ 54b 42d
é II-CaSM 0.81b 45c 2224 d 1276 ¢ 488 d 56e 2.8 ab 215e 19a 38 cd
*é) IV-TSM 1.06 ¢ 24 ab 1568 b 856 b 306 ¢ 3.6d 3.4 bc 144 d 13a 24 a
< V-TUF 1.10 ¢ 34 bc 1433 b 864 b 119b 15¢ 40c 32bc 54b 33 bc
VI-MEL 0.79 ab 31 bc 3772 e 2305 d 86b 12b 8.6e 21 ab 41b 38 cd

70:5335197159

a—e—means followed by different letters in columns differ at p < 0.05; compositions of substrates—see Table 1.
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The proper macro- and micronutrients concentration in the growing media is neces-
sary for satisfactory growth and development of plants. However, to avoid weeds and
generation of eutrophic runoff, green roof substrates should contain only minimal nutri-
ents [10]. According to FLL [52], the content of soluble nutrients in a growing substrate of
extensive roofs should be as low as possible and should not exceed (mg dm~3): N (NO3-N
+ NH4-N) <150, P <100, K < 250, and Mg < 150. All growing substrates (also the control
growing media) were characterised by much lower mineral N content than the accepted
maximum (Table 7). The Optigreen E-type® substrate used in the study as the control
contained proper P and K contents, while the Mg content was slightly higher than the
recommended amount. After two growing seasons, the contents of P and Mg in all growing
media was generally higher; only the K level was in line with the FLL standards. After the
planting of S. acre, the concentration of sulphur (5-504) and sodium in the waste-based
substrates was low and comparable with commercial medium.

Waste materials, used as components of roof substrates, might be a source of certain
toxic trace elements [15,18,23,29]. The prepared substrates with Si-waste and Zn-aggregates
contained a higher content of trace elements than the control (Tables 5 and 8). The concen-
tration of analysed elements, with the exception of boron, was significantly higher in the
second year of the experiment, which means that the solubility of the growing media has
increased (Table 8, Figure 3a-f).
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Figure 3. Trace element (a—f) concentrations (mg kg ') in six different green roof substrates during cultivation of Sedum acre

L. in the two-year experiment.
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FLL [21,52] does not give the exact information about heavy metal limits in substrates.
The results were compared with the maximum levels of heavy metals in agricultural and
urban soils in Poland [53], the total concentrations of which are the following (mg kg 1):
150 Cu, 300 Zn, 4 Cd, 100 Ni, 100 Pb, and 150 Cr. Only two substrates have not meet these
guidelines: ITT-CaSM with too high contents of Zn (488 mg kg~1), Cd (5.6 mg kg™!), Pb
(215 mg kg~ !) and IV-TUF with Pb (144 mg kg~ !). In all substrates, the level of strontium
after two years of the experiment was in the range of 24-42 mg Sr kg~ !, and the control
was not characterised by the lowest amount of it.

The high concentration of toxic metals might inhibit plant growth, reduce the content
of chlorophyll, and damage root systems [43]. However, alkaline soil reaction limits the
availability of trace elements for plants [34-36]. Symptoms of abnormal plant growth or
excess of trace element in plants were not observed.

9. Plant Analysis

The dry matter content of Sedum acre L. plants was ranging from 8.6% (IV-TSM)
to 13.4% (the control) and was generally lower in plants cultivated in the waste-based
substrates (8.6-11.4%) (Table 9, Figure 4a). A significantly higher biomass of S. acre L. was
found during the first year of the experiment (3671 g m~2) in comparison to the second
one (1555 g m~2), which was undoubtedly related to the weather conditions and the
availability of nutrients in the growing media. Gabrych et al. [12] examined that Sedum
species increased in cover with time on very thin substrates but decreased drastically on
substrate layers of >5 cm. It probably stemmed from the fact that the environment was too
rich in nutrients and organic substances.

Table 9. Dry matter (%) and biomass (g m~2), and macroelements content (% d.m.) in Sedum acre L. grown on six green

roof substrates.

Factor % d.m. Biomass g m—2 N P K Ca Mg S
Year 2014 10.7 a 3671b 155b 029 a 2.06b 2.62b 0.19b 0.35b
2015 11.0a 1555 a 1.36a 0.42b 0.95a 1.88a 0.16 a 0.22a
I-control 134D 1269 a 115a 0.30b 125a 2.34Db 0.13a 0.32b
o I1-Si 10.1a 2590 de 1.46 bc 0.40 c 1.76 ¢ 192a 0.17 be 0.22a
£ 1I-CaSM 114 ab 2456 cd 159 ¢ 0.44 cd 149Db 1.69 a 0.25d 0.28 ab
Fé) IV-TSM 8.6a 1879 bc 196 d 048d 1.67 ¢ 2.61c 0.19 bc 0.31b
° V-TUF 10.5a 4481 £ 140Db 0.29b 1.69 c 2.45bc 0.16 ab 0.29b
VI-MEL 113 ab 3004 e 121a 0.19a 1.33 ab 2.53 bc 0.19c¢ 0.28 ab

72:2096450053

a—f—means followed by different letters in columns differ at p < 0.05; compositions of substrates—see Table 1.

Plant biomass is an indicator of plant success on a green roof [22]. Optimal storm water
retention and aesthetics are provided by plant biomass [3,6,12]. There was significantly
more rainfall in 2014; only 3 periods of drought were recorded in that year, while in
2015 there were 7 such periods. Due to the higher average rainfall in the first year of the
experiment, the average plant biomass was also significantly higher in that year (Table 9).
In the same year, the plants cultivated in the substrates V-TUF and VI-MEL (containing
the highest amount of muck soil—25%, and 15% of urban compost) were characterised
by the highest biomass. In 2014, S. acre harvested from the commercial medium was
characterised by the lowest biomass; plants collected from waste-based substrates (in
exception of IV-TSM) were characterised by two to three times higher weight per m? than
plants from the control (Figure 4b). All prepared substrates were also characterised by 5%
content of silica fume. According to Datnoff et al. [33], silicon may increase the drought
tolerance of plants, which is extremely important in roof conditions. A preliminary study
of substrates based on waste silica materials carried out by Krawczyk et al. [35,36] showed
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that they can become a valuable component of the green roof media. In the second year
of the experiment, the biomass of S. acre grown in the substrate based on silica waste was
the highest in relation to the control and other prepared substrates (Figure 4b). Moreover,
the plants grown in the control, II-5i, and IV-TSM produced higher biomass than in the
first year.

9000

- [J 2014 [ 2014 Ny
I 2015 B 2015
B 7500
LSDy o5 (year x substrate) = 2.62 LSDy o5 (year x substrate) = 449
: T ~ 6000
\ ) T c -
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Substrate (compositions of substrates—see Table 1)

Figure 4. Dry matter (%) (a) and biomass (g m~2) (b) of Sedum acre L. grown in six green roof substrates.

With the exception of P, the plants contained significantly higher amounts of all
macronutrients in the first year of the study (Table 9). The highest contents of N and P
were determined in the biomass of the plants harvested from the IV-TSM substrate (spent
mushroom—15%). The lowest amounts of Ca were found in the biomass collected from
the II-Si (containing the lowest concentration of soluble Ca) and III-CaSM substrates, the
latter of which was rich in available calcium. The K content in the sedum ranged from
1.25% (control) to 1.76% (1I-Si) and was negatively correlated with the contents of Ca and
Mg in the substrates (at p < 0.05: r = —0.61 and r = —0.33, respectively, data not shown).
The plants grown in the III-CaSM substrate contained the highest amounts of Mg, while
the lowest content of this element was found in the control plants and plants grown in the
V-TUF substrate. The average sulfur concentration in S. acre ranged from 0.22% (1I-Si) to
0.31% (IV-TSM).

In the second year of the study, a significantly lower content of nickel (Ni), cadmium
(Cd), and lead (Pb), with the exception of chromium (Cr), was determined in the sedum
biomass (Figure 5a—d). This confirms the results obtained by Krawczyk et al. [36] who
found in subsequent years, the concentration of trace elements in plants decreased. On
average, the highest amount of Ni in biomass was detected in the plants grown in the
V-TUF and VI-MEL substrate, especially in 2014 (1.76-4.10 mg Ni kg ! d.m.).

Soils around the world usually contain 13-37 mg Ni kg~!, and the Polish aver-
age is 6.2 mg Ni kg™! d.m. [43]. Grasses usually contain 1-4.8 mg Ni, while clover—
0.2-2.7 mg Ni kg ™! d.m. As mentioned before, brown melaphyres are characterised by
elevated concentrations of Cr and Ni [38].

On average, significantly more Cr was found among plants grown in the II-SI and V-TUF
substrates, mainly in 2015 (Figure 5b). In both years of the study, the lowest average amount
of cadmium (Cd) was found in the sedum grown in the IlI-CaSM substrate. In 2014, the Cd
content in plants was ranging from 0.16 mg Cd kg~! d.m. (Il-CaSM) to 0.74 mg Cd kg~ d.m.
(VI-MEL), while in 2015—from 0.01 (VI-MEL) to 0.17 mg Cd kg’1 d.m. (control) (Figure 5c).
According to Kabata-Pendias and Szteke [43], 0.05-0.08 mg Cd kg~! d.m. is usually deter-
mined in plants inhabiting unpolluted areas. Plants growing in contaminated sites may contain
from 0.22 to 8.2 mg Cd kg~! d.m., but metal-accumulating plants—10-34 mg Cd kg~! d.m.
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The copper and zinc contents in biomass were significantly higher in the first year
of the study (Figure 5e,f) when the highest amount of Cu was found in plants grown in
IV-TSM (15.2 mg Cu kg~ ! d.m.) and V-TUF (12.0 mg Cu kg ! d.m.) in comparison to other
media. In 2015, the Cu content was also significantly higher in the very same substrates,
but only in relation to the control (2.6 mg Cu kg~! d.m.) and VI-MEL (3.3 mg Cu kg~!
d.m.). Kabata-Pendias and Szteke [43] declare that the content of Cu in arable crops ranges
between 3-8 mg Cu kg~ !, in grasses 2-10 mg Cu kg~!, and in clover 7-15 mg Cu kg ~! d.m.
6 12
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element (a—f) concentrations (mg kg ™! d.m.) in the biomass of Sedum acre L. grown in six different green

roof substrates during the two-year experiment.
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In the first year of the study, the amount of Zn in plants was the highest for the
I11-CaSM (80.8 mg Zn kg~! d.m.) and IV-TSM (118.0 mg Zn kg~! d.m.) substrates
(Figure 5e). In 2015, Zn concentrations in biomass equalised, and only a tendency of
increased Zn content in the sedum grown in waste-based substrates (19.6-33.5 mg Zn kg !
d.m.) was observed in comparison to the control (13.4 mg Zn kg~! d.m.) and VI-MEL
(14.4 mg Zn kg~! d.m.) (Figure 5f).

10. Conclusions

The study was designed to evaluate the plant- and time-dependent changes in physico-
chemical parameters of substrates in a two-year experiment with Sedum acre L. in a simulated
extensive green roof. Five growing media for the extensive green roof were prepared on the
basis of 12 different mineral and organic waste materials, which were locally available.

The use of waste materials for the production of extensive green roof substrates
fits well with the assumptions of circular economy. The selection of waste or recycled
components is ought to be carried out in a careful manner. The growing substrate should
be properly prepared in order to achieve the advantages of green roofs and obtain an
environment suitable for an ideal root growth layer. It should to be noted that each
portion of waste material may have different physico-chemical parameters, which always
have to be analysed before using. The research showed that during the period of plant
growth, the initial physical and chemical parameters of waste-based substrates changed,
which affected the plant growth conditions on the green roof. Organic materials with a
high C:N ratio rapidly mineralise, releasing nutrients available for plants, which can also
cause nutrient leaching. Due to the alkaline reaction of the waste-based substrates, the
bioavailability of trace elements, especially heavy metals, is not high; thus, it did not restrict
plant growth. Symptoms of abnormal plant growth or excess of trace element in plants
were not observed, and the plants cultivated in prepared substrates (especially V-TUF and
VI-MEL) were characterised by the highest biomass. However, the possible contamination
of runoff water should be determined in a future study to evaluate the impact of a green
roof system on the entire environment.

The composition of green roof substrates should rely on locally available low cost
materials and should be prepared for the intended plant selection, local weather conditions,
and expected standards of maintenance. Little knowledge of the dynamics of important
processes of nutrient recycling within green roof ecosystems is available, so more studies
ought to be carried out in order to improve the understanding of these concepts. Consider-
ing the waste-based substrate green roofs, emphasis should be put on the usage of plants
that are used in phytoremediation of areas contaminated with trace metals.
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