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Streszczenie

Nieuzytki miejskie stanowig istotng cze$¢ zielonej infrastruktury miast, zajmujac nawet
kilkana$cie procent powierzchni aglomeracji miejskiej. W Warszawie i Lodzi zajmuja
odpowiednio 17% i 10,6% powierzchni, co stanowi obszar 5-6 razy wigkszy niz faczna
powierzchnia parkow i skweréw w tych miastach. Spontaniczna roslinno$¢ nieuzytkéw
miejskich, rozwijajaca si¢ przy minimalnej ingerencji cztowieka, obejmuje zréoznicowane
typy zbiorowisk o odmiennej jakosci ekologicznej, $wiadczace rozny zakres ustug
ekosystemowych. Ich identyfikacja oraz uwzglgdnienie w planowaniu przestrzennym sg
kluczowe zaréwno dla zapewnienia mieszkancom dostgpu do przyrody, jak i dla
skutecznego zarzadzania bior6éznorodnoscig oraz ustugami ekosystemowymi w miastach.
Punktem wyjScia niniejszej rozprawy bylo zastosowanie technik teledetekcyjnych,
umozliwiajacych precyzyjne mapowanie ro$linnosci nieuzytkéw miejskich oraz
okreslenie ich struktury 1 jakosci ekologicznej (W tym bioréznorodnosci).
Przeprowadzono identyfikacje $wiadczonych przez nie ustug ekosystemowych oraz
obowigzujacych dokumentach planistycznych.

Uzyskane wyniki wskazuja na wysoki potencjal wysokorozdzielczych technik
teledetekcyjnych w identyfikacji roslinnosci i jej struktury omawianych terenow. Przy
zastosowaniu kombinacji danych LIiDAR, RGB i obrazowania multispektralnego
doktadnos¢ klasyfikacji przekracza 87,5%. W przypadku detekcji drzewiastych
gatunkéw inwazyjnych doktadnos¢ przekracza 75% 1 w duzym stopniu jest zalezna od
wieku drzew. R6znorodnos¢ florystyczna nieuzytkow miejskich okazata si¢ przecigtna —
na badanych powierzchniach odnotowano srednio 14 gatunkow roslin naczyniowych. W
sumie w nieuzytkach odnotowano 334 gatunkoéw roslin naczyniowych, w tym az 46 to
gatunki rzadkie dla Warszawy. Modele regresji wielorakiej wskazaty, ze kluczowymi
czynnikami ksztaltujacymi roslinno$¢ nieuzytkow sa ciaglos¢ siedliskowa, obecno$é
pobliskich ptatow lesnych oraz wezeséniejsze zabudowanie terenu lub wykorzystanie jego
jako ogrod. Pod wzgledem regulacyjnych ustug ekosystemowych ich potencjat okazat si¢
znaczacy. Badane zbiorowiska stanowity istotny komponent zielonej infrastruktury w
zakresie pochlaniania pytlow (przy przecigtnym zanieczyszczeniu do 150 kg/ha, a w
przypadku lasow robiniowych ponad 250 kg/ha), retencji wody (wszystkie typy

zwickszaty wilgotno$¢ gleby srednio o 44%, a zadrzewienia klonu jesionolistnego nawet



0 250%) oraz efektu wychtadzania (przecigtnie o 10% wigkszego niz na trawnikach, a w
przypadku lasoéw robiniowych nawet o 18%).

Zbiorowiska roslinne identyfikowane w granicach miast sg czg¢sto pomijane podczas
sporzadzania dokumentéw planistycznych. W badanych miastach zidentyfikowano 467
typoOw zbiorowisk, jednak jedynie 211 znalazto odzwierciedlenie w dokumentach
planistycznych. Najczgsciej uwzgledniano siedliska lesne, ktére stanowity 62,4%
identyfikowanych zbiorowisk, podczas gdy siedliska tgkowe i1 wodne/szuwarowe
znalazly si¢ w zaledwie 42% dokumentoéw. Najrzadziej dokumentowane byly siedliska
synantropijne, charakterystyczne dla nieuzytkoéw miejskich — jedynie 28,4% z nich
zostalo ujetych w dokumentach planistycznych.

Uzyskane wyniki wskazuja na duzy potencjal wykorzystania nieuzytkoéw miejskich w
kontekscie inzynierii ekologicznej. Dotychczasowe metody identyfikacji pozwalaty
jedynie na okre§lenie przyblizonego zasiegu tych terendow, podczas gdy
wysokorozdzielcze narzedzia teledetekcyjne umozliwiajg identyfikacje typow
nieuzytkow i ich struktury. Obszary nieuzytkow miejskich, w tym zbiorowiska z
dominacjg inwazyjnych drzew, moga odgrywaé istotng role w zachowaniu
bioroznorodno$ci miast 1 $wiadczeniu ustug ekosystemowych waznych dla

przeciwdziatania skutkom zmian klimatu.



Abstract

Urban wastelands constitute an important part of the green infrastructure of cities,
occupying in some cases more than a dozen percent of the urban area. In Warsaw and
L.6dZ they account for 17% and 10.6% of the surface respectively, which is 5-6 times
larger than the total area of parks and squares in those cities. The spontaneous vegetation
of urban wastelands, developing under minimal human intervention, comprises diverse
types of plant communities of varying ecological quality, providing a wide range of
ecosystem services. Identifying these areas and including them in spatial planning is
crucial both for ensuring residents’ access to nature and for the effective management of
biodiversity and ecosystem services in cities. The starting point for this dissertation was
the application of remote sensing techniques enabling precise mapping of vegetation in
urban wastelands and determining their structure and ecological quality (including
biodiversity). The study identified the ecosystem services they provide and assessed the
extent to which vegetation types and their structure are reflected in current planning
documents.

The results obtained indicate a high potential of high-resolution remote sensing
techniques for identifying vegetation and its structure in the studied areas. Using a
combination of LIiDAR, RGB and multispectral imagery, classification accuracy
exceeded 87.5%. In the detection of invasive woody species, accuracy surpassed 75% and
was largely dependent on tree age. Floristic diversity of urban wastelands proved to be
moderate — on the surveyed plots an average of 14 vascular plant species were recorded.
In total, 334 vascular plant species were recorded in the wastelands, including as many
as 46 species considered rare in Warsaw. Multiple regression models indicated that the
key factors shaping the vegetation of wastelands are habitat continuity, the presence of
nearby forest patches, and previous development or use of the area as a garden.

In terms of regulatory ecosystem services their potential proved to be significant. The
studied communities represented an important component of green infrastructure in
particulate matter capture (under average pollution up to 150 kg/ha, and over 250 kg/ha
in black locust stands), water retention (all types increased soil moisture by an average of
44%, and ash-leaved maple groves even by 250%), and cooling effect (on average 10%
greater than lawns, and up to 18% in black locust stands).

Plant communities identified within city boundaries are often overlooked in planning
documents. In the cities studied, 467 types of communities were identified, but only 211

were reflected in planning documents. Forest habitats were most frequently included,

9



accounting for 62.4% of identified communities, whereas meadow and aquatic/reed
habitats appeared in only 42% of documents. Synanthropic habitats, characteristic of
urban wastelands, were the least documented — only 28.4% of them were included in
planning documents.

The results obtained indicate the great potential of using urban wastelands in the context
of ecological engineering. Previous identification methods allowed only for determining
the approximate extent of these areas, whereas high-resolution remote sensing tools make
it possible to identify types of urban wastelands and their structure. Urban wasteland
areas, including communities dominated by invasive trees, may play an important role in
maintaining urban biodiversity and providing ecosystem services essential for mitigating

the effects of climate change.
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1. Wstep

Postepujace zmiany klimatu negatywnie wptywaja na zycie w miescie, powodujac wzrost
temperatur, czestsze fale upalow, spadek jakosci powietrza oraz zwickszenie ryzyka
powodzi. W zwigzku z powyzszym poszukiwane sg sposoby lagodzenia tych zmian,
a jednym z obiecujacych rozwigzan sg koncepcje typu: ekologicznie zdrowe miasto, tzw.
eco-city (Hulicka, 2023), ktore zaktadajg zrOwnowazone zarzadzanie miastami poprzez
promowanie zielonej infrastruktury. Aby skutecznie adaptowa¢ miasta do tych koncepciji,
kluczowe jest posiadanie pelnej wiedzy o zasobach lokalnej zieleni, ktora odgrywa
fundamentalng rol¢ w budowaniu odpornosci aglomeracji na zmiany klimatyczne oraz
w ich zréwnowazonym rozwoju (tzw. sustainable development). Jednym
z najliczniejszych, cho¢ czesto niedocenianych zasobow zieleni miejskiej, sa tereny
zieleni nieformalnej, ktore stanowig ponad potowe wszystkich obszarow zieleni miejskiej
(Sikorska i in., 2020). Najmniej zbadanym elementem w tej grupie sa nicuzytki miejskie.
Wiadomo, ze moga one peni¢ istotne ustugi ekosystemowe dla mieszkancow (Li i in.,
2014; Mathey i RoBler, 2021), jednak istnieje pilna potrzeba doktadniejszego poznania
tych obszaréw, co pozwoliloby na ich odpowiednie wlaczenie w tzw. zielong
infrastrukture miast, zwickszajac tym samym ich odporno$¢ na zmiany klimatyczne oraz
poprawiajac jako$¢ zycia mieszkancow.

Adaptacja obszaréw miejskich do zmian klimatu i wdrazanie koncepcji takich jak
wspomniane tzw. eco-city wymaga doktadnej, aktualnej identyfikacji zasobow zieleni
miejskiej (Brom i in., 2023), aby efektywnie zarzadzac¢ nimi i maksymalizowac¢ ich ushugi
ekosystemowe. Kluczowym elementem tego procesu jest zlokalizowanie i oznaczenie
wszystkich terenéw zieleni, w tym nieuzytkow miejskich, potencjalnie odgrywajacych
znaczgcg role w tzw. miejskiej zielonej infrastrukturze. Rozwigzaniem mogg by¢ techniki
teledetekcyjne, ktore w potaczeniu z klasycznymi metodami badan terenowych
umozliwiajg szybkie i precyzyjne inwentaryzowanie obszarow zieleni. Wraz z rosngcym
wykorzystaniem teledetekcji do mapowania siedlisk miejskich (Neyns i Canters, 2022),
potencjal tych narzedzi staje si¢ coraz wigkszy. Dane teledetekcyjne sa juz
z powodzeniem wykorzystywane do oceny jakosci siedlisk (Lakes i Kim, 2012), a ich
uzyteczno$¢ jest szczegolnie wysoka w obliczu wysokich kosztow tradycyjnego
mapowania. Powyzsze wpisuje si¢ w szerszy kontekst miasta inteligentnego (tzw. smart

city), gdzie zautomatyzowanie procesu identyfikacji zieleni miejskiej oraz integracja
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danych z réznych czujnikow pomiarowych pozwoli na inteligentne zarzadzanie tymi

terenami.

1.1. Definicja nieuzytku miejskiego

Wedle Stownika Jezyka Polskiego (Sobol, 2005) nieuzytek to teren nienadajacy si¢ do
uprawy. Formalnie termin ten odnosi si¢ do gruntéw rolnych, ktére bez znacznych
naktadow pracy i $srodkéw nie nadajg si¢ do wykorzystania na potrzebe dziatalnosci
wytworczej w rolnictwie. W szczegdlnosci obejmuje on:

1) bagna,

2) piaski,

3) naturalne utwory fizjograficzne, takie jak: urwiska, strome stoki, uskoki, skaty,

rumowiska, zapadliska, nisze osuwiskowe, piargi,

4) grunty pokryte wodami (Rozporzadzenie, 2024).
W przestrzeni miejskiej terminy te sa rzadko stosowane. Wedtug danych GUS i EGiB
(geoportal.gov.pl, 2024; GUS, 2024) w skali kraju nieuzytki w miastach stanowig ok. 1-
2% powierzchni gruntow. W wigkszych aglomeracjach, jak Warszawa, Krakow, 1.6dz,
Wroctaw nieuzytki czesto obejmujg tereny poprzemystowe, zdegradowane, skazone lub
zalewowe. W mniejszych miastach sg to opuszczone grunty rolne i tereny o niskiej
wartosci inwestycyjnej.
W kontekscie naukowym i planistycznym nieuzytki miejskie stanowiag kategorie zieleni
nieformalnej, cechujacej si¢ minimalnym lub catkowitym brakiem ingerencji cztowieka.
W literaturze $wiatowej wyrdznia si¢ Kilka kategorii z taka zielenia: tzw. brownfield,
wasteland, derelict land, czy vacant lot. Wedlug klasyfikacji terenow zieleni
zaproponowanej przez Sikorska i wspotpracownikow (2020), w sktad nieuzytkow
miejskich wchodza obszary poprzemystowe, lesne 1 nielesne parcele, a takze tereny
objete r6znymi formami ustawowej ochrony. Ich wspdlng cechg jest wystepowanie na
nich spontanicznej roslinnosci podlegajacej niezaburzonym lub mato zaburzonym
procesom sukcesji (czyli naturalnego zastgpowania gatunkow w czasie). Nieuzytki
miejskie w takim ujeciu odgrywaja wazng role w ksztattowaniu krajobrazu miejskiego.
Przyktadowo w Warszawie zajmuja 10,6% powierzchni wszystkich terenow zieleni,
aw Lodzi — niemal 17%, co znacznie przewyzsza udziat parkéw w obu tych miastach —

odpowiednio 1,6% i 3,3% (Sikorska i in., 2020).
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1.2. RoS$linno$¢ nieuzytkow miejskich

W najnowszej literaturze dostrzega sie, ze roslinno$¢ nieuzytkow miejskich cechuje duza
réznorodno$¢ florystyczna i fitosocjologiczna (Bonthoux i in., 2014; Machon, 2021).
W skiad spontanicznych zbiorowisk wchodzg zaréwno gatunki ruderalne, jak i obce,
ktore zajmuja siedliska silnie przeksztatcone przez cztowieka, regenerujace si¢ przez
dhuzszy czas, tworzace tzw. ekosystemy nowe (novel ecosystems; Hobbs i in., 2006).
Czes$¢ takiej roslinnosci stanowi pozostalo$¢ po naturalnych siedliskach, tworzac
w zwartej tkance miejskiej ostoje bior6znorodnosci. Roslinno$¢ powierzchni
zadrzewionych nieuzytkoéw miejskich rozpoznaje si¢ po ztozonym sktadzie gatunkowym
drzewostanu 1 wielowarstwowej strukturze pionowej, o wyraznie spontanicznym
charakterze, ztozong w istotnej czesci z roslinno$ci synantropijnej. Ro§linnos$¢ nielesnych
nieuzytkéw miejskich wyr6zniaja zbiorowiska ze znacznym udzialem roslin zielnych
i krzewow.

Nieuzytki miejskie sg dynamicznym elementem krajobrazu miejskiego, ktorego charakter
ulega cigglym zmianom pod wplywem zardwno czynnikéw naturalnych,
jak i antropogenicznych. Dziatalno$¢ cztowieka, taka jak usuwanie biomasy czy
rozkopywanie i ubijanie gleby, moze hamowaé procesy sukcesji na nicuzytkach
miejskich (Pruchniewicz, 2017). Z kolei wprowadzanie odpowiednich roslin ma szanse
przyspiesza¢ ten proces, wspierajac rozwoj roslinnosci spontanicznej (Miyawaki i
Golley, 1993).

Pomimo rosngcego zainteresowania integracjg tych terenow z tkankg miejska, nieuzytki
miejskie nadal pozostaja stabo zbadane (Gandy, 2013; Muratet i in., 2021). Wspotczesna
literatura dostarcza juz jednak danych odnos$nie ustug ekosystemowych, jakie nieuzytki
miejskie $wiadcza dla miast. Dostrzega si¢ ich szczegdlnie duza role w ustugach
regulacyjnych (Sikorski i in., 2021) i kulturowych (Gawryszewska i in., 2024; Melon i
in., 2024). Ponadto maja one duzy potencjat, by petni¢ role dzikiej przyrody w centrum
miast. Zaklada si¢, ze minimalizacja ingerencji cztowieka sprzyja naturalnym procesom
sukcesji oraz zwigksza bior6znorodnos¢, jednak w przypadku nieuzytkéw miejskich
proces ten moze zosta¢ zaburzony przez licznie wystgpujace w nich gatunki obce, w tym
inwazyjne, ktorych obecnos$¢ moze znaczaco oddziatywac na przebieg naturalnej sukcesji
(Pysek 1 Richardson, 2010). Wiele z tych gatunkow ma zdolno$¢ do oddzialywania
alleopatycznego (Nasir i in., 2005), lub modyfikowania warunkéw fizykochemicznych

gleby (Jordan i in., 2008), co negatywnie wptywa na konkurencyjno$¢ gatunkow
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rodzimych. Te cechy, w polaczeniu ze zdolno$cig inwazyjnych gatunkow obcych do
produkcji znacznie wigkszej liczby nasion, wyzszg efektywnoscig kietkowania
I wydajnoscig fotosyntezy, moga prowadzi¢ do ich przewagi nad rodzimg flora.
Te gatunki w skrajnych przypadkach mogg catkowicie zdominowa¢ siedlisko, tworzgc
monokultury. Jednoczesna obecnos$¢ licznych czynnikow zakldcajacych proces sukcesji
sprawia, ze kierunek jej przebiegu w obszarze nieuzytkow miejskich jest trudny do
przewidzenia. Z tego powodu kluczowe staje si¢ zrozumienie, jakie skutki niosg ze soba
dziatania czlowieka w takich miejscach. Pozostajg pytania: czy podejmowane
interwencje sa pozadane z perspektywy zachowania i promowania bior6znorodnosci, czy

bardziej z powodu petnionych przez nie ustug ekosystemowych?

2. Celi pytania badawcze
Celem rozprawy jest ocena wpltywu typow roslinnosci spontanicznej nieuzytkow
miejskich i jej przestrzennej struktury na wartos¢ $wiadczonych regulacyjnych ustug

ekosystemowych.
W zwigzku z powyzszym postawione zostaty nastepujace pytania badawcze:

— W jaki sposob przy uzyciu metod teledetekcyjnych mozna identyfikowaé typy
roslinnosci nieuzytkéw miejskich?

— jaka jest struktura roslinnosci, jako$¢ ekologiczna wyrazona réznorodno$cig
florystyczng i wielkos¢ $wiadczonych regulacyjnych ustug ekosystemowych
nieuzytkdw miejskich?

— jakie czynniki wptywaja na jako$¢ ekologiczng nieuzytkéw miejskich, wyrazong ich
réznorodnoscig florystyczng?

— W jakim stopniu dane dotyczace typow roslinnosci nieuzytkow miejskich sa

odzwierciedlone w dokumentach planistycznych miast?

Na podstawie tych pytan sformutowano glowna hipotez¢ badawcza, zgodnie z ktora
nieuzytki miejskie stanowig istotny element zieleni miejskiej. W toku pracy przyjeto

takze cztery szczegdtowe hipotezy:

— zbiorowiska ro$linne nieuzytkow miejskich i gatunki inwazyjne wystepujace
w platach roslinnoSci mozna skutecznie identyfikowaé przy uzyciu

wysokorozdzielczych danych LiDAR oraz obrazéw multispektralnych,
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— réznorodnos¢ florystyczna nieuzytkéw miejskich jest bardzo zréznicowana, a ich
roslinno$¢ spontaniczna — w tym zdominowana przez gatunki inwazyjne — pehni
istotne ustugi regulacyjne,

— duza ciaglo$¢ siedliskowa i obecno$¢ ptatéw naturalnych oraz pdhaturalnych
w sasiedztwie nieuzytkow miejskich sprzyja ich jakosci ekologicznej wyrazonej
wskaznikami naturalnosci,

— w dokumentach planistycznych brakuje kompleksowych danych dotyczacych typow

roslinno$ci nieuzytkéw miejskich.

Powyzsze hipotezy =zostaly zweryfikowane w badaniach przedstawionych

W nastepujacych artykutach (Ryc. 1):

Hipoteza badawcza 1 Hipoteza badawcza 2 Hipoteza badawcza 3 Hipoteza badawcza 4
Zbiorowiska roslinne Roznorodnosé florystyczna Duza ciaglosé siedliskowa i W dokumentach
nieuzytkow miejskich i gatunki nieuzytkow miejskich jest bardzo obecnos¢ platow planistycznych brakuje
inwazyjne wystepujace zroznicowana, a ich roslinnos¢ naturalnych oraz kompleksowych danych .
w platach roslinnosci mozna spontaniczna — w tym zdominowana ponaturalnych dotyczacych typow roslinnosci Hlpotezy badawcze
skutecznie identyfikowaé przy przez gatunki inwazyjne — pehni istotne w sgsiedztwie nieuzytkow nieuzytkéw miejskich.
uzyciu wysokorozdzielczych ustugi regulacyjne. miejskich sprzyja ich jakosci
danych LiDAR oraz obrazéow ekologicznej wyrazonej
multispektralnych, wskaznikami naturalnosci.
Artykut I Artykut I1 Artykut 111 Artykut IV Artykut V Artykuly wechodzace

w sktad rozprawy

Rycina 1. Powigzania pomiedzy hipotezami badawczymi, a artykutami wchodzgcymi w sktad
rozprawy doktorskiej.

I.  daSilva, A. R., Demarchi, L., Sikorska, D., Sikorski, P., Archicinski, P.,
Jozwiak, J. i Chormanski, J. (2022). Multi-source remote sensing
recognition of plant communities at the reach scale of the Vistula River,
Poland. Ecological Indicators, 142, 109160.
DOI:10.1016/j.ecolind.2022.109160,

Impact factor: 6,9 MNiSW: 140 pkt.,
Il.  Mielczarek, D., Sikorski, P., Archicinski, P., Ciezkowski, W., Zaniewska,

E. i Chormanski, J. (2022). The use of an airborne laser scanner for rapid
identification of invasive tree species Acer negundo in riparian
forests. Remote Sensing, 15(1), 212. DOI:10.3390/rs15010212
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Impact factor: 5,0 MNiSW: 100 pkt.,

IIl.  Archicinski, P., Sikorski, P., Sikorska, D.

I Przybysz, A. (2021).

Roslinno$¢ wieloletnich nieuzytkoéw miejskich—systematyka zbiorowisk,

ich struktura i pelnione ustugi ekosystemowe. Vegetation of perennial

urban

services. Przeglgd

wastelands—syntaxonomy,

DOI:10.7163/przg.2021.3.2,

Impact factor: 0; MNiSW: 70 pkt.,
IV.  Archicinski, P., Przybysz, A., Sikorska, D., Winska-Krysiak, M., Da

Silva, A. R. i Sikorski, P. (2024). Conservation Management Practices for

structure
Geograficzny, 93(3),

and ecosystem

341-363.

Biodiversity Preservation in Urban Informal Green Spaces: Lessons from

Central European City. Land, 13(6), 764. DOI:10.3390/land13060764,

Impact factor: 3,2; MNiSW: 70 pkt.,
V.  Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J., Vitasovic-Kosic,

I. i Sikorska, D. (2024). Between paper and plan: contrasting data on urban

habitats in literature with planning documents. Miscellanea Geographica,
28(3), 132-139. DOI:10.2478/mgrsd-2023-0039,
Impact factor: 0,6; MNiSW: 100 pkt.,

3. Metodyka badan

Powigzania pomiedzy pytaniami badawczymi, metodami badan, a poszczegdlnymi

artykutami przedstawiono na Rycinie 2.

Pytanie badawcze 1 Pytanie badawcze 2 Pytanie badawcze 3
W jaki sposob przy uzyciu Jaka jest struktura roslinnosci, jakos¢ Jakie czynniki wplywaja na
keyjnych mozna ckologi wyrazona roz dnosci Jjakos¢ ekologiczng

metod teleds
identyfikowaé typy roslinnosci
nicuzytkow miejskich?

Wykorzystanie
LiDAR i obrazowan
multispektralnych w

identyfiakcji
nicuzytkow miejskich
i detekcji gatunkow
inwazyjnych

Pz

Artykut 1

Artykut 11

forystyczna i wielkos¢ swiadczonych
regulacyjnych ustug ekosystemowych
nicuzytkow miejskich?

nicuzytkéw miejskich,
wyrazong ich
2 sl

Pytanie badawcze 4
W jakim stopniu dane
dotyczace typow roslinnosci
nieuzytkow miejskich sq
odzwierciedlone w

Pytania badawcze

dok ach planistycznych

florystyczng?

Badania florystyczne
Wykorzystanie LAl i
specjalistycznej aparatury w
celu obliczenia wielkosci
wybranych regulacyjnych
ustug ekosystemowych

ciaglosci siedliskowej,
poprzedniego
zagospodarowania i
najblizszego otoczenia na
ro$linnosé nieuzytkow
miejskich

]

Artykut 111 Artykut IV

Analiza wplywu zarzadzania,

miast?

Badania przegladowe Melody badan

Artykuly wehodzace
w sklad rozprawy

Artykut V

Rycina 2. Powigzania pomiedzy pytaniami badawczymi, metodami badan, a artykutami wchodzqcymi
w sktad rozprawy doktorskiej.
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3.1. Obszar badan

Badania przeprowadzono w trzech skalach:

1) w gradiencie obszary zurbanizowane — pozamiejskie,
2) obszar Warszawy,
3) miasta w Polsce.

3.1.1. Gradient — obszary zurbanizowane i pozamiejskie

Badania opisane w artykutach | i Il zostaly przeprowadzone w gradiencie od zwartego
centrum Warszawy po tereny pozamiejskie (Ryc. 3), zlokalizowane na potnoc od granic
miasta. Badany teren znajdowat si¢ w dolinie Wisty i byl porosnigty spontanicznie
rozwijajacy si¢ roslinnoscia. Glowny przedmiot badan stanowit dojrzaty teg wierzbowo-
topolowy (Populetum albae i Salicetum albo-fragilis) oraz jego formy inicjalne.

Legi na tym odcinku uregulowanego biegu rzeki mogly powsta¢ dzieki budowie ostrog
(tam poprzecznych), ktore sprzyjaly osadzaniu si¢ aluwidw i zapoczatkowatly sukcesje
ros$lin. Badany teg jest obszarem rzadko spotykanym w miastach w skali catej Europy
I stanowi siedlisko chronione w ramach programu Natura 2000. Pomimo wysokiej
wartosci ekologicznej, obszar ten jest narazony na wiele negatywnych czynnikow
mogacych znaczaco ingerowaé w jego strukture. Jednym z nich jest obecno$¢ gatunkow
inwazyjnych, takich jak klon jesionolistny (Acer negundo), odnotowany w znacznym

udziale zarowno w warstwie koron, jak i w podszycie.
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Legenda

(] Badany gradient obszary zurbanizowane — pozamiejskie
Il Wista
[ Granice administracyjne Warszawy

0 2 4 6 8 10 km
| 1 | 1 | 1 | 1 | 1 |

Rycina 3. Teren badan 1) Gradient obszary zurbanizowane i pozamiejskie.

3.1.2. Obszar Warszawy

Badania opisane w artykutach Il i IV przeprowadzono w nieuzytkach miejskich
w Warszawie (Ryc. 4). Miasto to charakteryzuje si¢ duzym udzialem zieleni, ktora
stanowi az 50% jego catkowitej powierzchni (Degorska i Degorski, 2017). Struktura
zieleni jest tu bardzo zréznicowana, a znaczng przewagg maja tereny zieleni nieformalne;j,
ktore stanowig prawie 80% tej powierzchni (Sikorska 1 in., 2020). Do badan wybrano
nieuzytki porzucone przez co najmniej 3 lata, potozone na gruntach publicznych,
ogolnodostepnych. Tereny te rozmieszczone sg rOwnomiernie na obszarze miasta, poza

wigckszymi kompleksami leSnymi. Badaniem objeto zaréwno nieuzytki nielesne,
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jak i tereny le$ne ze zwartym drzewostanem. Roslinnos¢ na badanych powierzchniach

wyksztalcita si¢ w sposob spontaniczny.

'.{l_ T Mk

Legenda

[ Badany gradient obszary
zurbanizowane — pozamiejskie
Badane nieuzytki miejskie

Bl Wista bt

[ Granice administracyjne Warszawy |~

0 2,5 5 7,5 10 12,5 km
| | | | | |

Rycina 4. Teren badan 2) Obszar Warszawy.

3.1.3. Miasta w Polsce

Badanie przedstawione w artykule V obejmuje 28 najwiekszych miast Polski (Ryc. 5),
z ktorych kazde liczyto ponad 100 000 mieszkancow (GUS, 2024). Miasta te wybrano w
celu uzyskania pelnego obrazu siedlisk w roznorodnych srodowiskach miejskich. Granice
miast zostaly zdefiniowane na podstawie oficjalnych granic administracyjnych (GUGIK,
2024). Aglomeracje, takie jak Trojmiasto, obejmujgce Gdansk, Gdyni¢ i Sopot, oraz
Konurbacja Gornoslaska, obejmujaca miasta takie jak Gliwice, Katowice, Zabrze i inne,
zostaly ujete tacznie, zgodnie z koncepcja polityki przestrzennego zagospodarowania
kraju z 2001 r. (M.P. 2001 nr 26 poz. 432).
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Rycina 5. Teren badan 4) Miasta w Polsce.

3.2. Badania terenowe i kameralne

3.2.1. Identyfikacja nieuzytkéw miejskich z wykorzystaniem metod

teledetekcyjnych

Badania w nieuzytkach miejskich pozwolity oceni¢ doktadnos¢ metod teledetekcyjnych
w identyfikacji zbiorowisk roslinnych i detekcji gatunkéw. W pierwszej kolejnosci —
w roznych konfiguracjach danych LiDAR i obrazowan multispektralnych — wykonano
analiz¢ doktadnos$ci identyfikacji zbiorowisk roslinnych na nieuzytkach miejskich.
Identyfikacja ta zostata wykonana w szerokim spektrum sukcesji, od inicjalnych siedlisk
ruderalnych, po zbiorowiska lesne (Ryc. 6). Gatunki inwazyjne identyfikowano przy
uzyciu algorytmu operujagcego na danych dwuspektralnego LiDAR. Szczegdtowe
informacje dotyczace pozyskiwania i opracowania danych oraz analiz statystycznych

znajduja si¢ w artykutach I'i 11
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Rycina 6. Siedliska identyfikowane przy pomocy technik teledetekcyjnych. A: Agropyretalia (n = 26),
B: Calamagrostietum (n = 52), C: Chelidonio-Aceretum (n = 252), D: Salicetum albo-fragilis
(n = 246), E: Phalaridetum (n = 298), F: Cyperus-Limosella (n = 374), G: Salicetum triandro-
viminalis (n = 426), H: Rudbeckio-Solidaginetum (n = 128), I: Xanthio-Chenopodietum
(n = 267).

3.2.2. Struktura ro$linnosci, réznorodnos¢ florystyczna i regulacyjne ushlugi

ekosystemowe nieuzytkéw miejskich

Dane florystyczne i fitosocjologiczne pozyskano podczas badan terenowych. Na
reprezentatywnych powierzchniach znajdujacych si¢ w obrebie nieuzytkow wykonano
spisy florystyczne i zdjgcia fitosocjologiczne, a uzyskane dane wykorzystano
w obliczeniu parametréw siedliskowych oraz roznorodnosci florystycznej. Strukturg
roslinnosci okre$lono na podstawie pomiaru wysokosci, a takze ulistnienia trzech warstw
(drzewa, podszyt i rosliny zielne). Ulistnienie obliczono przy uzyciu sondy SunScan
Canopy Analysis System, napodstawie wskaznika LAI mierzonego na trzech
wysokosciach: 0, 1 i 2 m, wykonanego. Zdolnos¢ roslinnosci nieuzytkow miejskich do
wychtadzania gleby i jej ochrony przed przesuszeniem oceniono z wykorzystaniem
aparatury HH2, z sonda WET-2 do pomiaru wiasciwosci wierzchniej warstwy gleby.

Pochtanianie pylow zawieszonych w powietrzu przez ro$linnos¢ zbadano na
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reprezentatywnych liSciach poszczegdlnych gatunkoéw roslin. Z lisci na powierzchni
1 cm? zmywano czasteczki pytéw i wazono na wadze precyzyjnej (Dzierzanowski i in.,
2011). Wykorzystujac dane o udziale roslinnosci i jej ulistnieniu (wspotczynnik LAI)
wyliczano zdolnos¢ akumulacji pylow zawieszonych [kg/ha] w powietrzu przez platy
roslinnosci. Szczegdtowe informacje dotyczace pozyskiwania i opracowania danych oraz

analiz statystycznych znajduja si¢ w artykule 111 V.
3.2.3. Czynniki ksztaltujace roslinno$¢ nieuzytkéw miejskich

Dane przestrzenne dotyczace struktury zieleni sgsiedztwa nieuzytkoéw miejskich (np.
wysokosci roslinnosci, udziatu obszaréw zabudowanych) w potaczeniu z danymi
florystycznymi pozyskanymi podczas badan terenowych zostaly wykorzystane do
okreslenia czynnikéw ksztattujacych roslinno$¢ nieuzytkow miejskich. W pierwszej
kolejnosci dokonano analizy roéznic w parametrach rdéznorodnosci florystycznej
pomiedzy catkowicie zarzuconymi nieuzytkami miejskimi a takimi, w ktorych
sporadycznie przeprowadzane byty zabiegi koszenia lub usuwania siewek drzew w celu
zastopowania sukcesji. Aby zbada¢ zalezno$ci migdzy parametrami biofizycznymi
1 ekologicznymi, a wskaznikami jakoS$ci roslinnosci na terenach nielesnych oraz lesnych
nieuzytkow miejskich, przeanalizowano zestaw parametréw dotyczacych réznorodnosci
florystycznej. Ciaglos¢ siedliskowa oceniono wykorzystujac zdigitalizowane fotografie
lotnicze oraz historyczne mapy. Wskaznikiem cigglosci siedliskowej byt okres od
ostatniego zarejestrowanego uzytkowania terenu. Przeprowadzono takze analizg
przestrzenng najblizszego sasiedztwa badanych powierzchni, korzystajac z danych
LiDAR oraz spektralnych zdje¢ satelitarnych w rozdzielczosci 1x1 m. Przy uzyciu
metody progowania obszary sgsiadujgce z badanymi powierzchniami podzielono na trzy
typy uzytkowania terenu:

1) ros$linnos¢ niska,

2) roslinno$¢ wysoka,

3) obszary bez roslinnosci.
Informacje te wykorzystano przy budowaniu ekonometrycznych modeli regres;ji.
Szczegoty dotyczace pozyskiwania i opracowania danych oraz analiz statystycznych

znajduja si¢ w artykule IV.
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3.2.4. Roslinnosé¢ nieuzytkéw miejskich w dokumentach planistycznych

miast

W odpowiedzi na rosngce znaczenie nieuzytkéw miejskich, jako potencjalnych obszarow
wspierajacych bior6znorodnos$¢ i adaptacj¢ miast do zmian klimatu, dokonano oceny, na
ile dane o roslinnosci tych terenéw, zawarte w opublikowanych inwentaryzacjach, sa
uwzgledniane w dokumentach planistycznych miast. Przeprowadzono przeglad danych
dotyczacych roslinnosci na obszarach miejskich. W badaniu wykorzystano publikacje
wyszukane z migdzynarodowych katalogow, takich jak Elsevier, Springer, MDPI oraz
w krajowych baz danych, m.in. na platformach: Biblioteka Nauki, Slaska Biblioteka
Nauki i RCIN. Réwnocze$nie przeszukano dokumenty planistyczne miast w celu spisania
wszystkich uwzglednionych siedlisk. Dane pozyskano z aktualnych dokumentéw, takich

jak:

— prognozy oddziatywania na §rodowisko,
— programy ochrony $rodowiska,

— plany adaptacji miast,

— studia ekofizjograficzne,

— studia uwarunkowan i kierunkéw zagospodarowania przestrzennego.

Na potrzebe poréwnania danych o zbiorowiskach roslinnych zarejestrowanych
w publikacjach naukowych 1 tych zawartych w dokumentacji planistycznej uwzgledniono
jedynie dane od 1980 r. Szczegdtowe informacje dotyczace metodyki wyszukiwania,

opracowania danych oraz analiz statystycznych znajdujg si¢ w artykule V.
4. Wyniki

4.1. Identyfikacja nieuzytkow miejskich z wykorzystaniem metod

teledetekcyjnych

Identyfikacja silnie heterogennej roslinnosci nieuzytkow miejskich za pomoca metod
teledetekcyjnych jest mozliwa przy zastosowaniu kombinacji danych LiDAR, RGB
(obrazu skladajacego si¢ z trzech kanalow — czerwonym, zielonym i niebieskim)
i obrazowania multispektralnego. Doktadnos¢ klasyfikacji w tej konfiguracji przekracza

87,5%. W przypadku identyfikacji wezesnych faz wnikania gatunkéw inwazyjnych do
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nieuzytkéw miejskich, na przyktadzie klonu jesionolistnego (Acer negundo) skutecznos¢
wynosi 66-86%. Pozwala to na wzglednie jednoznaczne rozpoznawanie i monitorowanie
stanu roslinno$ci nieuzytkéw miejskich do celéw planistycznych, ale takze na sprawne
zarzadzanie gatunkami inwazyjnymi.

Doktadnos¢ identyfikacji poszczegodlnych zbiorowisk roslinno$ci spontanicznej jest
zalezna od rodzaju danych wykorzystywanych w klasyfikacji. Przy uzyciu wylacznie
danych LIiDAR, oznaczanie zbiorowisk odbywa si¢ na podstawie wysokosci roslin
w badanym ptacie. Precyzja takiego rozpoznania przyjmuje wartosci od 3% do ok. 60%,
w zalezno$ci od badanego zbiorowiska. W przypadku wykorzystania danych RGB
doktadno$¢ klasyfikacji przyjmuje wartosci od 4% do 55%. Natomiast przy uzyciu
obrazéw multispektralnych precyzja identyfikacji zbiorowiska diametralnie wzrasta
1 przyjmuje wartosci od ok 70% do 94%.

Doktadnos¢ klasyfikacji mozna znaczaco zwigkszy¢é wykorzystujac wszystkie te typy
danych jednoczesnie. Przy uzyciu danych LIDAR, RGB i obrazowania multispektralnego
doktadnos¢ klasyfikacji znaczaco wzrasta i1 przyjmuje wartosci od 87,5% do az 98,7%.
Analiza wykorzystania technik teledetekcyjnych w oznaczaniu zbiorowisk wykazata
réwniez, ze najwicksze wyzwanie stanowi identyfikacja ruderalnych zbiorowisk
inicjalnych. Doktadnos¢ ich klasyfikacji byta wyraznie stabsza o 10-20% od innych

zbiorowisk.
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2
. Drzewa gatunkow inwazyjnych (Acer negundo)

R
-] Drzewa gatunkéw rodzimych
L -—

Rycina 7. lIdentyfikacja klonu jesionolistnego (Acer negundo) z wykorzystaniem technik teledetekcyjnych.

Na nieuzytkach miejskich szczeg6lnej kontroli wymagaja gatunki inwazyjne. Powinny
one by¢ identyfikowane we wczesnych fazach rozwoju, co jest problematyczne
zwhaszcza, jesli wystgpuja one W zaroslach lub pod koronami drzew. Do tego celu
najbardziej wskazane jest wykorzystanie LiDAR, ktory jest w stanie dotrze¢ pod zwarty
okap wyzszych pigter ro§linnosci.

Doktadnos$¢ detekcji gatunkoéw inwazyjnych w siedliskach roslinno$ci spontaniczne;j jest
zalezna od rodzaju danych i modelu uzytych w klasyfikacji. W przypadku wykorzystania
zielonego spektrum $wiatta i bliskiej podczerwieni precyzja identyfikacji gatunkow
inwazyjnych, na przyktadzie klonu jesionolistnego (Acer negundo) wystepujacego
w warstwie drzew (Ryc. 7), przyjmuje wartosci od 75% do 86% zaleznie od
zastosowanego algorytmu. W przypadku wykorzystania tylko jednego spektrum $wiatta
doktadnos¢ detekcji spada i oscyluje w przedziale od 66% do 79%, w zaleznosci od
algorytmu. Natomiast najwyzsza precyzje mozna otrzyma¢ wykorzystujac kontrast
pomiedzy zielonym spektrum $wiatta i bliskg podczerwieniag — GNDVI oraz algorytm
losowego lasu decyzyjnego — tzw. random forest, gdzie doktadnos$¢ detekcji wzrasta do
87%.

Analiza wykorzystania technik teledetekcyjnych do wykrywania drzewiastych gatunkow

inwazyjnych wykazata takze roznice w doktadnosci detekcji w odmiennych grupach
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wiekowych. Wraz z wiekiem drzewa wzrasta precyzja wykrywania — w przypadku
mlodych drzew, w grupie ponizej 10 lat wynosita ona 72%, a w stosunku do drzew
starszych niz 20 lat — 79%.

4.2. Struktura ro$linnos$ci, réznorodnos¢ florystyczna i regulacyjne ustugi

ekosystemowe nieuzytkow miejskich

Ogolna réznorodnos¢ florystyczna powierzchni nieuzytkoéw miejskich nalezy do
przecietnych — w badanych powierzchniach odnotowywano $rednio 14 gatunkoéw roslin
naczyniowych, wsrod nich taksony rzadkie. Ponadto nicuzytki miejskic sg siedliskiem
dla wielu gatunkow inwazyjnych. Ponad potowa badanych powierzchni byta przez nie
zdominowana.

Roslinnos¢ badanych nieuzytkéw miejskich znajdowata si¢ w szerokim spektrum stadiow
sukcesji (Ryc. 8). Zbiorowiska lesne reprezentowaty te z klasy Salicetea purpureae
i Robinietea. Runo wszystkich lesnych zbiorowisk nieuzytkow miejskich byto
zdominowane przez gatunki charakterystyczne dla tych z klasy Robinietea. W warstwie
drzew i podrostu dominowaty gatunki z klas Salicetea purpureae, badz Robinietea.
W drzewostanie zespolu Geo-Aceretum platanoidis zaznaczaty si¢ gatunki z klasy
Querco-Fagetea (eutroficzne i mezotroficzne lasy lisciaste), w Populetum albae gatunki
drzew z klasy Salicetea purpureae, w Chelidonio-Robinietum — robinia akacjowa
(Robinia pseudoacacia) a w Chelidonio-Aceretum negundi — klon jesionolistny (Acer
negundo). Najliczniejszymi rodzimymi drzewami nieuzytkow miejskich byty gatunki
lekkonasienne, np. topole (Populus sp.), brzozy (Betula sp.), tatwo rozprzestrzeniajace
si¢ z wiatrem, np. klon pospolity (Acer platanoides) lub przenoszone przez ptaki, np.
jablon domowa (Malus domestica). Najbardziej ekspansywnymi gatunkami byty drzewa
obcego pochodzenia, wspomniany klon jesionolistny (Acer negundo) i robinia akacjowa
(Robinia pseudoacacia) — ponad potowa zbadanych powierzchni byta przez nie
zdominowana.

Zbiorowiska nielesne nieuzytkoéw miejskich reprezentowaly zbiorowiska trawiaste
z klasy Molinio-Arrhenatheretea, i ruderalne z klas Artemisietea i Epilobietea
angustofolii. Wszystkie utrzymywaty si¢ co najmniej od kilku lat jako trwate zbiorowiska
trawiaste dzigki sporadycznemu koszeniu lub dzigki ekspansywnym gatunkom, takim jak
nawtocie (Solidago ssp.), trzcinnik piaskowy (Calamagrostis epigejos).
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Zespoty zbiorowisk nieuzytkéw miejskich nie r6znig si¢ istotnie pod wzgledem bogactwa
taksonow. Srednia liczba gatunkéw roélin  naczyniowych odnotowanych
w poszczegolnych zbiorowiskach znajduje si¢ w przedziale od 11 do 16 (Ryc. 8).
Najwigcej odnotowano w zbiorowiskach nielesnych z zespotu Rudbeckio-Solidaginetum,
$rednio zidentyfikowano w nim ponad 16 gatunkow roslin. Jest to zespot powszechnie
wystepujacy w tarasie zalewowym doliny rzeki, jednak niezwigzany z okresowymi
zalewami.

W przypadku zbiorowisk lesnych najwiecej gatunkéw odnotowywano w zespole
Populetum albae, $rednio ponad 15. Zespo6t ten jest zalezny od okresowych zalewow,
wystepujacych w dolinie rzeki. Jego drzewostan jest zdominowany przez drzewa
charakteryzujace si¢ dynamicznym wzrostem — topole (Populus sp.) i wierzby (Salix sp.).
Procentowy udziat gatunkoéw starych laséw w runie poszczegolnych zbiorowisk réznit
si¢ istotnie. W zbiorowiskach le$nych najnizszy udzial odnotowano w zbiorowiskach
Chelidonio-Aceretum negundi i Populetum albae, gdzie wynosit 5,6%. Natomiast w Geo-
Aceretum platanoidis udziat tych gatunkow byt najwyzszy i wynosit srednio 13,6%.

W przypadku zbiorowisk nieleSnych najwyzszy udzial gatunkow starych lasow
stwierdzono w zespole Arrhenatheretum (2,6%), a najnizszy w Rudbeckio-Solidaginetum
(0,9%).

Wskaznik réznorodnosci gatunkowej — indeks Shannona-Wienera nie wskazuje na istotne
statystycznie rownice pomigdzy badanymi zespotami roslinnymi, jego warto$ci znajduja
si¢ w przedziale od 1,39 do 1,94 (Ryc. 8).

Roéznice w strukturze roslinnosci dotycza gldéwnie zaggszczenia zdrewniatych pedow
(Ryc. 8). Wsrod zbiorowisk lesnych zesp6t Chelidonio-Aceretum negundi odznacza si¢
najwieksza liczba pedow. Suma przekrojow drzew na tych powierzchniach wyniosta
$rednio 5072 m?%ha. W pozostatych zbiorowiskach lesnych warto$¢ ta byta o 1/3 nizsza.
Wszystkie zbiorowiska nielesne sg zasiedlane przez mlode drzewa w podobnym tempie.
Ich zageszczenie w badanych ptatach jest niewielkie i wynosi ok. 340 m?/ha.

Zwarcie warstwy drzew w zbiorowiskach lesnych pochodzacych z roznych syntaksonow
jest podobne i wynosi 70-85%. Rowniez wartos¢ LAI warstwy drzew i krzewow
przyjmuje podobne wartosci we wszystkich zbiorowiskach drzewiastych (Ryc. 8).
Srednie ulistnienie okapu drzew w zespole Chelidonio-Robinietum jest najwyzsze 5,43,
a Populetum albae najnizsze 3,78. Z kolei warstwa podrostu w zespole Chelidonio-
Robinietum jest najrzadsza i wynosi 0,24, a w Chelidonio-Aceretum negundi najggstsza

0,77. Warstwa runa we wszystkich zespotach osigga zblizone warto$ci oscylujace
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w przedziale 1,1-1,7. W przypadku zbiorowisk nielesnych $rednie ulistnienie runa
w zespole Rudbeckio-Solidaginetum jest wyjatkowo wysokie — 3,64. Natomiast
najmniejsze ulistnienie runa w zbiorowiskach nielesnych odnotowano w zespole
Arrhenatheretum — 1,93.

Wielko$ci ushug ekosystemowych petnionych przez badane zbiorowiska przyjmuja
podobne wartosci (Ryc. 8). Najwigksze statystyczne roznice odnotowano w przypadku
pochlaniania pylow przez ro$liny. Z posrod badanych zespotow, Chelidonio-Robinietum
pochtania ich najwiecej. W warunkach silnego zanieczyszczenia powietrza jest w stanie
pochtona¢ 26,5 kg/ha — kilka razy wigcej pytow niz analogiczne zbiorowisko Geo-
Aceretum platanoidis (5,7 kg/ha), czy zbiorowiska nielesne. Jego potencjat rosnie wraz
z wzrostem zanieczyszczenia powietrza. W przypadku niskiego zanieczyszczenia réznice
w pochlanianiu pytow pomiedzy zbiorowiskami zacierajg si¢.

W badanych zbiorowiskach nie odnotowano statystycznie istotnych réznic pod wzgledem
ochrony przed wysuszeniem podtoza. Warto zauwazy¢, ze wszystkie zbiorowiska chronig
je przed wysuszeniem lepiej niz intensywnie uzytkowany trawnik. Srednie réznice
temperatur wskazuja, ze nagrzewanie podtoza w zbiorowiskach lesnych najmniej
ogranicza okap Populetum albae. W tym zbiorowisku odnotowano temperatury podtoza
nizsze S$rednio o 11% wzgledem intensywnie uzytkowanego trawnika. Z kolei
w Chelidonio-Robinietum temperatury podtoza byly nizsze az o 18%. W przypadku
zbiorowisk niele$nych zesp6t Arrhenatheretum miat temperatury podtoza srednio tylko
o 4% nizsze od intensywnie koszonego trawnika. Natomiast najwigksze rdznice
wzgledem temperatury podtoza w intensywnie koszonym trawniku a zbiorowiskiem

nielesnym, odnotowano w Rudbeckio-Solidaginetum i byty one nizsze $rednio o 9%.
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4.3. Czynniki ksztaltujace roslinnos$¢ nieuzytkéw miejskich

W  przeprowadzonych badaniach odnotowano istotne statystycznie roznice
w parametrach réznorodnosci florystycznej pomiedzy catkowicie zarzuconymi
nieuzytkami miejskimi a tymi, w ktorych sporadycznie przeprowadzane byly zabiegi
koszenia lub usuwania siewek drzew w celu zastopowania sukcesji. Obok wplywu
sposobu zarzadzania danym terenem, czynnikami, ktore istotnie wptywajg na parametry
roznorodnosci florystycznej, czy strukture roslinnosci byty: ciaggtos¢ siedliskowa,
poprzedni sposob zagospodarowania obszaru oraz obecno$¢ zadrzewionych platow
w bliskim sgsiedztwie.

Przeprowadzone badania wskazujg, ze na nieuzytkach miejskich mozna obserwowac
szeroki zakres faz sukcesji — od stadiow inicjalnych, gdzie dominujg jednoroczne rosliny
ruderalne rzadko pokrywajace glebe, po zwarte drzewostany tworzace stabilne siedliska.
W wielu przypadkach sukcesja jest zatrzymywana na etapie posrednim dzieki
sporadycznym zabiegom, takim jak koszenie czy usuwanie siewek drzew, co pozwala
zachowac otwarty charakter siedliska.

Poréwnanie dwoch typdéw nieuzytkéw miejskich — zbiorowisk nielesnych i lesnych —
ukazuje istotne roéznice w réznorodnosci biologicznej 1 strukturze ro$linnosci.
Zbiorowiska nielesne na nieuzytkach miejskich miaty istotnie wigkszag odnotowang
$rednig liczbg gatunkow, wynoszaca 15,6, podczas gdy w nieuzytkach lesnych warto$¢ ta
wynosita 12,7. Z kolei lesne nieuzytki miejskie cechowaly si¢ znacznie wyzszymi
srednimi liczbami gatunkow rzadkich 1 starych lasow, ktore wynosity odpowiednio 1,59
1 1,34. W przypadku nielesnych nieuzytkow wartosci te byty bliskie 0.3. Istotne
statystycznie roznice odnotowano rowniez w przypadku struktury roslinnosci 1 udzialu
gatunkow inwazyjnych. W warstwie zielnej to w zbiorowiskach nieleSnych odnotowano
znacznie wyzszy udzial gatunkow inwazyjnych — wynosit on 21,62% vs. 10,26%
w nieuzytkach le$nych.

Wykonane ekonometryczne modele regresji wielorakiej wskazuja na kilka istotnych
statystycznie czynnikow ksztattujgcych roslinnos$¢ nieuzytkdw miejskich.

W przypadku czynnikéw wplywajacych na parametry jakosciowe siedlisk nieuzytkow
miejskich odnotowano trzy statystycznie istotne czynniki. Pierwszym z nich, ktéry ma
wpltyw na najwieksza liczbg parametrow rdéznorodnos$ci florystycznej, jest cigglosé
siedliskowa. W przypadku zbiorowisk lesnych, calkowicie zarzuconych miat on

pozytywny wptyw na ogolng liczbe gatunkow roslin, liczbe gatunkow starych lasow oraz
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liczbe gatunkéw rzadkich dla obszaru Warszawy. Wraz ze wzrostem cigglosci
siedliskowej zwigkszata si¢ liczba tych gatunkow, z kolei hemerobia siedliska i udziat
urbanofitéw malaty. W zbiorowiskach nielesnych istotny statystycznie wptyw ciaglosci
siedliskowej nadal jest obecny, jednak ma wptyw na mniejszg liczbe parametrow. Wraz
ze wzrostem ciaglosci siedliskowej, rosta ogdlna liczba gatunkéw roslin, a malata
hemerobia siedliska.

Drugim czynnikiem istotnie ksztattujagcym roslinno$¢ nieuzytkow miejskich byta
obecnos¢ ptatéw zbiorowisk lesnych w bliskim sgsiedztwie. Duzy udziat takich ptatow
w bliskim sgsiedztwie negatywnie wplywal na ogolng liczbe gatunkow roslin
1 powodowal wzrost hemerobii w zbiorowiskach nielesnych. W przypadku zbiorowisk
lesnych obecno$¢ innych lesnych ptatow w bliskim sgsiedztwie nie miala statystycznie
istotnego wptywu.

Ostatnim czynnikiem istotnie statystycznie wplywajacym na parametry réznorodnosci
florystycznej nieuzytkow byto ich poprzednie zagospodarowanie jako obszary
zabudowane. W przypadku zbiorowisk nielesnych miato to pozytywny wptyw na ogolna
liczbe gatunkow roslin, a w przypadku lesnych — negatywny.

Ciaglos¢ siedliskowa wykazuje istotny statystycznie pozytywny wplyw na udziat
gatunkow lesnych i negatywny wplyw na udziat gatunkéw inwazyjnych w strukturze
ros$linnosci nieuzytkow lesnych. W przypadku nieuzytkow niele§nych nie odnotowano
wpltywu ciagtosci siedliskowej na strukture roslinnosci. W lesnych nieuzytkach istotnym
czynnikiem, ktory pozytywnie wptywal na udziat gatunkéw lesnych byla obecnos¢
lesnych ptatow w bliskim sasiedztwie, z kolei poprzednie zagospodarowanie jako obszar
zabudowany znaczaco negatywnie oddziatywal na ten parametr. W nielesnych
nieuzytkach czynnikami istotnie wptywajacymi na strukturg roslinnosci byty poprzednie
zagospodarowanie jako obszar zabudowany oraz jako obszar ogrodéw i sadéw. Obydwa
te czynniki w pozytywny sposob istotnie wplywaly na udzial gatunkéw inwazyjnych

w strukturze roslinnosci badanych nieuzytkow.
4.4. RoS$linno$¢ nieuzytkow miejskich w dokumentach planistycznych miast

Zbiorowiska roslinne identyfikowane w granicach miast sg cze¢sto pomijane podczas
sporzadzania dokumentoéw planistycznych (Ryc. 9). W badanych miastach odnotowano
467 typow zbiorowisk, jednak tylko 211 z nich zostato uwzglgdnionych w analizowanych

dokumentach planistycznych. Grupa siedlisk wymieniang w nich najczesciej sa siedliska
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lesne. Najlepiej odzwierciedlaja one aktualny stan wiedzy, stanowiac 62,4% siedlisk
zidentyfikowanych ~w  literaturze. W  przypadku siedlisk Igkowych czy
wodnych/szuwarowych tylko ok. 42% identyfikowanych w granicach miast zostato
uwzglednionych w dokumentach planistycznych. Tymczasem siedliska synantropijne,
tworzace flor¢ wielu nieuzytkow miejskich s3 najrzadziej uwzgledniane w tego typu

dokumentacji, obejmujac jedynie 28,4% siedlisk zidentyfikowanych w literaturze.

Synantropijne-

takowe i trawiaste-

Zbiorowiska roslinne

Lesne i zaroslowe-

Wodne i mokradfowe -

50 100 150
Liczba zbiorowisk roslinnych

o-

1 Zidentyfikowane zbiorowiska [l Zbiorowiska w dokumentach planistycznych

Rycina 9. Poréwnanie liczby zbiorowisk roslinnych zidentyfikowanych w granicach miast z liczbg
zbiorowisk uwzglednionych w dokumentach planistycznych miast.

Siedliska roslinno$ci synantropijnej wystepuja w Warszawie najliczniej (Ryc. 10). Mimo
to, w dokumentach planistycznych uwzgledniono jedynie okoto 23% z nich. Oznacza to,
ze tylko co czwarte siedlisko synantropijne zidentyfikowane na terenie miasta zostato
uwzglednione w tych dokumentach. Problem pomijania siedlisk dotyczy jednak rowniez
innych grup. Przyktadowo, siedliska wodne i torfowiska w ogole nie zostaty
uwzglednione w analizowanych dokumentach planistycznych. Dla kontrastu, siedliska
lesne zostaty ujete w ponad 50% wszystkich zbiorowisk lesnych zidentyfikowanych

w granicach miasta.
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Rycina 10. Poréwnanie liczby zbiorowisk roslinnych zidentyfikowanych w granicach Warszawy z
liczbq zbiorowisk uwzglednionych w dokumentach planistycznych Warszawy.
5. Dyskusja

5.1. Identyfikacja nieuzytkéw miejskich z wykorzystaniem metod

teledetekcyjnych

Wyniki oceny przydatnosci technik teledetekcyjnych w identyfikacji zbiorowisk
ro$linnosci spontanicznej oraz detekcji gatunkéw inwazyjnych wskazuja na istotne
réznice w skutecznosci tych metod, zalezne od rodzaju zastosowanych danych oraz
wykorzystanych algorytméw. Analiza danych potwierdzita przede wszystkim,
ze doktadno$¢ identyfikacji zbiorowisk roslinnych znaczaco zwigksza si¢ wraz ze
wzrostem ilosci 1 jako$ci wykorzystanych danych. Najwyzsze wyniki osiggni¢to, gdy do
klasyfikacji uzyto kombinacji danych LiDAR, RGB i obrazéw multispektralnych.
To wskazuje na potrzebe integracji roznych zroédet danych w celu uzyskania najbardziej
wiarygodnych wynikow, szczegdlnie w przypadku warunkéw miejskich, gdzie
zbiorowiska ro$linnosci charakteryzuja si¢ duza zmienno$cia (Zhang i in., 2021).
Podobne badania przeprowadzane na terenach nieuzytkow wskazuja, ze wraz z integracja
danych doktadno$¢ wynikow diametralnie wzrasta (Mei i in., 2017; Wang i in., 2022).
Warto réwniez zauwazy¢, ze wykorzystanie jedynie pojedynczych Zrddet danych, takich

jak LiDAR czy RGB, skutkowato znaczaco nizsza doktadnos$cig. Szczegdlnie dotyczyto
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to zbiorowisk ruderalnych inicjalnych — ich identyfikacja stanowila najwicksze
wyzwanie. Zbiorowiska jednoroczne i inicjalne czgsto charakteryzuja si¢ duza
1 dynamiczng zmiennoscig nawet w matych ptatach, co znaczaco utrudnia ich
identyfikacj¢ (Qing-Hua i in., 2020).

W kontekscie detekcji gatunkéw inwazyjnych, takich jak klon jesionolistny (Acer
negundo), techniki teledetekcyjne wykazaty duza skuteczno$¢. Wyniki potwierdzaja, ze
wykorzystanie LIDAR moze znacznie zwiekszy¢ skuteczno$¢ analizy danych
teledetekcyjnych, szczegolnie w przypadkach, gdy wymagane jest rozrdznienie
gatunkéw w warunkach gestej roslinno$ci, na przyktad pod okapem drzew (Xiong i in.,
2024).

Warto réwniez zauwazy¢, ze skutecznos¢ detekcji gatunkdéw inwazyjnych jest silnie
uzalezniona od wieku identyfikowanych drzew. Im jest on wyzszy, precyzja detekcji
znacznie wzrasta, co moze wynikaé¢ z wigkszych réznic w parametrach strukturalnych
i spektralnych starszych drzew z r6znych gatunkow (Bradley, 2014). Powyzsze wskazuje
na konieczno$§¢ wdrozenia strategii monitoringu dostosowanych do rdéznych grup
wiekowych drzew, aby mozliwie wecze$nie wykrywac i ograniczaé rozprzestrzenianie si¢

gatunkow inwazyjnych.

5.2. Struktura roslinnosci, r6znorodnos¢ florystyczna i regulacyjne ustugi

ekosystemowe nieuzytkéw miejskich

Réznorodnos¢ florystyczna nieuzytkow miejskich, cho¢ obecnie przecigtna, wydaje sie
by¢ dynamiczna i uzalezniona od proces6w sukcesji ekologicznej, ktore zachodza na tych
obszarach. Wyniki przeprowadzonych analiz wskazuja, ze przecigtna liczba gatunkow
roslin naczyniowych na badanych powierzchniach wynosita ok. 14. Taka S$rednia
biordznorodnos¢ jest prawdopodobnie efektem poczatkowych stadiow stabilizacji
ekosystemow (Machon, 2021). Wraz z dalszym rozwojem sukcesji i dojrzewaniem
ro$linnosci mozna spodziewaé si¢ wzrostu bior6znorodnosci, co jest zgodne
Z obserwacjami dotyczacymi bardziej ustabilizowanych siedlisk miejskich (Bonthoux i
in., 2014).

Wysoki udzial gatunkéw inwazyjnych, ktéore dominowaty na ponad potowie badanych
powierzchni, stanowi istotne zagrozenie dla roznorodnosci florystycznej (Maurel i in.,
2010). Gatunki takie jak klon jesionolistny (Acer negundo) czy robinia akacjowa (Robinia

pseudoacacia) intensywnie konkurujg z rodzimg florg. W wielu przypadkach zastepuja
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rodzimg roslinnos¢ lesng (Vitkova i in., 2017) zmieniajac warunki fizykochemiczne
podtoza (Nascimbene i in., 2015), co moze hamowac naturalng regeneracje ekosystemow.
Niemniej kierunek rozwoju tych gatunkéw w diuzszej perspektywie jest trudny do
przewidzenia i wymaga dalszych badan nad dynamika ich rozprzestrzeniania oraz
interakcjami z innymi sktadnikami ekosystemu.

Potencjal nieuzytkow miejskich pod wzgledem regulacyjnych ustug ekosystemowych
jest znaczacy. Badane zbiorowiska wykazaly zdolno$¢ do pochtaniania pytéw, ochrony
przed wysychaniem gleby oraz regulacji temperatury, co czyni je cennymi elementami
tzw. zielonej infrastruktury. Szczegodlnie interesujace sg réznice w pochtanianiu pytow,
gdzie zbiorowiska takie jak Chelidonio-Robinietum osiagaty najwyzsze wartosci,
zwigkszajac swoja efektywno$¢ wraz z rosngcym poziomem zanieczyszczenia powietrza.
Podobne wtasciwosci w zakresie ochrony podtoza przed wysychaniem oraz regulacji
temperatury swiadczg o duzym potencjale nieuzytkéw miejskich w zakresie tagodzeniu

skutkéw zmian klimatu, takich jak wyspy ciepta czy niedobory wody.

5.3. Czynniki ksztaltujace roslinnos$¢ nieuzytkow miejskich

Gradient sukcesji zaobserwowany podczas badan $wiadczy, ze nieuzytki miejskie sa
rezerwuarem rdéznorodnych grup gatunkow roslin, od pionierskich po bardziej
specjalistyczne (o bardzo waskiej niszy ekologicznej). Zbiorowiska nielesne, dzigki
prowadzeniu w nich umiarkowanej liczby zabiegéw pielggnacyjnych (tj. koszenie,
usuwanie siewek i biomasy), wykazujg wiekszg liczbe gatunkow na stanowisko oraz
dominacjg¢ roslinnosci zielnej. Tego typu siedliska moga sprzyja¢ bioréznorodnosci, a ich
utrzymanie bedzie skutkowato oferowaniem bardziej otwartych przestrzeni, przydatnych
takze mieszkancom na potrzebe rekreacji. Z kolei zbiorowiska lesne bardziej sprzyjaja
obecnosci gatunkow rzadkich oraz lesnych, co wskazuje na ich warto$¢ dla ochrony
biordéznorodnosci o charakterze konserwatorskim.

Warto jednak zauwazy¢, ze w badanych zbiorowiskach le$nych drzewostan jest prawie
w 1/3 zbudowany z gatunkéw inwazyjnych, co moze zagraza¢ ich ekologicznej
rownowadze. Siedlisko lesne zdominowane przez gatunki inwazyjne w skrajnych
przypadkach moze prowadzi¢ do utworzenia si¢ jednogatunkowych drzewostanow,
w ktorych wraz z wiekiem nastepuj¢ spadek liczby gatunkow w warstwie podszytu
(Boyce, 2009; Gonzalez-Montelongo i Pérez-Vargas, 2021). Jednak z drugiej strony,

w badanych nieuzytkach udziat gatunkdéw inwazyjnych w warstwie podrostu wynosit juz
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tylko ok 10%, co moze wskazywac na powolne ich ustgpowanie. Proces ten moze by¢
powiazany z postepujaca stabilizacja siedliska.

Na badanych powierzchniach ze zbiorowiskami nieleSnymi sporadycznie
przeprowadzano zabiegi pielegnacyjne, majgce eliminowaé roslinno$¢ zdrewnials.
Zdarza si¢, ze takie dziatania bardzo ingerujg w przebieg sukcesji ekologicznej, w wielu
przypadkach praktycznie jg zatrzymujac. Takie zakldcenie moze uniemozliwi¢ powstanie
stabilnego, dojrzatego ekosystemu (Turchetto i in., 2023). Ponadto, podczas badan
fitosocjologicznych ~ zaobserwowano  powierzchnie  niemal  jednogatunkowe,
zdominowane zaréwno przez rodzime, jak i inwazyjne gatunki roslin zielnych, tworzace
geste okapy. Zwarty okap roslin zielnych skutecznie hamuje wzrost drzewiastych siewek
poprzez konkurencj¢ o $wiatlo. Usunigcie tych dominujacych gatunkéw moze
poczatkowo zwickszy¢ dostepnos¢ swiatha i spowodowac wzrost siewek, ale potencjalnie
przyczyni si¢ rowniez do rozprzestrzenienia innych gatunkow inwazyjnych (Ivey i Leege,
2023).

5.4. Roslinno$¢ nieuzytkéw miejskich w dokumentach planistycznych miast

Analiza uwzglednienia typow roslinnosci w dokumentach planistycznych wskazuje na
systematyczne pomijanie takich informacji. W Warszawie jedynie co czwarte
zbiorowisko synantropijne zidentyfikowane w granicach miasta zostalo ujgte w
dokumentacji, co jest alarmujgcym sygnatem $§wiadczacym o ich marginalizacji w
procesach planistycznych.

Pomijanie zbiorowisk synantropijnych wynika z kilku czynnikéw. Historycznie
traktowano je jako niestabilne i przejsciowe, zakladajac, ze z czasem ulegng
przeksztalceniu w siedliska bardziej przypominajace te naturalne. Taki sposob
postrzegania prowadzit do niskiego zainteresowania ich badaniem oraz powstawania
,bialych plam” na mapach roslinnosci miast (Yeremenko, 2019). W konsekwencji,
siedliska synantropijne, ktore czesto zajmuja znacza powierzchni¢ miasta, nie byly
uznawane za wartosciowg cze$¢ zielonej infrastruktury, lecz raczej traktowano je jako
obszary przeznaczone do dalszej zabudowy.

Kolejnym problemem jest sposob postrzegania siedlisk synantropijnych przez
spoteczno$¢ lokalng oraz decydentow. Istnieje przekonanie, ze mieszkancy oceniajg je
negatywnie pod wzgledem estetyki i uzyteczno$ci jako zieleni miejskiej (Nassauer,

1995). Powyzszy stereotyp dodatkowo utrudnia wiaczenie tych siedlisk do strategii
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planistycznych i zréwnowazonego rozwoju miast. Tymczasem siedliska synantropijne
odgrywaja istotng rolg w miejskim krajobrazie ekologicznym. Czgsto stanowia jedng
z najliczniejszych grup roslinnosci w duzych miastach, takich jak Warszawa, co czyni
niezb¢dnym wigczenie ich w tzw. zielong infrastrukture. Majg one potencjat do petnienia
réznorodnych funkcji ekologicznych, w tym zwickszania bior6znorodnosci, pochtaniania
pytow, ograniczania efektu miejskiej wyspy ciepta, czy retencji wody opadowej (Sikorski
i in., 2021).

Alarmujace jest pomijanie w dokumentacji planistycznej siedlisk zwigzanych
ze zbiornikami wodnymi. W granicach Warszawy stwierdzono ponad 30 roznych siedlisk
wodnych i torfowiskowych, jednak zadne z nich nie zostalo uwzglgdnione
w dokumentacji planistycznej. Brak ich ujgcia w planowaniu przestrzennym moze
przyczynia¢ si¢ do ich stopniowego zanikania w obrebie miast. Jednym z powodow
takiego zjawiska moze by¢ intensywna ekspansja miejska, ktora czesto obejmuje nizinne
tereny, takie jak doliny zalewowe i mokradta. Ich ptaska rzezba terenu sprawia, ze sg one
szczegolnie atrakcyjne pod wzgledem inwestycyjnym, poniewaz utatwiajg prowadzenie
prac budowlanych i obnizajg koszty realizacji inwestycji (Ribbe i in., 2024). Prowadzi to
do komercjalizacji mokradet, czynigc je podatnymi na degradacje i zabudowe (Aldana-
Dominguez i in., 2024). Dodatkowym problemem jest brak pelnego uwzglednienia
wartos$ci tych siedlisk. Wiele ustug ekosystemowych $wiadczonych przez siedliska
wodne i torfowiska ma charakter niematerialny lub niemierzalny w kategoriach
ekonomicznych, co wptywa na ich marginalizacje podczas planowania przestrzennego
(Kati i Jari, 2016). Siedliska te petnig jednak wiele — kluczowych z perspektywy zmian
klimatu — ustug ekosystemowych, takich jak ochrona przeciwpowodziowa, filtracja wody
czy regulacja mikroklimatu tagodzaca efekt miejskiej wyspy ciepta (Matter i Gado,
2024).

Pod wzglgdem czgstotliwosci ujecia w dokumentach planistycznych zbiorowiska lesne
stanowig silny kontrast na tle innych grup. Czgste uwzglednianie tych terenow w planach
i strategiach wynika z ich historycznych powigzan z tkanka miejskg (Forrest i
Konijnendijk, 2005). W efekcie rozwoju miast, lasy, a takze zadrzewienia czesto
przeksztalcano w parki lub lasy miejskie, ktore maja duze znaczenie kulturowe
i historyczne dla lokalnych spotecznosci (McBride, 2017).

Istotnym argumentem tlumaczacym czeste uwzglednianie zbiorowisk lesnych
w dokumentacji planistycznej jest rola lasow w zachowaniu bior6znorodnosci oraz

ochronie zasobdw naturalnych, co czyni je kluczowym elementem ekologicznej trwatosci
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miast. Planowanie przestrzenne czgsto priorytetowo traktuje ochrong i integracj¢ terenow
lesnych z tkanka miejska (Muller i in., 2010). Lasy miejskie petnia takze istotne funkcje
ekosystemowe, takie jak oczyszczanie powietrza, regulacja mikroklimatu oraz retencja

wody, co dodatkowo zwigksza ich warto$¢ w oczach urbanistow (Nowak, 2006).
6. Podsumowanie

Wyniki badan wskazuja na duzy potencjal wysokorozdzielczych technik
teledetekcyjnych w zarzadzaniu terenami zieleni miejskiej. Integracja zaawansowanych
technologii, takich jak LIiDAR, obrazowanie multispektralne i algorytmy uczenia
maszynowego, umozliwia nie tylko bardziej precyzyjng identyfikacje zbiorowisk
roslinnych, ale takze skuteczng detekcje inwazyjnych gatunkéw drzewiastych.
Wykorzystanie kombinacji obrazowan multispektralnych i LIDAR pozwala na szybka
identyfikacj¢ réznych typow zbiorowisk roslinnych nieuzytkéw miejskich z doktadno$cia
siggajaca az 98%. Z kolei uzycie danych LiDAR pozwala na detekcj¢ drzewiastych
gatunkow inwazyjnych z precyzja si¢gajaca 86%, co umozliwia petng kontrole nad ich
rozprzestrzenianiem sig.

Bior6znorodno$¢ nieuzytkow miejskich utrzymuje si¢ na niskim lub przecigtnym
poziomie. Nalezy jednak zwrdci¢ uwagg, ze sg to obszary dynamiczne, ktore wraz z
postepem sukcesji i stabilizacja siedliska wykazuja wzrost bogactwa florystycznego oraz
warto$ci wskaznika Shannona-Wienera. Bardziej zaawansowane stadia sukcesji silnie
ro6znig si¢ pod wzgledem udziatu gatunkow inwazyjnych. Umiejetne zarzadzanie tymi
terenami, oparte na wspieraniu procesOw sukcesji oraz kontrolowaniu gatunkow
inwazyjnych, sprzyja odbudowie biordznorodnosci. Strategia zarzadzania terenami
nieuzytkow miejskich powinna by¢ dostosowana do ich potencjalu ekologicznego —
otwarte siedliska moga wspiera¢ wigksza liczbe gatunkow, natomiast te o bardziej
zaawansowane] sukcesji odgrywaja kluczowa role w ochronie ro$lin siedlisk
ustabilizowanych. W badanych nieuzytkach miejskich $rednia liczba gatunkow
znajdowala si¢ w przedziale od 11 do 16. Udziat gatunkéw inwazyjnych w zbiorowiskach
nieuzytkow miejskich wynosit nawet 32%. Czynnikami wptywajacymi na taki wynik
byly: ciagglos¢ siedliskowa (-) oraz poprzednie zagospodarowanie jako tereny
zabudowane i tereny ogrodow (+).

Elementem strategii adaptacyjnych nieuzytkow miejskich jest rowniez wspieranie

regulacyjnych ustug ekosystemowych. W skali miasta moga one dostarczy¢
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Petnig one istotng rol¢ w pochtanianiu pyldw zawieszonych, retencji i wychtadzaniu
podtoza. Szczegdtowe poznanie tych $§wiadczen pozwala efektywne wykorzystac¢ je w
planowaniu przestrzennym. Hektar nicuzytkoéw miejskich w warunkach wysokiego
zanieczyszczenia powietrza moze pochtona¢ az 26,5 kg pyldow zawieszonych w
powietrzu.

Ze wzgledu na wysokie wartos§ci LAI i ogo6lng biomas¢, w nieuzytkach miejskich
temperatura podloza jest nizsza nawet o 18% w poréwnaniu do intensywnie
uzytkowanego trawnika. Ro$linno$¢ nieuzytkow miejskich pozwala ograniczy¢
ewaporacje. W przypadku zbiorowisk roslinnych wilgotno$¢ wierzchnich warstw gleby
byta wyzsza nawet o 150% w poréwnaniu do intensywnie uzytkowanego trawnika.
Roslinno$¢ nieuzytkow miejskich nie jest wystarczajaco reprezentowana w dokumentach
planistycznych, co wymaga zmiany. Poprawa moze przyczyni¢ si¢ do bardziej
zrbwnowazonego 1 efektywnego zarzadzania zielenia miejska, odpowiadajac
jednoczesnie na wyzwania zwigzane z adaptacjg miast do zmian klimatu. Ponad 62%
siedlisk lesnych zidentyfikowanych w miastach uwzgledniono w dokumentach
planistycznych. W przypadku siedlisk synantropijnych jedynie 28,4% zidentyfikowanych

siedlisk uwzgledniono w dokumentach planistycznych.
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The seasonal occurrence of plant communities in rivers’ reaches has a direct impact on the flow resistance and
sediment dynamics. Monitoring the occurrence of plant communities and their habitats can be of great impor-
tance to understand bio-geomorphological changes and hydrological processes and to assess human-induced
changes. This work focuses on combining different remote sensors’ data acquired from an unmanned aerial
vehicle (UAV) to feed Random Forest models for the recognition of plant communities in reaches of the Vistula
River. Botanical surveys were camried out on more than two thousand field plots along the reaches, each being
manually classified into nine different communities. Hyperspectral and RGB (Red-Green-Blue) images were
collected with UAV over the botanical plots and merged with a LiDAR-based (Light Detection and Ranging)
canopy height model. The modelling strategy consisted of fitting Random Forests using uncorrelated scores of
principal components. A novel approach is presented to select discriminant features in the presence of high
correlations after applying a ridge regularization on the inverse of the covariance matrix. We show how specific
combinations of sensors’ features can impact the model's accuracy, which reached more than 90% for domi-
nating shrubs and trees such as Salicetum triandro-viminalis, Salicetum albo-fragilis and Chelidonio-Aceretum. On the
other hand, the fitted model was not as accurate to classify plant communities such as Agropyretalia and
Calamagrostietum.

1. Introduction hydrogeomorphological processes and flooding events (Martin, 2003;

Vanbergen et al., 2017; Tornabene et al., 2018; Falenczyk-Kozirog et al.,

Riparian vegetation interacts with water flow of rivers, influencing
their hydraulic properties (Green, 2005; Warmink et al., 2013; D'Ippo-
lito et al., 2021; Lama et al., 2021). Likewise, hydro-sedimentary dy-
namics affects fluvial landforms and vegetation in different
spatiotemporal scales (Tabacchi et al., 2019). Thus, vegetation is also a
good indicator of flow dynamics and erosion along meandering rivers
(Hupp and Osterkamp, 1996). Under the biological and ecological point
of view, river reaches and islands are dynamic environments due to the

2019).

Vistula is one of the largest rivers of Western and Central Europe
(Solon et al., 2018). In its middle section, vegetation has a large influ-
ence on high flows, since it occurs mainly in the floodplains, where
inundation hazard is constant (Wierzbicld et al., 2021). Due to their
spatial isolation, the river’s islands can serve as refuge of many species
of plants and animals, and as a place to track colonization processes
((Falenczyk-Kozirog et al., 2019) and human-induced changes.

Abbreviations: HSI, hyperspectral image; CHM, canopy height model; RGB, channels red-green-blue; Agr, Agropyretalia; Cal, Calamagrostietum; ChA, Chelidonio-
Aceretum; CyL, Cyperus-Limosella; Pha, Phalaridetum; Saf, Salicetum albo-fragilis; Stv, Salicetum triandro-viminalis; Sol, Rudbeckio-Solidaginetum; XaC, Xanthio-

Chenopodietum.
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In such a particularly variable environment and complex mosaic of
ecosystems, it can be difficult to identify the extent of vegetation for the
conservation of valuable resources (Castello et al., 2021). Moreover,
riparian vegetation are non-permanent communities and only visible for
a short period of time during the year, which makes it difficult to be
identified spatially (Rollet et al. 2014). The same is observed with pro-
tected (ecologically valuable) threatened ephemeral wetland plant
communities in summer-dry shoreline habitats (Bockelmann et al
2017).

Predicting the occurrence and succession of plant communities can
be of remarkable importance to understand fluvial geomorphological
changes, especially for researches involving numerical modelling of flow
and sediment dynamics (Gunell, 2014; Rowinski et al., 2018) or the
effects of river restoration over time (Bauer et al. 2018). However, that
bridging task remains a core challenge. One reason is that evaluating the
floristic complex through classical approaches (Amoros & Wade, 1996)
can be considered (Tabacchi et al., 2019) very sensitive to local and
regional settings and may limit generalizations concerning different
rivers’ systems or scales. Another reason might be related not only to
mapping but also how to treat the broad combinations of plant com-
munities found in natural streams and channels in simulation models
(D'Ippolito et al. 2021). New opportunities to understand riparian
vegetation dynamics can be found with remote sensing (Huylenbroeck
et al., 2020).

Nonetheless, in species-rich floodplain areas, it remains challenging
to obtain high-accurate classification models, even using hyperspectral
imagery (Richter et al., 2016), mainly due to the mixture of vegetation
and other types of land covers (Nguyen et al., 2019), but also due to the
variations in atmospheric and light conditions. Combining visible,
multi- or hyperspectral images with elevation data has been proven to
build accurate models for classification of urban trees (Alonzo et al.,
2014), conifer species (Scholl et al., 2021; Weinstein etal.; 2021), plant
communities in wetlands (Martinez Prentice et al., 2021), grasslands of
river valleys (Demarchi et al., 2020), fens (Szporak-Wasilewska et al.,
2021) and riparian vegetation (Shendryk et al, 2016; Peerbhay et al.,
2021).
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Given the power and flexibility of decision tree-based models in
dealing with complex data in terms of scale, dimension and nonlinearity
(Breiman, 2001; Hastie et al., 2009; Gregorutti et al., 2017), Random
Forests have been widely used (Nguyen et al., 2019; Pham et al., 2019;
Demarchi et al., 2020; Rommel et al., 2022) either as the main machine
learning technique or as reference to classify plant species, in many cases
with comparable or higher performance.

However, monitoring vegetation communities along river reaches is
still a challenging task, requiring the combination of advanced and
expensive remote sensors and robust prediction models. The objective of
this work is to unravel important features from multi-sensor UAV data
sets to recognize and discriminate plant communities in reaches of the
Vistula River.

2. Material and methods
2.1. Study site

The focus studied area of this work is the reach downstream of two
islands of the Middle Vistula River, centered at the geographical co-
ordinates 52° 22’ 40.8” N and 20° 52 40.8" E, in the northern region of
Warsaw, Central Poland (Fig. 1). The climate, according to the Koppen-
Geiger classification, is cold without a dry season, with a warm summer
(type Difb) (Beck et al., 2018). The average annual precipitation is be-
tween 530 and 580 mm (Zmudzka et al., 2019). The average annual
temperature ranges from — 1.2 to — 0.6 °C in the winter, and from 18.1
to 19.1 °C in the summer. In that section the river cuts through an upper
terrace developed in Pleistocene (Mojski, 1930) where the average
elevation is 75 m a.s.l. The northem island has as length of approxi-
mately 2.3 km and 54.9 ha; the southern, about 3.0 km and 90.2 ha. The
cross-section varies between 450 and 700 m wide. The whole area is
located within the nature reserve area ‘Lawice Kielpinskie'. In the
summer of 2020, from September 3 through 23, sampling campaigns
were performed along the reach, consisting of: a) botanical surveys, b)
UAV data acquisitions.
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Fig. 1. Orthoimage of two islands along the sampled reaches of the Middle Vistula River.
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2.2. Botanical surveys

A total of 2,150 field plots of dimensions 2 x 2 m were systematically
taken throughout the two reach sections, with the central point being
georeferenced. The plot location was defined so that the vegetation
composition was as homogeneous as possible. In each plot, a floristic
analysis was done and the predominant plant community was identified
in accordance with Matuszkiewicz (2001) and Isbirdina and Ishbirdin
(1991) for Robinietea forest class. Nine plant communities were identi-
fied — one order, Agropyretalia, and eight associations of species (Fig. 2).

In Fig. 2 (A, B and E) there are semi-open pioneer and semi-dry and
wet grasslands. The most stabilized habitats are overgrown, with
grassland plant communities with Elymus repens (A), Calamagrostis epi-
gejos (B) and Phalaris arundinacea (H). Those are only relocated during
stronger floods every few years (Leuschner and Ellenberg, 2018).

Fig. 2 (F and I) depicts the short-lived Isoéto-Nanojuncetea, ephemeral
wetland plant communities occurring in summer-dry shoreline habitats.
They occur on periodically wet soils and are inconspicuous plant com-
munities temporarily appearing on the river banks and muddy areas that
from time to time can be covered with water or remain dry for months or
years. They are being particularly characteristic for Central European
large riverine ecosystems and are well described in the literature. They
are the most fragile habitats, frequently washed out and displaced every
year, even after small waterlogging (Leuschner and Ellenberg, 2018).

Fig. 2 (D, G and H) shows the most stable plant communities — ri-
parian forests (D) and willow shrublands (G) with Salix sp. (Leuschner
and Ellenberg, 2018). Natural succession processes are however
accompanied here by biological invasions resulting in the formation of
herbaceous vegetation (H) and riparian forests with invasive species (C).

The data of plant communities’ occurrence were used to compute
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spatial estimates of Shannon's entropy (diversity) index (H").

Sa
H (d)= - pilog(p;)
i=l

where p; is the relative abundance of the ith plant community within
a spatial radius d, the lagging distance. We set d ranging from 10 to 500
m.

2.3. Sensor data and pre-processing

Along with the botanical campaigns, we acquired data from three
different sensors mounted on a UAV DJI Matrice 600, flown at a flight
speed of 5.5 m s~ ! at 75 m above ground, between 10:00 and 2:00 pm.
The data acquired are:

(D) Visible (RGB) images from a digital camera (APS-C) model Sony
ILCE-6000, with 6000 x 4000 pixels.

(ID) Hyperspectral images (HSI) from a digital camera model Senop
HSC-2, 1264 x 1264 pixels, 36.8° field of view (FOV), spatial
resolution of ~ 5 cm px’!, registering nineteen bands centered at
wavelengths ranging from 510 to 865 nm. The images collected
as raw digital numbers were converted into radiance (Wm 2 sr™!
nm ') using the gain lab-derived values provided by the imager.
The dark object subtraction method was used for radiometric
calibration. To account for spatial misalignment, we applied the
translational geometric correction based on HOG (histogram of
oriented gradient) descriptor implemented in the R package
hyperbrick (Da Silva, 2022) for band-to-band registration.

(II) LiDAR (Light Detection And Ranging) data from the laser sensor
VLP16 (Velodyne 16E), 15° vertical FOV, with density of ~ 50

Fig. 2. Image samples of the plant communities found along the reaches of the Vistula River. A: Agropyretalia (n = 26), B: Calamagrostietum (n = 52), C: Chelidonio-

Aceretum (n = 252), D: Salicetum albo-fragilis (n = 246), E: Phalaridetum (n = 298), F: Cyperus-Limosella (n = 374), G: Salicetu

Rudbeckio-Solidaginetum (n = 128), I: Xanthio-Chenopodietum (n = 267).

triandro-viminalis (n = 426), H:
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points m 2. The data were first subjected to strip alignment to
correct for boresight error caused by the offset of the laser scan-
ner on different flight lines. Afterwards, outliers were removed
from the 3-dimensional point cloud, identifying noise points by
determining whether the distance from a point to its nearest
neighboring point is larger than a threshold, as described by Zhao
et al. (2022). Then the digital terrain model and the digital sur-
face model of the islands were obtained using linear interpola-
tion, with cell size of 0.25 m and 2 m buffer. Both models were
then combined to obtain the digital canopy height model (CHM).
We processed the data with the software LIDAR360 (GreenValley
International Inc.).

A spatial mask of botanical polygons was applied to the three raster
products (RGB, hyperspectral images and CHM) separately. The result-
ing products were resampled to match the CHM products dimensions (8
x 8 px, ~0.25 m px') using bilinear interpolation and then combined
together to form hypercubes with 23 layers, which correspond to the
RGB (3), hyperspectral (19) and CHM (1) products. The spatial data
were managed in R version 4.1.1 (r-project.org) with the packages raster
(Hijmans, 2021) and sp (Bivand, Pebesma and Gomez-Rubio, 2013).

2.4. Modelling strategy

We re-arranged the first two dimensions of each botanical hypercube
(8 x 8 x 23) to obtain a matrix of [2150 x 64] rows and 23 columns for
training the pixel-based classifier of plant communities’ classes. To
avoid noise pixels due to soil, water or plant mixture, we trimmed each
row-subset (a sample, 64 x 23) with its interquartile range, using only
the values between the first and third quartiles, so that each sample
consists of a matrix of dimensions 32 x 23. Each sample corresponding
to a botanical plot was labelled with its respective plant community
name (Fig. 2). For training, we also used sixty samples of bare soil data
(no vegetation) and twenty-one samples of water.

We fitted Random Forest models to predict the classes of plant
communities. To avoid the impact of high-correlated features, as we
especially noticed among the hyperspectral bands, in the model’s ac-
curacy and instability of feature selection through the permutation
measure (Gregorutti et al., 2017; Darst et al., 2018), the models were
trained using the scores of uncorrelated principal components, thus
reducing dimension of the original data set. Furthermore, to compute
the discriminant value of features considering the same problem-
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context, we obtained a ridge estimate of the inverse of the covariance

matrix, {(2), through the penalized maximum likelihood method (van
Wieringen and Peeters, 2016), where the penalty parameter 4 > 0 was

determined using a cross-validation technique. Hence, with (%), we
adapted the Singh’s (1981) criterion, originally proposed to measure
importance of variables in genetic divergence studies, to identify
discriminant features, relying on the contribution, S, of each feature (j
=1, 2, ..., 23) to the matrix of Mahalanobis distances among observa-
tion vectors (x;, i = 1, 2, ..., ).

nl n
§i=> "> (o — ) (x —x)Q(2);
= i

To train the Random Forest models, the score data were split into
training (70 %) and testing (30 %) parts. With the training data, a 5-fold
cross-validation strategy was used to assess the classifier accuracy and to
select the number of randomly selected predictors - the tuning param-
eter. The testing data set was used to compute the confusion matrix, the
misclassification rate and the Kappa index. Fig. 3 synthetizes the
methods employed. The machine learning training was performed in R,
with the package caret (Iluhn, 2008).

The distance relationship among classes was represented in a
network plot (Epskamp et al., 2012; Da Silva et al., 2016). This graphical
method was also employed to examine the confusion matrices and the
correlation (Pearson’s coefficient) matrix of features.

Finally, to account for the impact of sensor type on the accuracy of
the models, we applied the same modelling strategy using the scores
computed separately for each sensor data and the following combina-
tions: HSI, RGB, CHM, HSI + CHM, RGB + CHM.

3. Results

A preliminary analysis of the plant communities’ diversity at the
reach scale was performed by calculating the Shannon index as a func-
tion of the distance between sampling points (Fig. 4). The average value
of the Shannon index increases exponentially, reaching a local plateau at
around 150 m. The ratio of entropy between points distant 10 and 150 m
is around 6. In addition, the number of communities increases five times,
up to 5 different communities. In average, there are three or more
communities in a spatial radius 50 m long or longer. Within a radius of
15 m, there are at least two communities. The spatially closest co-
occurrences were found in two groups: 1) Chelidonio-Aceretum and
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Fig. 3. Flowchart of data processing and modelling. Dashed nodes indicate data analysis procedures. UAV: unmanned aerial vehicle, HSI: hyperspectral images, RGB:

red-greenblue images, CHM: digital canopy height model.
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Fig. 4. Shannon diversity index as a function of the lag distance between
sampling points. Dotted lines indicate the 10th and 90th percentiles. The
average richness of plant communities is indicated above each point.

Salicetum albo-fragilis; and 2) Cyperus-Limosella, Salicetum triandro-
viminalis, Phalaridetum and Xanthio-Chenopodietum.

Classification results based on Random Forest models are presented
in Table 1. Based on the hyperspectral bands alone, the classification
overall accuracy was equal to 88.4 %, while CHM-based and RGB-based
classifications presented low overall accuracies (38.7 % and 34.7 %,
respectively). Combining CHM with HSI increased the accuracy in 5.4 %
with respect to HSI. And combining RGB with CHM promoted an in-
crease of more than 30 % in overall accuracy with respect to RGB. For
some classes, such as Chelidonio-Aceretum, Salicetum albo-fragilis, Sali-
cetum triandro-viminalis and water, RGB + CHM can provide at least 70 %
of accuracy, while poor predictions (<30 % accuracy) would be made
for Agropyretalia or Calamagrostietum. On the other hand, using all fea-
tures from the three sensors resulted in 96.5 % of overall accuracy. After
selecting the most important features, the fitted Random Forest model
had overall accuracy of 90.4 % and at least 85 % accuracy for most
classes. In eight out of eleven classes, the error rate with the testing data
set was below 10.3 %.

Sensitivity and specificity are class-specific measures of classification
quality, based on ‘one-versus-all comparisons’. Sensitivity is the

Table 1
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proportion of positive classifications out of the number of truly positive.
Specificity is the proportion of negative classifications out of the number
of truly negative. The Random Forest with selected features presented
sensitivity values similar to the classification accuracy values, meaning
around 75 % for Agropyretalia or Calamagrostietum. Specificity values
were above 99 %.

Through the correlation network (Fig. 5A), we identified sensor-
related clusters of features. The RGB channels and the hyperspectral
bands presented low values (<0.2) of inter-cluster correlation, but high
(~0.80-0.97) positive intra-cluster values. Two sub-clusters of hyper-
spectral features can be delineated according to the spectral wave-
lengths, 510-704 and 740-865. CHM presented low (between —0.2 and
—0.3) negative correlations with some hyperspectral bands between 585
and 665 nm.

During the Random Forest fitting process, the built-in permutation-
based algorithm for feature selection identified principal component
PC4 as the most important feature, followed by PC1 (62 % compared
with PC4), PC2 (55 %) and PC3 (56 %). By looking into the principal
component weights (Fig. 5C), it is noteworthy how canopy height model
(CHM) dominates PC4, being thus in accordance with Singh's criterion
(Fig. 5B), with which CHM had 51 % of relative importance in
discriminating the classes. Looking at PC1 we can see that the hyper-
spectral bands from 510 to 715 nm have larger weights. The bands closer
to the near-infrared region (740-865 nm) are the representative of PC2.
This is also in agreement with Singh’s criterion. Lastly, RGB features are
responsible for PC3, amongst which the color blue can be considered the
most important (Fig. 5B-C).

Fig. 6A illustrates the similarity relationship among plant commu-
nities, indicated by width and proximity of connections. It can be first
noticed that spatially closed communities such as Chelidonio-Aceretum
(ChA) and Salicetum albo-fragilis (Saf) are similar in terms of sensor-
based responses. The same is observed in a central connection
involving Cyperus-Limosella (CyL), Salicetum triandro-viminalis (Stv),
Phalaridetum (Pha) and Xanthio-Chenopodietum (XaC).

From the confusion matrices in Fig. 6B (RGB data) and 6C (RGB +
CHM), we can observe that the crossed misclassification rate with Che-
lidonio-Aceretum and Salicetum albo-fragilis is around 8 %. Including the
hyperspectral bands reduced that misclassification rate to around 2 %
(Fig. 6D-F). That strategy alsoreduced a higher crossed misclassification
error among Cyperus-Limosella, Salicetum triandro-viminalis, Phalaridetum
and Xanthio-Chenopodietum from around 10 % (Fig. 6B) to 3 % (Fig. 6E-
F.

The use of hyperspectral bands was needed to accurately discrimi-
nate water and soil pixels (Fig. 6B-C versus D-F), but also to reduce
general misclassification, such as of Phalaridetum as Cyperus-Limosella
from 18 % (Fig. 6C) to 4 % (Fig. 6D-F). In fact, selected bands 510, 645,

Per-class performance® of the fitted Random Forests based on combinations of hyperspectral bands (HSI), RGB channels and digital canopy height model (CHM) of

plant communities: Agropyretalia (Agr), Calamagr

(Cal), Chelidonio-Aceretum (ChA), Cyperus-Limosella (CyL), Phalaridetum (Pha), Salicetum albo-fragilis (Saf),

Salicetum triandro-viminalis (Stv), Rudbeckio-Solidaginetum (Sol), Xanthio-Chenopodietum (XaC).

Classes Classification accuracy (%) Test error (%) Sensitivity Specificity
HSI RGB CHM HSI + CHM RGB + CHM All Sel. (%) (96)

(Agr) 69.6 14.2 32 73.6 28.5 87.5 73.1 25.4 74.6 99.9
(Cal) 79.6 4.4 5.3 83.3 17.0 94.4 749 23.1 76.9 99.9
(ChA) 85.1 34.0 44.3 93.8 70.6 96.7 90.0 9.8 90.2 99.3
(CyL) 88.7 42.4 278 92.8 59.3 96.5 89.9 10.3 89.7 98.4
(Pha) 87.8 38.3 243 94.5 60.8 97.8 90.1 8.1 91.9 97.1
(Saf) 85.0 34.8 61.0 94.7 78.7 97.8 91.5 8.4 91.6 99.7
(Stv) 94.0 55.6 51.0 96.6 77.6 98.7 93.0 6.4 93.6 97.3
(Sol) 76.4 20.5 18.4 89.9 56.2 95.8 88.5 10.2 89.8 99.9
(XaC) 87.8 29.6 208 94.2 51.9 97.1 85.2 15.0 85.0 99.4
Sand 84.2 37.8 6.3 86.4 52.6 949 90.9 8.1 91.9 100
Water 78.1 62.5 16.8 85.2 74.2 96.8 89.3 10.0 90.0 97.7
Accuracy (%) 88.4 38.7 347 93.8 64.5 96.5 90.4

Kappa (%) 86.6 28.4 244 92.9 58.7 96.0 88.8

*Test error, sensitivity and specificity were calculated using the model with the selected features (Sel.): CHM, bands 510, 645, 715, 815 nm, and colors green and blue.
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Fig. 5. Correlation network (A), discriminant feature importance (B) and heatmap for the relative weights of features in the first four principal components (C).
Legends: r510-r865 are the spectral bands. R, G and B are the channels in the visible spectra. ‘chm’ is the digital canopy height model. Green connections in (A)
indicate positive correlations, whereas line width indicates correlation strength.
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Fig. 6. Network representation of: (A) similarities among plant communities (detail in nodes, s: sand, w: water); (B) confusion (%) matrix of the Random Forest
classifier based on RGB channels; (C) confusion matrix based on RGB + CHM, canopy height model; (D) confusion matrix based on HSI - hyperspectral bands; (E)
confusion matrix based on HSI + CHM; (F) confusion matrix based on CHM + selected features HSI (bands 510, 645, 715, 815 nm) and colors green and blue.

715, 815 nm improved the overall accuracy in about 26 %, as seen in communities such as Calamagrostietum and Xanthio-Chenopodietum.
Table 1. Fig. 7 shows prediction maps obtained with the selected model
in an area of high diversity, where six plant communities were found and
sampled from. It also illustrates the misclassification rate for low-height
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Chelidonio aceretum (A)
Salicetum triandro-viminalis (B)
Solidaginetum (C)

Xanthio chenopodietum (D)
Phalaridetum (E)
Calamagrostietum (F)

LT
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Fig. 7. Focal prediction maps (A-F) on a highly diverse area of the Vistula River, where validation botanical plots (left side, 2 x 2 m) of plant communities were

sampled from.
4. Discussion

The occurrence of plant communities in reaches is dynamic and it is
related to the successional phases. Detecting these phases can allow
rapid verification of biodiversity levels and support conservation efforts
(Sikorska et al., 2021). In the studied area, the successional stages of
vegetation are determined primarily by water regimes (Gergely et al.
2001). High water levels are followed by accumulated sand bars formed,
to a various extent hydrated. Fig. 6A illustrates well such two extreme
phases and one with the involvement of invasive species.

The association of plant communities due to succession process can
be explained as follows:

L. Sand transformation — (Agr) Agropyretea/ —(Cal) Calama-
grostietum —(Stv) Salicetum triandro-viminalis —(Saf) Salicetum
albo-fragilis indicates a succession for vegetation on sandy habi-
tats where the sand was deposited more quickly. A group of plant
species associated with dry habitats appeared here. The sandy
material was eroded largely by wind, and was later stabilized by
grasses and later by shrubs and trees. The succession leading to
the development of forest takes about 10-20 years (Kollmann
et al. 1999). Forest plant communities develop in areas with low
water levels over several years, allowing expansion of willows or
possibly the establishment of invasive tree Acer negundo (Gergely
et al. 2001), as shown in Fig. 7;

II. Water transformation — (CyL) Cyperus-Limosella —(XaC) Xanthio-
Chenopodietum —(Pha) Phalaridetum —(Saf) Salicetum albo-fragilis
occurs in the wetter areas of the islands, where plants typical for
moist environments firstly appear and later disappear immedi-
ately under the canopy of growing willows (Gergely et al. 2001);

1II. Water transformation —(Sol) Rudbeckio-Solidaginetum —(ChA)
Chelidonio-Aceretum (Fig. 6A and 7) shows the possibility of plant
development where invasive plants species occur and establish
(Gergely et al. 2001).

Within river reaches plant communities interact, so that the occur-
rence of some species might limit others’. This concerns especially
invasive species (Gergely etal. 2001, Sikorska et al. 2019). For instance,
it has been observed (Mitrovic et al. 2008, Klimont et al. 2015) that a
dynamic increase of Calamagrostietum associations can indicate sup-
pression processes of the pioneer vegetation. Likewise, plant commu-
nities interact with the environment. And, in the former context, species
occurrence is usually sparse and often a spatially heterogeneous phe-
nomenon, in a global (study site) point of view, as it can be inferred from
Fig. 4. As observed by Da Silva et al. (2021), that can mean a first and/or
second order nonstationary process, when the mean and variance are
not constant over the area, or a local character, which makes it difficult
to plant communities’ classifiers based on parametric models.

A study carried out by Aggarwal et al. (2001) shows intriguing re-
sults of distance metrics in high dimensional space. Hence, when dealing
with hyperspectral data, distance-based methods such as k nearest
neighbors (kNN) should be carefully applied (Hall et al., 2008) or
adapted for local neighborhood sizes (Sun et al., 2018). Nevertheless,
those findings can explain the accuracy of robust methods such as
Random Forest (Ham et al., 2005) when being used to classify plant
communities without easily causing overfitting (Zhang et al., 2019). In
addition, other studies in literature (Mallinis et al.; 2020; Yang et al.,
2022) suggest that Random Forests can correctly relate variations on
Shannon diversity and multispectral responses of vegetation.

Higher values of species diversity usually result in higher spectral
variation, which is why plant diversity can affect the performance of the
classifier (Villoslada et al., 2020). This might explain the crossed
misclassification (Fig. 6) of the Random Forests for some plant com-
munities responsible for higher diversity indices in smaller areas, spe-
cifically with the two groups: (1) Chelidonio-Aceretum and Salicetum albo-
fragilis; and (2) Cyperus-Limosella, Salicetum triandro-viminalis, Phalar-
idetum and Xanthio-Chenopodietum. Associations such as in group (1) are
expected in riparian vegetation of Vistula, where Salicetum albo-fragilis is
expected to dominate the undergrowth (Sikorska et al., 2019). In group
(2), the proper classification of Salicetum triandro-viminalis can be
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convenient to track bio-geomorphological changes, for that community
consists of a shrub usually dominated by Salix spp., resistant to flooding
and cutting by ice packs (Czortek et al., 2020; Schindler et al., 2022). In
addition, Salicetum triandro-viminalis was the most frequent association
observed in the sampled reaches, representing around 20 %.

Classifications through Random Forests can be affected by high
correlations, as well as feature selection (Fig. 5). Based on the Random
Forest selection algorithm, the two identified clusters of high-correlated
hyperspectral bands, 510-715 nm and 740-865 nm, constituted the
second and third most important features. This result also characterizes
a transition at the red-edge region of high change in reflectance of
vegetation, which is well-known for being sensitive to plant cover,
chlorophyll content and plant stress (Tavares et al., 2022), and to clas-
sify plant communities in wetlands (Villoslada et al., 2020).

The RGB channels, also highly correlated, were as well selected as
important features. On the other hand, the most important feature was
the canopy height model, not as much correlated with other features. By
reconditioning the covariance matrix through the ridge regularization
method, we could ease the selection of the high-correlated features.
Hence, Singh'’s criterion (Fig. 5B) was able to identify features that are
both important for diserimination and representative of correlated
clusters of features. For instance, band 645 nm can represent the first
cluster of hyperspectral bands, band 815 nm can represent the second
cluster, and channel blue can represent the RGB data. In fact, it can be
shown that Singh's criterion highlights the contribution of some
discriminating features in the presence of correlation. This was also
observed by Silva Junior et al. (2020) while selecting hyperspectral
bands to monitor vegetation, noticing that bands with low discrimina-
tion ability are generally correlated with some other bands.

Another approach to deal with correlated predictors in Random
Forest models is to make use of the Recursive Feature Elimination al-
gorithm (Guyon et al., 2002; Demarchi et al, 2020). However, some
findings (Darst et al., 201 8) suggest that for high-dimensional and high-
correlated data, important features might not be effectively detected. It
is also computationally intensive. Our approach, on the other hand, is
based on regularization of an ill-behaved covariance matrix that could
have been originated from a high-dimensional data set or from high-
correlated features, or both. In addition, it can be generalized by using
different regularization methods, such as lasso (Friedman et al., 2008).

One clear reason for CHM to be highly discriminant is due to the wide
difference in the average height of communities such as Salicetum tri-
andro-viminalis (2.65 + 1.9 m), Chelidonio-Aceretum (8.7 + 6.1 m) and
Salicetum albo-fragilis (13.8 + 6.6 m), and the others, whose mean height
was below 1 m. In general, we noticed that CHM had more weight on
discriminating tall shrubs and trees, and that hyperspectral bands were
essential to classify communities such as Calamagrostietum and Cyperus-
Limosella. For instance, the association of Cyperus-Limosella develops
compact turfs in flooded habitats, with usual occurrence in late summer
(Kacki et al., 2021), near to the period when our images were acquired,
suggesting that the spectral bands between the red and red-edge region
should be effective in reflecting that vegetation in its phenological state
when the level of chlorophyll is expected to be higher. In fact, we
observed that Cyperus-Limosella was highlighted by band 645 nm,
whereas the importance of bands 715 and 815 nm is probably mostly
explained by pixels from samples of Calamagrostietum, that showed the
highest average of reflectance.

Probably the importance of the blue and green channels was influ-
enced by the samples of sand, which presented the highest intensity
values, while bands 510 nm, 645 and 715 nm discriminated water
pixels. With the Random Forest fitted with the selected features, the
highest classification error rates were observed (Table 1) with Agro-
pyretalia (25.4 %) and Calamagrostietum (23.1 %). There seems to be a
relation in terms of similarities of pixels of those communities with
pixels of soil and water (Fig. 6A, 7F). This is explained by the unevenness
occurrence, low proportion of neophytes (Pysek et al., 2004) and by the
estimated low height of plants from those communities (Figs. 2, 7F),
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which together can cause disturbances in the homogeneity of pixels in
those classes.

5. Conclusions

In this work, hyperspectral and visible images are combined with the
digital canopy height model of two islands in the reach scale of the
Vistula River and used as predictors in Random Forest models fitted to
recognize the main plant communities.

It is shown how important features can be selected in the presence of
high correlations by applying a ridge regularization on the covariance
matrix, and then using Singh's (1981) criterion to find discriminant
features, which could be confirmed by the selection of uncorrelated
principal components used to fit the Random Forest classifiers.

Combining five selected spectral bands centered at 510, 645, 715 and
815 nm and the digital canopy height model resulted in a parsimonious
model with overall 90 % accuracy for classification of plant commu-
nities. Furthermore, it is shed some lights on the relationship between
spatial floristic diversity and the performance of the classifiers.

Using the canopy height model as predictor was important for
discriminating dominating shrubs and trees such as Salicetum triandro-
viminalis, Salicetum albo-fragilis and Chelidonio-Aceretum. On the other
hand, the fitted model was not as accurate to classify plant communities
such as Agropyretalia and Calamagrostietum.

The results presented in this work are based on a general single
phenological stage. Future works should use them to move towards the
selection of important remote sensing features to effectively monitor
ecological or hydrological indicator plant communities.
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Abstract: Invasive species significantly impact ecosystems, which is fostered by global warming.
Their removal generates high costs to the greenery managers; therefore, quick and accurate identifi-
cation methods can allow action to be taken with minimal impact on ecosystems. Remote sensing
techniques such as Airborne Laser Scanning (ALS) have been widely applied for this purpose. How-
ever, many species of invasive plants, such as Acer negundo L., penetrate the forests under the leaves
and thus make recognition difficult. The strongly contaminated riverside forests in the Vistula valley
were examined in the gradient of the center of Warsaw and beyond its limits within a Natura 2000
priority habitat (91E0), namely, alluvial and willow forests and poplars. This work aimed to assess
the potentiality of a dual-wavelength ALS in identifying the stage of the A. nequndo invasion. The
research was carried out using over 500 test areas of 4 m diameter within the riparian forests, where
the habitats did not show any significant traces of transformation. LIDAR bi-spectral data with a
density of 6 points/m? in both channels were acquired with a Riegl VQ-1560i-DW scanner. The
implemented approach is based on crown parameters obtained from point cloud segmentation. The
Adaptive Mean Shift 3D algorithm was used to separate individual crowns. This method allows
for the delineation of individual dominant trees both in the canopy (horizontal segmentation) and
undergrowth (vertical segmentation), taking into account the diversified structure of tree stands. The
geometrical features and distribution characteristics of the GNDVI (Green Normalized Vegetation In-
dex) were calculated for all crown segments. These features were found to be essential to distinguish
A. negundo from other tree species. The classification was based on the sequential additive modeling
algorithm using a multi-class loss function. Results with a high accuracy, exceeding 80%, allowed for
identifying and localizing tree crowns belonging to the invasive species. With the presented method,
we could determine dendrometric traits such as the age of the tree, its height, and the height of the
covering leaves of the trees.

Keywords: Acer negundo; GNDVI; dual-channel LIDAR; understory detection; invasive species

1. Introduction

Invasive species in forests negatively affect the provisioning of ecosystem services [1].
They pose a significant threat to biodiversity by outcompeting native species and affecting
other organisms, changing the quality of natural ecosystems, contributing to altered soil
chemical properties, and increasing erosion or posing a direct threat to human health [2-7].
The invasion also causes changes in the area’s aesthetics, which may reduce recreational
and tourism benefits, impacting ecosystem service delivery. The spread of invasive species
in forests has not been sufficiently understood [3], but climate change and human activities
are expected to induce biological invasions [2,5].

Invasions of plant species generate high removal costs for land managers. This
concerns the removal of invasive tree species, which have become a common element
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in, e.g., urban forests. Rapid mapping methods are necessary for successful and cost-
effective tree removal from invaded sites. The effectiveness of removal methods depends
on the adequate period of removal applied and adequate identification of the intensity and
extent of invasion. Following the theoretical shape of the invasion curve and experimental
research, the lowest cost, and the highest efficiency of removing invasive plants are obtained
in the first stages of expansion [8,9]. Remote sensing methods have been proven to provide
objective, repeatable, and cost-effective information about the occurrence of invasive plant
species for land managers.

Different approaches for identification and mapping invasive plant species can be
found in the literature. The majority of them is based on remotely sensed imagery. However,
more and more commonly, LIDAR-based methods have been applied [10-12], which allow
one to examine both the lateral and vertical distribution of the species. It concerns a
single wavelength with a multiple return scanning system, as not only do the laser beams
penetrate the vegetation, but they can also record data from under the canopy. In the case
of invasive species, the fast and accurate method is crucial for identifying the plants in their
early stage of development, when the removal is most successful. Multiwavelength ALS
(Airborne Laser Scanning) has already been proven successful in the accurate detection of
tree species in forests [13], reaching 87.6% identification’s accuracy for Acer sp. However,
it is not known whether the authors refer to the invasive Acer sp. or the group of Acer
sp. in general. Another application of remote sensing techniques for mapping invasive
plant sp. Phragmites australis used multispectral images and the Canopy Height Model
(CHM) [11]. Authors of this application obtained 94.8% overall accuracy by using a neural
network algorithm. Another example of fusion of multispectral and LiDAR data registered
with use of a UAV platform succeeded in classifying shrubs and trees of habitats such as
Salicetum triandro-viminalis, Salicetum albo-fragilis, and Chelidonio-Aceretum in Vistula River
Valley (Poland) with accuracies higher than 90% for selected species [14]. Hyperspectral
and LiDAR data fusion was also used to identify Rubus armeniacus and Hedera helix in
open areas and areas with close treetops in Surrey (Canada). In open areas, mentioned
work noticed an accuracy of 87.8% and 82.1% for both species, respectively, while in close
treetops it decreased to 77.8% and 81.9%, respectively [10].

Accurately identifying tree species depends on a suitable segmentation and classi-
fication method selection. Some methods (e.g., marker-controlled watershed) used the
Canopy Height Model (CHM) for identifying treetops as a local maximum. In this study,
selection of treetops was supported by a linear regression model for CHM generalization
and selection of treetops based on the height—crown size relationship [15]. Additionally,
the Gaussian filter can be used in the watershed method for generalization purposes. The
watershed algorithm delineates single trees using CHM. This algorithm separates single
clusters and delineates trees on the basis of planar height continuity, read from pixel val-
ues [16]. Another CHM-based method [17] is region growing and clustering based on the
similarity of “regions”. This method was implemented for longleaf pine detection [17],
with the assumption that the region around the local maximum point belongs to the target
tree. Borders between different trees are designated by Voronoi polygonization, assuming
that crown diameter is related to tree height with a 0.6 ratio. The mean shift segmentation
method is increasingly used to delineate individual trees. This segmentation method was
used effectively by authors for tree detection with an accuracy of 88% [18]. However, this
method does not include various types of trees, using the same hyperparameters for all
layers of tree stands. Hu et al. [18] obtained satisfying results in tree detection, by selecting
the proper Kernel Density Estimator (KDE) type, and derived the best results for the mean
shift algorithm using Pollock and Cylinder kernels. The disadvantage of using Pollock
KDE was mentioned in the study, which is that it needs more effort in parametrization and
consequently a long computation time is required for selecting particular parameters, while
a Cylinder KDE was found to be much simpler in practical use. Another study presented
an approach of adaptiveness recommending using fixed kernel size, arguing reducing the
time consumption of the method [19]. However, some authors use allometric features of
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the tree stand to calculate proper kernel density estimation. Adaptive allometry allows one
to include Tree Height (TH), Diameter at Breast Height (DBH), Crown Width (CW), and
Crown Depth (CD) [20]. For a description of the multilayered tree structure, the vertical
distribution study of each tree canopy can be used [21].

The segmentation algorithms require parametrization, which hinders their direct and
quick application. The more robust the method is to different conditions, the better the
applicability of the model, which is one of the expected features of tree segmentation
methods. The over-segmentation problem is a common issue that researchers encounter.
One of the methods to cope with that is the refinement by the SVM (Support Vector
Machines) model. Comparing the performance of segmentation algorithms proved that
Mean Shift is a robust method, without much effort to parametrize [19]. Different deep
learning algorithms show similar accuracies of segmentation, e.g., the YOLO-4 (You Only
Look Once) network applied in a tree nursery, forest landscape, and mixed forest habitats
located in Nanjing (southeastern China) gives an overall accuracy of 81.4% [22].

Ensemble methods are very popular in classifying natural ecosystems [23-26], includ-
ing forests [27-29]. One of the most popular models is the random forest classifier, which,
for example, was used for classifying tree species based on ALS and spectral data with over
90% accuracy [21]. Additional morphology features (e.g., Gaussian curvatures of single
trees) can be used as supplementary features for this algorithm for lower density point
clouds. In the case of Spruce species, for point clouds with a density of 3.6 points/m? and
5.3 points/m?, including this type of features allows for obtaining accuracies of 91% and
96%, respectively [30].

This study aims to evaluate the precision and sensitivity of applying dual-wavelength
(Green and NIR bands) LiDAR in identifying invasive tree species such as A. negundo in the
riparian forest. In particular, the different phases of invasions are considered in our study;
therefore, we applied three scenarios of A. negundo identification: in the tallest canopy—the
tree layer, underneath the canopy—the understory layer, and through consideration of
the age classes of the trees. For this purpose, mean shift segmentation followed by four
ensemble learning methods (random forest, SAMME.R, gradient boosting, and XGBoost)
were used based on data obtained in the natural ecosystem in the Vistula River Valley in
the area of Warsaw (Poland).

2. Materials and Methods

Workflow for A. negundo detection consists of a few steps from airborne and field data ac-
quisition through airborne data processing, classification, and validation of obtained results. The
detailed flowchart is shown in Figure 1, and each step is described in subsequent subsections.

(Dual wavelength ALS) [ Field data J

Point cloud processing:
classification

strength of reflection
GNDVI

Segmentation:
Adaptive Mean Shift

Preprocessing:
7 features for canopy

Classification:
Random Forest
SAMME.R
Gradient Boosting
XGBoost

S statistical features for
reflectance and GNDVI

Features selection ) Validation

Figure 1. Flowchart of the methodology for ALS-based A. negundo detection.
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2.1. Study Area

The study area is in the northern part of Warsaw, Poland’s capital city (Figure 2),
inhabited by over 1.7 million citizens (in 2018). Through the middle of the city runs the
natural bank of the Vistula River with the form of the following forest vegetation: Natura
2000 habitat, Salicion albae, 91E0 (European Commission DG Environment 2007) willow
forests in the valleys of the river on the lowland and foothills. The most common tree
species in the canopy are white willow (Salix alba L.), fragile willow (Salix X fragilis L.), gray
poplar (Populus x canescens (Aiton) Sm.), black poplar (Populus nigra L.), European spindle
(Euonymus europaeus L.), sour cherry (Prunus cerasus L.), black locust (Robinia pseudoacacia
L.), and Norway maple (Acer platanoides L.). The research area was formerly proved to be
heavily invaded by ash-leaved maple (Acer negundo L.), which comprised up to 47.8% of
the canopy in the case of the willow forest and 33.5% in the poplar forest [31].

5,800,000

T
5,790,000

> Legend
[ study area
[ Lidar data acquisition extent
[ districts
I water bodies
[ forests

780,000

5

7,490,000

7,500,000 7,510,000

Figure 2. Study area and location.

2.2. Field Reference Data

As field reference data, we used 500 vegetation samples of 4 m diameter collected
from 500 locations in January and February 2019. The plots were randomly scattered
in the research area, formerly verified to be, to various extents, invaded by A. negundo.
The reference plots were internally homogenous. In each plot, canopy and undergrowth
parameters were measured, which can be further used for A. negundo identification. The
percentage cover of A. negundo of diverse sizes were separately recorded for share of trees
higher than 3 meters, 0.3 to 3 meters, and of a diameter smaller than 0.3 m. The height
of the highest tree in the sample was also recorded. The age of the trees within three
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categories—up to 10 years, 10-20 years, and older than 20 years—was recorded for each
sample. The age was measured by counting the years of the formation of annual rings in
increment cores taken from living trees using increment cores [32]. The percentage cover of
undergrowth vegetation and the percentage cover of tree species other than maple were
also measured. When possible, samples without A. negundo were chosen near samples with
maple.

2.3. LiDAR Data Acquisition and Processing

In this study, we used the ALS (Airborne Laser Scanner) of RIEGLVQ-1560i-DW,
which uses two laser beams: green and infrared. The green laser beam is highly effective
in penetrating a column of water, contrary to the infrared beam absorbed by the water
surface [33]. It effectively maps vegetation and waterbody shoreline, where echo sounder
limitation is significant [34]. The data were obtained on 7 August 2018, for the Vistula River
Valley in the northern part of Warsaw (Figure 2). As was already mentioned, the main
characteristic of this scanner is its two spectral channel capability, recording data in the
green (532 nm) and the near-infrared (1064 nm) wavelengths. The measurement density
for both channels is 6 points/m?. The data were classified using the convolutional neural
network model developed at OPEGIEKA Sp.z.o.0. [35]. The height of points above the
ground was also calculated, allowing us to determine the tree’s height. Reflectance was
calculated as a ratio of the actual amplitude of that target to the amplitude of a white flat
target at the same range, oriented orthonormal to the beam axis, and with a size in excess
of the laser footprint, according to the formula presented below:

Pret = Aap — Adbref(R) ¢))

where

P,,,—relative reflectance;
Agy—calibrated amplitude;
Agp,ref(R)y—amplitude of reference object in range R.

The reflectance values vary depending on the type of material, texture, and reflection
direction. Negative values hint at diffusely reflecting targets, whereas positive values are
retro-reflecting targets, such as metals or water.

Reflectance was transformed into the strength of reflection as follows:

refsan 1064 /48
10

@

ps32,1064 = 10

In addition, the green normalized difference vegetation index (GNDVI) was calculated
according to the formula:
GNDVI = Pnir — Pgreen @)
Pnir + Pgreen
GNDVI is a valuable indicator for monitoring the condition of vegetation. This
indicator was calculated for reflectance in voxels of shape 30 x 30 x 30 cm; in three-
dimensional data, the nearest point is found for every point from another spectral channel.
If the indicator’s exceeds 0, the infrared channel has a higher share of reflectance in a voxel,
representing healthier vegetation. Application of GNDVI is recommended over the more
commonly used NDVI (normalized difference vegetation index) due to its higher sensitivity
for chlorophyll concentration detection in plants and higher correlation to nitrogen [36].

2.4. Segmentation

In order to distinguish individual trees, we used the Adaptive Mean Shift model. The
adaptability of the algorithm consists of adjusting hyper-parameters to the nature of the
data. The better segmentation results were obtained using adaptive seed points instead of
bandwidth (/). Mean Shift is a nonparametric segmentation technique that does not require
information about the expected number of segments. This method uses differentiation
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Placing a lower tree crown

in the density of the point cloud to separate different clusters (segments of trees). The
segmentation process consists of two stages—the first is to detect trees in a single-layer
structure, and the second is to detect trees in the lower layers of forest stands. The second
step applies the vertical analysis of the distribution of previously separated segments.
Assuming that a single tree has a vertical bimodal distribution, the algorithm re-clusters
segments with a bimodal distribution, placing a seed point at a local density maximum
point (Figure 3). The algorithm assumes that the value of the maximum density mode must
be greater than 10% of all segment points. The result is tree segmentation of trees located in
the lower layers of the stand. The number of histogram bins was obtained with a linear
function Ny, = int(0.4h +5), N}, € Z, where h is the height of a tree and int(x) is a round
function of continuous variable x € R.

Placing a higher tree crown
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Figure 3. Vertical distribution in two dimensions (x and y) for clustering multilayer forest stand:
(a) point cloud, (b) point cloud with division into two layers and (c) density of point cloud in vertical
profile. Red points indicate tree layer, and green points indicate understory layer.

To reduce the vertical division in the first stage of the segmentation, the point cloud was
transformed by scaling z value (Figure 4). Before performing the first stage of segmentation,
the height of trees is scaled with a 0.8 ratio, and after the first step of segmentation values
are rescaled to the previous level. It was empirically established that this solution occurs by
not dividing tall trees into smaller parts. After that, segments are refined by an additional
algorithm called DBSCAN. This algorithm is used to identify outliers and noisy points. A
basic concept is a neighborhood set Ne(p) of a point p, which contains all nearby points 4.
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The range limit ¢ and a cardinality limit k of Ne(p) are used to divide points into outliers
and core points as follows:

Ne(p) ={q€D:d(p,q) <¢} )

where

e—area of searching for neighbors;

p—core point, the point where the neighbors are searched;
g—point in the epsilon distance relative to the core point;
d(p,q)—Euclidean distance between p and 4.

The result of this operation is a segment without outlier points. Additionally, this
process splits clusters that need to be separated in the previous step. Outlier points are
separated into new segments and, in the next step, removed from the segmentation. An
optimal parametrized segmentation algorithm maintains a balance between over and
under-segmentation. After this stage, a segmentation of a multilayer structure of the forest
stand is obtained, and statistics computation for described characteristics of the maples can

be performed.
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Figure 4. Scheme of delineation of noisy points of an already segmented tree shown in three
dimensions (x, y and z). Red points indicate tree layer, the other points are lower vegetation and
noisy points are individual points belonging to other trees.
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The segmentation results were validated based on 40 tree canopies (also delineated in
the field), which were treated as speared classes. Segmentation accuracy was equal to 0.83.

2.5. Preprocessing

In the data pre-processing step, the reference points are linked to point cloud data
by their location, making entire reference areas linked to the segmented point cloud.
As a result, the point cloud containing segmented tree canopies with trees is obtained.
For each tree canopy, geometric features such as diameter, tree height, stem diameter,
basal area, crown diameter, and height of crown seating were calculated (Table 1). For
all tree canopies, reflectance-based features were also calculated. Initially, 14 variables
were available (Table 1) separately for reflectance (for NIR and GREEN) and GNDVI. The
most important features were selected based on the initial random forest model run using
all features, and importance was calculated for each of them. Finally, six features were
selected for further analyses—crown base (0.17), skewness of reflectance (0.15), kurtosis of
reflectance values (0.12), arithmetic mean (0.13), range of reflectance (0.14), and geometry
roundness of tree canopy shape (0.128).

All features were standardized to fit the distribution where the average equals 0
and standard deviation is 1. Standardization features aimed to scale data relative to the
average and thus center the data. Outliers were removed as samples higher or below three
standard deviations from the distribution. The first process data are randomly sampled and
divided into training and testing data sets; from the data set sampled, over 200 trees were
selected for learning and testing the efficiency of the models. Features with high skewness
of distribution were scaled logarithmically, which improved the model’s classification
performance.

Table 1. Parameters calculated after segmentation.

Symbol Description

Geometric parameters

Diameter of tree canopy
Perimeter of tree canopy as diameter
height above ground level
Area of tree canopy
Roundness of tree canopy
Height of canopy base
Changing the number of points in a vertical section
Variability of number of points in the tree’s shape

o N T 0o T w

Reflectance-based parameters

Variance in cluster
Range for cluster
Arithmetic mean of cluster
Skewness of distribution in cluster
Median of cluster
Kurtosis of distribution in cluster

memW§

2.6. Classification

This study tested an ensemble statistical modelling approach for maple detection.
The ensemble learning method aims to combine multiple predictors into an efficient one.
The group of estimators is called an ensemble. There are three main methods of learning
estimators: ensemble-bagging, boosting, and stacking. Ensemble models work most
effectively with decision trees, so in this research, we use decision tree classifiers as a
base estimator. To avoid overfitting, so-called pruning is used. It consists of limiting the
number of decision nodes to a fixed number. The bagging technique fits a new model on
bootstrapped samples (bootstrap aggregating). Each model is learning without returning
sampled data. The family of the classifiers is generated based on learning strings, created
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based on N-random sampling with a bootstrap of the learning element. Learned classifiers
make decisions about classification into one of the classes when the given class obtains the
most indications (through majority voting).

Boosting technique is based on the sequential training of models by giving more
weight to records with large residuals for each round [37]. In the next version of the draw,
samples with higher weights have a greater chance of being drawn, which makes the model
focus on samples for which it is least efficient.

Decision trees—nonparametric supervised learning classification method based on
learning decision rules according to learning data.

Random forest—using bagging (bootstrap aggregating), the most popular of ensemble
models. The algorithm works by training decision trees; the final prediction is obtained by
majority voting. The random forest model is a model learned using the aggregation method.
The learning process begins with the randomization of initial samples (bootstrap—random
sampling from the training set). Then, decision trees are generated based on the initial
samples. At this stage, a random selection of features is performed for each node. Next,
the node is separated using a feature that guarantees the best branching in the objective
function (maximizing information gain). Finally, the prediction is selected by majority
vote—a label is assigned to each sample.

SAMME.R or Stagewise Additive Modeling using a Multiclass Exponential loss func-
tion using the exponential loss function. The model focuses on the most challenging cases
by correcting predictors in a sequence that has not been learned. A detailed algorithm
description can be found later in the methodology description, as a base estimator used
decision tree classifier. To train, we used 200 estimators with depths equal to 8.

Gradient boosting—Gradient enhancement adds further predictors to the ensemble
sequentially, where each subsequent enhances its predecessor. However, we do not update
the weights of examples with each pass but try to match the predictor to the residual error
made by the previous predictor.

XGBoost—another implementation of gradient-boosted trees. XGBoost is much faster
because of regularization tricks [38]. Regularization is applied to the model by including a
penalty term on the number of parameters. Parameters control regularization by reducing
the change of weights. XGBoost grows the tree up to a max depth and then prunes
backward until the improvement in loss function is below a threshold.

The final output is obtained through majority voting. For better efficiency of models,
classes are weighted proportionally to the occurrence in the field. A. negundo was assigned
a lower weight than other species. The model’s efficiency of A. negundo detection was
compared for a few variants of the spectral channels. The models were trained and evalu-
ated with features calculated for the green channel, infrared channel, combination of green
and infrared channels, and GNDVI. Geometric features were calculated for both chan-
nels to avoid the effect of density changes on the feature values and classification results.
Reflectance-based features were calculated on points that fulfil condition corresponding to
a variant of spectral channels. The models have been trained and tested using the features
derived from individual tree canopies (segments). However, statistics were generated for
individual reference areas. This is due to the use of sample areas as reference data.

All algorithms were applied in 3 experiments:

Experiment 1—for detecting A. negundo in the tree layer using four different feature
data set selected geometric and reflectance parameters separately for i. GNDVT; ii. NIR; iii.
GREEN; and iv. NIR and GREEN together.

Experiment 2—for detecting A. negundo in the understory layer using the same four
different feature data sets as in Experiment 1.

Experiment 3—for detecting A. negundo age groups using selected geometric features
and selected reflectance features for GREEN and NIR spectrum (iv).
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2.7. Validation

Tested models were evaluated with a metric commonly used with binary classification
problems. For all models, reports with statistics describing errors were generated. For
this purpose, Precision, Recall, and F1-score were calculated according to the following
formulas:

.. tp
recision = 5
4 tp+ fp ©)
__tp
Recall = o (6)

precision-Recall

RS precision + Recall

@)

where

tp—the number of true positives;
tn—the number of true negatives;
fp—the number of false positives;
fn—the number of false negatives.

Repeated random sub-sampling cross-validation was used for all metrics calculations.
The Experiment 1 data set was randomly divided into the training (50%) and validation
(50%) data sets 100 times; for Experiments 2 and 3, division was made 70 times. The mean
value and its standard deviation for all metrics were analyzed.

3. Results
3.1. Detecting A. negundo in the Tree Layer

The results of Experiment 1 are shown in Table 2 (all metrics) and Figure 5 (F1-score).
All (besides Gradient Boosting using reflectance in the green spectrum) metrics” mean
values are above 0.7 (Table 2). The best results were obtained using reflectance in both the
GREEN and NIR spectrum using the SAMME.R algorithm (Table 2, Figure 5). All models
based on GNDVI, GREEN, and NIR have a higher (mean value higher than 0.8) F1-score
than those using only green or NIR. In most cases (besides GNDVI), SAMME R has the
highest F1-score values on other models’ backgrounds (Figure 5).

Table 2. Results of repeated rand om sub-sampling cross-validation (mean value =+ standard deviation)
for models detecting A. negundo in tree layer (Experiment 1).

Data Model Precision Recall F1 n
Random forest 0.87 + 0.04 0.78 + 0.04 0.82 +0.03 100
GNDVI SAMME.R 0.78 + 0.05 0.90 & 0.06 0.83 + 0.04 100
Gradient boosting 0.77 £ 0.04 0.87 + 0.04 0.81 £ 0.03 100
XGboost 0.76 + 0.04 0.90 + 0.04 0.85 + 0.03 100
Random forest 0.79 + 0.05 0.76 + 0.06 0.78 + 0.04 100
GREEN SAMME.R 0.77 £ 0.05 0.79 + 0.07 0.81 + 0.05 100
Gradient boosting 0.66 + 0.05 0.87 + 0.07 0.75 £ 0.05 100
XGboost 0.72 + 0.05 0.80 + 0.06 0.76 + 0.04 100
Random forest 0.76 + 0.05 0.76 + 0.09 0.76 + 0.5 100
NIR SAMME.R 0.76 + 0.05 0.87 + 0.06 0.82 + 0.05 100
Gradient boosting 0.75 + 0.05 0.74 + 0.06 0.75 £ 0.05 100
XGboost 0.78 + 0.05 0.85 &+ 0.06 0.81 + 0.04 100
Random forest 0.78 + 0.05 0.86 + 0.08 0.83 + 0.06 100
GREEN and SAMME.R 0.86 + 0.06 0.92 + 0.07 0.88 + 0.07 100
NIR Gradient boosting 0.75 4+ 0.06 0.88 + 0.06 0.81 + 0.05 100
XGboost 0.85 + 0.06 0.88 & 0.06 0.86 + 0.06 100
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Figure 5. F1 mean values =+ standard deviation based on repeated random sub-sampling cross-validation

for detecting A. negundo in the tree layer (Experiment 1) using four models and four data sets.

3.2. Detecting A. negundo in Understory Layer

The results of Experiment 2 are shown in Table 3 (all metrics) and Figure 6 (F1-score);
in general, the metrics for detecting A. negundo in the understory layer were lower than
those for detecting the tree layer (Table 2). The best results were obtained using reflectance
in both the GREEN and NIR spectrum using the SAMME.R algorithm (Table 3, Figure 6).
All models based on GNDVI and green and NIR have a higher Fl-score than those using
only GREEN or NIR. In most cases (besides GNDVI), SAMME.R has the highest F1-score
values on other models’ backgrounds (Figure 6).

Table 3. Results of repeated rand om sub-sampling cross-validation (mean value + standard deviation)

for models detecting A. negundo in the understory layer (Experiment 2).

Data Model Precision Recall F1 n
Random forest 0.83 + 0.04 0.74 + 0.05 0.78 + 0.03 70

GNDVI SAMME.R 0.74 + 0.04 0.86 + 0.06 0.78 + 0.04 70
Gradient boosting 0.74 + 0.05 0.83 + 0.05 0.77 £ 0.04 70

XGboost 0.72 £ 0.04 0.86 & 0.05 0.81 + 0.03 70

Random forest 0.75 + 0.05 0.72 + 0.05 0.74 + 0.04 70

GREEN SAMME.R 0.74 + 0.05 0.75 + 0.07 0.77 + 0.05 70
Gradient boosting 0.62 + 0.05 0.83 + 0.06 0.71 £ 0.05 70

XGboost 0.68 + 0.05 0.76 &+ 0.06 0.72 + 0.05 70

Random forest 0.74 + 0.05 074+ 0.1 0.74 + 0.06 70

NIR SAMME.R 0.75 + 0.06 0.85 + 0.07 0.80 + 0.06 70
Gradient boosting 0.73 + 0.05 0.72 + 0.07 0.73 £ 0.05 70

XGboost 0.76 + 0.05 0.83 4+ 0.07 0.79 + 0.05 70

Random forest 0.72 + 0.04 0.80 & 0.08 0.77 + 0.06 70

GREEN and SAMME.R 0.80 + 0.05 0.87 + 0.07 0.83 + 0.06 70
NIR Gradient boosting 0.70 + 0.05 0.83 + 0.06 0.76 4+ 0.05 70
XGboost 0.81 + 0.05 0.84 + 0.07 0.82 + 0.05 70
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Figure 6. F1 mean values =+ standard deviation based on repeated random sub-sampling cross-
validation for detecting A. negundo in the understory layer (Experiment 2) using four models and
four data sets.

3.3. Detecting A. negundo Age Groups

The ability to identify A. negundo in individual age groups was analyzed in Experiment
3. The analyzed models, similar to previous scenarios, were also proven to be efficient in
detecting A. negundo trees of certain age classes. The models with the highest efficiency were
obtained for the oldest classified trees (F1-score: 0.82-0.88) (Figure 7, Table 4). SAMME.R
(Precision: 0.87, Recall: 0.93, F1: 0.88) obtained the highest efficiency for this group (Table 4).
Values of recall (from 0.85 to 0.90) for the model tested on middle-aged maples (age from
10 to 20) indicate that the models are not as efficient at detecting middle-aged A. negundo
as they are at the old age group (Recall from 0.87-0.93); however, the difference is not
significant. The highest value of Recall was obtained in a group of older maples (Recall:
0.93), while in the youngest age group, the sensitivity of A. nequndo detection was the
lowest (Recall: 0.87) (Table 4). We need to mention that results for the young trees (age <
10) are the same as those in the understory layer because the young group of trees creates
an understory layer.
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Figure 7. F1 mean values based on repeated random sub-sampling cross-validation for detecting A.
negundo age groups (Experiment 3) using four models and four data sets.

Table 4. Results of repeated random sub-sampling cross-validation (mean value) for models detecting
A. negundo age groups (Experiment 3).

Age Model Precision Recall F1 N
Random forest 0.72 0.80 0.77 70

10 SAMME.R 0.80 087 0.83 70
< Gradient bosting 0.70 083 0.76 70
XGboost 0.81 0.84 0.82 70

Random forest 0.77 0.85 0.82 70

10:20 SAMME.R 0.85 0.90 0.87 70
Gradient bosting 0.73 0.86 0.79 70

XGboost 0.83 0.86 0.86 70

Random forest 0.79 0.87 0.84 70

20 SAMME R 0.87 093 0.88 70
= Gradient bosting 0.76 0.89 0.82 70
XGboost 0.86 0.89 0.87 70

3.4. Results Visualization

Due to the separate ways of managing invasive plant species, it is crucial to properly
visualize the results to make them accessible to a broader scientific audience [39]. Therefore,
this study’s 3D model of all species, which highlighted invasive A. negundo in the tree layer
(Figure 8) and the understory layer (Figure 9), can be presented.
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Figure 8. Point cloud segmentation: (a) delineation of individual trees; different colors indicate indi-
vidual trees (b) classification of segmented tree canopy based on reflectance features and geometric
features. Detected A. negundo are marked in red (b).

Subdominant
A. negundo

Figure 9. Ability to delineate A. negundo crowns in understory. Detected A. negundo are marked in
red.

4. Discussion

A. negundo penetrates riparian forests due to high seed production and easy dispersal
with wind and water flow. These features allowed for the rapid, successful invasion of
European river valleys [40,41]. The mechanisms of the invasion process have yet to be fully
understood, but they have been mainly attributed to anthropogenic pressure [3,5]. The
high accuracy of detection of invasive maple in riparian forests both in the canopy and
understory proceeded with detailed visualization, allowing us to undertake accurate and
precise removal actions and assess the scale of the phenomenon. Remote sensing methods
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are widely used for this purpose due to the data availability and objectivity of the obtained
results. The present work fits the theme mentioned above, especially using only laser data,
and its results should be compared with previous achievements in this field.

Invasive plant species detection using remote sensing techniques—multispectral,
hyperspectral, LIDAR data—or its fusion is a topic widely researched in the world. In
Surrey (Canada), LIDAR and hyperspectral data fusion were used for two invasive shrub
species: Rubus armeniacus and Hedera helix [10]. In this study, the random forest model was
used to identify this species in two groups—in open areas and areas with close treetops
(where more than 20% of the treetops were higher than 2.5 m). The identification accuracy
in open areas was 87.8% for Rubus armeniacus and 82.1% for Hedera helix. The close treetops
accuracy was slightly smaller: 77.8% for Rubus armeniacus and 81.9% for Hedera helix [10].
It is difficult to compare the results of this work with ours, as the objects identified are
completely different. In our case, these were trees at various stages of development,
whereas in [10], the authors analyzed the detection of invasive herbaceous plants and
shrubs. Nevertheless, the detection accuracies obtained are comparable, but our results
are slightly better. It is an interesting study but even more difficult to compare with ours,
showing an attempt to identify invasive Phragmites australis based on multispectral (using
green, red, red edge, and NIR bands), CHM, and features derived from images such as
GLCM (Gray-Level Co-Occurrence Matrix) texture. The carrier vector machines, k-nearest
neighbor, and a neural network have been tested in two variants of classification: pixel
and object-based. The neural network model for pixel-based classification achieved the
best result (accuracy of 94.8%) [11]. This particularly good result, obtained with extremely
simple means and limited spatial data, is slightly better than the results we obtained.
However, it was possible to obtain it due to a specific set of characteristics of Phragmites
australis, which is quite easy to isolate and does not usually occur under the tree canopy.
Nevertheless, it must be said that with the significantly more challenging task in our work,
we obtained only slightly lower accuracy rates, which further positively assesses the value
of our work

Multi- and hyperspectral data were also used for invasive tree detection in the tree
layer. In recent studies, we proved the usefulness of spatiotemporal compositing of Sentinel-
2 products for mapping Robinia pseudoacacia in small woody features across a wide range
in Danubian lowlands (Slovakia) [42]. In this research, temporally aggregated monthly
composites stacked to seasonal time series data sets yielded consistently high overall accu-
racies ranging from 89.1% to 91.5%. The results obtained by [42] are comparable to those
we obtained for the tree level. For smaller scale application Vistula River Valley (Poland)
fusion, UAV data were used for mapping shrubs, as well as trees such as Salicetum triandro-
viminalis, Salicetum albo-fragilis, and Chelidonio-Aceretum. The random forest model features
selection was based on: hyperspectral data, RGB, and LiDAR-based calculated features.
This method allows for the selection of specific combinations of features, which give classifi-
cation accuracies for selected species of more than 90% [14]. It is worth mentioning that this
research area overlaps with ours and the data collection period is only two years apart. The
results obtained by the authors are particularly deserving of comparison. It is interesting to
note that the results obtained are similar irrespective of the use of different measurement
platforms—UAV and aerial. However, they are concerned with different invasive species.
The authors see a need for further research on the data sets mentioned above and the
selection of appropriate algorithms, the condition of which should be simultaneous data
collection. Most of the mentioned applications focused on the dominant species in the top
vegetation layer and used a wide range of features. These approaches allow one to obtain
high accuracies. In this study, based on only dual-wavelength LIDAR-based features, high
accuracies were obtained for the identification of A. negundo in both the tree layer (88%)
and the understory layer (83%). Moreover, the detection of A. negudno in the early stages of
invasion (species younger than 10 years) was successful (accuracy of 83%).

The approach proposed in this study allows us to identify the invasive A. negqundo
during its early stage of development, which has crucial implications for conserving
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valuable riparian forest habitats. It could allow the greenery managers to undertake
preventive actions while they are still relatively cheap to carry out, as juvenile individuals
are easier to remove mechanically. Laser scanning from an aircraft allows the method
to be used in large areas and to monitor both urban and non-urban areas. Suppose the
invasion phases of the maple are being considered. In that case, the development in the
initial phase depends mainly on access to the bare ground, the humus content, and the
stability of the substrate in general [3,43]. Removal of young A. negundo shoots in the
period up to about 10 years allows for effective removal actions, as there are still few
invasive individuals, and soil conditions are usually unfavorable, so the possibility of
seedling regrowth is small. Moreover, native species are abundant, which can outcompete
the shoots of invasive A. negundo. The later stage, associated with A. negundo aged 10-20
years and over, is already the stage when the number of maples accounts for up to 50%
of the total tree stand. Strong shading of the maple canopy to other trees contributes to
the impoverishment of biodiversity [31]. From our experience on the Vistula, it can be
concluded that removing A. negundo in such a phase and concentration of trees leads to a
renewed invasion of the formerly removed species. Destruction of most of the leaves of
trees, consisting of invasive species, and thus extensive access to light and destruction of
the ground layer, leads to the rapid spread of seedlings. Applying mixed removal methods
of A. negundo is effective but expensive [44] and, in some cases, can lead to reinvasion. The
30—40-year-old A. negundo tree stands do not regenerate (there is no growth of seedlings),
and after analysis of stem diameters, it can be observed that they are gradually disappearing
(Figure 10) [31]. However, in the river valley, multiple disturbances are occurring, both of
natural origin, such as flooding, and human-induced, such as shrub removal (a fast part
of flood prevention). The riparian tree stands rarely reach an older age, and the invasion
of A. negundo is successful. In total, 11% of the most valuable riparian forests in Poland
located in Natura 2000 habitats contain a species of foreign origin in their stand, of which
A. negundo has a dominant share [45]. Riparian forests in cities are particularly susceptible
to disturbances and thus contain 10-40% of invasive tree species [2,3,31].
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Figure 10. Phases (a) 0-5 years, (b) 5-10 years, (c) 10-20 years and (d) 2040 years of A. negundo
invasion into riparian forest and the extent of visibility above.
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5. Conclusions

In this work, we have evaluated the Riegl VQ-1560i-DW scanner and four classification
models based on their potential in the quick identification of invasive A. negundo in riparian
forests. Models were trained and validated with features calculated for the green channel,
infrared channel, combination of green and infrared channels, and GNDVI. The results
show the advantage of using dual-frequency scanners compared to the standard one-
frequency NIR beam and the GREEN spectrum. The most accurate tested model was the
SAMME R, with a calculation scenario based on reflectance analysis in both green and NIR
spectra as model input features—an accuracy of 88% for the tree layer and an accuracy of
83% for the understory layer. The high accuracy values obtained for the tree layer are on
the level of acceptance comparable with similar works, including hyperspectral data. In the
case of our experiment, we also obtained similar values for scenarios when using GNDVI
for the tree layer. A. negundo species were identified correctly on the tree layer with 5-8 %
better accuracy than the analysis of single-frequency LiDAR data. For the tree layer and
both mentioned scenarios, any algorithms work correctly.

Although high results were obtained in mapping the understory layer, equal to 83%
was obtained using the SAMME.R model only for the scenario with features calculated
for a combination of green and infrared channels. The XGboost model was slightly worse
(1%) compared to SAMMER R. It was significantly better than GNDVI for both models
and significantly better than any other scenarios. The results prove the importance of
using dual-wavelength LiDAR for the understory layer’s detection of A. negundo. With a
proper classification of dual frequency LiDAR data, we can improve the identification of
the understory layer with significantly higher than standard model accuracy.

In our work, we used an effective identification model (83% effectiveness) for the
youngest individuals (under 10 years old). The youngest age group can be found as a
part of the tree and understory layers. The efficiency of their identification of A. negundo
was found on a similar, particularly good, level to the understory layer. We evaluated the
same models (SAMMER.R and XGboost) and effectively identified this age group. Older
individuals were detected with higher accuracy (87% for 10-to-20-year-olds and 88% for
those older than 20), but identifying the youngest group appears to be the most crucial task.
Proper identification of the youngest group is of great importance for the early removal
of the invasion, helping to limit costs and destruction to the canopy. For this reason, the
simple and precise visualization presented in this work allows us to quantify the scale of
species invasion and thus estimate the costs of species removal.

According to the authors, the dual-frequency scanning method allowed such satisfac-
tory results to be obtained due to combining the advantages of both laser scanning to detect
canopy structure and multispectral features to detect species. This combination increased
the accuracy of object identification for the understory layer compared to traditional ALS
LiDAR. In the authors’ opinion, the penetration capability also gives greater possibilities for
identifying the understory layer than optical hyperspectral data, which can undoubtedly
give better results for detecting the species in the tree layer. The future development of
remote sensing technology will enable the widespread use of multispectral LIDAR systems
with more than two-three channels achieving an increase in species detection capabilities
in the understory layer. With the ongoing scanner developments, the authors see a point in
evaluating the results of the proposed method to results obtained based on aerial and UAV
hyperspectral data.
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structure and ecosystem services

Piotr Archicinski'® Piotr Sikorski*© Daria Sikorska!® Arkadiusz Przybysz?®

Szkota Gtéwna Gospodarstwa Wiejskiego

Ynstytut Inzynierii Srodowiska

2Instytut Nauk Ogrodniczych

ul. Nowoursynowska 166, 02-776 Warszawa

piotrarchicinski@gmail.com e piotr_sikorski@sggw.edu.pl * daria_sikorska@sggw.edu.pl *
arkadiusz_przybysz@sggw.edu.pl

Zarys tresci. W artykule przedstawiono badania fitosocjologiczne roslinnosci nieuzytkéw miejskich wystepu-
jacych naterenie Warszawy. Zaprezentowano klasyfikacje wieloletnich nieuzytkéw lesnych i zagajnikéw oraz
utrzymujacych sie od 20 lat nielesnych zbiorowisk pielegnowanych sporadycznie. Okreslono strukture i gestosc
roslinnosci w odniesieniu do poszczegdlnych jednostek zieleni, a takze okreslono wielkos¢ wybranych usfug
ekosystemowych swiadczonych przez zbiorowiska nieuzytkdéw (regulacji temperatury i wilgotnosci podtoza oraz
pochtaniania pyléw). Nieuzytki miejskie w Warszawie tworzg stabilne zbiorowiska lesne z klas Robinietea, Salice-
tea purpureae (egi wierzbowo-topolowe) i nielesne z klas Molinio-Arrhenatheretea (potnaturalne zbiorowiska
fakowe), Epilobietea (nitrofilne zbiorowiska porebowe) i Artemisietea (zbiorowiska roslin wieloletnich na tere-
nach ruderalnych), zdominowane w duzym stopniu przez gatunki inwazyjne. Ich réznorodnosc gatunkowa jest
przecietna, a na ich powierzchni przewazajg pospolite gatunki lesne inielesne. W wyjatkowych przypadkach
sg siedliskiem pojedynczych rzadszych gatunkéw. Struktura roslinnosci leénej jest mato zréznicowana, co wynika
ze specyficznej strategii gatunkdw inwazyjnych do tworzenia jednogatunkowych zbiorowisk. Badania wskazuja,
ze roslinnos¢ nieuzytkdéw zdominowana przez gatunki inwazyjne pefni wiele ustug ekosystemowych poréwny-
walnie do tych z gatunkami rodzimymi, czasem je przewyzszajac.

Stowa kluczowe: klasa Robinietea, ekosystemy nowe, roslinnosc¢ spontaniczna miast.
Keywords: Class Robinietea, novel ecosystems, urban spontaneous vegetation.

Wstep

Zbiorowiska nieuzytkéw, czyli terenéw porzuconych i zdegradowanych (Sikorska et al.,
2020), ktére towarzyszg cztowiekowi sg najstabiej zbadanym w fitosocjologii typem ro-
$linnosci (Yeremenko, 2019). W szczegdlnosci w duzych igesto zaludnionych miastach
znajdujg sie zbiorowiska trudne do zaklasyfikowania (Kgcki et al., 2013; Matuszkiewicz,
2014), ktére nie doczekaty sie kompleksowego opracowania.

Roslinnos¢ nieuzytkow miejskich, czy raczej roslinnos¢ gruzowisk, dostrzezono po raz
pierwszy w wiekszej skali na ruinach po Il wojnie swiatowej (Kobendza, 1949; Kostuch,
1960). W drugiej potowie XX w. gwattowny rozrost miast iich urbanizacja doprowadzity
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do powstania niespotykanych dotychczas zbiorowisk roslinnych zwigzanych z pojawie-
niem sie wielu nowych gatunkow. Na fali upowszechniania sie metod fitosocjologicznych
(Braun-Blanquet, 1964) spotkato sie to z duzym zainteresowaniem botanikéw. Powstata
w tym czasie ogromna liczba prac o roslinnosci ruderalnej (w Polsce m.in. Fijatkowski,
1963; Zanowa, 1964; Cwikliriski, 1970). Dotyczyty one jednak gtéwnie roslinnosci zielnej
przypisywanej klasom — Secalinetea Br-Bl. 1951. (Stellarietea) (zbiorowiska pol uprawnych
i terendw ruderalnych), Artemisietea Lohm., Prag. R.Tx. 1950 (zbiorowiska roslin wielo-
letnich na terenach ruderalnych), Plantaginetea maioris R.Tx. et Prsg. 1950 (zbiorowiska
muraw dywanowych) i Epilobietea angustifolii RTx. et Prsg 1950 (nitrofilne zbiorowiska
porebowe). Réwnolegle obiektem zainteresowania byty lasy gospodarcze i zbiorowi-
ska odbiegajace z réznych powoddéw od zbiorowisk naturalnych (Olaczek, 1974). Prace
dotyczace zbiorowisk ruderalnych w miastach, wtym lesnych postaci regeneracyjnych
na nieuzytkach miejskich byty w tym czasie rzadkoscig (Jurko, 1963; Hadac i Sofron, 1980;
Gilicka, 1988; Swierkosz, 1993). W XXI w. przyjeto do systemu jednostek fitosocjologicz-
nych klase Robinietea (Kacki et al., 2013; Mucina et al., 2016) jednak liczba prac dotyczg-
ca nieuzytkow miejskich jest nadal niewielka (Bencatova i Bencat, 2005; Smahliuk, 2017;
Yeremenko, 2019) i nie odzwierciedla ogromnego zainteresowania nieuzytkami, zwigza-
nego z rolg roslinnosci spontanicznej w miescie, potrzebg zwigkszania zazielenienia miast
i ustug ekosystemowych dla mieszkaricéw (Kremer et al., 2013; Kim et al., 2015; Doomi
et al., 2016; Sikorska et al., 2020).

Lepsze poznanie dynamiki roslinnosci nieuzytkéw jest coraz czesciej podstawg dzia-
tan w nowym trendzie w ksztattowaniu zieleni miejskiej (Del Tredici, 2010; Hwang et al.,
2019). W kontekscie ogromnych deficytéw zieleni w miastach, dostrzega sie potrzebe
zaadaptowania jak najwigkszych powierzchni zarzuconych iporosnietych spontaniczna
roslinnoscig dla potrzeb mieszkaricow (Hofmann etal., 2012; Kim et al., 2015; Kotzeva
i Brandmdller, 2016; Farahani i Maller 2019; Sikorska et al., 2020) cho¢ roslinnos¢ nieuzyt-
kow czesto wywotuje ich negatywne reakcje (Riley et al., 2018; Talal i Santelmann, 2020)
z powodow estetycznych (nieokietznanego i nieuporzgdkowanego wygladu).

Badania nad zielenig miast sugerujg, ze jej wartosc przyrodnicza od kilku dekad spa-
da (Pysek et al., 2004). Promowane sg dziatania wzmacniajgce réznorodnosc florystyczng
miast poprzez wprowadzanie w nich bogatych w gatunki zbiorowisk (Fischer et al., 2018),
ale sg one bardzo sporadyczne. Stwierdzono, ze nieuzytki mimo duzej niestabilnosci sie-
dlisk i nieregularnych zaburzen stanowig lokalne ostoje réznorodnosci gatunkowej roslin
(Lososova et al., 2011; Bonthoux et al., 2014; Anderson i Minor, 2019) i spetniajg istotne
dla mieszkancéw funkcje regulacyjne — przyczyniajgc sie m.in. do regulacji temperatury
i wilgotnosci, redukcji zanieczyszczeri powietrza i retencjonowania wody (Kim et al., 2015;
Doomi et al., 2016). Wielkos¢ swiadczonych ustug zalezy niewatpliwie od struktury i skta-
du gatunkowego nieuzytkow, ale dotychczasowe badania w tym zakresie sg nieliczne.

Celem niniejszych badan byto okreslenie zmiennosci fitosocjologicznej zbiorowisk
wieloletnich nieuzytkow miejskich i ich klasyfikacje, okreslenie struktury i gestosci roslin-
nosci, oraz ocena wielkosci wybranych ustug ekosystemowych Swiadczonych przez nie-
uzytki (regulacji temperatury, wilgotnosci podtoza i pochtaniania pytow).
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Metody badan

Obszar badan

Badania zostaty przeprowadzone w Warszawie, miescie o najwiekszej liczbie ludnosci
w Polsce — 1,79 miIn i wysokiej gestosci zaludnienia— 3462 os/km? (GUS, 2020). Warszawa
charakteryzuje sie duzym udziatem terendw zieleni w strukturze miasta, przy czym zielen
nieurzgdzona, bardzo wyraznie dominuje nad terenami zieleni urzadzonej, jak parki i zie-
lefice (Sikorska et al., 2020). Badaniami objeto czes¢ miasta znajdujgca sie na wysoczyznie
i w dolinie Wisty (ryc. 1). Nieuzytki z wysoczyzny potozone sg przewaznie wsrdéd wysokiej
zabudowy mieszkaniowej na terenach przeznaczonych pod przyszte inwestycje. Sq uzyt-
kowane rekreacyjnie gtownie przez ludnos¢ zamieszkujgcg sgsiadujgce osiedla (Sikorska
et al., 2020). Nieuzytki w dolinie Wisty znajdujg sie w pasie zalewowym pomiedzy rzeka,
a watem przeciwpowodziowym. Pomimo widocznego oddalenia od zabudowy mieszka-
niowej nieuzytki sg intensywnie uzytkowane rekreacyjnie przez wszystkich mieszkaricow
miasta dzieki istniejgcym na tych terenach $ciezkom (Sikorska et al., 2020). Wszystkie ba-
dane zbiorowiska wyksztatcity sie spontanicznie na zdegradowanych obszarach, na kto-
rych cztowiek nie prowadzit dziatalnosci od co najmniej kilkunastu lat.

i S _$o 25 5 7,5 10 km

e oy SR

Ryc. 1. Lokalizacja powierzchni badawczych w Warszawie
Locations of the research plots across Warsaw

Badania roslinnosci

Badania roslinnosci nieuzytkéw przeprowadzono w latach 2017-2019. W pierwszym
roku wytypowano obszary spetniajgce kryteria wieloletniego zarzucenia znajdujgce sie
na gruntach bedacych we wtadaniu miasta Warszawy lub we witasnosci Skarbu Panstwa.
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Nastepnie na wytypowanych obszarach rozpoznano w terenie zbiorowiska roslinne o po-
wierzchni co najmniej 0,25 ha. W kolejnych latach wybrano losowo 75 stanowisk (ryc. 1),
gdzie wykonano zdjecia fitosocjologiczne (Braun-Blanquet, 1964). Zbiorowiska nieuzyt-
kow, w ujeciu syntaksonomicznym, przypisano do jednostek wg systemu Mucina et al.
(2016) klasyfikacje zespotéw przyjeto za Matuszkiewiczem (2014), a dla klasy Robinietea
za Jurko (1963) i Hada¢’em i Sofron’em (1980), z uzupetnieniem o zespoty podane w pra-
cy dotyczgcej roslinnosci Ufa (Ishbirdina i Ishbirdin, 1991). Na podstawie danych ze zdjec¢
fitosocjologicznych okreslono wskazniki réznorodnosci florystycznej (tab. 1), ktore pozwo-
lity okresli¢ wkfad tych ekosystemoéw do bogactwa gatunkowego miasta. Okreslono para-
metry siedliskowe takie jak: odczyn gleby, swiatto fotosyntetycznie czynne PAR, zawartos¢
wegla organicznego w wierzchniej warstwie gleby, wilgotnos¢ itemperature podfoza,
ktore pozwolg wyjasnic zroznicowanie ekologiczne roslinnosci w badanych zbiorowiskach
(tab. 1).

Struktura roslinnosci i ustugi ekosystemowe

Strukture roslinnosci wyznaczono na podstawie pomiaru trzech warstw (drzewa, pod-
szyt irosliny zielne). Przedstawiono jg jako wielkos$¢ ulistnienia poszczegdlnych warstw.
Ulistnienie obliczono na podstawie wskaznika LAl mierzonego na trzech wysokosciach —
0,12 m (tab. 1). Pomiar LAl wykonywano przy pomocy sondy SunScan Canopy Analysis
System (Delta-T Devices) w trzech powtdrzeniach (w odlegtosci co najmniej 1 m od siebie)
dla kazdej wysokosci. Analize struktury roslinnosci drzewiastej rozszerzono o analize zwar-
cia okapu. Zwarcie okapu mierzono na podstawie fotografii wykonanych pionowo do géry
(ogniskowa f = 24), ktére przedstawiaty korony drzew przestaniajgce niebo. Na wyko-
nanych fotografiach przy pomocy programu ImageJ obliczono obszar zajmowany przez
korony drzew (tab. 1). Fotografie okapu drzew wykonywano na wysokosci 2 metrow,
aby unikngc¢ przestoniecia obiektywu przez rosliny podszytu. Pomierzono takze obwody
(na wysokosci 1,3 m) wszystkich pni o $rednicy co najmniej 1 cm, nastepnie z otrzyma-
nych obwoddw obliczono powierzchnie przekrojow pedéw i zsumowano dla kazdego ga-
tunku. Otrzymane sumy rozszerzyty analize struktury warstwy drzew i podszytu (tab. 1).
Obliczono wielkos¢ ustug ekosystemowych dotyczacych wychtadzania powierzchni
ziemi, ograniczania przed wysychaniem powierzchni ziemi oraz pochtaniania pytow, kto-
re sg ustugami regulacyjnymi wedtug MEA 2005 (Reid et al., 2005). Zdolnos$¢ do wychta-
dzania otoczenia i do ograniczania wysychania powierzchni ziemi obliczono jako réznice
miedzy pomiarem w badanej powierzchni, a pobliskim intensywnie koszonym trawni-
kiem. Pomiar zerowy na intensywnie koszonym trawniku byt wykonywany w tym samym
czasie, co pomiar w badanej powierzchni. Pomiary na poszczegdlnych powierzchniach
wykonywano w jednorodnych warunkach pogodowych, przy sredniej dobowej tempe-
raturze powyzej 25°C i co najmniej 5 dni po ostatnim opadzie (tab. 1). Pomiary pochtfa-
niania pytow dla wybranych gatunkéw roslin wykonano z czterech losowo wybranych
osobnikow na powierzchniach badanych nieuzytkéw. Gatunkami wytypowanymi do po-
miaru zdolnosci wychwytywania pytow byty wszystkie gatunki drzewiaste na badanych
powierzchniach, nawto¢ p6zna i gatunki z rodziny wiechlinowatych. Liscie z drzew zerwa-
no z wysokosci okoto 1,6 m, co odpowiada przecietnej wysokosci na ktérej oddycha do-
rosty cztowiek, liscie z gatunkow zielnych zerwano z jak najwyzszej, mozliwej wysokosci.
Liczba lisci w prébach réznita sie ze wzgledu naich wielko$¢ zalezng od gatunku. Liscie
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Tabela 1. Metody pomiaru wskaznikdw — réznorodnosci gatunkowej roslin, siedliskowe, struktury roslinnosci
i ich ustug ekosystemowych
Methods of determining indices of plant species diversity, habitat, vegetation structure and ecosystem services
rendered

Wskaznik

Metoda pomiaru wskaznika

Réznorodnosc gatunkowa roslin

Liczba gatunkow
Wskaznik Shannona

Hemerobia
Antropofity [%]
Apofity [%]
Spontaneofity [%]
Terofity [%]
Urbanofity

Grupy fitosocjologiczne
w warstwie runa [%]
Gatunki starych laséw
[%]

Rozmnazanie generatyw-
ne [%]

Liczba gatunkdw roslin naczyniowych na danej powierzchni, nomenklatura wg
Mirek et al. (2002).

Indeks Shannona-Wienera za Magurran(2013), obliczony na podstawie wykazu
gatunkoéw i ich pokrycia w runie.

Wskaznik hemerobii wg Sukoppa (1990).

Udziat roslin obcego pochodzenia (Mirek et al. 2002).

Udziat rodzimych roslin synantropijnych (Mirek et al. 2002).

Udziat spontaneofitéw (Mirek et al. 2002).

Udziat roslin jednorocznych na podstawie bazy BiolFlor (Kihn et al. 2004).
Sredni udziat urbanofitéw na podstawie bazy BiolFlor (Kiihn et al. 2004), obli-
czony na podstawie wykazu gatunkow i ich pokrycia.

Udziat gatunkdw z klasy Robinietea, Artemisietea, Molinio-Arrhenatheretea, Quer-
co-Fagetea, Salicetea purpureae wg Kacki et al. (2013), Matuszkiewicz (2014).
Udziat% gatunkow starych laséw w runie wg Dzwonko i Loster (2001) podzielo-
na przez liczbe wszystkich gatunkéw w badanej powierzchni.

Udziat% gatunkow rozmnazajgcych sie generatywnie na podstawie bazy Biol-
Flor(s=1,sv=0,5 v=0)(Kihn et al., 2004).

Parametry siedliskowe

pH gleby
Wegiel (%)

Wilgotnos¢ [%]
Temperatura [°C]

Swiatfo [%]

Wskazniki Ellenberga

Odczyn w H,O pomiar za pomocg pehametru CPC-502.

Zawartos¢ wegla organicznego w wierzchniej warstwie gleby o migzszo-
$cil0 cm oznaczona metoda Tiurina (Sapek i Sapek, 1999).

Pomiar urzgdzeniem HH2 z sondg W.ET.

JW.

Oswietlenie (PAR) promieniowania fotosyntetycznie czynnego mierzono urza-
dzeniem Datalogger LI-1400 z czujnikiem Quantum Sensor LI-190SA.

Srednie wskazniki liczbowe dla udziatu% gatunkéw warstwy zielenej obliczono
na podstawie Ellenberga et al. (1991). L — $wiatfo, F — wilgotnos¢ podtoza,
R —odczyn podtoza, N — zasobnosc/trofizm podioza.

Wskaznik pokrycia liscio-
wego runa (LAl)

Srednia warto$¢ LAl zmierzona przy podiozu pomniejszona o LAl zmierzone
na wysokosci 1 m (SunScan Canopy Analysis System — Delta-T Devices).

Temperatura wzgledna
[a%C]

e

g h

g Wskaznik pokrycia licio- | Srednia wartosc LAl zmierzona na wysokosci 1 m pomniejszona o LAl zmierzo-

;—‘é wego podszytu (LAI) ne na wysokosci 2 m.

E Wskaénik pokrycia liscio- Srednia warto$¢ LAl zmierzona na wysokosci 2 m.

5 |wego drzewostanu (LAI)

"é Zwarcie drzew [%] Procentowe przestoniecie nieba przez korony drzew.

& | suma prz. pedow Suma przekrojow wszystkich pni o srednicy powyzej 1 cm na wysokosci 1,3 m
[m%/ha] znajdujacych sie na badanej powierzchni, obliczona na podstawie obwoddw pni.
PM_50 [kg/ha] Srednia masa pytu deponowana na lisciach roélin z terenéw o niskim rocznym

zanieczyszczeniu powietrza 50 pug/m? ($rednie roczne wartosci zanieczyszczen
obliczono na podstawie danych ze stacji pomiarowych z platformy Airly, dane

- ze stacji pomiarowych byty pozyskiwane codziennie przez okres roku).

8 PM_100 [kg/ha] Srednig mase pytéw deponowanych na lisciach roslin z badanej powierzchni

2 zbieranego w warunkach przy wysokim zanieczyszczeniu powietrza 100 pg/m?

g (metoda obliczenia jw.).

‘0| Wilgotnos¢ wzgledna Réznica w wilgotnosci powierzchni gleby pomiedzy pomiarem w badanej po-

90 [A%] wierzchni, a intensywnie koszonym trawnikiem. na podstawie co najmniej dwu

< pomiaréw urzadzeniem HH2 z sondg W.ET.

Réznica temperatury powierzchni gleby pomiedzy pomiarem w badanej po-
wierzchni, a intensywnie koszonym trawnikiem, na podstawie co najmniej dwu
pomiaréw urzadzeniem HH2 z sondg W.ET.

*Objasnienia skrétéw: s — rozmnazanie generatywne, sv —rozmnazanie mieszane, v — rozmnazanie wegetatywne.
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przewieziono do laboratorium i przechowywano w kontrolowanej temperaturze i wil-
gotnosci do czasu petnego wysuszenia. llos¢ pytéw zawieszonych oznaczono za pomoca
metody opracowanej przez Dzierzanowskiego et al. (2011). W celu poréwnania zdolno-
$ci poszczegolnych gatunkéw do akumulacji pytéw zawieszonych mierzono powierzchnie
blaszek lisciowych przy pomocy urzagdzenia Image Analysis System (Skye Instruments Ltd,
Wielka Brytania) i oprogramowania SkyelLeaf. Nastepnie obliczono ilo$¢ pochtanianych
pytow z blaszki lisciowej o Sredniej wielkosci dla danego gatunku. Wartosci dla gatunkow
przeliczano na powierzchnie 1 ha odpowiednio do udziatu gatunkow w zdjeciu fitosocjo-
logicznym proporcjonalnie do powierzchni ulistnienia (LAI) dla poszczegdlnych warstw
roslinnosci (Przybysz et al., 2020).

Analizy statystyczne

Jednoczynnikowg analize ANOVA i istotnosci réznic pomiedzy grupami testem post hoc Fi-
schera wykonano w programie Statistica 10 (www.statsoft.pl), a wieloczynnikowg analize
CCA i test Monte Carlo w programie Canoco 5 (www.canoco5.com).

Wyniki
Charakterystyka fitosocjologiczna zbiorowisk nieuzytkéw?

Badane nieuzytki zajmuja siedliska zyznych, swiezych i wilgotnych gradéw ze zwigzku Car-
pinion betuli na wysoczyznie isiedliska tegow wierzbowo-topolowych Populetum albae
z klasy Salicetea purpureae w miedzywalu Wisty. Roslinnosc tych siedlisk w skutek dziatal-
nosci cztowieka ulegta przestrzennemu przemieszaniu, mozna stwierdzic siedliska tegow
na wysoczyznie w miejscach okresowo zalewanych wodami opadowymi z kanalizacji bu-
rzowej i siedliska grgdow w zmeliorowanej czesci doliny Wisty poza watami.

Zidentyfikowano siedem syntaksonow w randze zespotow wystepujgcych powszech-
nie na nieuzytkach Warszawy:

Ch. Salicetea purpureae Moor 1958
O. Salicetalia purpureae Moor 1958
All. Salicion albae Soo 1951
Ass. Populetum albae Br-Bl. 1931 var. Acer negundo
Cl. Robinietea Jurko ex Hadac et Sofron 1980
O. Chelidonio-Robinietalia pseudoacaciae Jurko ex Hadac et Sofron 1980
All. Chelidonio-Robinietalia pseudoacaciae Jurko ex Hadac et Sofron 1980
Ass. Chelidonio-Robinietum Jurko 1963
All. Chelidonio-Acerion negundo L. Ishbirdina et A. Ishbirdin 1991
Ass. Chelidonio-Aceretum negundi L. Ishbirdina et A. Ishbirdin 1991
All. Geo-Acerion platanoidis L. Ishbirdina et A. Ishbirdin 1991
Ass. Geo-Aceretum platanoidis L. Ishbirdina et A. Ishbirdin 1991
Cl. Agropyretea intermedio-repentis (Oberd. et all. 1967) Miller et Gors 1969

0. Agropyretalia intermedio-repentis (Oberd. et al. 1967) Miiller et Gors 1969

* Patrz zatacznik 112 na koricu artykutu.
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All. Convolvulo-Agropyrion repentis Gors 1966

Ass. Calamagrostietum epigeji Juraszek 1928
Cl. Molinio-Arrhenatheretea R.Tx. 1937
O. Arrhenatheretalia elatioris Pawt. 1928
All. Arrhenatherion elatioris (Br-Bl. 1925) Koch 1926

Ass. Arrhenatheretum elatioris Br-Bl. ex Scherr. 1925
Cl. Artemisietea vulgaris Lohm., Prsg et R. Tx. in R.Tx. 1950
Sub.Cl. Galio-Urticenea (Pass. 1967) Th. Mdiller in Oberd. 1983
O. Convolvuletalia sepium RTx. 1950
All. Senecion fluviatilis RTx. (1947) 1950 em. R.Tx. 1967

Ass. Rudbeckio-Solidaginetium R.Tx. et Raabe 1950

Zbiorowiska lesne reprezentujg zbiorowiska z klasy Salicetea purpureae i Robinietea.
Runo wszystkich lesnych zbiorowisk nieuzytkow jest zdominowane przez gatunki cha-
rakterystyczne dla zbiorowisk z klasy Robinietea (tab. 2). W warstwie drzew i podrostu
dominujg gatunki z klas Salicetea purpureae, badz Robinietea. W drzewostanie zespotu
Geo-Aceretum platanoidis zaznaczajg sie gatunki z klasy Querco-Fagetea (eutroficzne
i mezotroficzne lasy lisciaste), w Populetum albae gatunki drzew z klasy Salicetea purpu-
reae, w Chelidonio-Robinietum — robinia akacjowa (Robinia pseudoacacia) a w Chelido-
nio-Aceretum negundi — klon jesionolistny (Acer negundo). Najliczniejszymi rodzimymi
drzewami nieuzytkéw sg gatunki lekkonasienne (np. topole, brzozy), tatwo rozprzestrze-
niajgce sie z wiatrem (np. klon pospolity) lub przenoszone przez ptaki (np. jabtori domo-
wa). Najbardziej ekspansywnymi gatunkami sg drzewa obcego pochodzenia, wspomniany
Acer negundo i Robinia pseudoacacia — ponad potowa badanych powierzchni jest przez
nie zdominowana*?.

Zespot Populetum albae var. Acer negundo (D)*

Zespot reprezentowany jest przez fitocenozy znajdujgce sie na obszarach podlegajacym
systematycznym zalewom. Okresowe zalewy powoduja, ze w tych siedliskach drzewostan
zostat zdominowany przez drzewa charakteryzujgce sie dynamicznym wzrostem, jak Po-
pulus ssp. (topole) i Salix ssp. (wierzby), przy czym szczegdlnie wyrdznia sie Populus xca-
nescens (topola szara) i inne gatunki charakterystyczne dla syntaksonow z klasy Salicetea
purpureae. Udziat Acer negundo jest praktycznie staty, ale w starszych ptatach zbiorowisk
odnawia sie stabiej niz topole. W runie stwierdzono kombinacje gatunkowg charaktery-
styczng dla Salicetea purpureae, w ktorej sktad wchodzg — Glechoma hederacea (bluszczyk
kurdybanek), Poa trivialis (wiechlina zwyczajna), Elymus repens (perz wtasciwy), Rubus ca-
esius (jezyna popielica), Lysimachia nummularia (tojes¢ rozestana), Phalaris arundinacea
(mozga trzcinowata), Calystegia sepium (kielisznik zaroslowy), Stachys palustris (czysciec
btotny), ale zajmujg one tylko 15,3% powierzchni. Towarzyszy im kombinacja gatunkéw
charakterystyczna dla klasy Robinietea — Galium aparine (przytulia czepna), Geum urba-
num (kuklik pospolity), Chaerophyllum temulentum (Swierzabek gajowy) w warstwie
zielnej zajmujgca 22,5%. Wktad zespotu do bogactwa gatunkowego miasta jest przeciet-
ny. W zespole odnotowano srednio 15,4 gatunkow, w wiekszosci pospolitych w miescie
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rodzimych, ale o wysokiej hemerobii®. Najcenniejsze gatunki, jakie odnotowano, sg dia-
gnostycznie wazne dla klasy Salicetea purpureae, Molinio-Arrhenatheretea — 10,4% i Qu-
erco-Fagetea — 10,4%. Srednia zawarto$¢ wegla w wierzchniej warstwie gleb, na ktérych
znajduje sie zespdt wynosi 8,8%. Tak wysoka jego zawartos$¢ (Wanic et al., 2011) moze
wskazywac na stabilnosc zespotu w dtuzszej perspektywie czasu. Przy zaniechaniu jakiej-
kolwiek dziatalnosci cztowieka zbiorowiska bedg prawdopodobnie regenerowac sie w kie-
runku tegéw topolowych.

Zespot Chelidonio-Robinietum (B)*

Zespot reprezentowany jest przez fitocenozy znajdujgce sie na terenach poprzemysto-
wych, w poblizu opuszczonych zabudowan, wzdtuz drog i na dzikich wysypiskach. W sktad
siedliska wchodzg drzewostany zdominowane przez Robinia pseudoacacia, rzadziej
inne gatunki drzew charakterystyczne dla klasy Robinietea. Gatunkami diagnostycznymi
w runie sy — Chelidonium majus (glistnik jaskdtcze ziele) i Sambucus nigra (bez czarny).
Towarzyszy im kombinacja gatunkéw charakterystyczna dla klasy Robinietea — Geum urba-
num, Taraxacum sect. Ruderalia, Acer platanoides (klon pospolity) w warstwie zielnej.
Nierzadko pojawia sie silny nalot siewek, zwykle Sambucus nigra, co prowadzi z czasem
do silnego zacienienia dna zbiorowiska i redukgji puli gatunkowej warstwy zielnej. Na po-
wierzchniach wykaszanych utrwala sie trawiaste synuzjum® upodobniajgc zbiorowisko
do sporadycznie pielegnowanych parkow miejskich. Wkfad zespotu do bogactwa gatun-
kowego miasta jest maty. Wystepuje w nim srednio 11,1 gatunkow, pospolitych w miescie,
o wysokiej hemerobii, a udziat gatunkéw obcych w runie znajduje sie na niskim poziomie.
Wiekszos¢ gatunkow ruderalnych jest charakterystyczna dla klasy Robinietea — 62,3%
pokrycia (tab. 2). Srednia zawartos¢ wegla w wierzchniej warstwie gleb, na ktérych znaj-
duje sie zespot wynosi 3,4% (tab. 4). Tak wysoka jego zawartos¢ (Vitkova et al., 2015)
moze wskazywac na stabilnosc zespotu w dtuzszej perspektywie czasu. Maty udziat robinii
w podszycie wskazuje, ze zbiorowisko pozostanie stabilne do czasu zycia dorostych osob-
nikow tego gatunku.

Zespot Chelidonio-Aceretum negundi (C)*

Zespot reprezentowany jest przez fitocenozy znajdujace sie na wysoczyznie i na tarasie za-
lewowym doliny rzeki. Jego wystepowanie nie jest zalezne od cyklicznych zalewow, dlatego
wystepuje po obu stronach watéw przeciwpowodziowych. Drzewostan zdominowany jest
przez Acer negundo, wraz z nim pojawiajg sie rzadziej Prunus cerasifera ($liwa wisniowa)
i Acer platanoides. Gatunkami diagnostycznymi w runie sg — Viola odorata (fiotek wonny)
i Humulus lupulus (chmiel zwyczajny). Towarzyszy im kombinacja gatunkowa charaktery-
styczna dla klasy Robinietea —46,4% pokrycia oraz Salicetea purpureae— 10,5% i Molinio-Ar-
rhenatheretea — 10,2% w warstwie zielnej. Struktura roslinnosci porastajgcej zbiorowisko
jest mocno zalezna od dominujgcego w drzewostanie Acer negundo. Klon jesionolistny
ma silnie zwarty okap co utrudnia rozw¢j pokrywy zielnej powstrzymujgc zmiany sukcesyj-
ne. Wkfad zespotu do bogactwa gatunkowego miasta jest niski. Wystepuje w nim srednio

2 Hemorobia: wskaznik nasilenia synantropizacji roslinnosci w odpowiedzi na antropopresje (Sukopp, 1972).
3 Synuzjum: zbiorowisko roslinne wyréznione w oparciu o kryterium strukturalne (Fukarek, 1967).
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11,7 gatunkow, dos¢ pospolitych w miescie, o wzglednie wysokiej hemerobii, a udziat ga-
tunkdw obcych w runie znajduje sie na niskim poziomie —11,1% (tab. 2). Srednia zawarto$¢
wegla w wierzchniej warstwie gleb (4,5%) oraz duzy udziat klonu jesionolistnego w podszy-
cie wskazujg na wzgledng stabilnos¢ zespotu w dtuzszej perspektywie czasu.

Zespot Geo-Aceretum platanoidis (A)*

Zespot reprezentowany jest przez stanowiska gatunkow nitrofilnych znajdujgce sie na wy-
soczyznie. Drzewostan zdominowany przez A. platanoides. Czesto wystepujg rowniez
gatunki typowe dla lasow lisciastych zwigzku Carpinion betuli (lasy gradowe) — Quercus
robur (dagb szyputkowy), Tilia cordata (lipa drobnolistna), jak i gatunki obcego pochodze-
nia — Acer saccharinum (klon srebrzysty), Larix kaemferi (modrzew japoriski). Gatunkami
diagnostycznymi w runie sg — Geum urbanum, Dactylis glomerata (kupkowka pospolita)
i Lapsana communis (toczyga pospolita). Towarzyszy im kombinacja gatunkowa typowa
dla klasy Robinietea — Taraxacum sect. Ruderalia, Chelidonium majus, Sambucus nigra,
Viola odorata, Agrostis capillaris (mietlica pospolita) w warstwie zielnej. Silny nalot sie-
wek drzew, zwykle Acer platanoides i Sambucus nigra, prowadzi w pézniejszych etapach
rozwoju do silnego zacienienia dna zadrzewienia, co powoduje zubozenie warstwy ziel-
nej. Wktad zespotu do bogactwa gatunkowego miasta jest najwyzszy sposrod nieuzyt-
kow. Na stanowiskach tego zespotu odnotowano najwiecej gatunkéw starych lasow
(13,6%), w tym kilka rzadkich dla miasta. W zespole wystepuje $rednio 14,2 gatunkdw,
dos¢ pospolitych w miescie, rodzimych o niewysokiej hemerobii. Najwiecej jest gatunkow
diagnostycznie waznych dla klasy Robinietea. Istotng role odgrywajg rowniez gatunki dia-
gnostycznie wazne dla klasy Querco-Fagetea — 10,3% (tab. 2). Srednia zawarto$¢ wegla
w wierzchniej warstwie gleb wynosi 4,5%. Taka zawartosc¢ wegla, przy braku jakiejkolwiek
dziatalnosci cztowieka, wskazuje, ze zbiorowiska te pozostang stabilne przez dziesiatki lat.

Zbiorowiska nielesne nieuzytkdw reprezentujg zbiorowiska trawiaste z klasy Moli-
nio-Arrhenatheretea, iruderalne z klas Artemisietea i Epilobietea angustofolii (tab. 2).
Wszystkie utrzymujg sie co najmniej od kilku lat, jako trwate zbiorowiska trawiaste dzieki
sporadycznemu koszeniu lub dzieki ekspansywnym gatunkom — Solidago ssp. (nawtoc),
Calamagrostis epigejos (trzcinnik piaskowy).

Zespot Arrhenatheretum var. Elymus repens (E)?

Zespot reprezentowany jest przez fitocenozy trawiaste zajmujace mate powierzchnie
wsrod zwartej zabudowy. Zespot zdominowany jest przez Poa pratensis (wiechlina fgkowa),
Dactylis glomerata i Lolium perenne (zycica trwata) — gatunki diagnostycznie wazne dla
klasy Molinio-Arrhenatheretea. Statg i znaczacq domieszkg jest Elymus repens i Medicago
falcata (lucerna sierpowata). Wktad zespotu do bogactwa gatunkowego miasta jest wyzszy
niz nieuzytkdw lesnych. Srednio w zespole jest 14,9 gatunkéw, do$¢ pospolitych w mie-
Scie, jednak 22% z nich to gatunki obce. Najwiecej jest gatunkow diagnostycznie waznych
dla zbiorowisk z klasy Molinio-Arrhenatheretea, a nastepnie dla klasy Robinietea — 15,3%
(tab. 2). Srednia zawarto$¢ wegla w wierzchniej warstwie gleb wynosi 3,13%. Stosunko-
wo niska zawartos$¢ wegla (Poeplau et al., 2016) moze wskazywac na postepujaca sukcesje
ze strony gatunkow drzewiastych. Przy braku koszenia w zbiorowisku pojawig sie siewki
drzew z czasem zacieniajgce fragmenty fak. Proces bedzie trwat kilkanascie i dtuzej lat.
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Zespdt Calamagrostietum epigeji (G)?

Zespot reprezentowany jest przez fitocenozy znajdujgce sie na wysoczyznie i na tarasie
zalewowym doliny rzeki. Jego wystepowanie nie jest zalezne od cyklicznych zalewodw,
dlatego wystepuje po obu stronach watéw przeciwpowodziowych. W fitocenozach repre-
zentujacych zespot dominantg jest Calamagrostis epigejos. Na obszarach zajmowanych
przez zespot czesto odnotowuje sie — Solidago canadensis (nawto¢ kanadyjska), Solida-
go gigantea (nawto¢ poina), Agrostis gigantea (mietlica olbrzymia) i Poa trivialis. Wktad
zespotu do bogactwa gatunkowego miasta jest przecietny. W zespole odnotowano $red-
nio 14,6 gatunkéw, pospolitych w miescie, i stosunkowo duzo gatunkéw obcych. Nalezy
tu odnotowac, ze w jednym badanym ptacie znaleziono jedyne stanowisko w kraju Carex
melanostachya (turzyca ciemnoktosa), ktéry byt uznany za wymarty (Sikorski et al., 2019).
Najwiecej jest gatunkéw diagnostycznie waznych dla klasy Epilobietea angustifolii. Srednia
zawartos¢ wegla w wierzchniej warstwie gleb wynosi 3,1%, co jest wartoscig stosunko-
wo niskg (Wanic et al., 2011). Ze wzgledu na duze zageszczenie roslinnosci zielnej nalot
samosiewow ztozony z Acer negundo, Salix fragilis (wierzba krucha) i Salix alba (wierzba
biata) rozwija sie powoli, co powoduje, ze siedlisko jest stabilne.

Zespot Rudbeckio-Solidaginetum (F)?

Zespot reprezentowany jest przez fitocenozy znajdujace sie na tarasie zalewowym doli-
ny rzeki. Jego wystepowanie nie jest zalezne od cyklicznych zalewow, dlatego wystepuje
po obu stronach watéw przeciwpowodziowych. W fitocenozach reprezentujgcych zespot
dominantg sq nawtocie. Na obszarach zajmowanych przez zesp¢t licznie odnotowuje sie —
Calamagrostis epigejos, Tanacetum vulgare (wrotycz zwyczajny), Urtica dioica (pokrzywa
zwyczajna) i Cirsium arvense (ostrozen polny). Wktad zespotu do bogactwa gatunkowe-
go miasta jest niski. W zespole odnotowano najwyzszg srednig liczbe gatunkow sposrod
nieuzytkéw — 16,1, wzglednie pospolitych w miescie, jednak duza ich czes¢ do gatunki
obcego pochodzenia. Najwiecej jest gatunkow diagnostycznie waznych dla klasy Artemi-
sietea — 53% pokrycia. Niewielkg role odgrywajg tu diagnostycznie wazne dla klasy Robi-
nietea —11,8% (tab. 2). Srednia zawarto$¢ wegla w wierzchniej warstwie gleb, na ktérych
znajduje sie zespot wynosi 2,24%, co jest wartoscig stosunkowo niskg (Wanic et al. 2011).
Nalot samosiewow ztozony z Acer negundo, Crataegus monogyna (gtog jednoszyjkowy)
i Prunus cerasifera rozwija sie bardzo powoli, czego przyczyng sg geste tany Solidago spp.
Zbiorowisko jest wzglednie stabilne przez co najmniej 20 lat.

Analiza CCA wyjasnia 13,6% zréznicowania roslinnosci nieuzytkow pod wzgledem sie-
dliskowym. Gtéwnymi czynnikami wptywajgcymi na jej ksztatt sg zawartos¢ wegla w pod-
fozu, ilos¢ dostepnego Swiatta, podatnos¢ na nagrzewanie i retencje wody oraz wartos¢
pH (ryc. 2, tab. 3). Poszczegdlne powierzchnie badanej roslinnosci uktadajg sie na wykresie
w gradiencie wzgledem tych parametrow w sposéb uporzadkowany. Po lewej czesci dia-
gramu CCA usytuowane sg powierzchnie zwigzane z zyznymi i okresowo wilgotnymi sie-
dliskami tegowymi, z prawej z zyznymi i umiarkowanie wilgotnymi siedliskami grgdowymi
(ryc. 2). Powierzchnie Populetum albae var. Acer negundo, potozone po prawej stronie,
to postacie zespotu na siedliskach niezwigzanych z dolinami, jednak poddane okresowym
zalewom ze wzgledu na specyficzne uksztattowanie terenu powstate w wyniku dziatalno-
sci cztowieka. Analogiczna sytuacja tyczy sie zbiorowisk Rudbeckio-Solidaginetum, ktore
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Tabela 2. Wskazniki réznorodnos$ci gatunkowej roslin, fitosocjologiczne i siedliskowe dla poszczegdlnych typdw
zbiorowisk nieuzytkéw. Oznaczenia A-G patrz rycina 2 (p < 0,05 —istotnos¢ statystyczna, ns — wynik nieistotny
statystycznie, a, b, c — grupy homogeniczne)
Indices of plant species diversity, phytosociology and habitat in regard to the different types of wasteland
community identified. For designations A-G see Fig. 2 (p < 0.05 — statistical significance, ns — non-significant
statistically, a, b, ¢ — homogeneous groups)

Typ A B C D E F G p
N 8 7 18 12 13 12
Wskazniki réznorodnosci gatunkowej roélin
Liczba gatunkoéw 1425 | 11,14 | 11,78 | 1542 | 1592 | 16,17 | 14,60 ns
Shannon-Wiener 179 1,39 1,69 1,79 1,94 1,78 1,67 ns
Hemerobia 3,85a | 3,98ab | 3,74a | 4,0la | 4,21ab | 4,62b | 4,10ab | 0,01
Urbanofity 2,76ab | 3,19b | 2,63a | 2,60a | 2,84ab | 2,63a | 2,63a 0,00
Antropofity 3a 7a 11a 20ab 22ab 37b 22ab 0,00
Apofity S2ab 67ab 57a 47ab 46ab 24b 57a 0,00
Spontaneofity 45 26 32 33 32 39 20 ns
Terofity Oa 6ab Sa 11ab 18ab 23b 14ab 0,00
Gatunki starych laséw 13.6b | 58ab | 56ab | 5,6ab 2,6a 0,9a 13a 0,00
Rozmnazanie generatywne 56,8ab | 59,1ab | 61,0ab | 65,1ab | 73,6b | 67,5ab | 45,2a 0,01
Grupy fitosocjologiczne w warstwie runa [%)]
Robinietea 43,23 62,3a | 46,4a | 225b | 149b | 118b 51b 0,00
Artemisietea 10,8ab | 4,82 89ab | 20,3b | 11,5ab | 53,0c | 22,4ab | 0,00
Molinio-Arrh. 12,1a 1,6a 10,2a 11,1a | 40,7b 9,7a 11,5a 0,00
Querco-Fagetea 10,3 0,6 8,7 10,4 04 0,2 0,0 ns
Salicetea purpureae 0,1ab | 0,0ab | 10,5bc | 15,3c | 1,6ab 0,5a | 5,7abc | 0,03
Czynniki siedliskowe
pH 6,83ab | 6,61a | 7,25b | 7,06ab | 7,08ab | 7,35b | 6,97ab | 0,16
Wegiel (%) 3,45b | 3,33b | 4,54b | 880a | 3,13b | 2,24c | 3,13b 0,00
Wskazniki ekologiczne roslin Ellenberga

L— $wiatto 6,26c 6,36ac | 6,92ab | 6,90ab | 6,94ab| 7,18b |6,94abc| 0,00
F —wilgotnosc¢ podioza 6,02 5,84 6,06 6,30 581 6,35 |6,19 ns
R —odczyn podioza 6,79 6,12 6,77 6,53 6,12 6,17 6,75 ns
N —zasobnoéc/trofizm podioza | 5,85 551 5,95 6,31 5,37 599 |6,00 ns

gtéwnie wystepujg w dolinie rzeki, ale réwniez nielicznie wystepujg na wysoczyznie. Cheli-
donio-Aceretum negundi i Calamagrostietum epigeji majg szerokie spektrum wystepowa-
nia. Zespotami wystepujacymi niemal wytgcznie poza dolinami sg Chelidonio-Robinietum,
Geo-Aceretum platanoidis itgki ze zwigzku Arrhenatherion var. Elymus repens. Czynnikami
siedliskowymi najlepiej wyjasniajgcymi zmiennos¢ poziomg jest pH, wilgotnosc¢ i zawar-
tos¢ wegla w podtozu (tab. 2).

Wszystkie badane zbiorowiska powstaty spontanicznie. Sgto zbiorowiska stabilne,
zbudowane z rodzimych gatunkéw wieloletnich — spontaneofitéw i apofitow, rozmnaza-
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Ryc. 2. Diagram CCA przedstawiajacy zréznicowanie zbiorowisk nieuzytkdw na tle czynnikéw siedliskowych

A. Geo-Aceretum platanoidis, B. Chelidonio-Robinietum, C. Chelidonio-Aceretum negundi, D. Populetum albae
var. Acer negundo, E. Arrhenatheretum var. Elymus repens, F. Rudbeckio-Solidaginetum, G. Calamagrostietum
epigeji

CCA diagram setting the differentiation present in the wasteland communities against habitat factors

Tabela 3. Wptyw parametréw glebowych na model CCA (p < 0,05 — istotnos¢ statystyczna)
The impact of soil parameters on the CCA model (p < 0.05 — statistical significance)

Parametr Lambda P F
wegiel 0,35 0,002* 1,97
$wiatfo 0,32 0,002* 1,76
temperatura 0,28 0,002* 1,62
wilgotnos¢ 0,25 0,022* 1,45
pH 0,23 0,036* 1,32

*Cechy, ktére majga istotny wptyw na model porzadkowania przy p < 0,05 na podstawie testu Monte Carlo.

jacych sie generatywnie o wysokim stopniu urbanofilnosci i hemerobii, przy czym udziat
gatunkéw wybitnie trwatych — starych laséw jest bardzo maty (tab. 2).

Struktura zbiorowisk nieuzytkoéw i wielkos¢ ustug ekosystemowych

Réznice w strukturze roslinnosci dotyczg gtéwnie zageszczenia zdrewniatych pedow.
Wsrod zadrzewien zespot Chelidonio-Aceretum negundi odznacza sie najwiekszg iloscig
pedow. Suma przekrojow drzew na tych powierzchniach wynosita srednio 5072 m?/ha.
W pozostatych zbiorowiskach lesnych wartosc ta byta o 1/3 nizsza. Wszystkie zbiorowiska
nielesne sg zasiedlane przez mtode drzewa w podobnym tempie. Ich zageszczenie w ba-
danych ptatach jest niewielkie i wynosi ok. 340 m?/ha.

Zwarcie warstwy drzew w zbiorowiskach lesnych pochodzgcych z réznych syntaksonow
jest podobne i wynosi 70-85%. Rowniez wartosc LAl warstwy drzew i krzewdw przyjmuje
podobne wartosci we wszystkich zbiorowiskach drzewiastych (tab. 4). Ulistnienie okapu
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drzew w zespole Chelidonio-Robinietum jest najwyzsze 5,43, a Populetum albae najnizsze
3,78. Zkolei warstwa podrostu w zespole Chelidonio-Robinietum jest najnizsza i wynosi
0,24, a w Chelidonio-Aceretum negundi najwyzsza 0,77. Warstwa runa we wszystkich ze-
spotach osigga zblizone wartosci oscylujgce w przedziale 1,1-1,6. Ogdlne ulistnienie ze-
spotu Rudbeckio-Solidaginetum jest wyjgtkowo wysokie — 3,64. Natomiast najmniejsze
ogolne ulistnienie odnotowano w zespole Arrhenatheretum — 1,94 (tab. 4).

Wielkosci ustug ekosystemowych petnionych przez badane zbiorowiska przyjmuja
podobne wartosci. Najwigksze statystyczne réznice odnotowano w przypadku pochtania-
nia pytow przez rosliny. Zespot Chelidonio-Robinietum pochtania ich najwiecej sposrod
badanych zespotéw. Jest w stanie w warunkach silnego zanieczyszczenia powietrza po-
chtonac kilka razy wiecej pytow niz analogiczne zbiorowisko Geo-Aceretum platanoidis,
czy zbiorowiska nielesne. Jego potencjat rosnie wraz z wzrostem zanieczyszczenia powie-
trza. W przypadku niskiego zanieczyszczenia powietrza réznice w pochtanianiu pytéw po-
miedzy zbiorowiskami sie zacierajg (tab. 4). W badanych zbiorowiskach nie odnotowano
statystycznie istotnych réznic w ochronie przed wysuszeniem podtoza. Z drugiej strony
wszystkie zbiorowiska chronig przed wysuszeniem lepiej od intensywnego trawnika. Sred-
nie réznice temperatur wskazuja, ze wychtadzanie podfoza najbardziej ogranicza okap
Chelidonio-Aceretum negundi i Chelidonio-Robinietum (tab. 4).

Tabela 4. Wskazniki struktury zbiorowisk i ustug ekosystemowych dla poszczegdlnych typow zbiorowisk nie-
uzytkdéw Oznaczenia A-G — patrz rycina 2

Indices noted for community structure and ecosystem services in the case of the different types of community
of wasteland vegetation. For indications A-G — see Fig. 2

Typ | A | 8 | c | o | e ]| | 6| o»

Struktura zbiorowisk

Wskaznik pokrycia lisciowego

1,65a 1,14a 1,27a 1,47a 1,93a 3,64b | 2,48ab | 0,00
runa (LAI)

Wskaznik pokrycia lisciowego

podrostu (LAI) 0,42 0,24 0,77 0,37 0,43 1,05 0,68 n.s

Wskaznik pokrycia lisciowego | 4 co. | 543, | 4652 | 3,782 | 0,36b | 0,44b | 0,56b | 0,00

drzew (LAI)
Zwarcie drzew [%)] 69,49z | 84,19z | 75,50a | 73,38 | 0,00b | 0,00b | 0,00b 0,00
Przekrdj peddw [m?/ha] 3225ab | 2714ab | 5072b | 2875ab | 346a 342a 340a 0,01

Ustugi ekosystemowe

Pochtanianie pyféw (PM) przez roélinnos¢ w warunkach przecietnego (50) i duzego (100) zanieczyszczenia
powietrza

Pocht. pytéw (PM 50) [kg/ha] 1,5a | L,2abc | 1l4a 1,3ac 0,2d 0,8bc | 0,4bd 0,00
Pocht. pytéw (PM 100) [kg/ha] | 5,7ab | 26,5c | 7,2ab 9,1b 2,8a 11,4b | 6,9ab 0,00

Retencjonowanie wody i wychfadzanie podfoza wzgledem murawy trawnikowej
Wilgotnos¢ wzgledna [A%] 1,13 1,23 2,55 1,56 1,68 1,74 1,30 n.s
Temperatura wzgledna [A°C] 0,85ab | 0,82a | 0,84a |0,89abc| 0,96c | 0,93bc |0,9labc| 0,03
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Dyskusja
Charakterystyka fitosocjologiczna roslinnosci nieuzytkow

Zbiorowiska roslinne warszawskich nieuzytkéw, wystepujgce na siedliskach roslinnosci
ze zwigzku Carpinion betuli i ass. Populetum albae, opisujg w wiekszosci znane jednostki
fitosocjologiczne. Wyjatkiem sg zadrzewienia nalezgce do klasy Robinietea (Chytry et al.,
2013; Kacki et al., 2013; Mucina et al., 2016), ktérych pozycja syntaksonomiczna w ran-
dze zespotu w Polsce nie jest jednoznaczna. Lasy sg wyraznie zdominowane przez gatunki
drzew obcego pochodzenia lub rodzime gatunki o charakterze pionierskim, ale wymagaja
dtugotrwatych obserwacji, gdyz wydaje sieg, ze starzejgce sie osobniki inwazyjne nie odna-
wiajg sie skutecznie. Ich runo w wiekszosci zbudowane jest z gatunkéw klasy Robinietea,
wczesniej przypisywanych w duzej mierze do klasy Artemisietea (Matuszkiewicz, 2014).
Ze wzgledu na ich trwatosc i brak badan dowodzacych, ze w dtuzszym okresie ich udziat
maleje, zbiorowiska nieuzytkow zdominowane przez gatunki inwazyjne nalezy okresli¢
jako ekosystemy nowe (Hobbs et al., 2009).

Roslinnos¢ tegdw Populetum albae var. Acer negundo w strefie miast jest szczegdlnie
silnie podatna na antropopresje (Dyderski i Jagodziriski, 2019a; Sikorska et al., 2019). Zanik
epizodycznych zalewéw spowodowany zmianami klimatu i regulacjami koryta gérnego bie-
gu, postepujacy proces gragdowienia i wynikajacy z tego cigg sukcesyjny prowadzi do regresji
zespotu. Czestym efektem tych niekorzystnych zjawisk jest pojawienie sie neofitu A. negun-
do, ktory przeksztatca drzewostany zespotéw lesnych (Dyderski i Jagodzinski, 2014).

Zespot Geo-Aceretum platanoidis nie byt wyrdzniany dotad w Polsce. Jednak ro-
slinnos¢ tworzgca charakterystyczng kombinacje gatunkow dla tej jednostki wystepu-
je powszechnie w miastach. Zespot zajmuje duze pfaty nieuzytkéw zdominowane przez
rodzime gatunki drzew, fatwo rozprzestrzeniajgce sie, niekiedy sztucznie wprowadzone
(Yeremenko, 2019). Do tego zespotu kwalifikujg sie rowniez zapuszczone parki, gdzie runo
nie jest koszone przez dtuzszy czas. Dotgd jednostka ta byta traktowana jako forma rege-
neracyjna gradow ze zwigzku Carpinion betuli (Sikorski, 2018). Dawniej jednostke ujmo-
wano w klasie Artemisietea. Wydzielenie klasy Robinietea (Mucina et al., 2016), nakazuje
konsekwentnie klasyfikowac do niej takie powierzchnie. Z braku wykonanej na duzej pro-
bie rewizji systematycznej w Polsce zespot wyrdzniony w Ukrainie i Rosji (Ishbirdina i Ish-
birdin, 1991) wydaje sie najwtasciwszym odniesieniem. Jednak stwierdzenie to ma szerszy
kontekst, ktory wymaga wyjasnienia. Wigze sie to z pytaniem — jak ujmowac zbiorowiska
trwatych nieuzytkdéw z gatunkami inwazyjnymi jako dtugookresowych postaci regenera-
cyjnych i degeneracyjnych w odniesieniu do typdw roslinnosci potencjalnej? W klasycz-
nym ujeciu, zbiorowiskom zdegradowanym przypisywano jednoznacznie jeden kierunek
okreslony zbiorowiskiem potencjalnym. Miato to duze znaczenie praktyczne i utatwiato
zrozumienie procesow przyrodniczych na tle ogromnej przypadkowosci procesow urbani-
zacyjnych. Procesy te doprowadzity do tak duzych zmian w Srodowisku, ze w jednym pta-
cie wystepujag gatunki, ktére naturalnie praktycznie nie miaty szans pojawic sie obok siebie,
a kierunek sukcesyjnych zmian stat sie niewyrazny. Watpliwosci dotyczgce przebiegu kie-
runku sukcesji pojawiaty sie juz w potowie XX w. (Wolak, 1969). Rozwigzaniem niejasnego
przebiegu sukcesji mogg byc ekosystemy nowe (Hobbs et al., 2009), Jednak ich pozycja nie
jest ugruntowana i sg szeroko dyskutowane i krytykowane (Murcia et al., 2014). Pojawita
sie nierozstrzygnieta kwestia progoéw ekologicznych, ktére nowy ekosystem przekroczyt,
co skutkuje znaczaco zmienionym sktadem gatunkowym i trwatosci. Zwrécono przy okazji
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uwage na niespéjnosci w klasyfikacjach ekosystemow w literaturze (Morse et al., 2014).
Koncepcja ,nowego ekosystemu” nie zostata poddana gruntownej walidacji empirycznej
wiasciwej dla nauki. Obawiano sig, ze moze prowadzi¢ to do niepozgdanych rezultatow
w zarzgdzaniu ekosystemami, prawie ochrony srodowiska i polityce (Murcia et al., 2014).
Najbardziej kontrowersyjne w koncepcji ekosysteméw nowych jest twierdzenie o nieod-
wracalnosci progow ekologicznych. W badanych w Warszawie nieuzytkach zauwazalne
jest rozmywanie sie gradientow siedlisk potencjalnych. Prowadzone od 20 lat obserwacje
nad trwatoscig tych zbiorowisk sugerujg czasowe powstawanie zbiorowisk, ktére przez
jakis czas trudno przypisac do konkretnego siedliska potencjalnego. W wielu przypadkach
wyrazny jest proces wycofywania sie gatunkow inwazyjnych, ktére wczesniej dominowaty
i zauwaza sie brak ich skutecznego odnawiania. Nie zaobserwowano przy tym catkowitego
procesu przejscia z ekosystemu nowego z gatunkami inwazyjnymi do ekosystemu natural-
nego. Dobrze sytuacje opisuje pojecie ekosystemu ,hybrydowego” (Morse et al., 2014).
Pojecie ekosystemu , czasowo zaburzonego”, gdzie zmiany w siedlisku zaszty na tyle duze,
ze identyfikacja siedliska potencjalnego po roslinnosci jest trudna lub niemozliwa rowniez
pasuje do zbiorowisk roslinnosci wystepujgcych na warszawskich nieuzytkach. Dopiero
obserwacja pfatéw w przysztosci ujawni ich faktyczny kierunek sukces;ji.

Zespot Chelidonio-Robinietum zostat opisany w Polsce pod koniec XX w. izaklasyfi-
kowany do klasy Artemisietea (Swierkosz, 1993; Endler et al., 1999). Zajmuje mezofilne
siedliska lasow lisciastych (Smahliuk, 2017). W starszych opisach tego zespotu z Polski, po-
dobnie jak w badanych nieuzytkach, wyraznie dominujg gatunki z klasy Robinietea. Wie-
le tych powierzchni zaadaptowano na tereny parkowe z trawiastym runem i zubozonym
podszytem (Swierkosz, 1993), na ktérych kilkuletnie zaprzestanie pielegnacji prowadzi
do szybkiego wyksztatcenia sie podrostu Sambucus nigra, A. negundo iR. pseudoaca-
cia. W Polsce zespot ma charakter antropogeniczny i nie rozprzestrzenia sie tak silnie jak
w krajach sgsiednich — w Ukrainie (Smahliuk, 2017), Litwie (Marozas et al., 2015) i Cze-
chach (Vitkova i Kolbek, 2010; Chytry et al., 2013). Zespét ma wiele postaci, ktére czesto
nawigzujg do silnie nitrofilnego Balloto nigrae-Robinion (Hadac i Sofron, 1980) lub do Ga-
lio aparines-Robinietum (Smahliuk, 2017) zwigzanego z zalewanymi siedliskami. Badania
nad nieuzytkami Warszawy wskazujg, ze siedliskami zajmowanymi przez Robinia pseu-
doacacia sa siedliska zdegradowanych gradow i pozbawionych zalewow gradowiejgcych
tegéw topolowych (z obserwacji mozna dodac, ze sporadycznie zajmuje nawet siedliska
boréw mieszanych, czego w badaniach nie udokumentowano). Zespét Chelidonio-Robi-
nietum jest trwaty, a wraz ze starzeniem sie drzew inwazyjnych nie odtwarza sie rodzima
roslinnos¢ naturalnych laséw (Benesperi et al., 2012). Robinia pseudoacacia wnika na sie-
dliska lesne i zastepuje rodzimg roslinnos¢ lesng (Vitkova et al., 2017) zmieniajgc warun-
ki fizykochemiczne podtoza (Nascimbene et al., 2015). Z Robinia pseudoacacia zwigzane
sg bakterie wigzace azot, ktére wzbogacajg zasoby tego pierwiastka w glebie (Macedo
et al., 2008), powodujgce gwattowny wzrost produktywnosci (Kleinbauer et al., 2010)
i w konsekwencji zmiany w sktadzie gatunkowym zbiorowisk roslinnych (Benesperi et al.,
2012; Vitkova et al., 2017).

Zespot Chelidonio-Aceretum negundi nie byt opisywany w Polsce, cho¢ znany jest
z krajow sgsiednich (Passarge, 1990; Batanjski et al., 2015; Yeremenko, 2019; Vesel-
kin i Dubrovin, 2019). Pospolite zbiorowiska zdominowane przez Acer negundo w Pol-
sce okreslane byty jako zbiorowiska nieustabilizowane np. Acer negundo-Elymus repens
(Adamczak, 2007). Trudno jest opisac jednostke z klonem jesionolistnym o tak szerokim
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spektrum ekologicznym, a w warunkach Warszawy przenikajgcg do niemal wszystkich
zyznych siedlisk (ryc. 2). Wydzielenie klasy Robinietea (Mucina et al., 2016) i wzglednie
duza trwatos¢ zbiorowisk konsekwentnie nakazuje wyodrebnienie jednostki, a Chelido-
nio-Aceretum negundi opisane przez Ishbirdine i Ishbirdina (1991) wydaje sie wtasciwym
wyborem. Rozstrzygniecia wymaga, czy Chelidonium majus jest gatunkiem charaktery-
stycznym dla Chelidonio-Robinietum czy Geo-Aceretum platanoidis. Kwestie te powinna
rozstrzygnac rewizja syntaksonomiczna klasy Robinietea dla Polski. Zespét zdominowany
jest przez inwazyjny gatunek Acer negundo, ktory dzieki wysokiej zdolnosci do adaptacji,
lepiej od gatunkéw rodzimych, znosi niekorzystne warunki i potrafi efektywnie wykorzy-
sta¢ dostepne zasoby. Badania nad pokryciem lisciowym roslin w nieuzytkach wykazaty,
ze w warunkach nieograniczonego swiatta powierzchnia lisci Acer negundo byta znacznie
wieksza niz gatunkow rodzimych. Klon wykazuje do tego wiekszg plastycznos¢ w aloka-
cji lisci, efektywniej korzystajgc ze swiatta i utrudniajgc osiedlanie sie innych gatunkow,
w tym rodzimych, pod jego okapem (Porté etal., 2011; Bottollier-Curtet et al., 2012).
W warunkach duzej konkurencji A. negundo ma zdolnos¢ wytwarzania nowych, licznych
pedow wegetatywnych, przez co w zasiedlonych powierzchniach tworzy jednogatunkowe
drzewostany (Lamarque et al., 2012). Badane zbiorowiska Chelidonio-Aceretum negundi
uznano jako ekosystemy trwate, cho¢ w literaturze sg doniesienia o zastepowaniu Acer
negundo przez rodzime drzewostany lisciaste, gtownie Acer platanoides, co prowadzi
do jego transformacji w zespot Chelidonio-Aceretum negundi var. Acer Platanoides. Ze-
spot Chelidonio-Aceretum negundi zajmuje obszary, na ktérych pierwotnie znajdowaty sie
lasy Carpinion betuli, Salicion albae (zarosla i lasy wierzbowe w dolinach rzek na nizu i po-
gorzu) i Alno-Ulmion (lasy tegowe). Zajmuje przede wszystkim obszary rozlewisk, wawozy,
zbocza dolin rzecznych (Smahliuk, 2017). Zespét zbudowany jest gtéwnie z gatunkéw cha-
rakterystycznych dla jednostek fitosocjologicznych z klasy Robinietea.

Wyrdznione zespoty nielesne warszawskich nieuzytkow byty opisywane w literaturze
dotyczacej terendw ruderalnych. Zespot Calamagrostietum epigeji znany jest z zasiedla-
nia roznych biotopdw, najczesciej piaszczystych stanowisk, ale tez zasobniejszych siedlisk
na obszarach poprzemystowych (Mtynkowiak et al., 2014). Ptaty tego zespotu notowano
najczesciej na zyznych terenach podmiejskich oraz w starych dzielnicach miast (Ziarnek,
2009), jednak moga réwniez pojawiac sie na suchych siedliskach ruderalnych. Na bada-
nym terenie zespot najczesciej wystepowat na siedliskach przejsciowych miedzy tegami
topolowymi w dolinie i grgdami na wysoczyznie (ryc. 2). Wydaje sie, ze oddzielenie du-
zego obszaru tarasu zalewowego rzeki w wyniku budowy watéw przeciwpowodziowych
i wynikajgca z tego urbanizacja doliny rzecznej przyczyniajg sie do poprawy warunkéw wy-
stepowania tego zespotu w miastach. Ekspansje zespotu indukuje jeszcze intensyfikacja
zjawiska miejskiej wyspy ciepfa i przyspieszony odptyw woéd powierzchniowych wynikaja-
cy z uszczelnienia zlewni. Nastepstwem tych zjawisk jest wystepowanie okresowych susz,
ktére sprzyjajq rozwojowi tego zespotu. Zespot Rudbeckio-Solidaginetum, podobnie jak
poprzedni, zasiedla wiele réznych typdw podtoza i o roznym stopniu uwodnienia (Tlxen,
1950; Hejny et al., 1979; Swies, 1995). W literaturze pojawiajg sie rézne ujecia zespotu,
od waskiego w trzech jednostkach — Rudbeckietum laciniatae, Solidaginetum canaden-
sis i Solidaginetum giganteae (Swies, 1995), po szerokie ujecie zbiorowe — Rudbeckio-
-Solidaginetum (Matuszkiewicz, 2014). Zbiorowiska zdominowane przez Elymus repens
powszechnie stwierdzane sg na terenach zdegradowanych, zajmowanych w przesztosci
przez zyzne siedliska ze zwigzku Carpinion betuli (Kutyna et al., 2010). W badanych nie-
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uzytkach réowniez to zaobserwowano. Biorgc powyzsze pod uwage mozna stwierdzi¢ duzg
trwatosc tego zbiorowiska trawiastego w warunkach miejskich.

Struktura roslinnosci i wielko$¢ ustug ekosystemowych

Zageszczenie zdrewniatych pedow roslin w nieuzytkach znajdujacych sie w dolinie rzecz-
nej jest zblizone do zageszczenia spotykanego w tegach o podobnym wieku (Sikorska
et al., 2019). Moze to wynika¢ z powszechnie wystepujgcych na tych nieuzytkach topdl
i wierzb, ktore dzieki bardzo duzym obwodom pni zawyzajg ogdlne zageszczenie zdrew-
niatych pedow. Pomiedzy stwierdzonymi zespotami lesnymi odnotowano réznice w za-
geszczeniu pedow na powierzchni, gdzie zespot Chelidonio-Aceretum negundi odznacza
sie najwiekszym zageszczeniem. Jest to wynik strategii Acer negundo i rozwijajacych sie
dodatkowych pedéw wegetacyjnych (Lamarque et al., 2012) oraz plastycznosci budowy
koron, co powoduje silne zwarcie najwyzszego okapu drzew i ograniczenie dostepu dla
roslin rosngcych ponizej (Porté et al., 2011; Bottollier-Curtet et al., 2012). Dojrzalsze po-
stacie zbiorowisk Geo-Aceretum platanoidis i Populetum albae sg wyzsze od zadrzewien
gatunkow inwazyjnych, jednak nie przektada sie to na wyzsze wartosci LAl. Nie odnoto-
wano statystycznie istotnych réznic w wielkosci ulistnienia (tab. 4). Gatunki inwazyjne nie
odznaczajg sie wzmozonym rozwojem lisci (Dyderski i Jagodziriski, 2019b). Rodwniez nie
odnotowano statystycznie istotnych réznic w zwarciu koron drzew, jednak najwyzsze war-
tosci uzyskat zespot Chelidonio-Robinietum. Jest to powigzane ze strategig Robinia pseu-
doacacia polegajaca na wytworzeniu bardzo sprezystego i twardego drewna (Pollet et al.,
2012) i stosunkowo efektywnego ulistnienia na waskiej przestrzeni okapu (Dyderski i Ja-
godzinski, 2019b). Pozwala to wytworzy¢ niewysoki, zwarty, najbardziej ulistniony okap
drzew, przy minimalnym ulistnieniu podrostu i runa (tab. 4). Starzenie sie drzewostanu ro-
binii i spadek jego ulistnienia nie powodujgq wyraznego odtwarzania sie roslinnosci natu-
ralnych lasow (Benesperi et al., 2012), gdyz Robinia pseudoacacia zmienia trwale warunki
fizykochemiczne podtoza (Nascimbene et al., 2015). W przypadku zbiorowisk nielesnych
warto zwrdéci¢ uwage na zespot Rudbeckio-Solidaginetum, ktéry ma najbardziej rozwinie-
ty gorny okap lisci. Powigzane jest to z powszechnie wystepujacg w tym zespole nawto-
cig, ktéra charakteryzuje sie wysoka czescig nadziemng w porownaniu do innych roslin
zielnych.

Wielkos¢ badanych ustug ekosystemowych w nieuzytkach lesnych inielesnych jest
zblizona. W warunkach silnego zanieczyszczenia najwiecej pytow pochtania zespot Che-
lidonio-Robinietum. W warunkach niskiego zanieczyszczenia réznice pomiedzy zespo-
tami malejg, jednak zbiorowiska zdominowane przez gatunki inwazyjne pochtaniajg
wiecej pytéw, od zdominowanych przez gatunki rodzime (Przybysz et al., 2020). Sktania
to do weryfikacji ogdlnie przyjetej, negatywnej opinii o gatunkach inwazyjnych. Szczegol-
nie w przypadku kiedy znajdujg sie na obszarach silnie zurbanizowanych, gdzie stezenie
zanieczyszczen w powietrzu jest istotnym problemem. Potencjat do pochfaniania pytéw
jest zalezny od struktury warstwowej roslinnosci, gdzie wysokie stare zadrzewienia majg
najwyzszy potencjat do ich pochtania (Derkzen et al., 2015; Mexia et al., 2018). W przy-
padku nieuzytkdw warto rozwazy¢ tworzenie ostoi ustug ekosystemowych (Sikorska et al.,
2021), ktore pozwolg je uchronic przed przeksztatceniem w tereny zabudowane.
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Whioski

Zbiorowiska roslinne porastajgce nieuzytki miejskie sg stabo rozpoznane. Nieuzytki
sq miejscem ekspansji wielu gatunkéw obcych, ale takze rzadkich gatunkéw rodzimych,
czego przyktadem jest Carex melanostachya. Wskazane korzysci z wystepowania roslin-
nosci nieuzytkdw w pochtanianiu pytow, wychtadzania powierzchni ziemi i ograniczania
jej wysuszania, skfaniajg do przewartosciowania znaczenia tych zbiorowisk w miescie. Za-
chowanie roslinnosci nieuzytkéw i jej dtugofalowe przeksztatcanie bez utraty aktualnych
ustug wymaga dogtebnego poznania. Wyniki naszej pracy pozwalajg na zmiane praktyk
planistycznych i wskazujg kierunki dalszego postepowania.

Ryciny i tabele, pod ktérymi nie zamieszczono Zrodta, sg opracowaniami wtasnymi auto-
row artykutu.
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Summary

There is wide recognition that urban green space provides city residents with considerable
benefits, inter alia of an environmental, economic and health-related profile. However,
the different types of urban greenery include a rather large proportion taking the form
of vegetation on abandoned sites that remain uncultivated, to the extent that a plant co-
ver develops without much active human involvement. Almost by definition, there is only
a poor level of recognition of the ecological potential such sites (here referred to as “infor-
mal green spaces” —IGS) enjoy, or of their capacity to render a variety of different ecosys-
tem services. Against that background, the work presented here entailed in-depth study
of the flora and plant communities present in Warsaw’s informal green spaces, the aim
being to better ascertain their role in preserving biodiversity and delivering ecosystem se-
rvices. Specifically, we identified the plant species composition present at 75 different lo-
cations within the urban green space of Poland'’s capital city. To qualify for consideration,
these sites had to be identified as entirely bereft of vegetation maintenance, or else only
minimally subject to it, to the extent that it is largely processes of natural succession that
are ongoing. The sites in fact range from wastelands with stabilised vegetation, via urban
scrub and forest, through to non-forest habitats, sporadically cultivated and established
over 20 years. We determined the density of vegetation present, and examined its struc-
ture in relation to various known classes of green space. We further determined the role
of various vegetation types in rendering ecosystem services, be that surface cooling, sub-
strate moisture maintenance or a capacity to remove particulate matter from the air. The
informal green spaces we investigated are in fact found to comprise mainly-stable forest
communities dominated by invasive species of tree (phytosociological Classes Robinietea
and Salicetea purpureae), as well as non-forest communities (of Classes Molinio-Arrhena-
theretea, Epilobietea and Artemisietea) again largely dominated by invasive plant species.
The level of biodiversity here is average, it mostly being common forest and non-forest
species that are preserved. However, in exceptional cases, the habitats constituted here
do support species rare on a regional scale. It emerges that the forest vegetation is of we-
akly-diversified structure, as a reflection of the specific strategy invasive species pursue
as they form monospecific communities. As noted already, the vegetation of the infor-
mal green spaces is seen to be largely dominated by such invasive species. Nevertheless,
despite their evidently limited role in preserving biodiversity, these sites represent such
a high density and volume of vegetation that their provisioning of ecosystem services is
on a high level, especially where forest plant communities are involved. Sites that have
come to be dominated by invasive plant species are shown to render ecosystem services
comparable with (or sometimes even surpassing) those provided by native species, and
this is especially the case when it comes to the removal of particulate matter fromair and
the exerting of a cooling effect.
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Abstract: Urban informal green spaces (IGS) represent valuable reservoirs of biodiversity within
urban areas and are increasingly recognized as integral components of green infrastructure. They are
perceived as temporary ecosystems, and the management of their vegetation is relatively understud-
ied. The development time of spontaneous vegetation on transformed lands is considered to be in the
range of decades, which makes it even more necessary to provide managers with better guidelines
for such a long period. Two suggested management approaches for these areas involve: (1) retaining
vegetation at various stages of succession (non-forest IGS) and (2) protecting advanced develop-
mental stages (forest IGS), with options for balanced intervention or complete non-intervention.
However, the differences in biodiversity between these two types in cities across Central Europe
remain unknown, as well as whether the predictors of biodiversity at both local and landscape scales
are consistent for non-forest and forest IGS. We examined factors such as habitat continuity, landscape
structure, soil quality, and human impact to shed light on pathways for enhancing urban floristic
diversity. Conducting extensive botanical surveys in existing informal green spaces (IGS) in Warsaw,
we derived various parameters, including the total number of species, Shannon-Wiener biodiversity
index, hemeroby, urbanity, share of species from distinct ecological groups, and the number of rare
and ancient forest plant species. Tracing habitat continuity from the early 20th century using digitized
aerial imagery provided a unique long-term perspective on IGS development. We revealed that no
management is pivotal for the conservation of select rare and ancient forest species. On the other
hand, partial abandonment with occasional maintenance may enrich species diversity across different
successional phases. We uncovered the significant influence of landscape structure and human
activity on vegetation species composition within IGS. Notably, IGS proximate to extensive forest
landscapes displayed a marked abundance of forest species, alongside a greater prevalence of rare
species. However, the presence of other vegetation types in the vicinity did not yield similar effects.
Our findings indicate that IGS, when left untouched for decades near forested areas, are valuable for
urban biodiversity. As cities across the globe seek sustainable paths, this research underscores the
importance of properly understanding and integrating IGS into urban ecological planning.

Keywords: urban biodiversity; urban spontaneous vegetation; habitat continuity

1. Introduction

Urban landscapes, while recognized as hubs for economic and cultural activities, are
witnessing a significant decrease in plant diversity. This decline is primarily attributed to the
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fragmentation and loss of natural habitats, a challenge intensified by the rapid expansion
of urban areas into green spaces [1-4]. Efforts to conserve urban plant diversity have
traditionally been directed at safeguarding existing natural vegetation, which represents
only a minor portion of urban green spaces [5-7]. In concentrating efforts on the limited
expanse of protected areas and traditionally cultivated urban green spaces, the role of
so-called informal green spaces (IGS) in contributing to urban plant diversity has recently
gained more attention [8].

Originating from Rupprecht’s conceptualization [9], the term IGS encompasses a
wide range of neglected urban spaces, including vacant lots, brownfields, wasteland, and
similarly underutilized areas which are not typically accounted for within formal urban
planning frameworks [8,10-14]. However, an alternative perspective considers the presence
of spontaneous vegetation and minimal maintenance as key identifiers of IGS, focusing on
these ecological characteristics rather than the spaces’ previous usage [8,14].

In urban planning discourse, IGS are predominantly viewed as transient entities [9,11].
This perspective is supported by research identifying these spaces as “waiting lands”: areas
earmarked for future development, yet playing a critical role in a city’s ecological and social
fabric [9,11]. While currently serving as temporary recreational spaces, there is a potential
for these areas to transition into permanent green spaces [15]. Moreover, attempts have
been made to enhance resident perceptions of these spaces; strategies such as the subtle
redesign and introduction of ornamental plants into thickets and groves are proposed
to improve both the aesthetic and ecological value of these areas [16,17]. This approach
not only aims to elevate the visual appeal of IGS, but also to underscore their ecological
significance within urban settings.

While IGS may initially appear as areas with minimal value, they have been substanti-
ated as providers of an array of ecosystem services that benefit urban populations [8,18].
Their value extends to acting as key refuges for a wide array of plant species, including
both common and rare flora, underscoring their importance in sustaining urban floristic
diversity [8,19-21].

However, the management of vegetation in IGS presents a complex challenge. The
development of spontaneous vegetation on transformed lands spans decades, with early
phases of vegetation succession developing within a few years [22], while spontaneous
forest stands of 40 years and older have also been observed [23-25]. In highly degraded sites,
these ecosystems are particularly susceptible to colonization by invasive species, potentially
resulting in the establishment of monocultures [8,26]. Effective management strategies are
essential in such areas to guide succession toward more desirable ecological trajectories.

Addressing this need, two primary management directions have been suggested:
(1) retaining vegetation at various stages of succession for non-forest IGS [10,27,28], and
(2) protecting advanced developmental stages for forest IGS [11,23-25]. These approaches
suggest either balanced intervention or complete non-intervention, respectively. Further-
more, maintaining mixed forms within a mosaic spatial structure is recommended to
foster greater diversity in succession stages [10], indicating a nuanced approach to the
management of IGS that considers their dynamic and evolving nature.

Maintenance practices that retain succession, including abandonment, grubbing, har-
rowing, mulching, or selective mowing, directly alter the successional trajectory and
structural composition of these urban green spaces, impacting their biodiversity [10,29,30].
Furthermore, these practices can be utilized to achieve the greatest diversity of plant
species, which is found in middle-aged communities characterized by the interplay be-
tween perennial and woody plants [29]. As succession progresses, the habitat undergoes
regeneration, leading to an increase in soil bulk density and organic matter content [31].
Under favorable conditions and management, IGS vegetation can even transform into
persistent semi-natural or natural communities [32,33].

Effective management of IGS is essential for promoting biodiversity, contributing
to ecosystem services, and improving the quality of life for urban residents [34,35]. The
unique complexity and emergence of novel ecosystems within IGS pose distinct manage-
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ment challenges, differing significantly from those in natural settings [36]. It is necessary to
understand how factors such as pollution, invasive species, and environmental variabil-
ity [10,11,21,26,37,38] shape the composition and diversity of IGS vegetation at both the
local and landscape levels [39,40].

Local factors, notably the habitat’s age and quality, primarily dictate the initial plant
colonization and the progression through successional stages, from predominantly annual
plants to communities rich in perennial and woody species. This transition reflects the
ecosystem’s maturation and increasing complexity [41,42]. Soil type and nutrient content
play critical roles in shaping vegetation development, thereby affecting the biodiversity and
structural composition of IGS vegetation [10,29,30,43]. Additionally, landscape-level factors,
particularly the composition of the surrounding landscape mosaic, influence plant species
diversity, modulating the floristic composition, including the presence of both common and
rare flora, and especially affecting species with limited dispersal capabilities [42,44-46].

Evaluating the relationship between IGS biodiversity and management practices, in-
cluding the role of habitat continuity and proximity within urban contexts, is vital for
developing strategies that enhance both biodiversity and ecosystem services delivery. This
approach aligns with the notion that both intentional neglect and occasional maintenance
might offer sustainable pathways for IGS management, reflecting on findings that sponta-
neous greenery can yield benefits similar or superior to manicured spaces with minimal
maintenance costs [8]. This inquiry into the optimal use and long-term stewardship of IGS
considers the broader ecological restoration framework [47] and debates on the permanence
of anthropogenic assemblages within IGS as either temporary stages or part of a prolonged
ecosystem regeneration process [48].

The objective of this study is to analyze the floristic diversity of spontaneous veg-
etation of IGS in Warsaw, investigating two different types of IGS which resulted from
varying management strategies: non-forest IGS (resulting from irregular tree removal) and
forested IGS (totally abandoned). This involves examining IGS flora at various stages of
succession of non-forest and forest IGS. An assessment was undertaken to determine which
management method favors plant species richness, species composition, the occurrence of
different plant ecological groups, and the presence of rare species within the urban setting.
The study also explores how habitat parameters and landscape variables influence the IGS
floristic diversity.

In this study, we focus on the following key research questions:

How do vegetation quality indicators vary between non-forest and forest IGS,
two different management regimes in Warsaw?

How do habitat parameters and landscape variables influence vegetation quality
indicators of non-forest and forest IGS?

2. Materials and Methods
2.1. Study Area

This study is set in Warsaw, the capital of Poland, positioned at geographical coor-
dinates 52°13'56" N 21°00'30" E, a city with a population exceeding 1.8679 million and
covering an area of 517.2 square kilometers. Warsaw is notable for its greenery, which ac-
counts for approximately half of the city’s total surface area, according to recent data [49,50].
However, formally designated green spaces managed by public authorities (parks, green
squares, cemeteries, allotment gardens, or urban forests) account for only 20% of this cover-
age. The remainder, therefore, falls into the category of IGS, embodying a broad spectrum
of vegetation beyond formal recognition and management [50,51], differing significantly
in characteristics from their formal counterparts [52,53]. Approximately 10.97% of these
IGS are not subject to regular maintenance, thereby fostering spontaneous vegetation
and exhibiting various stages of ecological succession [51], and are the primary focus of
our research.



114

Land 2024, 13, 764

4 of 22

2.2. Study Sites

In collaboration with the Warsaw Greenery Authority, the entity responsible for
overseeing urban green spaces, our research focused on identifying IGS not integrated
into the city’s formal green infrastructure and lacking regular management. The Authority
provided information on 40 such sites, characterized by spontaneous vegetation and
minimal upkeep, excluded from regular mowing and maintenance.

Between 2017 and 2022, we conducted a comprehensive vegetation inventory and
environmental assessments of the designated IGS. Our selection process involved on-site
evaluations to confirm the absence of regular management, with a focus on spaces not
maintained as urban lawns or other managed urban green areas. Preliminary investi-
gations indicated significant diversity in vegetation succession stages. Sites exhibiting
early succession phases, suggesting recent abandonment, were excluded from the study.
Our preliminary field studies also showed that the initially examined 40 areas should be
divided into individual vegetation patches. This division stemmed from the significant
diversity of patches in terms of vegetation type, habitat type, and age of the patch. Thus, we
divided the main areas into smaller patches belonging to two main categories, representing
two types of management, based on vegetation maturity and development (Figure 1A,B).

In the first group of IGS, which we referred to as non-forest IGS (n = 47), we observed
that the succession process was withheld by selective tree removal, which resulted in
the dominance of herbaceous vegetation. Herbaceous vegetation was represented by the
Molinio-Arrhenatheretea, Artemisietea vulgaris, Agropyretea intermedio-repentis, and Epilobietea
angustofolii phytosociological classes [54]. Preventing succession, which leads to the preser-
vation of open habitats, typically involves selectively removing trees and shrubs every
3-5 years or less frequently. It was rather local, and resulted from management due to prox-
imity of roads, electricity lines, housing estates, or recreational needs, or safety concerns.

The second group of vegetation patches, which we referred to as forest IGS, were
characterized by uninterrupted shrub and tree development (n = 61). Those sites lacked any
management; therefore, the succession process were not withheld, and woody vegetation
prevailed. The vegetation of those sites was represented by the Salicetea purpureae and
Querco-Fagetea classes [54]. We separated the sites into two categories, as the non-forest
and forest sites might host a completely different pool of species, and this allowed us to
verify this. The disproportion of forest and non-forest sites reflects the dominance of forest
IGS in Warsaw [51]. The sites were located on unfenced public lands. According to the
existing classification of Warsaw land use, these areas were assigned to varying types of
urban green spaces: vacant lots (non-forest: 26, forest: 32), aquatic buffers (non-forest: 9,
forest: 17), and brownfields (non-forest: 12, forest: 12). The sites were scattered all around
the city, covering the entire city center to suburb gradient. The site areas varied from 1 ha
up to 700 ha (Figure 1C).

In each of the preselected vegetation patches, we established vegetation plots. We
randomly selected one plot per each vegetation patch, which was representative but also
distant from neighboring vegetation types in order to avoid edge effect. Depending on
the vegetation types, we established sample sizes of 100 m? for forested plots and 16 m?
for non-forested plots, according to general guidelines of vegetation inventory for varying
ecosystem types [55]. We recorded all vascular plants and documented both the species
present and their percentage cover, twice a year, in April and June. We recorded the
percentage cover of canopy (a), shrub (b), and herbaceous floor (c) vegetation. To make
sure we covered all species, especially those which might not have been visible in each
year, we revisited all plots in 2019 and 2020. The data on species occurrence and vegetation
composition were further used for calculation of vegetation quality indices.

During phytosociological surveys, we noticed that the surveyed plots were signifi-
cantly populated by non-native species. Some of these species are listed on the national list
of invasive species [56] and pose a significant threat to native flora and habitats [57]. Among
them, the most abundant species were Acer negundo, Quercus rubra, Robinia pseudoacacia,
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Solidago canadensis, and Solidago gigantea. We treated this group of five species as the entire
set of invasive species in our analyses.

Succession stage of investiagted IGS
O early
® late

I Formal green spaces

I Informal green spaces

I Vistula river

= City administrative border
|

Figure 1. The investigated types of IGS: (A) non-forest IGS, permanent open habitats resulting from
the management practices of selective tree and shrub removal; (B) forest IGS, habitats resulting
from total abandoned management, allowing unhampered development of forest plant communities.
(C) Map showing formal and informal green spaces across Warsaw, with study plots in non-forest
(white dots) and forest (black dots) IGS categories.
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2.3. Vegetation Quality of IGS

Based on data collected in the field, we were able to calculate vegetation quality
indicators. We selected a set of vegetation-based indicators that are commonly used in
ecological studies. These indicators were calculated for each vegetation plot. The indicators
included the total number of species, the Shannon-Wiener index, hemeroby and urbanity
indices, the share of species from specific ecological groups, and the presence of rare
and ancient forest plant species (Table 1). We also considered indicators reflecting high
disturbance and anthropogenic pressure, including the share of invasive plant species (i.e.,
non-native species that were introduced by humans, either deliberately or accidentally
after year 1500) [58,59].

Table 1. Vegetation quality indicators in non-forest and forest IGS plots.

Indicator Description and Literature

Canopy cover [%]
Vertical vegetation structure Shrub cover [%] Percentage cover of different vegetation layers.
Herbaceous vegetation [%]

Total number of vascular plant species,
nomenclature according to Mirek [58].
Shannon-Wiener index after Magguran [60],
which takes into account total species number
and their percentage cover calculated for
herbaceous vegetation layer.

Biodiversity indicators Total number of species [no.]

Shannon-Wiener index

Percentage cover of species typical for different
ecological groups [54].

Forest plant communities (species from Salicetea
purpureae and Querco-Fagetea);

Forest species [%] Grassland plant communities (species from
Vegetation composition Grassland species [%] Molinio-Arrhenatheretea, Artemisietea vulgaris,
Invasive plant species [%] Agropyretea intermedio-repentis and Epilobietea

angustofolii classes);

Invasive plant species (percentage cover of Acer

negundo, Quercus rubra, Robinia pseudoacacia,

Solidago canadensis and Solidago gigantea).

Number of ancient forest species, characterized

by low dispersal ability which may indicate a
Ancient forest plant species [no.] long continuous history for the habitat, and may
be indicative of more original forest conditions.
List of species as by Dzownko and Loster [61].
Number of rare species in the herbaceous layer

Reesplant:species [re:] for the area of Warsaw [62,63].

Invasive species in canopy [%] Percentage cover of Acer negundo, Quercus rubra,
Invasive species Invasive species in shrub layer [%] Robinia pseudoacacia, Solidago canadensis, and
Invasive species in herbaceous layer [%]  Solidago gigantea in different vegetation layers.

Index expressing the vegetation deviation from
the potential natural state due to
anthropopressure on a scale of 1-7 [64]. The
average value of the index per plot calculated
based on the BiolFlor database [65], on the basis
of the species occurrence and coverage [66].
The average value of the index that evaluates the
attachment of plant species with
urban-environments [66]. The average value of
index per plot calculated on the basis of the
BiolFlor database [65], on the basis of the list of
species and their coverage.

Indicators of naturalness Hemeroby

Urbanity
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2.4. Factors Affecting IGS Vegetation

In order to investigate the relationships between biophysical and ecological parameters
and the vegetation quality indicators in the non-forest and forest IGS, we investigated a set
of parameters which, based on the literature review, could affect the vegetation structure
and composition of the sites (Table 2). Soil contamination has the potential to inhibit
vegetation development. Therefore, along with the vegetation study, we collected soil
samples for analysis. We measured soil pH level through potentiometry, and examined
samples for the presence of potentially harmful elements, such as Cd, Ni, Cr, Cu, Zn,
and Pb, which served as an indirect index of anthropogenic pressure on the habitat. Soil
samples were collected for each plot in three trials and were taken using an Egner rod
from the 0-20 cm layer. Heavy metals content was assessed using an atomic absorption
spectrophotometer on dried soil subjected to extraction in hydrogen peroxide, following
the PN-ISO 11047: 2001 standard. We also took into account population density in the
neighboring areas, which was extracted based on a 500 m [67] buffer zone.

We assessed habitat continuity back to the early 20th century using a series of digitized
aerial photographs and historical maps. For each location we traced back whether there
was a change in the land use, and noted the duration of the period since the most recent
change up until 2021 [29,43,68,69]. We investigated a set of materials dated since the
beginning of the 20th century. We used a series of digitized aerial photos (1935, 1939,
1945, 1957, 1959, 1963, 1967, 1968, 1972, 1974, 1976, 1977, 1978, 1981, 1982, 1986, 1987,
1990, 1992, 1993, 1994, 1996, 1997, 1999, 2001, 2005, 2008, 2010, 2011, 2012, 2013, 2014, 2015,
2016, 2017, 2018, 2019, 2020; http://mapa.um.warszawa.pl (accessed on 15 June 2023)
and https://mapy.geoportal.gov.pl/imap/Imgp_2.html (accessed on 15 June 2023)). For
verification, we also used military maps of the Russian Empire at a scale of 1:10,000 (for
the beginning of the 20th century) and available vegetation maps [70-72]. We digitized
historical orthophotomaps and compared historical material with current orthophotos and
maps (from 2021, scale 1:10,000) using QGIS 3.16. After initial analyses, we distinguished
six types of land use classes occurring throughout the period we analyzed, which were
arable lands, cultivated grasslands and pastures, built-up areas, gardens and orchards,
waterbodies, and others. Theses six types of land use were included as parameters in the
regression analyses. The habitat continuity indicator was the length of the period since the
last recorded land use class.

During the field study, we identified the surface areas of each patch of vegetation.
The mapping process was based on field measurements using a handheld GPS device and
orthophotomap mapping. Subsequently, we measured the surface area of each mapped
area, defining its size as the ‘patch size’. We assessed the vegetation in the neighborhood
of studied plots, using LIDAR and spectral imagery at a 1 x 1 m resolution. Using the
thresholding method, we divided the vegetation into three land use types: low vegetation,
high vegetation, and areas without vegetation. We defined low vegetation as vegetation
below 2 m, and high vegetation as vegetation above 2 m. We quantified the proportion of
these land use types within a 100 m buffer from the center of each studied plot. We tested
different buffer sizes and found that a 100 m radius best captured the variability while
avoiding the dominance of one or two habitat types and maintaining practicality in an
urban environment. This information was then utilized in regression analysis. All spatial
analyses were performed in QGIS 3.16 software.
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Table 2. Parameters related to anthropogenic pressure and habitat quality assessed for non-forest
and forest IGS.

Indicator Description and Literature

Number of people living within 500 m according to the
Central Statistical Office [49], based on the PESEL database.
A greater number of people residing in the vicinity of IGS
(buffer zone) results in increased pressure due to a higher
number of users. This pressure mainly manifests through
trampling, which, in turn, affects the vegetation
composition [73].

Number of inhabitants in 500 m
buffer zone [67]

pH Determined by potentiometry.
. Indirect index of anthropopressure in habitat. Determined
Gl NI b Oy on the basis of the norm PN-ISO 11047: 2001

Habitat continuity

The period measured from the occurrence of permanent
land use transformation resulting from human activities,
such as the cessation of economic or agricultural activity or
landscaping activities. Habitat continuity is considered a
key factor in many biodiversity indicators. High
biodiversity and many habitat specialist species are linked
to long-term habitat continuity [74].

Neighborhood of study plot

Share of high and low vegetation in vicinity of study plot.
Connectivity to other vegetation patches play important
role in providing new species [75,76]. Forest habitats tend to
be more reliable on connectivity to other forested patches,
due to low seed dispersion of many species [77,78].

low vegetation, high vegetation,
without vegetation

The surface area of each vegetation patch within which
vegetation plots were located. The positive effects of habitat
patch size on biodiversity manifest in the increased species
richness, diversity, and overall ecological health within
larger and more extensive habitat patches [79].

Former land use type

Arable lands
Cultivated grasslands
and pastures
Built-up areas
Waterbodies
Gardens and orchards
Other

Previous land use of IGS area. Previous land use has a key
impact on soil structure and carbon, nitrogen, and
phosphorus contents [80], which affects succession and
vegetation composition [81].

2.5. Statistical Analysis

In order to investigate the differences in terms of vegetation composition, structure,
and naturalness between the two distinguished IGS types (non-forest and forest), we
calculated comparative statistics. We used ANOVA [82] for those indicators that followed a
normal distribution, and Wilcoxon rank-sum test [83] with continuity correction for those
parameters which did not follow normal distribution.

To identify the factors influencing vegetation quality parameters in IGS, we employed
econometric modeling methods (Table 3). Distinct models were applied based on the char-
acteristics of the dependent variables. Models for vegetation quality indicators considered
five different metrics as dependent variables: number of species, ancient forest species,
rare species, hemeroby, and urbanity. Meanwhile, models for vegetation composition took
three different indicators as dependent variables: the share of forest species, the share of
grassland species, and the share of invasive species. In all models, the list of explanatory
variables included: habitat continuity, high vegetation in the vicinity, low vegetation in
the vicinity, without vegetation in the vicinity, patch size, and variables related to former
land use. We assessed the impact of these factors on biodiversity and vegetation structure
separately for the sub-sample of observations for non-forest and forest IGS. For rare plant
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species and ancient forest plant species, we used the quasi-Poisson regression [84]. The
shares of forest, grassland, and invasive species, as the dependent variables, were estimated
using the beta regression [85]. For other dependent variables, we used linear regression
models, with the dependent variable transformed following the Box-Cox test [86]. In
each of the models, we tested the residuals for the presence of spatial autocorrelation,
heteroscedasticity, and normality of distribution. To test the residuals for the presence of
spatial autocorrelation, we used Moran'’s I with the k-nearest neighbors method to create
the spatial weight matrix [87]. To check the residuals for the presence of heteroscedasticity,
we used the Breusch-Pagan test [88], while the normality of distribution was verified using
the Shapiro-Wilk test [89]. The stepwise regression was performed to eliminate statistically
insignificant explanatory variables [90]. For analyses, we used R Cran 4.2.3. with the
MASS [91], olsrr [92], Imtest [93], pIm [94], betareg [95], and gamlss [96] packages.

Table 3. Dependent and explanatory variables used in regression analyses.

Name Description Regression Model

Dependent variables
Vegetation quality indicators
Linear model with

119

Total number of species

Ancient forest plant species
Rare plant species

Hemeroby

Urbanity

Vegetation composition
Forest species [%]
Grassland species [%]
Invasive plant species [%]

Total number of vascular plant species

Number of ancient forest plant species
Number of rare species in herbaceous vegetation layer
The average value of the index of response of vegetation
to anthropopressure
The average value of the index of tendency to occur
in cities

share of species characteristic for forests
share of species characteristic for grasslands
share of invasive plant species

Box-Cox transformation
quasi-Poisson model
quasi-Poisson model

Linear model with
Box-Cox transformation
Linear model with
Box-Cox transformation

beta regression model
beta regression model
beta regression model

Explanatory variables
Habitat continuity [years]

Neighborhood of study plot
(100 m buffer):
Low vegetation
High vegetation
Without vegetation
Patch size [m?2]
Former land use type:
Arable land

Cultivated grasslands and pastures

Built-up areas
Waterbodies
Gardens and orchards
Other

The period measured from the occurrence of permanent
land use transformation resulting from human activities.

A set of binary variables which take the value of 1 for a
dominant type, within the 100 m buffer from study plot,
and 0 otherwise.

Surface area of each studied IGS

A set of binary variables which take the value of 1 for
previous land use, determined on the basis of historical
orthophotomaps, and 0 otherwise.

3. Results
3.1. Vegetation of Non-Forest and Forest IGS

Both investigated IGS types (non-forest IGS and forest IGS) were characterized by
similar habitat continuity, and their current management type defines their structure and
vegetation composition (Table 4). We noted significant differences between the two dis-
tinguished types in terms of their structure and composition. In forest IGS, the tree layer
comprised 78.54%, the shrub layer comprised 33.49%, and the ground layer made up
66.14%. In non-forest IGS, the tree layer accounted for 7.05%, the shrub layer for 10.23%,
and the herbaceous layer for 97.34%.
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Table 4. Mean values of habitat continuity, vegetation quality indicators, trampling, and soil quality.
Statistically significant differences between non-forest and forested IGS, based on ANOVA and
Wilcoxon rank-sum tests, are highlighted in bold.

Non-Forest IGS Forest IGS

n=47 n=61 pVAlEE
Habitat continuity and vertical vegetation structure
Habitat continuity (years) 39.30 43.80 0.789
Canopy cover (%) 7.05 78.54 0.000
Shrub cover (%) 10.23 33.49 0.001
Herbaceous vegetation (%) 97.34 66.14 0.001
Biodiversity indicators
Total number of species (n) 15.60 12.70 0.032
Shannon-Wiener index 1.82 1.68 0.852
Vegetation composition
Ancient forest plant species (n) 0.36 1.34 0.012
Rare plant species (n) 0.32 1.59 0.018
Invasive species
Invasive species in canopy (%) 3.38 32.79 0.000
Invasive species in shrub layer (%) 6.87 10.18 0.123
Invasive species in herbaceous layer (%) 21.62 10.26 0.004
Indicators of naturalness
Hemeroby 4.14 3.86 0.673
Urbanity 2.69 2.64 0.982
Trampling 2930 3009 0.957
Soil quality
pH 7.19 7.10 0.981
Pb 50.49 46.54 0.549
Cd 0.31 0.34 0.892
Ni 12.99 12.13 0.711
Cr 14.45 14.23 0.894
Cu 50.05 45.55 0.759
Zn 135.78 122.45 0914

Invasive plant species made up a high share of vegetation in both IGS types, but their
percentage cover seldom exceeded 40%. The proportion of invasive species also varied
noticeably across different vegetation layers. In forest IGS, invasive species constituted
nearly one-third of the total tree layer, at 32.79%, whereas in non-forest IGS, they made up
only 3.38%. In contrast, non-forest IGS exhibited a 21.62% proportion of invasive species in
the herbaceous layer, while in forest IGS, the share of invasive species in the herbaceous
layer was half that size.

The IGS type was not linked to the overall floristic richness, hemeroby, and urbanity
indicators. The major visible difference was the significantly higher number of plant species
in non-forest IGS, where the mean value of the number of species was 15.60; in forest IGS,
it was 12.70. At the same time, the forested IGS hosted a higher number of rare species
and ancient forest species. In non-forest IGS, the total number of identified rare plant
species was 15 (File S1. The two most frequently encountered species were Potentilla recta
and Trifolium alpestre. In the case of forest IGS, the total number of identified rare plant
species was 28, with the most common being Anemone ranunculoides and Stellaria holostea.
The investigated IGS, therefore, harbored distinct sets of rare plant species, and only two
species, Epilobium montanum and Stellaria holostea, were found in both types of IGS.

Significant differences between these two types of IGS were also found in the pro-
portions of species from different ecological groups (Figure 2). Forest IGS were distinctly
dominated by forest species, accounting for 34.6%, while in non-forest IGS, those species
occupied only 2.1% on average. The most frequently encountered forest species were
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Acer plantanoides, Tilia cordata, and Populus canescens. On the other hand, non-forest IGS
were dominated by grassland species, constituting 57.93%, while in forest IGS, an average
of 25.23% of the spaces were occupied by this group. The most frequently encountered
grassland species were Calamagrostis epigejos, Poa pratensis, and Dactylis glomerata.

All investigated IGS were comparable in terms of soil pH and heavy metals con-
tent. None of the parameters tested exceeded the contamination norms (Dz. U. z 2016 r.
poz. 1395*), which could significantly hamper vegetation growth and vegetation compo-
sition (Table 4). We also noted comparable population density in the neighborhoods of
investigated IGS, as the IGS sites were within easily accessible range for approximately
3000 residents living in the 500 m buffer zone, regardless of IGS vegetation type.

* Rozporzadzenie Ministra Srodowiska z dnia 1 wrzeénia 2016 r. w sprawie sposobu
prowadzenia oceny zanieczyszczenia powierzchni ziemi: The Regulation of the Minister of
the Environment of 1 September 2016, regarding the method of conducting the assessment
of land surface pollution.

57.93 19.84

Non-forest -

Species groups

. Invasive species

. Forest species
Grassland species
Other species.

2523 2573

Forest -

0 2 50 75 100
Share [%]

Figure 2. The share of species from different ecological groups in IGS.

3.2. Factors Affecting Vegetation Structure and Biodiversity Indicators of Non-Forest and
Forest IGS

Our multiple regression analyses on vegetation quality indicators across two types of
IGS, non-forest and forest, identified a statistically significant influence of three primary
factors: habitat continuity, former land use as built-up area, and the presence of high
vegetation in the vicinity. The impact of these factors varied across different biodiversity
indicators and IGS types.

Habitat continuity emerged as the most critical factor influencing vegetation composi-
tion across both IGS types. In forest IGS, high habitat continuity was positively correlated
with the presence of forest species, rare species, ancient forest species, and total number of
species (Tables 5 and 6). It also played a role in reducing the occurrence of invasive species
and hemeroby. However, in non-forest IGS, habitat continuity was positively correlated
with the total number of species, and negatively related to hemeroby.
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The impact of previous land use as built-up area varied markedly between non-forest
and forest IGS. In forest IGS, such land use had a negative effect on the total number of
species, contrasting with non-forest IGS, where it surprisingly favored a higher total number
of species. This factor, alongside gardens and orchards as previous land uses, was also
associated with a higher proportion of invasive species in non-forest IGS (Tables 5 and 6).

The presence of high vegetation in the vicinity influenced vegetation quality in non-
forest IGS. The high share of high vegetation in the vicinity was positively correlated with
hemeroby, while it was negatively correlated with the total number of species. Our analysis
also pointed to the selective influence of the closest neighborhood on species composition
in forest IGS. A higher share of high vegetation areas nearby favored the occurrence of
forest species such as Adoxa moschatellina, Circaea alpina, and Ribes spicatum, but did not
significantly affect the share of other groups or the total number of rare plant species.
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Table 5. Results of regression analysis, factors that influence vegetation quality indicators of IGS (values in table represents coefficient values; * indicates statistical
significance, where *** = 0.000; ** = 0.001; * = 0.01).

Non-Forest IGS Forest IGS
Total Number Ancient Forest Rare Plant g Total Number Ancient Forest Rare Plant =
of Species Plant Species Species Hemeroby  Urbanity of Species Plant Species Species Hemeroby  Usbanity
Habitat continuity 0:039%4% - - —0.064 * - 0.009 *** 0.016 ** 0.024 *** —0.008 ** —0.007 *
High vegetation in vicinity -1.017 * = = 3.320 * = Z = = > =
Former built-up areas 1.885* - - - - —1:285:4*¢ - - - -

Table 6. Results of regression analysis, factors that influence vegetation composition of 1GS (values in table represents coefficient values; * indicates statistical
significance, where *** = 0.000; ** = 0.001; * = 0.01).

Non-Forest IGS Forest IGS
Forest Species Grassland Species Invasive Species Forest Species Grassland Species Invasive Species
Habitat continuity - - - 0.013* - -0.013 *
High vegetation in vicinity - = = 1.342* - -
Former built-up areas - - 1.761 ** -1.500 * - -
Former gardens and orchards - - 1.900 *** - - -

123
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4. Discussion

In discussing the role of urban IGS in enhancing urban biodiversity, our findings
underline the significant yet differentiated contributions of non-forest and forest IGS, which
are the result of two varying management regimes in Warsaw: selective tree removal leading
to preservation of open habitats, and unhampered succession leading to the development
of forest ecosystems, respectively.

4.1. Factors Shaping Informal Green Spaces

Itis assumed that the minimalization of human intervention enables natural succession
processes and amplifies biodiversity [97,98]. In our study, most parameters linked to floristic
richness and overall vegetation quality indicators were explained by habitat continuity.
The longer the time since the habitat was degraded and land use change occurred, the
higher the number of species present, and the higher the values of naturalness indicators
(Tables 5 and 6). We did not record relationships with the Shannon diversity index, which
may be attributed to the frequent dominance of ruderal species. Habitat continuity generally
plays a crucial role in preserving species associated with forests [61,99] and grasslands [100],
and in supporting overall floristic diversity in cities [101]. Specifically, in forest IGS,
habitat continuity is essential for promoting the presence of rare and ancient forest plant
species, which often have very low seed dispersal capabilities [61]. IGS should be therefore
perceived as areas designated for long-term ecological restoration [8,9,102].

The vegetation composition of IGS also results from the land use type before the
abandonment of cultivation. Among the investigated types, we found that only sites which
were former gardens and orchards or built-up areas had significant influence (Table 6).
We found a link between former land use as built-up areas, gardens, and orchards with
a high share of invasive plant species (Table 6). According to the literature, gardens near
homes and allotment gardens may be the biggest potential source of alien and invasive
species [103-106]. Many invasive species were introduced into the native flora as ornamen-
tal plants in gardens [107]. After the cessation of use of these areas, the seed base remained
in the soil, allowing for the continued development and spread of invasive species [108].

Urban green patches typically differ from surrounding natural habitats in species
richness and interactions [109-111]. Alien species, in particular, interact with local species
and alter ecosystem succession [112,113]. An important factor in these conditions might be
seed dispersal, which drives an urban-specific pattern of plant community formation [114].
While seed dispersal in cities has been studied [115-117], its overall impact on the develop-
ment of new ecosystems remains poorly understood [118].

The presence of adjacent forested areas distinctly benefits the diversity of species
within IGS. However, our study indicates that this factor is primarily significant for forest
IGS, and the formation of new patches. The proximity of other forest patches allows for
the colonization of younger patches by forest species. This proximity might be crucial for
enhancing species richness through vegetation regeneration, offering a lifeline, especially
to species that are hampered by limited dispersal capabilities [78,114,119]. In contrast, for
non-forest IGS patches, this proximity has a distinctly negative impact. It does not result
in any changes in the share of grassland and forest species, although it has a significant
positive impact on hemeroby.

4.2. Impact of Management Regimes on Non-Forest and Forest IGS

A common misconception among IGS managers is the belief that these spaces re-
quire minimal management effort [51]. This perspective has led to instances where IGS
are converted into parks and subjected to intensive cultivation practices [8,15]. Yet, an
emerging body of evidence advocates for alternative, low-maintenance approaches to
IGS management that prioritize biodiversity conservation without the need for intensive
human intervention. This evolving perspective encourages a shift towards two primary
management strategies: one advocating for the complete cessation of maintenance activities,
and another promoting selective management practices, such as the occasional removal of
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invasive species or management interventions aimed at preserving open habitats. These
strategies, which diverge from conventional formal greenery management practices, are
recognized for their unique contributions to enhancing urban biodiversity, as demonstrated
by our study.

In the context of non-forest IGS management, the trajectory of spontaneous vegetation
development is pivotal, typically commencing with herbaceous vegetation in the early
years before transitioning to tree dominance after 14-18 years [10,120].

The strategic interruption of this ecological succession at the non-forest IGS stage
is advocated by numerous researchers [10,27,28], although specific interventions are less
frequently delineated. Among the suggested measures, regular mowing to preserve early
successional stages is noted [121], alongside more detailed strategies like the enhancement
of grassland areas through the introduction of meadow species and systematic mowing.
These practices are aimed at establishing vegetation typical of oligotrophic grassy ecosys-
tems within a few years [26,122-124].

The proliferation of expansive herbaceous species, such as Solidago canadensis and
Solidago gigantea, can play a critical role in delaying this transition, effectively postponing
tree encroachment [120]. However, our research shows that invasive species are numerous
in these spaces, especially in the herbaceous layer. In extreme cases, monospecific habitats
may occur, in which the total number of plant species regresses with age [125-127]. The
negative effects of these monospecific patches extend beyond plants, adversely impacting
animals as well [128,129]. Therefore, it seems that the management of these areas cannot
be limited only to stopping the stages of succession; there is also a need for controlling
the excessive expansion of invasive species. A more comprehensive approach is needed.
Proposed actions include the removal of invasive species to facilitate the restoration of
native plant-based habitats [130]. Revegetation appears to be particularly effective in
grasslands, as reported by many researchers [131-133].

Our observations within this study also identified patches where the sporadic cutting
of tree and shrub shoots, undertaken for technical or recreational reasons, maintained a
dominance of ruderal plants over several decades. Although such management practices
are common in urban settings, they are seldom documented over extended periods. This
approach not only achieves desirable visual outcomes [22] but also enhances the provision
of regulating ecosystem services [18], and promotes a rich diversity of species characteristic
of both early successional phases and grassland habitats. In these managed patches, a
distinct assembly of rare species has been documented (Table 4 and File S1), diverging
significantly from those found in forested IGS. Notably, non-forest IGS exhibit a higher
total number of species, a diversity likely attributable to the mixture of species from
various successional stages [134], underscoring the ecological richness and management
implications of these urban green spaces.

In the case of forest IGS, the strategy of ceasing management and allowing unham-
pered vegetation growth to culminate in forest plant communities has gained significant
attention [8,11,23,25]. The higher number of ancient forest and rare species within these
spaces (File S1) correlates with higher habitat continuity, signaling a trend towards greater
habitat stability and resilience over time. Moreover, the ageing of these areas contributes to a
reduced prevalence of invasive species, with older forest IGS sites demonstrating a marked
resilience to such invasions, a phenomenon supported by extensive literature [135-137].
The transition towards managing IGS as forest ecosystems is further justified by their
augmented capacity to provide regulating ecosystem services, attributed to the dense,
multilayered vegetation characteristic of these environments [18,138].

The preservation and thoughtful management of both types of IGS are paramount to
enriching urban ecological landscapes. On one end, periodic tree removal within non-forest
IGS can foster a dynamic, transitional habitat teeming with diverse plant life. On the
other, forest IGS left undisturbed can become sanctuaries for rare and ancient forest plant
species, underscoring the vital role of both management approaches in bolstering urban
biodiversity. This dual approach not only accommodates a wide array of plant diversity
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but also ensures the representation of rare and ancient forest plant species, reinforcing the
critical importance of maintaining diverse IGS types to enhance urban biodiversity as a
whole [10].

4.3. Limitations of the Study

Our study, despite being based on detailed environmental research conducted in
existing established IGS, was not without limitations. We excluded from the study pio-
neer phases of succession and their diversity, which can be poorly perceived by the city
residents [10]. However, such areas do exist within the mosaic of spontaneous vegetation
patches in varying succession stages, and cannot be excluded from the broader analysis
of IGS, their role in cities, and their management. In our case we did not find a sufficient
number of sites which would represent areas where such an early development phase
would be consequently maintained over a longer period of time in this form, apart from
post-industrial sites of limited size.

The selected areas were not critically polluted. While their level of contamination was
similar to cultivated urban green spaces in Warsaw [139], they were also lower than in
post-industrial heavily degraded sites [140]. In IGS, we investigated only point anomalies,
which were results of historic management and post-war usage of debris from buildings to
build paths in Warsaw parks [139]. Management of IGS in post-industrial sites does require
a more nuanced and engineering approach.

Most importantly, our study took into account a limited number of biophysical factors
which might be related to vegetation development, representing a field for future studies
to consider. We also observed only the result of vegetation composition; while we do
not have exact data on tree removal frequency and extent, the broad set of existing IGS
in Warsaw provides an interesting field for examining the management implications of
such vegetation for biodiversity preservation. The management of non-forest IGS involved
irregular removal of woody stems and trees, using varying techniques and machinery with
different levels of intensity and frequency. Since these practices were not documented, they
might have influenced the outcome results.

4.4. Management Guidelines for IGS

The planning and management of IGS should be considered an integral part of the
urban landscape, emphasizing the enhancement of ecological connectivity. This is particu-
larly crucial for animal species that depend on the connectivity between patches [141,142].
For disturbed IGS patches lacking a seed bank, additional measures such as seeding and
planting or facilitating seed dispersal from adjacent areas are necessary, especially with
species characteristic of more mature successional phases.

The vegetation of IGS, is temporary but serves as a site for ecological regeneration.
Future interventions in these spaces should not undermine accumulated ecological benefits
such as biodiversity preservation, carbon sequestration, or community attachment to these
areas. Such interventions should prioritize leisure infrastructure without significantly
diminishing the biodiversity value and ‘wild” nature of IGS [143,144]. In forest IGS, con-
servation strategies should aim to minimize any activities, especially those involving the
removal of shrub and tree biomass, to support diversity and natural development.

The management of IGS vegetation often stems from recreational or technical needs,
but it is advised to maintain vegetation in a mosaic spatial structure to foster greater
diversity in successional stages [10]. This mosaic, due to its superior ecosystem service
ratings and natural quality of wooded vegetation, should be dominated by late successional
phases [8]. Such diverse patches can support specific species groups, including butterflies
that prefer certain nectar plants [145].

Implementing measures to control invasive species and promote the growth of native
plants is essential for maintaining balanced ecological dynamics [146].

Encouraging citizen science projects can elevate public appreciation for IGS, contribut-
ing to biodiversity monitoring and conservation efforts [147]. These initiatives not only
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enhance biodiversity awareness but also cultivate a sense of community ownership over
local green spaces, leading to more effective and sustainable management [148].

5. Conclusions

IGS serve as refuges for urban biodiversity, harboring an array of species, including
rare species, thereby underscoring their potential in biodiversity conservation within
urban ecosystems.

Our comprehensive study on IGS biodiversity in a major Polish city largely supports
results from studies in other geographical contexts. The vegetation of IGS, while temporary
in nature, plays a crucial role in the regeneration of urban ecosystems. This underscores
the importance of preserving and managing these spaces to foster ecological resilience and
biodiversity within city environments.

The landscape structure and the surrounding environment significantly influence
vegetation quality in IGS, particularly in forest IGS. Proximity to other forested areas favors
a higher number of forest species, highlighting the importance of maintaining connectivity
between patches of habitats in urban planning.

Proper management of IGS offers novel opportunities to enhance urban biodiversity.
Establishing mosaics with a dominance of forest IGS appears to be a viable compromise for
balancing conservation and recreational needs.

Long-term abandonment of IGS significantly enhances floristic diversity and reduces
the presence of ruderal species, regardless of the management approach employed. Pre-
vious land use has an additional impact; areas previously developed or used as gardens
exhibit a higher abundance of invasive species.
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Between paper and plan: contrasting data
on urban habitats in literature with planning documents

Abstract

In this study, we evaluated the integration of urban habitat data in spatial
development documents across Poland’s 28 largest cities and assessed
the implications for urban environmental management and biodiversity
conservation. The detailed habitat maps identify critical areas for
protection, enhancing ecosystem services, and supporting nature-based
solutions that positively impact residents’ health and social cohesion. A
total of 372 sources were analyzed and 467 habitat types were identified
primarily from phytosociological surveys. However, only 33.2% of these
habitats have been included in urban planning documents, highlighting a
substantial integration gap. Complete taxa lists and habitat maps covering
the entire city area, suitable for biodiversity management needs, are rarely
included in urban planning documents. The findings have underscored
the need for detailed habitat mapping to improve urban environmental
management, biodiversity conservation, and public health promotion.

Keywords
Urban habitat mapping + urban planning strategies « rare habitats * novel
ecosystems

Introduction

As integral components of urban ecosystems, urban green
habitats play a crucial role in urban ecology by supporting
diverse plant and animal communities that interact within their
environments through the flow of energy and matter (Farinha-
Marques et al. 2017; Niemela 1999). Effective management and
conservation strategies for urban ecosystems require detailed
mapping and understanding of specific urban habitats. Such
mapping has been performed in many cities worldwide and
effectively integrated with spatial planning systems (Jalkanen et
al. 2020; Mansuroglu et al. 2006; Nilon et al. 2017; Sukopp & Weiler 1988;
Wemer 1999; Zhao et al. 2022). Vegetation plays a fundamental
role in habitat identification (Sukopp & Weiler 1988; Werner 1999).
However, approaches to vegetation classification and delineation
vary, taking into account natural aspects with different levels of
detail (Mansuroglu et al. 2006; Zhao et al. 2022).

Initially, the aim of urban habitat mapping was to safeguard
valuable natural areas and protect rare and endangered species
(Werner 1999). This has evolved into an integral component of
modern environmental management strategies, focusing on
nature conservation, public health promotion, and addressing
global environmental changes (Boehnke et al. 2022; Jalkanen et al.
2020). Habitats serve as units for planners to identify areas that
provide ecosystem services (Ahern et al. 2014; Haase et al. 2014) and
support nature-based solutions (Castellar et al. 2021). Green spaces
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within urban areas can positively impact residents’ physical and
mental health, strengthen social bonds, and contribute to crime
reduction (Barton & Pretty 2010; Bogar & Beyer 2016; Fuller et al. 2007).
Strategies for enhancing the natural properties of green spaces
include the restoration of specific areas with high biological
diversity in residential areas (Karvonen & Yocom 2011; Qiu et al. 2010).
Such approaches lead to residents having frequent contact with
nature, which can engage people in conservation efforts, increase
ecological awareness, and enhance the sense of belonging in
their local area (Fuller et al. 2010).

Effective management of urban natural resources requires
accurate recognition of habitats and their status in spatial
development plans (Gaston et al. 2013; Pan et al. 2021). Substantial
gaps in data collection and the limited use of the data in local
plans often impede this process (Evans 2006; Evans 2004). To date,
relatively few planners have access to sufficiently detailed and
quantified data to meet their green planning needs (Chanetal. 2021).
This lack of specific information can undermine the effectiveness
of plans to protect local biodiversity (Nilon et al. 2017). Insufficiently
detailed identification and habitat representation in urban plans
can result in the destruction of valuable ecological areas despite
legal protections. The main challenge of contemporary urban
planning is navigating between growing demographic pressures
and nature conservation. In recent decades, the ecosystem-
based model has become an increasingly recognized approach

© 2024 Authors, published by Sciendo. [©_® 1 This work is licensed under the Creative Commons Attribution 4.0 License.
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to urban planning, which can address environmental degradation
and biodiversity loss (Bai 2018; Chan etal. 2021). Supported by years
of scientific research, this strategy has demonstrated synergistic
benefits for residents’ health and quality of life, and for urban
ecosystems (MacDougall et al. 2013; Turchin & Denkenberger 2018; Zywert
2017). Implementing such strategies is crucial in the context of
climate change and efforts to protect urban biodiversity.

Poland’s extensive history of urban vegetation studies (Chytry
etal. 2016; Sowa & Olaczek 1978) has provided a robust foundation for
our research. This has ensured that the methods used have been
grounded in complete local datasets using established practices.
This rich background has allowed for an integrated analysis of
urban habitats within densely populated regions. Using Poland
as a case study, we aimed to evaluate the integration of urban
habitat data in spatial development documents across Poland’s
28 largest cities and assess implications for urban environmental
management and biodiversity conservation. The specific goals
are: 1) Analyze the incorporation of habitat data from scientific
publications into urban planning documents; 2) Identify gaps
between habitat information in scientific literature and urban
planning documentation; 3) Highlight the importance of precise
habitat mapping for effective urban environmental management,
biodiversity conservation, public health, and sustainable
development.

Study area

This study was conducted in Poland, focusing on the
28 largest cities, each with a population exceeding 100,000
(GUS 2022; Table 1). These cities were selected to ensure a
complete understanding of urban habitats across diverse urban
environments. The city boundaries were defined using official
administrative borders (GUGIK 2024). Agglomerations such as the
Tricity, comprising Gdansk, Gdynia, and Sopot, and the Upper
Silesian Urban Area, comprising cities such as Gliwice, Katowice,
Zabrze, and others were aggregated according to the concept of
spatial development policy of the country from 2001 (M.P. 2001 nr
26 poz. 432 n.d.).

Methods

In this study, we recorded habitats across 28 cities in
Poland using literature review and spatial planning documents.
For the purposes of this study, a habitat was defined as an area
identified by the presence of representative vegetation (Sukopp &
Weiler 1988) that has been described using phytosociological units
at association rank. To identify and analyze habitats included in
scientific publications and planning documents, we used the plant
community system proposed by Matuszkiewicz (Matuszkiewicz
2017). This is a uniform system widely recognized and used in
Poland. When reviewing sources, we also encountered newer
phytosociological units belonging to the system proposed by the
team from Poznan and Bydgoszcz (Ratyiska et al. 2010). These
two systems are mutually compatible and were combined for the
analysis. This has allowed for the comparison of habitat types
across all surveyed areas. The analysis only included data
from a given plant community, presented in line with one of the
mentioned systems. Unstable communities were included as
unidentified higher-order units. We recorded habitat types from
the literature and planning documents and categorized them for
each city and source type.

Data on habitats was obtained from publicly available
sources, primarily scientific publications. Research articles
were systematically searched in global article catalogues such
as Elsevier, Springer, MDPI, and national databases, including
platforms such as Biblioteka Nauki, Slgska Biblioteka Nauki, and
RCIN. Key phrases such as “vegetation”, “plant communities”,
“city name”, “reserve and ecological area’s name' in the
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respective city, and “environmental impact assessment report”
were used during the search. Content lists of Polish botanical
journals, including Monographiae Botanicae, Phytocoenosis,
Acta Societas Botanicorum Polonae, and regionally-focused
journals published by local research centres were analyzed.
Vegetation types were catalogued from each publication. For
the cities of Warsaw, Poznan, and Elblag, although we retrieved
information on vegetation locations, the lack of detailed location
data necessitated verification in 2023 through field observations.
In these cases, direct field observations were crucial to confirm
habitat information when the literature provided unclear location
details within the administrative boundaries.

From each source, we recorded the date of publication
and the type of documentation: 1) phytosociological surveys, 2)
delineations on vegetation maps, or 3) identifications in the form
of textual mentions. We searched urban planning documents to
obtain information about various habitat types. Data searches were
conducted in the most current documents, such as “Environmental
Impact Forecasts”, “Environmental Protection Programmes”,
“Urban Adaptation Plans”, “Eco-physiographic Studies”, and
“Studies on Conditions and Directions of Spatial Development”
for the studied cities. Data comparisons of communities recorded
in research articles and those contained in current planning
documentation used only data from 1980 onwards. In the overall
data characterization, we used all the available data.

Results

In the 278 research articles and 94 planning documents for
28 cities collected, data on 467 habitat types and 144 unspecified
units, that is, higher-level units, omitted in the statistics were
found.

Data on city habitats

The most extensive habitat datasets found in the literature
are phytosociological surveys. Over the last 100 years, a total
of 148 publications containing phytosociological surveys as a
form of documentation on urban habitats have been recorded in
the studied cities (Figure 1). The number of these publications
steadily increased until the second decade of the 21st century,
reaching a maximum of 50 publications per decade. However, in
the subsequent decade, it declined to 36 publications. Another
type of habitat data derived from textual sources totalled 93
publications. The number has been steadily increasing since
the 1990s, reaching 44 publications in the 2020s. The least
represented type of data on habitats is maps, with a total of 37
sources. However, their number has been growing since the
1980s, reaching 13 publications in the 2020s.

The number of habitats identified in individual cities varies
considerably. The richest source is the Upper Silesian Urban
Area, where 331 units were recorded. Meanwhile, the smallest
is in Watbrzych — 48 (Table 1). Among the cities distinguished
by the highest number of identified habitats, in addition to the
Upper Silesian Urban Area, are also Poznan and Warsaw. Here,
311 and 283 habitats were recorded, respectively. These values
considerably exceed the average for all cities — 149.

Data on urban vegetation in cities versus data in planning
documents

The number of habitats specified in the planning
documentation of cities is considerably lower than the number
of identified habitats from the literature searches (Table 1). On
average, 33.2% of habitats identified in research articles appear
in planning documentation. This proportion only exceeds 90%
in two cities, namely, Koszalin and Rybnik. For four cities, that
is, Bydgoszcz, Poznan, Szczecin, and Tarnéw, no habitat was
recorded in the planning documentation. For over half of the
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Figure 1. Number of publications containing data on urban habitats in respective years
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cities, the number of habitats recorded in planning documents is
under half that of the number identified based on literature.

All the habitat types identified in the cities belong to 29
classes according to plant community system (Table 2). The
most common habitat types were Querco—Fagetea and Molinio—
Arrhenatheretea, with each class containing 28 distinct habitats.
These classes were also the most accurately represented in
urban planning documents, with Querco—Fagetea appearing in
78.5% and Molinio-Arrhenatheretea in 64.3% of cases (Table
2). Conversely, habitat types from the classes Ammophilletea,
Asteretea, Charetea, and Oxycocco—Sphagnetea were absent
from the planning documentation.

The most common group mentioned in planning documents
is forest habitats (Figure 2). They best reflect the actual state of
knowledge, representing 62.4% of the habitats identified in the
literature. Meanwhile, the synanthropic habitat group is the least
frequently documented in planning documents. It is also the least
represented, accounting for only 28.4% compared to the state
identified in the literature.

Discussion
Between paper and plan

The amount of habitat data available in literature on Poland’s
largest cities has been steadily increasing since the early 20th
century. In the last decade, there has been a slight decrease

in the proportion of phytosociological survey data. There has
also been a slight increase in the proportion of maps. The most
prominent increase has been observed in compilations, tables,
and textual summaries. The number of cartographic and textual
data is increasing the most rapidly. This is associated with the
dissemination of conservation programmes based on formalized
documentation and especially Natura 2000. Their introduction
has resulted in the largest current database on nature across
European countries (Micher et al. 2009).

Studies containing phytosociological surveys typically focus
on smaller parts of cities, often protected areas of less than a
square kilometre. Their number increased until 2010, after which
a decline occurred. It is challenging to definitively determine
whether this is a lasting trend or a short term dip. Additionally,
studies encompassing habitats throughout the city are extremely
rare. This is due to the time-consuming nature and high cost of
such studies (Jarvis & Young 2005). In Poland, there are relatively
few examples of such studies, including Biatystok, Krakéw, and
Warsaw (Sudnik-Wéjcikowska 1987; Wotkowycki 2019; Zajac et al. 2006).

Habitat recognition in individual cities is uneven and any cities
have limited documentation. The degree of habitat recognition in
urban areas depends on the natural characteristics of each city
and the focus and capabilities of local research institutions. The
best-researched ones are those with higher education institutions
and research institutes with a long tradition in phytosociology.
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Table 1. List of studied cities with area, population and number of identified habitats in literature and planning documents

. Area | Population Numt_)er of types. of Number.of ty!)es !?ercen.tage of habita.ts found
Lp City [km?] [thous.] habitats fOUI-'Id in of habitats in in t_he Iltera.ture and included
research articles plans in planning documents

1 Biatystok 102,1 296,958 210 154 73,3
2 Bielsko Biata 124,4 | 169,756 125 28 224
3 Bydgoszcz 176,0 | 344,091 214 0 0,0
4 Czegstochowa 159,7 217,53 114 52 45,6
5 Elblag 79,8 118,582 144 14 9,7
6 Gorzéw Wielkopolski 85,7 122,589 82 14 171
7 Kielce 109,6 193,415 208 163 78,4
8 | Upper Silesian Urban Area | 1468,6 | 1487,792 331 119 36,0
9 Koszalin 98,3 106,235 145 144 99,3
10 Krakow 326,8 | 779,966 122 62 50,8
11 Lublin 147,5 | 338,586 215 51 23,7
12 todz 2933 | 672,185 92 58 63,0
13 Olsztyn 88,3 171,249 118 12 10,2
14 Opole 149,0 | 127,839 71 40 56,3
15 Ptock 88,0 118,268 76 7 9,2
16 Poznan 261,9 | 532,062 31 0 0,0
17 Radom 111,8 217,53 127 12 9,4
18 Rybnik 148,3 137,128 84 78 92,9
19 Rzeszéw 126,6 197,863 132 44 33,3
20 Szczecin 300,6 | 398,255 172 0 0,0
21 Tarnéw 72,4 107,498 108 0 0,0
22 Torun 1157 198,613 131 19 14,5
23 Tricity 418,4 751,06 137 47 343
24 Watbrzych 84,7 109,971 48 29 60,4
25 Warszawa 517,2 | 1794,166 283 92 32,5
26 Wioctawek 84,3 108,561 151 11 7.3
27 Wroctaw 292,8 | 641,928 161 37 23,0
28 Zielona Goéra 278,3 140,892 71 20 28,2
Mean 149,0 47,0 33,2

Source: own elaboration
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Figure 2. Habitat groups identified in the literature and included in planning documents, analyzing the period from 1980 to the present
Source: own elaboration
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Table 2. Number of habitat types at the class level identified from research articles and included in planning documents

Habitat type Number of types of habitats Number of types of P.ercentage of .habitats f.ound in.the
(vegetation class) found in t!le research habitats in plans literature and included in planning
articles documents
Agropyretea 17 2 11,8
Alnetea 21 13 61,9
Ammophilletea 1 0 0,0
Artemisietea 28 1 39,3
Asplenietea 8 1 12,5
Asteretea 2 0 0,0
Bidentea 18 7 38,9
Cakiletea maritimae 1 1 100,0
Charetea 2 0 0,0
Epilobietea 24 6 25,0
Festuco—Brometea 18 8 44 4
Isoeto—Nanojuncetea 8 1 12,5
Koeleria-Corynephoretea 24 10 41,7
Lemnetea 19 11 57,9
Litoirelletea 3 1 333
Molinio—Arrhenatheretea 28 18 64,3
Montio—Cardaminetea 5 1 20,0
Nardo—Callunetea 15 8 533
Oxycocco—Sphagnetea 9 0 0,0
Phragmitetea 27 15 55,6
Potametea 21 13 61,9
Querceta robori-petracae 9 6 66,7
Querco-Fagetea 28 22 78,6
Rhamno—-Prunetea 20 T 35,0
Salicetea purpureae 22 14 63,6
Scheuchzerio—Caricetea 24 9 37,5
Stellarietea 26 8 30,8
Trifolio—Geranietea 14 2 14,3
Vaccinio—Picetea 25 16 64,0
Mean 38,8

Source: own elaboration

Cities such as Poznan, Warsaw, the Upper Silesian Urban Area,
Biatystok, Lublin, and Bydgoszcz stand out here (Table 1). For
example, Warsaw benefits from comprehensive cartographic
data, facilitating accurate habitat mapping. In contrast, Poznan
has detailed information about specific habitats, offering in-
depth insights into their ecology. This has highlighted how local
research priorities and resources influence the quality and extent
of habitat data available for urban planning and conservation.

Disproportionate habitat type recognition in planning documents

Our study has indicated that disparities are not only present
between habitats identified in literature and those documented
in planning documents. These disparities are also evident in the
inclusion of different habitat groups in planning documentation,
particularly for forest habitats. Their frequent inclusion in plans
is because of their historical connection with the urban fabric
(Forrest & Konijnendijk 2005). Due to urban development, forests
and woodlands have often been transformed into parks or urban
forests which have high cultural and historical importance for local
communities (McBride 2017). Another factor is the role of forests in

maintaining biodiversity and protecting natural resources, making
them key to city ecological sustainability. Spatial planning often
prioritizes the protection and integration of forested areas into the
urban fabric (Muller etal. 2010). Urban forests also perform essential
ecosystem functions, such as air purification, microclimate
regulation, and water retention, further enhancing their value in
the eyes of urban planners (Nowak 2006). All these factors make
forest habitats the most frequently documented and included in
urban planning documents. This has highlighted their position in
the context of city spatial management and nature conservation.

The underrepresentation of synanthropic habitats in planning
documentation

Synanthropic habitats are one of the most transformed
and degraded areas within city boundaries (Kowarik 2011; Manyani
et al. 2021). They mainly contain plants that have adapted to
unfavourable urban conditions. However, due to their frequent
location in dense urban fabric, they can also become habitats
for many invasive species (Aronson et al. 2017; Culley et al. 2022).
This combination of native and invasive species can lead



140

to the formation of new, stable communities unknown to
phytosociologists/botanists. These communities align with the
concept of so-called novel ecosystems (Hobbs et al. 2013; Kowarik
2011). In urban areas, novel ecosystems can occupy up to half
of the entire city, encompassing wastelands, city parks, and
neighbourhood greenery (Kowarik 2011; Rupprecht & Byrne 2014).

Our study has shown that synanthropic habitats are
the most overlooked group in planning documents. This is
caused by several interconnected factors. For a long time,
synanthropic city habitats were only of interest to a small group
of researchers (Yeremenko 2019). Historically, these habitats were
viewed as unstable and transitional, with the assumption that
they would eventually develop to resemble natural habitats.
The low recognition of these areas resulted in white spots on
vegetation maps of cities. These habitats often occupy degraded,
postindustrial areas, leading them to be treated not as suitable
green spaces, but rather as vacant lots available for further urban
development. This has resulted in a systematic overlooking of
them as areas requiring recognition as green spaces, instead
focusing planners on developing these areas. Moreover, there
has been a longstanding belief that residents negatively assess
these areas in terms of aesthetics and their usefulness as urban
green spaces (Nassauer 1995).

Synanthropic habitats provide numerous ecosystem services
in the urban fabric, such as air purification, water management or
recreation, and their value is relatively high (Luo & Patuano 2023).
Wastelands seem to be a crucial group of these ecosystems.
Due to the almost total lack of human interference in these areas,
vegetation undergoes natural succession processes (Bonthoux et
al. 2014), where vegetation develops spontaneously (Schadek et al.
2009; Yuan et al. 2023). Therefore, a single area may exhibit high
habitat diversity at different successional stages with different
floristic compositions. Therefore, wastelands become specific
urban biodiversity hotspots. Considering their high diversity
value, it is disconcerting that they are so minimally considered
in planning documents, especially in the face of trends such as
resilience and sustainable cities. This is alarming, especially
considering that, on average, they can comprise up to 15% of a
city’s total green space (Sikorska et al. 2020).
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Mapping habitats using remote sensing methods

There is a considerable need for a better understanding of the
role of habitats in urban areas and their more precise identification
in space (Table 1). With the increasing use of remote sensing in
urban habitat mapping (Neyns & Canters 2022; Yan et al. 2018), the
potential of such tools is growing. Remote sensing data are
successfully used to assess habitat quality (Lakes & Kim 2012). Their
usefulness can be high considering the high costs associated with
habitat mapping using traditional methods. Along with geographic
information systems, these technologies have provided new
possibilities for accurate and rapid mapping. Further, the obtained
data are more reliable and easier to update than paper records.
Given that remote sensing is based on ground-validated data,
there is a risk of omitting unknown data. Mapping techniques are
often adapted to individual types of greenery (Neyns & Canters 2022).
Therefore, it is essential to coordinate the collection of field data
with remote sensing techniques to maximize the remote sensing
accuracy (Chan et al. 2021).

Summary

- Complete lists and maps of habitats covering the entire
city area and are suitable for biodiversity management
needs. However, they are rarely included in urban planning
documents.

- On average, urban planning documentation encompasses
38.8% of habitats recorded in literature.

- Forest habitats are the most well-identified, while non-forest
synanthropic habitats are the least frequently identified.

- There is a strong need to enhance efforts in coordinating
field data collection and using remote sensing techniques for
urban habitat mapping.

ORCID
Piotr Archicinski (% https://orcid.org/0000-0002-9941-3248
Piotr Sikorski (% https://0000-0002-5611-4731

Adrian Hoppa ) https://0000-0003-0162-9102
Richard Hopkins ) https://0000-0003-4935-5825
lvana Vitasovié-Kosi¢ () https://0000-0001-9372-5892
Daria Sikorska (7 https://0000-0003-2906-7009

Ahern, J, Cilliers, S & Niemela, J 2014, ‘“The concept of ecosystem
services in adaptive urban planning and design: A framework
for supporting innovation’, Landscape and Urban Planning,
vol. 125, pp. 254-259.

Aronson, MF, Lepczyk, CA, Evans, KL, Goddard, MA, Lerman,
SB, Maclvor, JS, Nilon, CH, & Vargo, T 2017, ‘Biodiversity in
the city: key challenges for urban green space management’,
Frontiers in Ecology and the Environment, vol. 15, no. 4, pp.
189-196.

Bai, X 2018, ‘Advance the ecosystem approach in cities’, Nature,
vol. 559, no. 7712, pp. 7-8.

Barton, J & Pretty, J 2010, ‘What is the best dose of nature and
green exercise for improving mental health? A multi-study
analysis’, Environmental Science & Technology, vol. 44, no.
10, pp. 3947-3955.

Boehnke, D, Krehl, A, Mérmann, K, Volk, R, Litzkendorf, T,
Naber, E, Becker, R & Norra, S 2022, ‘Mapping urban green
and its ecosystem services at microscale—A methodological
approach for climate adaptation and biodiversity’,
Sustainability, vol. 14, no. 15.

Bogar, S & Beyer, KM 2016, ‘Green space, violence and crime: A
systematic review', Trauma, Violence & Abuse, vol. 17, no.
2, pp. 160-171.

Bonthoux, S, Brun, M, Di Pietro, F, Greulich, S & Bouché-Pillon,
S 2014, 'How can wastelands promote biodiversity in cities?
A review', Landscape and Urban Planning, vol. 132, pp.

79-88.
Castellar, JA, Popartan, LA, Pueyo-Ros, J, Atanasova, N,
Langergraber, G, Saumel, |, Corominas, L, Comas, J

& Acuna, V 2021, ‘Nature-based solutions in the urban
context: Terminology, classification and scoring for urban
challenges and ecosystem services’, Science of the Total
Environment, vol. 779.

Chan, L, Hillel, O, Werner, P, Holman, N, Coetzee, |, Galt, R &
Elmqvist, T 2021, Handbook on the Singapore index on
cities’ biodiversity (also known as the city biodiversity index).
Available  from:  <https://www.cabidigitallibrary.org/doi/
full/10.5555/20220027068>. [12 March 2024].

Chytry, M, Hennekens, SM, Jiménez-Alfaro, B, Knollova, I,
Dengler, J, Jansen, F, Landucci, F, Schaminée, JHJ, A¢i¢,
S, Agrillo, E, Ambarli, D, Angelini, P, Apostolova, |, Attorre,
F, Berg, C, Bergmeier, E, Biurrun, |, Botta-Dukat, Z, Brisse,
H, Campos, JA, Carlén, L, Carni, A, Casella, L, Csiky, J,
Custerevska, R, Daji¢ Stevanovi¢, Z, Danihelka, J, De Bie,
E, de Ruffray, P, De Sanctis, M, Dickoré, WB, Dimopoulos,
P, Dubyna, D, Dziuba, T, Ejrnees, R, Ermakov, N, Ewald,

137



141

138

MISCELLANEA GEOGRAPHICA - REGIONAL STUDIES ON DEVELOPMENT

Vol. 28 « No. 3 + 2024 « pp. 132-139 + ISSN: 2084-6118 « DOL: 10.2478/mgrsd-2023-0039

J, Fanelli, G, Fernandez-Gonzalez, F, FitzPatrick, U, Font,
X, Garcia-Mijangos, |, Gavilan, RG, Golub, V, Guarino,
R, Haveman, R, Indreica, A, Isik Glrsoy, D, Jandt, U,
Janssen, JAM, Jirousek, M, Kacki, Z, Kavgaci, A, Kleikamp,
M, Kolomiychuk, V, Krstivojevi¢ Cuk, M, Krstonosié, D,
Kuzemko, A, Lenoir, J, Lysenko, T, Marceno, C, Martynenko,
V, Michalcova, D, Moeslund, JE, Onyshchenko, V,
Pedashenko, H, Pérez-Haase, A, Peterka, T, Prokhorov,
V, RaSomavicius, V, Rodriguez-Rojo, MP, Rodwell, JS,
Rogova, T, Ruprecht, E, Rasina, S, Seidler, G, Sibik, J,
Silc, U, Skvorc, Z, Sopotlieva, D, Stangi¢, Z, Svenning, J-C,
Swacha, G, Tsiripidis, |, Turtureanu, PD, Ugurlu, E, Uogintas,
D, Valachovi¢, M, Vashenyak, Y, Vassilev, K, Venanzoni,
R, Virtanen, R, Weekes, L, Willner, W, Wohlgemuth, T &
Yamalov, S 2016, ‘European Vegetation Archive (EVA): an
integrated database of European vegetation plots’, Applied
Vegetation Science, vol. 19, no. 1, pp. 173-180.

Culley, TM, Dreisilker, K, Clair Ryan, M, Schuler, JA, Cavallin,
N, Gettig, R, Havens, K, Landel, H & Shultz, B 2022,
‘The potential role of public gardens as sentinels of plant
invasion’, Biodiversity and Conservation, vol. 31, no. 7, pp.
1829-1844.

Evans, D 2006, ‘The habitats of the European Union Habitats
Directive’, Biology and Environment: Proceedings of the
Royal Irish Academy, vol. 106B, no. 3, pp. 167-173.

Evans, J 2004, ‘What is local about local environmental
governance? Observations from the local biodiversity action
planning process’, Area, vol. 36, no. 3, pp. 270-279.

Farinha-Marques, P, Fernandes, C, Guilherme, F, Lameiras, JM,
Alves, P & Bunce, RGH 2017, ‘Urban Habitats Biodiversity
Assessment (UrHBA): a standardized procedure for
recording biodiversity and its spatial distribution in urban
environments', Landscape Ecology, vol. 32, no. 9, pp.
1753-1770.

Forrest, M & Konijnendijk, C 2005,'A history of urban forests
and trees in Europe’, in Urban Forests and Trees, eds C
Konijnendijk, K Nilsson, T Randrup & J Schipperijn, pp.23—
48. Springer-Verlag, Berlin/Heidelberg. Available from:
<http://link.springer.com/10.1007/3-540-27684-X_3>.  [25
May 2024].

Fuller, RA, Irvine, KN, Devine-Wright, P, Warren, PH & Gaston,
KJ 2007, ‘Psychological benefits of greenspace increase
with biodiversity’, Biology Letters, vol. 3, no. 4, pp. 390-394.

Fuller, RA, Irvine, KN & Gaston, KJ 2010, ‘Interactions between
people and nature in urban environments’, Urban ecology,
pp. 134-171.

Gaston, KJ, Avila-Jiménez, ML & Edmondson, JL 2013, ‘REVIEW:
Managing urban ecosystems for goods and services’,
Journal of Applied Ecology, vol. 50, no. 4, pp. 830-840.

GUGIK 2024, Gtéwny Urzad Geodezji i Kartografii, [Head Office
of Geodesy and Cartography]. Available from: <https://www.
gov.pl/web/gugik>. [17 April 2024].

GUS 2022, Powierzchnia i ludno$¢ w przekroju terytorialnym
w 2022 roku, stat.gov.pl. Available from: <https:/stat.gov.
pl/obszary-tematyczne/ludnosc/ludnosc/powierzchnia-i-
ludnosc-w-przekroju-terytorialnym-w-2022-roku,7,19.htmI>.
[24 April 2023].

Haase, D, Frantzeskaki, N & Elmqvist, T 2014, ‘Ecosystem
services in urban landscapes: Practical applications and
governance implications’, AMBIO, vol. 43, no. 4, pp. 407-
412.

Hobbs, RJ, Higgs, ES & Hall, CM (eds) 2013, Novel ecosystems:
Intervening in the new ecological world order. John Wiley &
Sons, Ltd, Chichester, UK. Available from: <http://doi.wiley.
com/10.1002/9781118354186>. [3 February 2022].

Jalkanen, J, Vierikko, K, & Moilanen, A 2020, ‘Spatial prioritization
for urban Biodiversity Quality using biotope maps and expert
opinion’, Urban Forestry & Urban Greening, vol. 49, p.
126586.

Jarvis, PJ & Young, C 2005, ‘The mapping of urban habitat and
its evaluation. A discussion paper prepared for the Urban
Forum of the United Kingdom Man and the Biosphere
Programme’.

Karvonen, A & Yocom, K 2011, ‘The civics of urban nature:
Enacting hybrid landscapes’, Environment and Planning A:
Economy and Space, vol. 43, no. 6, pp. 1305-1322.

Kowarik, |1 2011, ‘Novel urban ecosystems, biodiversity, and
conservation’, Environmental Pollution, vol. 159, no. 8-9,
pp. 1974-1983.

Lakes, T & Kim, H-O 2012, ‘'The urban environmental indicator
“Biotope Area Ratio"—An enhanced approach to assess
and manage the urban ecosystem services using high
resolution remote-sensing’, Ecological Indicators, vol. 13,
no. 1, pp. 93-103.

Luo, S & Patuano, A 2023, ‘Multiple ecosystem services of
informal green spaces: A literature review', Urban Forestry &
Urban Greening, vol. 81.

MacDougall, AS, McCann, KS, Gellner, G & Turkington, R 2013,
‘Diversity loss with persistent human disturbance increases
vulnerability to ecosystem collapse’, Nature, vol. 494, no.
7435, pp. 86-89.

Mansuroglu, S, Ortacesme, V, & Karaguzel, O 2006, ‘Biotope
mapping in an urban environment and its implications for
urban management in Turkey', Journal of Environmental
Management, vol. 81, no. 3, pp. 175-187.

Manyani, A, Shackleton, CM & Cocks, ML 2021, ‘Attitudes and
preferences towards elements of formal and informal public
green spaces in two South African towns’, Landscape and
Urban Planning, vol. 214.

Matuszkiewicz, W 2017, Przewodnik do oznaczania zbiorowisk
roslinnych Polski. Wydawnictwo Naukowe PWN, Warszawa.

McBride, JR 2017, The world’'s urban forests: History,
composition,  design, function and management,
Springer International Publishing, Cham. Available from:
<http://link.springer.com/10.1007/978-3-319-52108-4>.
[25 May 2024].

M.P. 2001 nr 26 poz. 432 n.d., Koncepcja polityki przestrzennego
zagospodarowania kraju z 2001 roku [ The concept of spatial
development policy of the country from 2001].

Miicher, CA, Hennekens, SM, Bunce, RGH, Schaminée, JHJ &
Schaepman, ME 2009, ‘Modelling the spatial distribution of
Natura 2000 habitats across Europe’, Landscape and Urban
Planning, vol. 92, no. 2, pp. 148-159.

Muller, N, Werner, P & Kelcey, JG 2010, Urban Biodiversity and
Design, John Wiley & Sons.

Nassauer, JI 1995, ‘Messy ecosystems, orderly frames’,
Landscape Journal, vol. 14, no. 2, pp. 161-170.

Neyns, R & Canters, F 2022, ‘Mapping of urban vegetation with
high-resolution remote sensing: A review’, Remote sensing,
vol. 14, no. 4.

Niemela, J 1999, ‘Ecology and urban planning’, Biodiversity &
Conservation, vol. 8, no. 1, pp. 119-131.

Nilon, CH, Aronson, MFJ, Cilliers, SS, Dobbs, C, Frazee, LJ,
Goddard, MA, O'Neill, KM, Roberts, D, Stander, EK, Werner,
P, Winter, M & Yocom, KP 2017, ‘Planning for the future of
urban biodiversity: A global review of city-scale initiatives’,
BioScience, vol. 67, no. 4, pp. 332-342.

Nowak, DJ 2006, ‘Institutionalizing urban forestry as a
“biotechnology” to improve environmental quality’, Urban
Forestry & Urban Greening, vol. 5, no. 2, pp. 93-100.



142

Pan, H, Page, J, Cong, C, Barthel, S & Kalantari, Z 2021, ‘How
ecosystems services drive urban growth: Integrating nature-
based solutions’, Anthropocene, vol. 35.

Qiu, L, Gao, T, Gunnarsson, A, Hammer, M & von Bothmer, R
2010, ‘A methodological study of biotope mapping in nature
conservation’, Urban forestry & urban greening, vol. 9, no.
2, pp. 161-166.

Ratynska, H, Wojterska, M, Brzeg, A, & Kofacz, M 2010,
Multimedialna encyklopedia zbiorowisk roslinnych Polski
ver. 1.1, Instytut Edukacyjnych Technologii Informatycznych.

Rupprecht, CDD & Byrne, JA 2014, ‘Informal urban greenspace:
A typology and ftrilingual systematic review of its role for
urban residents and trends in the literature’, Urban Forestry
& Urban Greening, vol. 13, no. 4, pp. 597-611.

Schadek, U, Strauss, B, Biedermann, R & Kleyer, M 2009, ‘Plant
species richness, vegetation structure and soil resources of
urban brownfield sites linked to successional age’, Urban
Ecosystems, vol. 12, no. 2, pp. 115-126.

Sikorska, D, taszkiewicz, E, Krauze, K & Sikorski, P 2020,
‘The role of informal green spaces in reducing inequalities
in urban green space availability to children and seniors’,
Environmental Science & Policy, vol. 108, pp. 144—-154.

Sowa, R & Olaczek, R 1978, ‘Stan badan szaty roslinnej miast
Polski’ ['Studies on vegetation in urban areas’], Wiadomosci
Ekologiczne, vol. 24, pp. 25-42.

Sudnik-Wojcikowska, B 1987, ‘lva xanthiifolia Nutt. and its
communities within Warsaw’, Acta Societatis Botanicorum
Poloniae, vol. 56, no. 1.

Sukopp, H & Weiler, S 1988, ‘Biotope mapping and nature
conservation strategies in urban areas of the Federal
Republic of Germany’, Landscape and urban planning, vol.
15, no. 1-2, pp. 39-58.

Turchin, A & Denkenberger, D 2018, ‘Global catastrophic and
existential risks communication scale’, Futures, vol. 102, pp.
27-38.

MISCELLANEA GEOGRAPHICA - REGIONAL STUDIES ON DEVELOPMENT

Vol. 28 + No. 3 + 2024 + pp. 132-139 » ISSN: 2084-6118 + DOI: 10.2478/mgrsd-2023-0039

Werner, P 1999, ‘Why biotope mapping in populated areas?’,
Deinsea, vol. 5, no. 1, pp. 9-26.

Wotkowycki, D 2019, Szata ro$linna Biategostoku : réznorodno$é
i ochrona, Miasto Bialystok. Available from: <https://
bazawiedzy.pb.edu.pl/info/book/BUTc168675ae1df44
b090f96f9d17ac109b?ps=20&lang=en&title=&pn=1&c
id=70028>. [30 March 2024].

Yan, J, Zhou, W, Han, L & Qian, Y 2018, ‘Mapping vegetation
functional types in urban areas with WorldView-2 imagery:
Integrating object-based classification with phenology’,
Urban Forestry & Urban Greening, vol. 31, pp. 230-240.

Yeremenko, NS 2019, ‘Ruderal vegetation in Kryvyi Rih (Ukraine).
The class of Robinietea’, Hacquetia, vol. 18, no. 1.

Yuan, X, Guo, Z, Wang, S, Zhao, L, Yuan, M, Gao, Y, Huang,
L, Liu, C, & Duan, C 2023, ‘Drivers and mechanisms of
spontaneous plant community succession in abandoned
PbZn mining areas in Yunnan, China’, Science of The Total
Environment, vol. 904.

Zajgc, M, Zajgc, A & Zemanek, B 2006, Flora Cracoviensis
Secunda (Atlas), Pracownia Chorologii Komputerowej
Instytutu Botaniki Uniwersytetu Jagielloriskiego.

Zhao, C, Yang, Y-Q & Hu, Y-D 2022, ‘Methodology, assessment
and application of biotope mapping for urban parks in
China: A case study on Riverside Park, Yichang', Frontiers
in Environmental Science, vol. 10.

Zywert, K 2017, ‘Human health and social-ecological systems
change: Rethinking health in the Anthropocene’, The
Anthropocene Review, vol. 4, no. 3, pp. 216-238.

139



9. Os$wiadczenia wspolautoréow

Warszawa, 15.10.2025
Piotr Archicinski

piotr_archicinski@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gornictwo i
Energetyka

Szkoly Gléwnej
Gospodarstwa Wiejskiego w
Warszawie

Oswiadczenie o wspotautorstwie

Niniejszym o$wiadczam, ze w pracy:

da Silva, A. R., Demarchi, L., Sikorska, D., Sikorski, P., Archicinski, P., Jézwiak, J., &
Chormanski, J. (2022). Multi-source remote sensing recognition of plant communities at the reach
scale of the Vistula River, Poland. Ecological Indicators, 142,  109160.
https://doi.org/10.1016/j.ecolind.2022.109160 moj indywidualny udziat w jej powstaniu polegat
na: badania.

Mielczarek, D., Sikorski, P., Archicinski, P., Cigzkowski, W., Zaniewska, E., & Chormanski, J.
(2022). The use of an airborne laser scanner for rapid identification of invasive tree species Acer
negundo in riparian forests. Remote Sensing, 15(1), 212. https://doi.org/10.3390/rs15010212 moj
indywidualny udziat w jej powstaniu polegat na: zasoby.

Archicinski, P., Sikorski, P., Sikorska, D., & Przybysz, A. (2021). Roslinno$¢ wieloletnich
nieuzytkow miejskich—systematyka zbiorowisk, ich struktura i pelnione ushugi ekosystemowe=
Vegetation of perennial urban wastelands—syntaxonomy, structure and ecosystem

services. Przeglgd Geograficzny, 93(3), 341-363. https://doi.org/10.7163/PrzG.2021.3.2 mo;j
indywidualny udziatl w jej powstaniu polegat na: koncepcja, metodologia, badania, zasoby,
opracowanie danych i analiza, pisanie, korekta, wizualizacja.

Archicinski, P., Przybysz, A., Sikorska, D., Winska-Krysiak, M., Da Silva, A. R., & Sikorski, P.
(2024). Conservation Management Practices for Biodiversity Preservation in Urban Informal
Green  Spaces: Lessons  from  Central European  City. Land, 13(6),  764.
https://doi.org/10.3390/land13060764 moj indywidualny udziat w jej powstaniu polegal na:
koncepcja, metodologia, badania, analiza formalna, obrobka danych, pisanie, korekta,
wizualizacja.

143


https://doi.org/10.1016/j.ecolind.2022.109160
https://doi.org/10.3390/rs15010212
https://doi.org/10.7163/PrzG.2021.3.2
https://doi.org/10.3390/land13060764

Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J., Vitasovi¢ Kosi¢, 1., Sikorska, D.
(2024). Between paper and plan: contrasting data on urban habitats in literature with
planning documents. Miscellanea Geographica. Regional Studies on Development, 28(3),
132-139. https://doi.org/10.2478/mgrsd-2023-0039 moéj indywidualny udzial w jej
powstaniu polegal na: koncepcja, metodologia, badania, analiza formalna, obrobka

danych, pisanie, korekta, wizualizacja

Podpis

A ;
{/ [ Qly” /QA//'{/M M’_fbﬂ)‘ /

144



Urutai, Goias, Brazil, February 11t%, 2025

Anderson Rodrigo da Silva
anderson.silva@ifgoiano.edu.br

Institute of Environmental
Engineering, Mining, and Energy,
Discipline Council

of the Warsaw University of Life
Sciences

Co-authorship statement

I hereby represent that in the publication da Silva, A. R., Demarchi, L., Sikorska, D., Sikorski, P.,
Archicinski, P., Jézwiak, J., & Chormanski, J. (2022). Multi-source remote sensing recognition of plant
communities at the reach scale of the Vistula River, Poland. Ecological Indicators, 142, 109160.

https://doi.org/10.1016/j.ecolind.2022.109160 my individual contribution in the development
thereof involved: conceptualization, methodology, writing — original draft

ARt

Signature

145



146

Warszawa, 08.07.2025

Daria Sikorska

daria_sikorska@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy da Silva, A. R., Demarchi, L., Sikorska, D., Sikorski, P
Archicinski, P., Jozwiak, J., & Chormanski, J. (2022). Multi-source remote sensing recognition of plant
communities at the reach scale of the Vistula River, Poland. Ecological Indicators, 142, 109160.
https://doi.org/10.1016/j.ecolind.2022.109160 méj indywidualny udzial w jej powstaniu polegat

na: badania, recenzja i edycja.

C N/l)'l/ Q\ (/\O V\/k’k_

Podpis



147

Warszawa, 06.03.2025

Jarostaw Chormanski
jaroslaw_chormanski@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Goérnictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy da Silva, A. R., Demarchi, L., Sikorska, D., Sikorski, P., Archiciriski,
P., Jozwiak, J., & Chormariski, J. (2022). Multi-source remote sensing recognition of plant communities at
the reach scale of the Vistula River, Poland. Ecological Indicators, 142, 109160.
https://doi.org/10.1016/j.ecolind.2022.109160 mdj indywidualny udzial w jej powstaniu polegat na:
konceptualizacja, nadzér.



Warszawa, 08.07.2025

Piotr Sikorski

piotr_sikorski@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, Ze w pracy da Silva, A. R., Demarchi, L., Sikorska, D., Sikorski, P,
Archicifiski, P., Jozwiak, J., & Chormanski, J. (2022). Multi-source remote sensing recognition of plant
communities at the reach scale of the Vistula River, Poland. Ecological Indicators, 142, 109160.
https://doi.org/10.1016/j.ecolind.2022.109160 mdj indywidualny udziat w jej powstaniu polegat
na: badania, recenzja i edycja.

Podpis

s

148



Warszawa, 06.03.2025

Ewa Zaniewska
zaniewska.ewka@gmail.com

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze W pracy Mielczarek, D., Sikorski, P., Archicinski, P., Ciezkowski, W.,
Zaniewska, E., & Chormanski, J. (2022). The use of an airborne laser scanner for rapid identification of
invasive tree species Acer negundo in riparian forests. Remote Sensing, 15(1), 212.
https://doi.org/10.3390/rs15010212 moé] indywidualny udzial w jej powstaniu polegal na:
pozyskanie danych

b Sovieetlo

Podpis

149



150

Warszawa, 11.02.2025

Wojciech Cigezkowski
wojciech_ciezkowski@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym os$wiadczam, ze W pracy Mielczarek, D., Sikorski, P., Archicinski, P., Cigzkowski, W.,
Zaniewska, E., & Chormanski, J. (2022). The use of an airborne laser scanner for rapid identification of
invasive tree species Acer negundo in riparian forests. Remote Sensing, 15(1), 212.
https://doi.org/10.3390/rs15010212 moj indywidualny udzial w jej powstaniu polegal na: walidacja,
recenzja i edycja, wizualizacja.

PODPIS ZAUFANY

WOJCIECH ZYGMUNT
CIEZKOWSKI

# 11.02 5 13:05:39 [GMT+1]

dpisany elektronicznie
fanym




151

Warszawa, 06.03.2025

Jarostaw Chormanski
jaroslaw_chormanski@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy Mielczarek, D., Sikorski, P., Archiciriski, P., Cigzkowski, W.,
Zaniewska, E., & Chormariski, J. (2022). The use of an airborne laser scanner for rapid identification of
invasive tree species Acer negundo in riparian forests. Remote Sensing, 15(1), 212.
https://doi.org/10.3390/rs15010212 m¢j indywidualny udzial w jej powstaniu polegal na:

konceptualizacja, metodologia, pisanie, recenzja i edycja, nadzoér, pozyskiwanie funduszy.




152

Warszawa, 08.07.2025

Piotr Sikorski
piotr_sikorski@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym oswiadczam, ze w pracy Mielczarek, D., Sikorski, P., Archicinski, P., Cigzkowski, W.,
Zaniewska, E., & Chormanski, J. (2022). The use of an airborne laser scanner for rapid identification of
invasive tree species Acer negundo in riparian forests. Remote Sensing, 15(1), 212.
https://doi.ora/10.3390/rs15010212 mdj indywidualny udzial w jej powstaniu polegal na:
konceptualizacja, metodologia, zasoby, pisanie.




153

[Miejscowosé], [data]

Arkadiusz Przybysz
arkadiusz_przybysz@sgow.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Archicinski, P., Sikorski, P., Sikorska, D., & Przybysz, A. (2021).
Roslinno$¢ wieloletnich nieuzytkéw miejskich—systematyka zbiorowisk, ich struktura i petnione ustugi
ekosystemowe= Vegetation of perennial urban wastelands—-syntaxonomy, structure and ecosystem
services. Przeglad Geograficzny, 93(3), 341-363. https://doi.org/10.7163/PrzG.2021.3.2 méj
indywidualny udziat w jej powstaniu polegat na: metodologia, badania, zasoby.

Podpis : //
q oA (,/1 ,'/ st



Warszawa, 08.07.2025

Daria Sikorska

daria_sikorska@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Archiciriski, P., Sikorski, P., Sikorska, D., & Przybysz, A. (2021).
Roslinnos¢ wieloletnich nieuzytkéw miejskich—systematyka zbiorowisk, ich struktura i petnione ustugi
ekosystemowe= Vegetation of perennial urban wastelands-syntaxonomy, structure and ecosystem
services. Przeglad Geograficzny, 93(3), 341-363. hitps://doi.ora/10.7163/PrzG.2021.3.2 moj
indywidualny udziat w jej powstaniu polegat na: metodologia, recenzja i edycja.

Podpis

154



Warszawa, 08.07.2025

Piotr Sikorski

piotr_sikorski@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspoélautorstwie

Niniejszym oSwiadczam, ze w pracy Archiciriski, P., Sikorski, P., Sikorska, D., & Przybysz, A. (2021).
Roslinno$¢ wieloletnich nieuzytkéw miejskich—systematyka zbiorowisk, ich struktura i petnione ustugi
ekosystemowe= Vegetation of perennial urban wastelands—syntaxonomy, structure and ecosystem

services. Przeglad Geograficzny, 93(3), 341-363. https://doi.ora/10.7163/PrzG.2021.3.2 moj
indywidualny udziat w jej powstaniu polegat na: metodologia, badania, zasoby, pisanie, recenzja
i edycja, pozyskanie funduszy, nadzor.

Podpis

S QAN

155



Urutai, Goias, Brazil, February 11%, 2025

Anderson Rodrigo da Silva
anderson.silva@ifgoiano.edu.br

Institute of Environmental
Engineering, Mining, and Energy,
Discipline Council

of the Warsaw University of Life
Sciences

Co-authorship statement

I hereby represent that in the publication Archiciniski, P., Przybysz, A., Sikorska, D., Wiriska-Krysiak,
M., Da Silva, A. R., & Sikorski, P. (2024). Conservation Management Practices for Biodiversity Preservation
in Urban Informal Green Spaces: Lessons from Central European City. Land, 13(6), 764.

https://doi.org/10.3390/land13060764 my individual contribution in the development thereof

involved: methodology, formal analysis
Fey
by IS
Signatug

156



[Miejscowosc], [data]

Arkadiusz Przybysz
arkadiusz_przybysz@sggw.edu.pl

Rada Dyscypliny Inzynieria
Srodowiska, Gornictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym o$wiadczam, ze w pracy Archiciriski, P., Przybysz, A, Sikorska, D., Wiriska-Krysiak, M., Da
Silva, A. R., & Sikorski, P. (2024). Conservation Management Practices for Biodiversity Preservation in
Urban Informal Green Spaces: Lessons from Central European City. Land, 13(6), 764.
https://doi.ora/10.3390/1land13060764 m¢j indywidualny udzial w jej powstaniu polegal na:
metodologia, badania.

Podpis

A vt //[/7/\

157



158

Warszawa, 08.07.2025

Daria Sikorska

daria_sikorska@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Archiciriski, P., Przybysz, A., Sikorska, D., Winiska-Krysiak, M., Da
Silva, A. R., & Sikorski, P. (2024). Conservation Management Practices for Biodiversity Preservation in
Urban Informal Green Spaces: Lessons from Central European City. Land, 13(6), 764.
https://doi.org/10.3390/1and13060764 mdj indywidualny udzial w jej powstaniu polegat na:

konceptualizacja, metodologia, analiza, pisanie, recenzja i edycja.

‘Q OrLe— g‘\(/() ot Q/m

Podpis



159

Warszawa, 08.07.2025

Piotr Sikorski

piotr_sikorski@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, Ze w pracy Archicinski, P., Przybysz, A., Sikorska, D., Wiriska-Krysiak, M., Da
Silva, A. R., & Sikorski, P. (2024). Conservation Management Practices for Biodiversity Preservation in
Urban Informal Green Spaces: Lessons from Central European City. Land, 13(6), 764.
https://doi.org/10.3390/land13060764 m6j indywidualny udzial w jej powstaniu polegal na:

konceptualizacja, metodologia, badania, recenzja i edycja, nadzor.




160

[Miejscowosc], [data]

Adrian Hoppa
adrian_hoppa@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Gléwnej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, Ze W pracy Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J., Vitasovic-Kosic,
I, & Sikorska, D. (2024). Between paper and plan: contrasting data on urban habitats in literature with planning
documents. Miscellanea Geographica. Regional Studies on Development, 28(3), 132-139.
https:/doi.org/10.2478/mgrsd-2023-0039 moj indywidualny udzial w jej powstaniu polegal na:
pozyskanie danych

Mﬂ\f

Podpis



Warszawa, 08.07.2025

Piotr Sikorski
piotr_sikorski@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J., Vitasovic-
Kosic, |., & Sikorska, D. (2024). Between paper and plan: contrasting data on urban habitats in literature
with planning documents. Miscellanea Geographica.. Regional Studies on Development, 28(3), 132-139.

https://doi.org/10.2478/mgrsd-2023-0039 mo; indywidualny udzial w jej powstaniu polegal na:
konceptualizacja, metodologia, badania, pisanie, recenzja i edycja.

161



Uppsala, 27® March 2025

Professor Richard J. Hopkins
Formerly: r.j.hopkins@greenwich.ac.uk

Currently: richardjameshopkins1967@gmail.com

Institute of Environmental
Engineering, Mining, and Energy,
Discipline Council

of the Warsaw University of Life
Sciences

Co-authorship statement

I hereby represent that in the publication Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J.,
Vitasovic-Kosic, I., & Sikorska, D. (2024). Between paper and plan: contrasting data on urban habitats in
literature with planning documents. Miscellanea Geographica. Regional Studies on Development, 28(3),
132-139. https://doi.org/10.2478/mgrsd-2023-0039 my individual contribution in the development

thereof involved: writing — review and editing.

Pookid (G \e—

Signature

162



Warszawa, 08.07.2025

Daria Sikorska

daria_sikorska@sggw.edu.pl

Rada Dyscypliny InZynieria
Srodowiska, Gérnictwo i Energetyka

Szkoly Glownej Gospodarstwa
Wiejskiego w Warszawie

Oswiadczenie o wspélautorstwie

Niniejszym o$wiadczam, ze w pracy Archicinski, P., Sikorski, P., Hoppa, A., Hopkins, R. J., Vitasovic-
Kosic, |., & Sikorska, D. (2024). Between paper and plan: contrasting data on urban habitats in literature
with planning documents. Miscellanea Geographica.. Regional Studies on Development, 28(3), 132-139.
https://doi.org/10.2478/mgrsd-2023-0039 mo; indywidualny udzial w jej powstaniu polegal na:
metodologia, recenzja i edycja, nadzor.

- F
C/\/{O\C}L«\q, g“\‘\ \,\9 '\_/{\VQ\'

Podpis

163



