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Streszczenie

Wiedze¢ z =zakresu siedliskoznawstwa uwaza si¢ za niezbedng w badaniach
ekologicznych, w badaniach poswigconych zmianom klimatycznym czy tez W praktyce lesne;.
W tradycyjnej klasyfikacji siedlisk lesnych spotyka si¢ dwa systemy analizy warunkow
siedliskowych: jednoczynnikowy i wieloczynnikowy. Jeden idrugi jest pracochtonny
i kosztowny. Metody teledetekcyjne stanowig obiecktywna, szybsza i tanszg alternatywe. Celem
badan bylo znalezienie zwigzku pomiedzy wskaznikami spektralnymi uzyskanymi ze zdjeé
satelitarnych a wskaznikami pozwalajgcymi na ocene troficznosci siedlisk le$nych. Punktem
wyijscia bylo przyjecie zatozen, ze:

a) troficzno$¢ ekosystemow lesnych zalezy od dostgpnosci wody oraz zréznicowanej zdolnosci
retencjonowania wody w zaleznosci od wilasciwosci terenu, W tym rzezby terenu,
warunkow geologicznych oraz glebowych,

b) trofizm siedlisk lesnych wptywa na réznorodnos¢ szaty roslinnej,

¢) réznorodno$¢ szaty roslinnej zwigzana z troficznos$cia siedlisk znajduje odzwierciedlenie
w rdznicach, ktore moga by¢ uchwytne przez réoznorakie wskazniki spektralne.

Na podstawie tych zalozen postawiono hipotezg, ze jesli zroznicowanie troficzne
siedlisk lesnych wplywa poprzez szat¢ roslinng na zmiennos$¢ jasnosci pikseli zobrazowan
satelitarnych, to na jej podstawie mozna wnioskowa¢ 0 réznicach W troficznosci siedlisk
lesnych.

Wykorzystujac roznorodne techniki analityczne, w tym badanie macierzy kowariancji,
dwa algorytmy redukcji wymiarowosci (PCA i UMAP) oraz algorytmy takie jak: (i) Liniowa
analiza dyskryminacyjna (LDA), (i) IloSciowa analiza opisowa (QDA), (iii) Regresja
logistyczna, (iv) Metoda wektorow nosnych (SVM), (v) Random Forest wykazano, ze:

a) sposrod 249 wzigtych pod uwage wskaznikow spektralnych najlepszy okazal si¢ NDVI

(Normalized Difference Vegetation Index),

b) istnieje wysoka korelacja pomigdzy warto§ciami wskaznika NDVI a parametrami
wynikajacymi z troficznosci siedlisk lesnych, takimi jak wysoko$¢ czy tez grubos$¢ drzew,
jak réwniez pomiedzy wartoSciami wskaznika NDVI a zroéznicowaniem zbiorowisk
ro$linnych, oddajacych naturalne réznicowanie si¢ siedlisk lesnych,

C) istnieje mozliwo$¢ zbudowania modelu matematycznego, ktory pozwala na oceng stanu
uwilgotnienia siedlisk lesnych na podstawie wskaznika NDVI,

d) mozna wykorzysta¢ wskaznik NDVI do oceny zasiegu przestrzennego wystepowania

okreslonych gatunkow drzew lesnych.

Stowa kluczowe: NDVI; wilgotnos¢; typologia lesna; wymagania siedliskowe drzew lesnych



Abstract

Knowledge in the field of habitat science is considered essential in ecological research,
climate change studies, and forestry practices. In traditional habitat classification, two systems
of habitat condition analysis are encountered: single-factor and multi-factor. Both are labor-
intensive and costly. Remote sensing methods provide an objective, faster and more cost-
effective alternative. The research aimed to find a connection between spectral indices obtained
from satellite images and indices allowing the assessment of the trophic status of forest habitats.
The starting point was to assume that:

a) The trophic status of forest ecosystems depends on water availability and the diverse water
retention capacity of the terrain, including topography, geological, and soil conditions.

b) The trophism of forest habitats affects the diversity of plant communities.

c) The diversity of plant communities related to habitat trophism is reflected in differences that

can be captured by various spectral indices.

Based on these assumptions, the hypothesis was formulated that if the trophic diversity
of forest habitats affects the variability in pixel brightness of satellite imagery through

vegetation, then differences in the trophic status of forest habitats can be inferred from it.

Using various analytical techniques, including covariance matrix analysis, two
dimensionality reduction algorithms (PCA and UMAP), and algorithms such as: (i) Linear
Discriminant Analysis (LDA), (ii) Quantitative Descriptive Analysis (QDA), (iii) Logistic
Regression, (iv) Support Vector Machine (SVM), (v) Random Forest, it was shown that:

a) Among the 249 considered spectral indices, NDVI (Normalized Difference Vegetation
Index) proved to be the best,

b) There is a high correlation between NDVI values and parameters resulting from the trophic
status of forest habitats, such as tree height and thickness, as well as between NDVI values
and the diversity of plant communities reflecting the natural differentiation of forest habitats,

c) It is possible to build a mathematical model that allows the assessment of the moisture
condition of forest habitats based on the NDVI index,

d) NDVI can be used to assess the spatial extent of specific tree species in forested areas.

Keywords: NDVI; humidity; forest typology; habitat requirements of forest trees



Wstep

W wielu krajach stosuje si¢ rézne podejscia do klasyfikacji troficznej siedlisk. We
Wtloszech wykorzystywane s3 metody fitosocjologiczne, bazujace na formacjach
I zbiorowiskach roslinnych (Pignatti, 1998), a takze na hierarchicznej klasyfikacji krajobrazu

(Blasi_iin., 2000). Opracowano takze wytyczne, na podstawie ktorych zréznicowano

regionalne typy lasow, zdefiniowane jako unikalne kombinacje czynnikéw ekologicznych

obszaru, cech fizjonomicznych i florystycznych oraz cech strukturalnych (Corona i in., 2004;

Del Favero, 2004). Ujecie fitosocjologiczne do szacowania produktywnosci lasu stosowane jest

takze w Finlandii (Cajander, 1949; Kujala, 1976) i w Austrii (Hufnagl, 1970). W Danii, przy

roznicowaniu typow lasow, wykorzystuje sie¢ ocen¢ struktury idynamiki rozwoju

drzewostanow (Larsen i Nielson, 2006). W Polsce do wyznaczania troficznos$ci siedlisk lesnych

stosowana jest metoda opisana w Instrukcji urzadzania lasu, cz. 2. Instrukcja wyrézniania
I kartowania w Lasach Panstwowych typow siedliskowych lasu oraz zbiorowisk roslinnych
(CILP 2012), stanowiacej modyfikacje instrukcji stosowanych juz od lat 70. dwudziestego
wieku. Opisana w Instrukcji metoda jest czaso- i kosztochtonna, dlatego poszukiwanie nowych
metod analizy danych siedliskowych stanowi wyzwanie wspodtczesnej nauki, a wypracowane
nowoczesne metody okreslania troficznos$ci siedlisk lesnych moga mie¢ znaczenie nie tylko
naukowe, ale takze praktyczne. Jednym ze sposobow poprawienia skutecznosci oceny siedlisk
lesnych moze by¢ zastosowanie metod zdalnych, obejmujacych wykorzystanie zdjeé lotniczych
I obrazow satelitarnych.

Metody teledetekcyjne umozliwiajg uzyskanie w sposob stosunkowo tatwy informacji
0 duzej szczegdlowosci przestrzennej dotyczacych sktadu, struktury istanu zbiorowisk
lesnych. Gromadzenie tego typu danych tradycyjnymi metodami w lasach, ktore czgsto

pokrywaja duze obszary, jest ucigzliwe oraz trudne logistycznie (Vasquez-Grandén i in., 2018;

Sanchez-Azofeifa i in., 2017). Zdjgcia lotnicze | obrazy satelitarne czgsto wykorzystuje si¢ do

wyznaczenia w lasach obszarow 0 podobnej strukturze drzewostanow, sktadzie gatunkowym
I uksztalttowaniu terenu. W ten sposob tworzone s3 mapy W duzej skali przestrzennej, przydatne
przy zarzadzaniu lasami. W oparciu 0 srednio i nisko rozdzielcze obrazy satelitarne powstaja
rowniez mapy maloskalowe wykorzystywane na poziomie regionalnym i krajowym. Jednym
z pierwszych przyktadow takiego wykorzystania danych teledetekcyjnych byt kanadyjski
program Earth Observation for Sustainable Development of Forests, w ramach ktorego,
przeprowadzono klasyfikacje obrazow satelity Landsat-7, identyfikujac 23 klasy zbiorowisk

lesnych z doktadnoscia 77% i sporzagdzono mapy obejmujgce ponad 80% powierzchni



Kanady (Wulder i in., 2008). Na mapach matoskalowych na danym obszarze mozna
generalizowa¢ wlasciwos$ci skal macierzystych, warunki geologiczne oraz klimatyczne, ktore
W bardzo duzym stopniu decydujg 0 whasciwosciach gleb (Zhao i in., 2013; Zhao i in., 2021;
Ding i in., 2020).

Bardzo waznym czynnikiem ksztaltujacym procesy glebotworcze jest rowniez

roslinnos¢ (Ballabio iin., 2012). Z kolei wzrost i kondycja drzew sa Scisle zwigzane

Z przestrzennym rozktadem troficznosci gleb lesnych (Li i in., 2021) i dzieki temu mozliwa jest
obserwacja tego rozkladu przy uzyciu danych teledetekcyjnych W postaci obrazow
satelitarnych i lotniczych. W obszarach, na ktoérych wystepuja korzystne warunki troficzne,
biomasa roslinna przyrasta szybciej niz na terenach, gdzie gleba jest mniej wilgotna i ubozsza
w sktadniki pokarmowe, co W rezultacie daje wyrazne zrdéznicowanie jasno$ci pikseli

odpowiadajacych takim r6znym obszarom (Piekarczyk i in., 2012). Dla drzew o duze;j zielonej

biomasie, rosngcych na zyznych glebach, roznica pomiedzy wspodtczynnikami odbicia
w zakresie bliskiej podczerwieni a §wiatta widzialnego jest wyzsza, niz dla drzew rosnacych na
ubozszych glebach. Nalezy jednak pamigtaé, ze w ekosystemach le$nych czesto wystepuja
zaktocenia wzrostu roslin w wyniku stresow (np. braku wody), co moze mie¢ wptyw na zmiany
charakterystyk spektralnych.

Stosowane s3 rézne metody tworzenia map troficznosci gleb, w ktorych

wykorzystywane sa: interpolacja przestrzenna danych punktowych (Schloeder iin., 2001),

regresja liniowa (Martiniin., 2011), metoda kokrygingu (Wuiin., 2009) oraz laczne
zastosowanie krygingu i regresji wielokrotnej (Yigini i in., 2016). Zastosowanie tych metod

wigze si¢ Z konieczno$cig poboru wielu probek glebowych, co jest trudne, gdy badania sg

prowadzone na duzych i trudnodostgpnych obszarach (Behrens i in., 2007;

McBratney i in., 2007). Dodatkowym utrudnieniem jest brak zalezno$ci liniowej migdzy

charakterystykami glebowymi i zmiennymi srodowiskowymi (McBratney i in., 2007). Zhao

i in. (2008; 2020) stwierdzili, ze szczegotowe rozmieszczenie przestrzenne sktadu chemicznego
gleby mozna modelowa¢ z wykorzystaniem zmiennych srodowiskowych i hydrologicznych
0 wysokiej rozdzielczo$ci na poziomie lokalnym, poniewaz przeptyw wody w glebie wzdtuz
nachylenia terenu powoduje przenoszenie sktadnikow gleby, takich jak materia organiczna,
sktadniki odzywcze i drobne czastki mineralne.

Dostgpne juz od ponad 50 lat wielospektralne obrazy satelitarne umozliwiaja
obserwacje zardbwno przestrzennej jak i czasowej zmiennosci zbiorowisk lesnych. Satelitarne
obrazy wielospektralne sktadajg si¢ z kilku, rzadziej kilkunastu zdje¢ obejmujacych ten sam

fragment powierzchni Ziemi i zarejestrowanych w tym samym czasie w kilku stosunkowo
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szerokich, majacych kilkadziesiagt nanometrow, zakresach widma (tzw. kanatach spektralnych).
Takie dane obrazowe, 0 $redniej rozdzielczo$ci przestrzennej (5 — 30 m), uzyskane na przyktad
z czujnika ETM satelity Landsat (Baugh i Groeneveld, 2006; Xu, 2007) lub czujnika HRVIR

satelity SPOT (Soudani iin., 2006) byly wykorzystywane do szacowania kondycji ro$lin

I zmian fenologicznych laséw w skali regionalnej i lokalnej. Obecnie dodatkowym, poza
amerykanskimi satelitami serii Landsat (aktualnie L7, L8 iL9), nieodptatnym zroédtem
$redniorozdzielczych, wielospektralnych danych obrazowych jest konstelacja Europejskiej
Agencji Kosmicznej Sentinel 2 sktadajaca si¢ z dwoch satelitow: Sentinel 2A i Sentinel 2B.
W analizie zmiennos$ci przestrzennej gleb z zastosowaniem metod teledetekcyjnych

najcze$ciej badane sa odkryte powierzchnie glebowe (Ben-Doriin., 2008), jednak

w przypadku gleb lesnych oich wihasciwosciach mozna wnioskowaé posrednio, poprzez

charakterystyki spektralne roslinnosci pokrywajacej glebe (Yang iin., 2019). Wyniki wielu

badan wskazuja, ze interpretacja danych teledetekcyjnych w postaci wskaznikoéw roslinnosci
jest bardziej skuteczna i dostarcza wigcej informacji 0 badanych powierzchniach niz zdjecia

z poszczegolnych kanatow spektralnych czujnika (Verstraete i Pinty, 1996, Bolyn i in. 2018

Cross 1 in. 2019). Wskazniki roslinnosci sg obliczane dla pojedynczych pikseli na podstawie

ich jasno$ci zarejestrowanej W pasmach widzialnych oraz bliskiej i krotkofalowej
podczerwieni. Wskazniki roslinnosci sa oparte 0 wzglednie proste formuly matematyczne i sa

empirycznymi miarami opisujacymi roslinno$¢ i jej kondycje (Wang iin., 2018). Poniewaz

roslinnos¢ jest bardzo istotnym czynnikiem wptywajacym na procesy glebotworcze, to poprzez
jej wptyw na procesy biofizyczne gleby stanowi dobry wskaznik przestrzennego zré6znicowania
sktadnikow odzywczych w glebie. W rezultacie poprzez ilosciowe okreslenie zmiennosci
odbiciowych cech roslinnosci uzyskujemy informacje 0 przestrzennym rozmieszczeniu

sktadnikow odzywczych w glebie (Yang i in., 2019).

Do opisu zaleznosci migdzy danymi spektralnymi i whasciwosciami gleby, np. stanem
uwodnienia, oprocz tradycyjnych, regresyjnych metod statystycznych, stosuje si¢ coraz
czesSciej uczenie maszynowe. Wyniki wielu badan wskazuja, ze sposrod roznych metod uczenia
maszynowego do predykcji wilgotnosci gleby najczes$ciej wykorzystywane sa metody:
sztucznych sieci neuronowych (Artificial Neural Networks ANN) oraz wektoré6w nosnych
(Support Vector Machines SVM), poniewaz opisujg one najlepiej zaleznosci nieliniowe. jakie

wystepuja miedzy danymi spektralnymi i zawartoscig wody w glebie (Ahmad iin., 2010).

Jakkolwiek, Siroky (2009) zwrocit uwagg, ze przydatna moze by¢ rowniez metoda Random
Forest (RF) ze wzgledu na wysoka wydajnos¢ iniewielka liczbe hiperparametréow do
dostrojenia w poréwnaniu z innymi zaawansowanymi modelami uczenia maszynowego, co
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utatwia jego uzycie (Siroky, 2009). Oprocz zastosowan predykcyjnych uczenie maszynowe jest
rowniez wykorzystywane W klasyfikacji powierzchni lesnych, ktora polega na identyfikowaniu
| przypisywaniu obszarow na zdjeciach satelitarnych do réznych typow siedlisk le$nych.
Dodatkowe zwigkszenie doktadnosci klasyfikacji jest mozliwe przy zastosowaniu metody
analizy wieloczasowej, dzigeki ktorej uchwyci¢ mozna zlozong dynamike siedlisk lesnych
w sezonie jak i w wieloleciu, co jest szczegdlnie wazne na obszarach, na ktorych gospodarka

le$na regularnie zmienia strukture lasu (Hermosilla i in., 2015).

Satelitarne zobrazowania optyczne bardzo dobrze nadajg si¢ do obserwowania
zmiennos$ci pokrywy lesnej. W aspekcie przestrzennym dwuwymiarowy charakter danych
obrazowych ogranicza ich przydatno$¢ do oceny wskaznikow strukturalnych lasow (Lefsky
i in., 1999). Informacje o trojwymiarowych charakterystykach roslinnosci lesnej obejmujacych
na przyktad wysoko$¢ drzew, rozktad gal¢zi lub lisci w przestrzeni 3D moze dostarczyc
lotniczy skaning laserowy (ALS). Za pomoca tej metody uzyskuje si¢ rowniez
wysokorozdzielcze dane przestrzenne do tworzenia cyfrowych modeli wysoko$ciowych,
opisujacych uksztaltowanie terenu oraz zlozone wskazniki topograficzne zwigzane

z dostgpnoscig wody dla roslin (Murphy iin., 2008). Laczne wykorzystanie danych ALS

z danymi optycznymi moze dostarczy¢ szczegblowych informacji 0 uwilgotnieniu
i troficznosci siedlisk le$nych w postaci map wielkoskalowych (Nijland i in., 2015). Jednak
istotng wada takiego podejscia sa wysokie koszty zastosowania ALS.

Obrazy satelitarne ilotnicze rejestrowane za pomoca czujnikow optycznych,
radarowych i lidarowych o réznej rozdzielczosci przestrzennej, spektralnej i czasowej byly

stosowane do oceny stopnia degradacji zbiorowisk lesnych (Mitchell i in., 2017; Joseph i in.,

2011). Najczesciej wykorzystywane sg dane rejestrowane Z putapu satelitarnego, a szczeg6lnie
intensywne badania prowadzone sg nad wykorzystaniem potaczonych danych radarowych
i optycznych o bardzo wysokiej rozdzielczosci przestrzennej. Mozliwos¢ wykorzystania
bezzatogowych statkow powietrznych (BSP) otwiera nowe pola badawcze. BSP, jako
platformy dla kamer RGB, umozliwiaja generowanie modeli 3D o0 bardzo wysokiej
rozdzielczo$ci, aich dostgpno$¢ sprawia, ze sa czesto wykorzystywane przez lokalne
spoteczno$ci do wspotudzialu w nadzorowaniu i zarzadzaniu lasami w ramach tzw.
Community-Based Forest Monitoring (Fry, 2011).

Wszystkie wymienione metody oraz narzedzia do analizy danych pozwalaja na
nowoczesne podejscie do oceny zréznicowania i troficznosci siedlisk lesnych, ktora w réznych
krajach jest dokonywana roéznymi metodami ze zrdznicowang dokladno$ciga oraz ze

zroéznicowanym podejsciem do celu i efektow tego typu opracowan.

11



Cel i hipotezy badawcze

Punktem wyjscia do podjecia badan bylo przyjecie nastepujacych zatozen:

a) troficzno$¢ ekosystemoéw lesnych zalezy od dostepnosci wody oraz zrdéznicowanej
zdolnosci retencjonowania wody w zalezno$ci od wlasciwosci terenu, W tym rzezby
terenu, warunkow geologicznych oraz glebowych,

b) trofizm siedlisk lesnych wplywa na rdéznorodnos$¢ szaty ro$linnej iilos¢ zielonej
biomasy wytwarzanej przez rosliny,

C) roznorodno$¢ szaty roSlinnej zwigzana  Z troficznos$cig  siedlisk  znajduje
odzwierciedlenie w réznicach, ktore moga by¢ uchwytne przez wskazniki spektralne.

Na podstawie powyzszych zatozen postawiono hipoteze, Ze:
jesli zréznicowanie troficzne siedlisk lesnych wptywa poprzez zrdznicowang szate roslinng na
réznice w zobrazowaniach satelitarnych, to odwrotnie, na podstawie roznic W jasnosci pikseli

na zobrazowaniach satelitarnych mozna wykaza¢ zréznicowanie troficzne siedlisk lesnych.

Celem przeprowadzonych badan bylo znalezienie zwigzku pomiedzy wskaznikami
spektralnymi uzyskanymi ze zdje¢¢ satelitarnych a wskaznikami pozwalajacymi na oceng
troficznosci siedlisk lesnych, poprzez odpowiedz na nastepujace pytania:
1. Czy powszechnie stosowane wskazniki spektralne mozna wykorzysta¢ do oceny
zroznicowania troficznosci siedlisk lesnych?
2. Ktory z powszechnie stosowane wskaznikow spektralnych najlepiej nadaje si¢ do oceny
troficznosci siedlisk lesnych?
3. W jaki sposob mozna wykorzystaé powszechnie stosowane wskazniki spektralne

W ocenie troficznosci siedlisk lesnych?
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Metody badan

W pierwszym etapie badan, uznajac wode za najistotniejszy czynnik roznicujacy
troficznos¢ siedlisk lesnych, postanowiono sprawdzi¢, ktory sposrod wskaznikoéw spektralnych
najlepiej oddaje zréznicowanie wilgotno$ciowe ekosystemow lesnych.

W badaniach zaprezentowanych w Artykule nr 1 wykorzystano obrazy uzyskane

z Sentinel-2 (A, B), pobrane z portalu Europejskiej Agencji Kosmicznej (ESA), przy
wykorzystaniu polskiego repozytorium danych programu Copernicus
(https://www.copernicus.eu/en, dostep 27 lipca 2022), Sat4Envi (https://satdenvi.imgw.pl/,
dostep: 27 lipca 2022 r.) zarzadzanego przez Instytut Meteorologii i Gospodarki Wodnej
Panstwowy Instytut Badawczy (IMGW-PIB). W przypadku Artykutu nr 2 i Artykutu nr 3 do

pozyskania obrazéw Sentinal-2 wykorzystano $rodowisko chmurowe Google Earth Engine
(GEE). Obrazy pobierano z kolekcji COPERNICUS/S2_HARMONIZED. Po 2022-01-25 dla
udostepnianych obrazéw Sentinel-2 zmieniono kodowanie odbicia (z zakresu 0-10000, na
1000-11000). Kolekcja obrazow GEE S2_HARMONIZED zawiera obrazy Sentinel-2
zunifikowane do sposobu kodowania odbicia stosowanego do 2022-01-25, co uprasza
obliczenia i daje mozliwos¢ uzyskania poréwnywalnych wynikow.

Charakterystyke czujnika Multispectral Instrument (MSI) na platformach S2A i S2B
uzyskano poprzez dostep ze strony internetowej ESA
(https://sentinels.copernicus.eu/web/sentinel/user-guides/sentinel-2-msi). Do analizy
wykorzystano dane z poziomu produktu L2A. Poziom L2A oznacza, ze kazdy piksel obrazu
dla pasma widmowego zawiera skalibrowany wspotczynnik odbicia na powierzchni Ziemi. Jest
to produkt, ktory powstal w wyniku korekcji geometrycznej z uwzglednieniem wptywu
topografii na obraz oraz korekcji radiometrycznej zmian promieniowania w atmosferze
[Sentinel2 - Level 2A, 2022].

Jak pokazano wtabeli 1, roznice pomigdzy parametrami czujnikow satelitOw
Sentinel 2A  i2B sa nieznaczne i zostaly uznane za nieistotne z punktu widzenia

przeprowadzonych badan.
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Tabela 1. Wykorzystane w analizie kanaty Sentinel 2A i 2B do obliczen [Sentinel-2, 2022].

Sentinel 2 B2 B3 B4 B8
kanaty spektralne
Rozdzielczosé 10 10 10 10
przestrzenna [m]
Sentinel 2A
Srodek  przedzialu 496,6 560,0 664,5 835,1
dhugosci fali [nm]
Szeroko$é 98 45,0 38,0 145,0
pasma [nm]
Sentinel 2B
Srodek przedziatu 492,1 559,0 665,0 833,0
dhugosci fali [nm]
Szeroko$é 98 46,0 39,0 133,0
pasma [nm]
Maksimum Minimum Maksimum  Maksimum
absorpcji $wiatta  absorbcji absorpcji odbicia od
niebieskiego Swiatta Swiatta czesci
(Ansper i in.2019) Wwidzialnego czerwonego zielonych ro$lin
zielonego (Yadav i in. 2019) (Yadav i in. 2019)

(Ansper i in. 2019)

W kolejnym etapie dla kazdej daty rejestracji obrazu, na podstawie obrazéw z réznych
kanatow spektralnych czujnika MSI Sentinel-2A, obliczono 249 wskaznikow spektralnych,

otrzymujac dane zestawione w Zataczniku nr 1. Po selekcji i analizie wzoréw do obliczen

wybrano 191 wskaznikow, ktorych listg zestawiono w Zataczniku nr 2. Po wstgpnej analizie,

za najlepszy uznano wskaznik NDVI (Normalized Difference Vegetation Index
[znormalizowany ro6znicowy indeks wegetacyjny]), ktory konsekwentnie stosowano
w dalszych etapach badan. Szersze omowienie tej cze$ci badan oraz uzyskanych wynikow
znajduje si¢ w Artykule nr 1.

W celu przetestowania uniwersalnosci metody opisanej w Artykule nr 1, ktorej wyniki
dotycza obszaru Parku Narodowego ,,Bory Tucholskie”, przeprowadzono badania na terenie
kompleksow lesnych Ipanema National Forest w Brazylii, w ramach stazu na Uniwersytecie
Federalnym Sao Carlos. Uzyskane wyniki przedstawiono w zataczonym Manuskrypcie. Celem
tych badan bylo opracowanie modelu matematycznego umozliwiajacego predykcje
uwilgotnienia siedlisk lesnych na podstawie warto$ci wskaznika NDVI oraz dodatkowych
danych okreslajagcych warunki wysokosciowe, geologiczne iglebowe. W badaniach tych
wykorzystano: macierze kowariancji, dwa algorytmy redukcji wymiarowosci (PCA i UMAP)
oraz przeprowadzono probg zbudowania klasyfikacji stanu uwilgotnienia dzielac siedliska na

nowe, bardziej uniwersalne 4 grupy: gl — siedliska mokre, g2 — siedliska wilgotne, g3 —
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siedliska $wieze, g4 — siedliska suche. Zastosowano nastgpujace algorytmy uczenia
mMaszynowego:
a) liniowa analiza dyskryminacyjna (LDA),
b) ilosciowa analiza opisowa (QDA),
c) regresja logistyczna,
d) metoda wektoréw nosnych (Support Vector Machine - SVM),
e) Random Forest (RF).

Wszystkie obliczenia wykonano wykorzystujac jezyk programowania Python
i biblioteki scikit-learn (https://scikit-learn.org/stable/). Zbior danych wykorzystany do
obliczen sktadat si¢ z 510 przypadkow zakwalifikowanych do klas g1-g4, z uwzglednieniem
38 parametrow: 11 klas zbiorowisk roslinnych, 10 klas wysokosci n.p.m., 9 klas gleb i 8 klas
utworéow geologicznych. Zbiory powstaly poprzez podzielenie obszaru Ipanema National
Forest na podobszary o0 wymiarach 1x1 km, w ktoérych wyznaczono klasy gl1—g4. Stwierdzono,
ze kwadraty 0 wymiarach 1x1 km =zawieraja wystarczajacg roéznorodno$¢ warunkow
siedliskowych i typéw roslinnoéci, aby mozliwe bylo potraktowanie kazdego z nich jako
osobnej probki. Szersze omowienie tej czgsci badan oraz uzyskanych wynikow znajduje si¢
w publikacji bedacej obecnie w trakcie recenzji w czasopi$mie iForest. Poniewaz praca ta nie
jest jeszcze opublikowana, w zataczniku nr 3 znajduje si¢ jej pelny tekst.

Poniewaz wyniki badan opublikowane w Artykule nr 1 wskazaty na szersze mozliwosci

wykorzystania wskaznika NDVI, w Artykule nr 2 wykazano przydatnos¢ NDVI do
prognozowania zmian w zasiegu geograficznym klonu jawor (Acer pseudoplatanus L.).
Analize danych podzielono W tej pracy na 2 czg$ci. Pierwsza obejmowata charakterystyke
wszystkich drzewostanow jaworowych wystepujacych W Polsce, sporzadzona przy
zastosowaniu tradycyjnych metod inwentaryzacji obszarow lesnych. W drugiej cze¢$ci
dokonano analizy drzewostanow jaworowych wystepujacych w Polsce za pomocg NDVI.
Nastepnie, na podstawie danych z Polski bazujacych na NDVI, oszacowano potencjat siedlisk
lesnych pod katem mozliwosci wystepowania klonu jaworu w catej Europie. Z uwagi na
podzial pracy na dwie czesci, publikacja ma dwoch wiodacych autorow (Monika Konatowska
i Adam Mtynarczyk), ktorych udziat jest rownorzgdny.

W podobny sposob i przy takim samym wspotudziale przygotowano Artykut nr 3,
dotyczacy zréznicowania drzewostanow sosnowych reprezentujacych kluczowe ekotypy Pinus
sylvestris w Polsce, w ktorej wykazano zalezno§¢ pomigdzy NDVI a troficznoscia badanych
siedlisk, wyrazong zréznicowaniem zbiorowisk roslinnych oraz cechami drzewostanu

(wysokos$cig i gruboscig pnia). Poniewaz do badan wybrano najcenniejsze drzewostany W
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Polsce, ze wzgledu na ich wiek, jakos$¢ i reprezentatywno$¢ dla duzych kompleksow lesnych
sosnowych, liczba obszarow badawczych byla ograniczona (7). Dlatego analize statystyczng
ograniczono do metody opartej na rangach przypisanych do parametrow obejmujacych:
wspotczynnik smuktosci drzewa, zbiorowisko roslinne, NDVI i obliczeniu wspotczynnikow

korelacji Pearsona pomi¢dzy badanymi parametrami.

Wyniki badan

Pierwszy etap badan, obejmujacy mozliwo$¢ wykorzystania wskaznikow spektralnych
do oceny stanu uwilgotnienia siedlisk lesnych, przeprowadzono w oparciu o dane pozyskane
z Parku Narodowego Bory Tucholskie, gdzie wyniki prac siedliskowych wykonanych
tradycyjng metodg opisang W “Instrukcji urzadzania lasu” skonfrontowano z analiza spektralng
923 poletek badawczych (poligondow) reprezentujacych zrdéznicowany stopien uwilgotnienia
siedlisk lesnych, 0 tacznej powierzchni 4309,59 ha (Tabela 2).

Tabela 2. Zestawienie liczby poletek badawczych iich powierzchnie w parku narodowym
,Bory Tucholskie” pod wzgledem stopni uwilgotnienia siedliska oraz przypisanym im
glebokosciom wody gruntowe;j.

Stopien Liczba
uwilgotnienia Poziom wody gruntowej (m) poletek Powierzchnia (ha)

siedliska badawczych
gl 0,0-0,2 13 37,89
92 0,2-0,5 70 121,44
g3 0,5-0,8 73 190,43
g4 0,8-1,8 74 118,71
g5 1,8-2,5 58 170,64
g6 ponizej 2,5 625 3653,34
g7/ ponizej 2,5 10 17,14

Razem 923 4309,59

Sposrod wstepnie wytypowanych 249 wskaznikéw wegetacyjnych (Zalacznik nr 1),
a nastepnie 191 wskaznikow poddanych dalszej analizie (Zatacznik nr 2), wskaznik NDVI
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okazal si¢ najsilniej skorelowanym ze stopniem uwilgotnienia siedlisk lesnych, przy czym
wykazano, ze wiarygodne wyniki uzyskuje si¢ dla danych obejmujacych petli¢ sezonu
wegetacyjnego, to jest okres od czerwca do sierpnia. W dalszej kolejnosci uplasowaty si¢
wskazniki: EXG, OSAVI, DSWI-4 oraz RDVI (Tabela 3).

Tabela 3. Zestawienie pieciu najlepszych wskaznikoéw objetych analiza.

Indeks|aSMintg| MSE_MinTgi| Eintg Formuta Zrédto

NDVI | 0,2864| 01320 | 0,2486 NDVI = S5 Rouse, 1973

EXG 0,2822| 01423 0,2421 EXG = 2 + B3 — B2 — B4 Woebbecke, 1995

OSAVI [ 02787| 01412 | 0,2894| 0savi= 1 +016 | Rondeaux, 1996

DSWI-4{ 0,2746| 0,1305 | 0,2387 DSWI—4 = o Apan, 2003

B8 — B4
RDVI [0,2747| 01375 | 02369  *VI=(gaspays Broge, 2000

Dla wszystkich poligonow nalezacych do tej samej kategorii wilgotnos$ci, dla danej daty
rejestracji obrazu, obliczono $rednig warto$¢ wskaznika (M,,1g,). Nastgpnie wszystkie warto$ci

wskaznikow (MinTgi) standaryzowano wedlug wzoru:

(MinTgi — MinTyi)
6inTgi

SMintgi = =

gdzie: SMinTgi - standaryzowana warto$¢ srednia, MinTgi - niestandaryzowana warto$¢ $rednia,

a dinTgi - 0dchylenie standardowe.

Uzyskane wartosci SMintgi zostaly zgrupowane i usrednione dla wszystkich
wskaznikow wilgotnosci gl-g7. Obliczono regresje liniowg na podstawie zgrupowanych
wskaznikéw 1 wyznaczono wspoétczynnik nachylenia aSMintgi. W nastgpnym kroku obliczono
calkowity blad $redniokwadratowy dla kazdego wskaznika - MSE_Mintgi. Ranking
wskaznikow najbardziej skorelowanych zostal obliczony na podstawie Eintg, Czyli iloczynu
wartosci bezwzglednej nachylenia aSMintgi | dopelnienia bledu $redniokwadratowego

(1 - MSE_MinTgi).
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Usrednione opady z pieciu dni [mm]

W wersji graficznej wyniki dla indeksu NDV1 przedstawiono na ryc. 1.

[ [ W bagienny

g4 wilgotny

[ [k Swiezy

-gz - -
o.r |
- ¥

piksel 10x10 m a _‘-

Rycina 1. Porownanie obrazu fragmentu mapy siedliskowej wykonanej metoda tradycyjnych
odkrywek glebowych (po lewej) z obrazem tego samego obszaru zréznicowanego ze wzgledu
na wartosci NDVI (po prawej). Legenda obrazu po lewej stronie zawiera wylacznie stopnie
uwilgotnienia g2 - g5, gdyz stopnie gl i g7 nie wystepuja na prezentowanym obszarze.

Peten zakres wynikow z tego etapu prac zawiera Artykut nr 1.
Drugi etap badan obejmowat prace przeprowadzone w Ipanema National Forest
(Brazylia). Poniewaz praca jest w trakcie recenzji, zamieszczono pelng wersje wynikow

w manuskrypcie jako Zataczniku nr 3.

Ipanema National Forest lezy w strefie zroznicowanej klimatycznie na 2 okresy — suchy

i mokry, co znajduje odzwierciedlenie w zmianach NDVI w zaleznosci od pory roku (ryc. 2).
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Rycina 2. Obraz NDVI Ipanema National Forest w marcu (3a), maju (3b), sierpniu (3c)
i listopadzie (3d) 2021 roku. Wykres opadow z pionowg czerwong strzatka oznaczong datg
obrazu NDVI, ktora pokrywa si¢ z datg pomiaru opadow.
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Na podstawie modelu okreslania stopnia uwilgotnienia siedliska (opisanego Artykule nr 1)
oraz analizy zmian w zobrazowaniu NDVI w zalezno$ci od opaddéw atmosferycznych
podawanych dla Ipanema National Forest przyjeto ekspercko dla obszaru badan nast¢pujace
wartosci NDVI dla poszczegdlnych stopni uwilgotnienia:

e dla sredniej rocznej wartosci NDVI zawierajacej si¢ W przedziale 1,00-0,86 siedlisko

uznaje si¢ za mokre (stopien gl);

e dla sredniej rocznej wartosci NDVI zawierajacej si¢ W przedziale 0,85-0,81 siedlisko

uznaje si¢ za wilgotne (stopien g2);

e dla $redniej rocznej wartosci NDVI zawierajgcej sie w przedziale 0,80-0,73 siedlisko

uznaje si¢ za Swieze (stopien g3);

e dla $redniej rocznej wartosci NDVI zawierajacej si¢ W przedziale ponizej 0,73

siedlisko uznaje si¢ za suche (stopien g4)

Na rycinach 3-6 poréwnano zréznicowanie geologiczne, glebowe, typow roslinnosci oraz
rzezby terenu Z rozkladem przestrzennym przeci¢tnych wartosci NDVI w latach 2018-2021.
W tabelach 4-11 zestawiono procentowy udzial poszczegdlnych sktadowych z uwzglednieniem
4 Klas stopnia uwilgotnienia (g1-g4).

Naryc. 3 i odpowiadajacej jej tab. 4 i 5 przedstawiono powigzania jednostek geologicznych
(ryc. 3a) z rozktadem przestrzennym wartosci NDVI (ryc. 3b), gdzie odcieniami: niebieskimi
zaznaczono przyjete wartosci gl, zielonymi - g2, zottymi - g3, czerwonymi g4, kolor biaty
oznacza warto$ci ponizej 0,58 i nie byt klasyfikowany. W tab. 4 i 5 przedstawiono procentowy

rozktad utwordéw geologicznych i kategorii wilgotnosci.

a Utwory Geologiczne b NDVI

Legenda

Rycina 3. Poréwnanie zrdznicowania geologicznego (3a) oraz $rednich wartosci NDVI
w odniesieniu do mapy geologii Ipanema National Forest (3b). Legenda do Rys. 3b: 01 -
Amfibolit [Anfibolit]; 02 - Piaskowiec spoiwowy [Arenito Conclomeratico]; 03 — Itowce
[Argilito]; 04 - Skata bazaltowa [Eruptivas basicas bazalto]; 05 - Skata warwowa, wersz
[Folhelho Varvito]; 06 - Granit porfiroidowy [Granito porfiroide]; 07 - Intruzje alkaliczne:
szonkinit-porfir [Intrusivos Alcalinas Shonkinito-porfito]; 08 - Czwartorzed [Quaternario].
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Tabela 4. Procentowy udzial utworow geologicznych w kategoriach wilgotnosci (gl-g4)
wystepujacych w Ipanema National Forest, obliczony na podstawie $rednich wartosci NDVI

dla lat 2018-2021.

. 1 2 3 4
Utwory geologiczne mgkra Wilgotna éw%eia su%:ha

Amfibolit 0,0 0,4 0,1 0,1
Piaskowiec spoiwowy 3,2 12,5 17,9 36,9
[towce 0,0 0,4 0,0 0,1
Skata bazaltowa 0,0 0,2 0,9 0,1
Skata bazaltowa 0,0 0,8 2,8 6,2
Granit porfiroidowy 2,8 3,2 20,1 23,9
Intruzje alkaliczne: szonkinit-porfir 40,7 31,1 31,3 7,6
Czwartorzedowe 53,3 51,4 26,9 25,1

suma 100,0 100,0 100,0 100,0

Tabela 5. Procentowy udzial kategorii wilgotnosci (gl-g4) w utworach geologicznych,
obliczony na podstawie §rednich wartosci NDVI dla lat 2018-2021.

gl

g2

g3

g4

Utwory geologiczne mokra |wilgotna| $wieza sucha | UM
Amfibolit 0 24,1 61,7 14,21 100,0
Piaskowiec spoiwowy 0 6 62,4 31,6 | 100,0
Ttowce 0 49,3 21,7 23| 100,0
Skata bazaltowa 0 3,2 93,2 3,6/ 100,0
Skata bazaltowa 0 2,6 61,6 35,8 100,0
Granit porfiroidowy 0 1,7 76,6 21,7|100,0
Intruzje alkaliczne: szonkinit-porfir 0,5 11,5 82,8 5,2|100,0
Czwartorzedowe 0,6 17,7 66,7 15| 100,0

Na ryc. 4 i odpowiadajacej jej tab. 6 i 7 przedstawiono powigzania typow gleb (ryc. 4a)

z rozktadem przestrzennym wartosci NDVI (ryc. 4b), gdzie odcieniami: niebieskimi

zaznaczono przyjete wartosci gl, zielonymi - g2, zottymi - g3, czerwonymi g4, kolor biaty

oznacza wartosci ponizej 0,58 i nie byt klasyfikowany. w tab. 6 i 7 przedstawiono procentowy

rozktad typow gleb i kategorii wilgotnosci.

20




a Typy gleb b NDVI
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Rycina 4. Poréwnanie zréznicowania gleb (4a) i srednich wartosci NDVI w odniesieniu do
mapy gleb Ipanema National Forest (4b). Legenda do Rys. 5: 01 — Dystroficzne czerwono-zoétte
acrisole [Argissolo Vermelho Amarelo Distréfico]; 02 — Gleby glejowe [Gleissolo]; 03 — Zotte
lateryty [Latossolo Amarelo]; 04 — Dystroficzne czerwonoziemy [Latossolo Vermelho
Distréfico] 05 — [Neossolo Litolico Afloramento] (brak odpowiednika w WRB, 2015); 06 —
Mady [Neossolo Fluvico]; 07 — [Neossolo Latélico Listico] (brak odpowiednika w WRB 2015);
08 — [Neossolo Litélico Distrofico] (brak odpowiednika w WRB 2015); 09 — [Neossolo Litdlico
Humido] (brak odpowiednika w WRB, 2015)

Tabela 6. Procentowy udziat typow gleb w kategoriach wilgotnosci (gl-g4), obliczony na
podstawie Srednich wartosci NDVI dla lat 2018-2021.

g1 92 g3 g4
Typy gleb :
mokra |wilgotna| §wieza | sucha
Dystroficzne czerwono-zotte acrisole 51 6,9 7,5 10,9
Gleby glejowe 0,9 14,5 4,9 8,9
Zotte lateryty 0,0 0,2 0,1 0,1
Dystroficzne czerwonoziemy 38,8 30,0 21,8 6,1
Neosoolo_Litolico Afloramento
(brak odpowiednika w WRB, 2015) 0.1 0.3 34 10,0
Mady 33,9 24,9 13,3 10,4
Neossolo Latolico Listico
(brak odpowiednika w WRB, 2015) 12,3 8,3 13,0 4.0
Neossolo Litolico_Distrofico
(brak odpowiednika w WRB, 2015) 5.0 6,0 A 2
Neossolo Litolico Himido 3.9 8.9 118 204

(brak odpowiednika w WRB, 2015)

suma| 100,0 100,0f 100,0, 100,0
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Tabela 7. Procentowy udzial kategorii wilgotnoséci (gl-g4) w typach gleb, obliczony na
podstawie srednich wartosci NDVI dla lat 2018-2021.

1 2 3 4

Typy gleb mgkra Wilgotna éwgieia sugcha suma
Dystroficzne czerwono-zotte acrisole 0,2 8,6 67,3 23,9| 100,0
Gleby glejowe 0,0 22,2 53,9 23,9| 100,0
Zblte lateryty 0,0 25,0 57,3| 17,7| 100,0
Dystroficzne czerwonoziemy 0,6 15,0 78,9 55| 100,0
Neosoolo Litélico Afloramento
(brak odpowiednika w WRB, 2015) 0,0 0,6 57,9 415| 1000
Mady 0,8 17,8 68,3 13,1| 100,0
Neossolo Latolico Listico
(brak odpowiednika w WRB, 2015) 0,4 7,6 85,5 6,5 100,0
Neossolo_Litolico Distrofico
(brak odpowiednika w WRB, 2015) 0,1 2,6 750 223| 100,0
Neossolo Litolico Himido
(brak odpowiednika w WRB, 2015) 0,1 6,8 54| 27,7 100,0

Na ryc. 5 i odpowiadajacej jej tab. 8 i 9 przedstawiono powigzania roslinnosci (ryc. 5a)
Z rozktadem przestrzennym wartosci NDVI (ryc. 5b), gdzie odcieniami: niebieskimi
zaznaczono przyjete wartosci gl, zielonymi - g2, zoltymi - g3, czerwonymi g4, kolor bialy
oznacza warto$ci ponizej 0,58 i nie byt klasyfikowany. w tab. 8 i 9 przedstawiono procentowy
rozktad roslinnosci i kategorii wilgotnosci.

a Roslinnosé b NDVI

Legenda
]
= - 0,86

-0,81
-0,73

Legenda

I LY

Rycina 5. Poréwnanie zroznicowania roslinnosci (5a) i $rednich wartosci NDVI w odniesieniu do mapy
pokrycia roslinnego Ipanema National Forest (5b). Legenda do Rys. 6: 01 — Wychodnie skalne
(Trawy/Krzewy) [Afloramento Rochoso (Gramineas/Arbustivas)]; 02 — Uprawy rolne [Agropecuaria
(Pastagens/Cultivos)]; 03 — Obszary miejskie [drea Urbana (Edificacées/Nilas)]; 04 — [Cerrado
(Campo Sujo)]; 05 — Zbiorniki wodne [Corpo d'Agua (Reservatérios); 06 — Naturalne odnowienie le$ne
[Floresta em Regenera¢do]; 07 — Lasy zrzucajace liscie w porze suchej [Floresta Estacional
Semidecidual]; 08 — Tereny goérnicze [Mineracdo (Cavas/Edificagcoes)]; 09 — Lesne zbiorowiska
zastepcze z gatunkami obcymi [Reflorestamento (Exdticas)]; 10 — Tereny zalesione gatunkami
rodzimymi [Resflorestamento (Nativas)]; 11 — Réwnina zalewowa [Vdrzea (Alagados/Brejos)]
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Tabela 8. Procentowy udziat typoéw roslinnosci w kategoriach wilgotnos$ci (g1-g4), obliczony

na podstawie $rednich wartosci NDVI dla lat 2018-2021.

gl g2 g3 g4
Typ roslinnosci
mokra |wilgotna| §wieza | sucha

Wychodnie skalne (Trawy/Krzewy) 0,0 0,2 14 6,7
Uprawy rolne 0,0 0,4 0,9 2,3
Obszary miejskie 0,0 0,3 0,2 0,5
Cerrado 0,0 4,8 5,0 6,8
Naturalne odnowienie le$ne 0,0 0,2 0,0 0,1
Naturalne odnowienie le$ne 4,6 19,7 21,8 47 .4
Lasy zrzucajgce liscie w porze suchej 90,8 67,1 66,6 28,5
Tereny goérnicze 0,0 0,5 1,1 1,2
Le$ne zbiorowiska zastepcze z gatunkami obcymi 4,6 4,6 1,8 2,2
Tereny zalesione gatunkami rodzimymi 0,0 0,3 0,4 0,7
Rownina zalewowa 0,0 1,9 0,8 3,6

suma 100,0 100,0 100,0 100,0

Tabela 9. Procentowy udzial kategorii wilgotno$ci (g1-g4) w typach roslinnosci, obliczony na

podstawie $rednich wartosci NDVI dla lat 2018-2021.

g1 92 93 g4
Typ roslinosci ] suma
mokra |wilgotna| $wieza | sucha

Woychodnie skalne (Trawy/Krzewy) 0,0 0,8 44,2 55,0 100,0
Uprawy rolne 0,0 3,6 57,1 39,3| 100,0
Obszary miejskie 0,0 11,1 52,6 36,3| 100,0
Cerrado 0,0 9,0 67,2 23,8| 100,0
Naturalne odnowienie le$ne 0,0 53,4 23,9 22,71 100,0
Naturalne odnowienie le$ne 0,1 7,6 60,7 31,6| 100,0
Lasy zrzucajgce liscie w porze suchej 0,5 11,2 80,0 8,3| 100,0
Tereny gornicze 0,0 5,0 73,4 21,6| 100,0
Lesne zbiorowiska zastepcze z gatunkami

obcymi 0,7 21,1 59,1 19,1| 100,0
Tereny zalesione gatunkami rodzimymi 0,0 6,9 64,2 28,9| 100,0
Réwnina zalewowa 0,0 13,7 38,3 480 100,0

Na ryc. 6 iodpowiadajgcej jej tab. 10 i1l przedstawiono powigzania grup

wysokosciowych [m n.p.m.] (ryc. 3a) z rozktadem przestrzennym wartosci NDVI (ryc. 3b),

gdzie odcieniami: niebieskimi zaznaczono przyjete wartosci gl, zielonymi - g2, zo6ttymi - g3,

czerwonymi g4, kolor biaty oznacza wartosci ponizej 0,58 i nie byt klasyfikowany. W tab. 10

i 11 przedstawiono procentowy rozktad grup wysokos$ciowych i kategorii wilgotnosci.
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Rycina 6. Porownanie zréznicowania rzezby terenu (7a) i $rednich wartosci NDVI
w odniesieniu do mapy rzezby terenu Ipanema National Forest (7b). Cigcie warstwicowe na
mapach wynosi 50 m.

Tabela 10. Procentowy udziat przedziatéw wysokosci w n.p.m. w kategoriach wilgotnosci (gl-
g4), obliczony na podstawie $rednich wartosci NDVI dla lat 2018-2021.

Przedzialy
- g1 92 93 g4
wysokosci . .
mokra |wilgotna| $wieza | sucha

[mn.p.m]
527-576 5,4 11,2 19,9
577-626 5,4 14,5 14,3
627-676 1,1 2,7 9,6 20,2
677-726 4,5 4,7 9,3 12,8
727-776 16,2 12,4 12,4 6,2
777-826 19,7 15,2 14,2 3,7
827-876 3,1
877-926 19,5 8,7 9,9 2,3
927-976 1,2 4,8 3,7 1,7
977-992 0,0 0,0 0,0 5,6

suma 100,0 100,0 100,0 100,0
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Tabela 11. Procentowy udziat kategorii wilgotnosci (gl-g4) w klasach wysokosci n.p.m.,
obliczony na podstawie $rednich wartosci NDVI dla lat 2018-2021.

Przedzialy
- gl 92 g3 g4
wysokosci . suma
mokra |wilgotna| swieza | sucha

[mn.p.m]

527_576 0,1 17,9 55,8 26,2 100,0
577_626 0,1 8,8 62,8 28,3 100,0
627_676 0,0 2,5 62,8 34,7 100,0
677_726 0,1 4,9 69,8 25,2 100,0
727_776 0,5 10,9 78,3 10,4| 100,0
777_826 0,5 12,1 81,7 5,6 100,0
827_876 0,7 8,7 86,1 4,5 100,0
877_926 0,7 10,3 83,8 5,2 100,0
927_976 0,1 13,9 76,8 9,2 100,0
977992 0,0 0,0 0,8 99,2 100,0

Wyniki analizy statystycznej przedstawione na rycinie 7 s3 wykonane w oparciu 0 macierz

kowariancji i pokazuja, ze:

Blok wysokosci jest stabo badz bardzo stabo skorelowany z pozostatym blokami:
maksymalne wartosci korelacji i procent zer dla poszczegdlnych blokéw wynosza
odpowiednio:

o 0,09 oraz 0,7 dla bloku roslinnego

o 0,18 oraz 0,73 dla bloku geologicznego

o 0,19 oraz 0,74 dla bloku glebowego
Blok roslinny jest $rednio silnie skorelowany z blokami geologicznym oraz
glebowym:
maksymalne wartosci korelacji i procent zer dla poszczegdlnych blokéw wynosza
odpowiednio:

o 0,9 oraz 0,33 dla bloku geologicznego

o 0,41 oraz 0,13 dla bloku glebowego
Blok geologiczny jest srednio silnie skorelowany z blokiem glebowym: maksymalna

wartos$¢ korelacji | procent zer wynoszg odpowiednio: 0,72 oraz 0,1
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Sugeruje to ewentualne rozwazenie parametryzacji klas ograniczonej do bloku wysokos$ci oraz

jednego z trzech pozostatych blokow.

Grupy wysokosciowe Uzytkowanie terenu Utwory geologiczne

Grupy wysokosc owe

Utwory geologiczne Uzytkowanie terenu

Gleba

Rycina 7. Macierz kowariancji. Kolor zielony — wysoka zalezno$¢ parametrow; kolor
pomaranczowy oznacza przyypadki wykluczone z analizy korelacji. Kolorami piaskowym,
niebieskim i szarym rozdzielono poszczegdlne bloki badanych parametrow.

Wyniki PCA pokazuja, Ze proba redukcji wymiaru przestrzeni parametrow przez model
liniowy jest skazana na niepowodzenie. Na ryc. 8 pokazano procentowy rozktad stopnia
wyjasniania dla wszystkich sktadowych gtownych. [lo§ciowy wptyw oryginalnych parametrow
na pierwsze 10 sktadowych gtéwnych wizualizuje ryc. 9. Wida¢ tu wyraznie, ze bloki: roslinny,
geologiczny i glebowy jednakowo silnie wplywaja na ich konstrukcj¢, co W pewien sposob

ponownie sugeruje ich wzajemng redundantnos¢.
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Poziom wyjasniania zjawiska przez kolejne sktadowe reprezentowane przez wariancje
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Rycina 8. Procentowy rozktad stopnia wyjasniania dla wszystkich sktadowych glownych
Grupy wysokosciowe Uzytkowanie terenu Geologia
Rycina 9. Wyniki analizy PCA dla pierwszych dziesieciu sktadowych gtownych. Kolorem

z0ktym zaznaczono wartosci bezwzgledne kowariancji od 0,01 do 0,1 a kolorem zielonym od
0,1 do 1,00.
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Duzo lepiej prezentuje si¢ zastosowanie algorytmu UMAP

(https://arxiv.org/abs/1802.03426). UMAP szuka niskowymiarowej reprezentacji, ktora

w mozliwie dobry sposéb  odzwierciedla  topologiczng  struktur¢  oryginalnych
(wysokowymiarowych) danych. Stanowi on alternatywe dla metody t-SNE - powszechnie
uzywanego algorytmu nieliniowej redukcji wymiaru. UMAP produkuje podobne lub lepsze
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reprezentacje, jako ze zachowuje wigcej globalnych cech danych, a ponadto wynik dziatania
tego algorytmu jest stabilniejszy. Ponadto UMAP, zard6wno pod wzgledem wymiarowosci jak
i rozmiaru danych, jest wydajniejszy od t-SNE. Ryc. 10 pokazuje wizualizacje 510 badanych
przypadkow w rzucie na dwie pierwsze sktadowe UMAP. Rozdzielenie grup nie jest idealne,
ale jest wystarczajace do potwierdzenia zasadnosci wyboru kryteriow wyodrgbnienia grup
wilgotnosciowych gl-g4. W obliczeniach wykorzystano modut UMAP jezyka Python

(https://umap-learn.readthedocs.io/). W zwigzku z r6zng ontologig 38 parametréw do mierzenia

w przestrzeniach cech odlegtosci przyjeto uniwersalng metryke euklidesowg. Ponadto przyjeto
warto$¢ 7 dla liczby sasiadow przy aproksymacji miary podobiefstwa, co sugeruje rozsadny

poziom ‘lokalnosci’ obliczen w 38-wymiarowej przestrzeni.

Algorytm UMAP - nieliniowa metoda redukcji wymiaru

7 . L) )
@ \9; ’
6 cr{& ¥ 4 ; - ik
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p s N
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Rycina 10. Wynik analizy danych metodg UMAP.

Proba skonstruowania poprawnie dzialajacego modelu klasyfikacji klas gl-g4,
zbudowanego na przyjetych 38 parametrach, zostala przetestowana na 5 algorytmach
klasyfikacji. W kazdym przypadku wygenerowano krzywe uczenia (np. Geéron 2019),
prezentujace doktadnos¢ iblad $redniowadratowy metody badane na danych treningowych
I walidacyjnych wzgledem 1iloSci danych treningowych. W obliczeniach krzywych
wykorzystano funkcje LearningCurveDisplay.from_estimator(), ktéra wizualizuje btad metody
w formie wartosci ujemnych — powodem tej konwencji jest uniwersalizacja poziomu oceny

jakosci wskaznika — wyzsza warto§¢ powinna oznacza¢ wyzszg jakos$¢ (zob. https:/scikit-
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learn.org/stable/modules/model_evaluation.html#scoring-parameter). ~ Warto§¢  poziomu
kroswalidacji ustalono na 30. Przedstawiono wykresy dla 8 przetestowanych koncepcji (w
algorytmie SVM przetestowano 3 jadra, wykorzystujace, odpowiednio, funkcje liniowe,
funkcje wielomianowe [jako przyktad przyjeto wielomian 5-go stopnia] oraz bazowe funkcje
radialne).

Na ryc. 11 zebrano w dwoch kolumnach odpowiadajgce im wykresy krzywych uczenia:
wykresy w lewej kolumnie pokazuja doktadno$¢ metody, a w prawej poziom btedu. Wykresy
prezentuja usrednione (wygladzone) krzywe dla zbioru treningowego i walidacyjnego.
Jasniejszy pas wokot krzywej pokazuje poziom wariancji obliczen. Ogdlne wnioski z tych
wykresOw sg nastepujace:

e wykorzystane 510 probek W zasadzie wystarcza na ustablizowanie si¢ wynikow — Krzywe
si¢ wyplaszczaja,

e dwie metody (LDA i SVM-poly) uzyskaty razaco niska doktadnos¢ — radykalny wzrost
doktadnosci SVM-poly w okolicach 470 przypadkéw treningowych (po wezesniejszej
stabilizacji) jest prawdopodobnie anomalig numeryczna;

e we wszystkich przypadkach (poza SVM-poly) wariancja zbioru treningowego maleje
(lepiej lub gorzej) wraz ze wzrostem jego wielkosSci, co sugeruje jego w miar¢ dobrg
jako$¢ informacyjna.

e duza wariancja zbioru walidacyjnego, przy matej wariancji zbioru treningowego sugeruje
przetrenowanie si¢ modelu, tzn. zbyt sztywne dopasowanie do danych treningowych.
Widaé to w zasadzie wszgdzie poza SVM-RBF i QDA, przy czym w przypadku QDA
zbyt duzy zbidr treningowy (powyzej ok. 200 przypadkow) powoduje wzrost wariancji —
dodatkowe dane generuja juz tylko szum (wyniki si¢ stabilizuja przed warto$cia 200).

Poniewaz zastosowane implementacje algorytmow stosuja standardowe metody

regularyzacji, wigc mozliwymi strategiami zmniejszenia przetrenowania, pozwalajacymi na

kontynuacje¢ badan, s3:

O przetestowanie  szerszego  spektrum  warto$ci  standardowych  parametrow
regularyzacyjnych;

o rozwazenie modyfikacji zbioru parametréw — usunigcie niektorych i/lub dodanie nowych
(trudniejsze zarowno koncepcyjnie jak i ‘kosztowo).

Opisana powyzej analiza kowariancji wskazywata na sensowno$¢ redukcji blokéw silniej
skorelowanych.
Wzglednie matg wariancjg zbioru walidacyjnego wida¢ rowniez w pewnych zakresach

wielkos$ci zbioru treningowego dla algorytmu Random Forest.
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Rycina 11. Wykresy krzywych uczenia: lewa kolumna pokazuje doktadno$¢ metody, a prawa
RMSE; a-b: LDA,; c-d: QDA e-f: Regresja Logistyczna; g-h: SVM-linear; i-j: SVM-poly; k-1
SVM-rbf; m-n: Random Forest.

Powyzsze konkluzje sktaniaja do przetestowania trzech algorytmow na zredukowanym
zbiorze parametréw, sktadajacym si¢ z dwoch blokow: wysokoSciowego oraz roslinnego.

W przypadku algorytmu QDA taki zbior okazal si¢ niestabilny numerycznie. Wykresy
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krzywych uczenia dla pozostatych dwoch (SVM-RBF oraz Random Forest) przypadkow
pokazuje ryc. 12.

W obu przypadkach wida¢ bardzo niewielka strat¢ doktadnosci, ale (szczegodlnie wyraznie
w przypadku Random Forest) obserwowalna jest rowniez redukcja wariancji zbioru
walidacyjnego (ryc. 13). Pokazuje to, ze algorytmiki SVM-RBF oraz Random Forest
umozliwiajag W miar¢ dobrg klasyfikacje zdefiniowanych klas wilgotnosciowych na podstawie
przyjetego zbioru parametréw. Stanowi to kolejng przestanke potwierdzajaca adekwatnos¢
przyjetej definicji klas g1-g4.

Wyptywajaca z analizy korelacji sugestia, ze blok wysoko$ciowy jest istotny
informacyjnie, zostala réowniez potwierdzona przez probg zbudowania klasyfikatora na
podstawie jedynie parametrow zZ blokow: roslinnego, geologicznego oraz glebowego. Pokazuje
to przyktadowo wykres krzywej uczenia dla algorytmu Random Forest (ryc. 13) — widaé
radykalny spadek doktadnosci i istotny wzrost wariancji zarowno dla zbioru walidacyjnego jak

i treningowego.
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Rycina 12. Wykresy krzywych uczenia dla zredukowanych zbiorow parametrow: lewa
kolumna pokazuje doktadno$¢ metody, a prawa RMSE - a-b: SVM-RBF i c-d: Random Forest.
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Rycina 13. Krzywa uczenia dla algorytmu Random Forest z wytaczeniem grupy parametrow
zwigzanych z wysoko$cig bezwzgledng poligonow nad poziomem morza - a) doktadnosé
metody, b) RMSE.

Podsumowanie wynikoéw badan w Ipanema Natioanl Forest.

Na podstawie modelu okre§lania stopnia uwilgotnienia siedliska, opisanego
Artykule nr1 oraz analizy zmian w zobrazowaniu NDVI w zaleznosci od opadow
atmosferycznych podawanych dla Ipanema National Forest, przyjeto dla obszaru badan
nastepujace wartosci NDVI dla poszczegolnych stopni uwilgotnienia:

e dla $redniej rocznej wartosci NDVI zawierajacej sie¢ w przedziale 1,00-0,86 siedlisko
uznaje si¢ za mokre (stopien gl);

e dla $redniej rocznej wartosci NDVI zawierajacej sie¢ w przedziale 0,85-0,81 siedlisko
uznaje si¢ za wilgotne (stopien g2);

e dla $redniej rocznej wartosci NDVI zawierajacej sie¢ w przedziale 0,80-0,73 siedlisko
uznaje si¢ za Swieze (stopien g3);

e dla $redniej rocznej warto$ci NDVI zawierajacej si¢ W przedziale ponizej 0,73

siedlisko uznaje si¢ za suche (stopien g4)

Schemat oddzialywania poszczeg6lnych parametrow na oceng stanu uwilgotnienia siedlisk

w Ipanema National Forest przedstawiono na ryc. 14.
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Rycina 14. Schemat oddzialywania poszczegdlnych parametréw na oceng stanu uwilgotnienia
siedlisk w Ipanema National Forest oraz przyjetych stopni uwilgotnienia odpowiadajacych
okreslonym warto§ciom NDVI

W trzecim etapie badania poszerzono mozliwo$¢ wykorzystania NDVI, stosujgc ten
wskaznik do oceny warunkow siedliskowych jaworu (Acer pseudoplatanus L.), z ktorych
wyniki zamieszczono w Artykule nr 2. Ocena mozliwosci zmiany zasiggu geograficznego
roslin jest nierozerwalnie zwigzana Z prognozami dotyczacymi zmian klimatycznych. Dla
jaworu prognozy te przedstawiaja Mauri i in. (2020). Z prognoz wynika, ze jawor powinien
rozszerzy¢ swoj zasieg W kierunku pdinocnym, stopniowo obejmujac Litwe, Lotwe, Estonie
i kraje skandynawskie. Istotng zmiang obserwuje si¢ takze W potocno-wschodniej Polsce,
gdzie wedtug Mauri i in. (2020) warunki sg nieodpowiednie dla tego gatunku. W zwiazku z tym
obszar Polski uznano za reprezentatywny do oceny mozliwosci wykorzystania NDVI jako
narzg¢dzia prognozowania rozprzestrzeniania si¢ jaworu na granicy jego naturalnego p6tnocno-

wschodniego zasiggu.
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Na rycinie ryc. 15 przedstawiono graficzng zmienno$¢ $rednich wartosci NDVI
obliczonych dla pierwszych dwoch tygodni sierpnia 2022 r. dla drzewostandow
reprezentujgcych wszystkie gatunki drzew lesnych w Polsce. Na rysunku przedstawiono
granice glownych jednostek podzialu terytorialnego Laséw Panstwowych (Regionalnych
Dyrekcji Lasow Panstwowych), dla ktérych obliczono $rednig warto§¢ NDVI drzewostanéw
jaworowych w danym RDLP. Na rysunku przedstawiono takze liczebno$¢ drzewostanow
jaworowych z udziatem 80-100% oraz $redni wiek drzewostanow jaworowych w danym

RDLP. Wybrano sierpien ze wzgledu na wyniki badan z Artykutu nr 1 wskazujace, ze

optymalnym okresem do analizy zaleznosci pomiedzy NDVI a roslinnoscia w Polsce jest okres

od lipca do sierpnia.
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Rycina 15. Zréznicowanie (w liczniku) $rednich wartosci NDVI dla jaworu pogrupowane
kolorystycznie na wartosci najwyzsze (fioletowe), wysokie (niebieskie), $rednie (zielone),
niskie (czerwone) i skrajnie niskie (czarne) w poszczegélnych RDLP; w mianowniku, przed
ukos$nikiem, liczba drzewostanéw jaworowych w danym RDLP, po uko$niku przecig¢tny wiek
w danej RDLP; w tle mapa zroznicowania NDVI uwzgledniajgca wszystkie gatunki drzew
lesnych w Polsce wg stanu na pierwsze 2 tygodnie sierpnia 2022, gdzie kolor ciemnoniebieski
oznacza najwyzsze wartosci NDVI, pomaranczowy najnizsze. PO prawej stronie mapy
pokazujace zmiany warto$ci wskaznika w latach 2018 1 2020.

Na podstawie ryc. 15 mozna stwierdzié, ze przecigtna wartos¢ NDVI dla drzewostanow

jaworowych, nie zalezy od wieku, skoro RDLP Zielona Gora (0,8980) ma jedno z najwyzszych
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NDVI i najnizszy przecietny wiek (26 lat), a £odz, przy podobnym przecigtnym wieku (28 lat)
najnizsza warto$¢ NDVI (0,8184).

W wyniku analizy wieloczasowej obrazow satelitarnych stwierdzono okresowe zmiany
wielkosci wskaznika, ktore zbiegaly si¢ ze zwyczajowymi zabiegami pielegnacyjnymi
wykonywanymi w lesie np. trzebiezami. Wskazuje to na wrazliwo$¢ metody na miejscowe
i chwilowe zmiany w kondycji drzew, ale rowniez na to, ze po okresie stresu jakim jest np.
wycinka drzew, w ciggu kilku lat wskaznik NDVI powraca do wcze$niejszych wartos$ci i moze

by¢ z powodzeniem uzywany do oceny troficznos$ci siedlisk.

W celu walidacji zebranych danych przeprowadzono analize W oparciu 0 pie¢
algorytmow (LDA, QDA, SVC, Random Forest i MLP), testujac cztery warianty (a, b, c, d)
zalezno$ci pomiedzy typem siedliska lesnego, NDVI, sumag opadéw atmosferycznych,
temperaturg powietrza i wilgotno$cig gleby w kazdym z algorytméw, opisane ponize;j:

a) dane podzielone na 3 klasy siedlisk zroznicowane ze wzgledu na forme¢ geograficzna:

nizinng (L — 95 przypadkow), wyzynng (U — 92) i gorska (M — 104);

b) dane podzielone na 3 klasy siedlisk zroznicowane ze wzgledu na troficzno$é: siedliska

oligotroficzne (O - 6), mezotroficzne (M - 63) i eutroficzne (E - 222);

c) dane podzielone na 4 klasy siedlisk zroznicowane ze wzglgdu na stan uwilgotnienia:

siedliska $wieze (263), wilgotne (22), fegowe (5) i bagienne (1);

d) siedliska podzielone na 8 klas siedlisk zréznicowanych ze wzgledu na troficznosé

I form¢ geograficzng: typ nizinny oligotroficzny (OL - 2), nizinny mezotroficzny (ML

- 21), nizinny eutroficzny (EL - 69); wyzyny mezotroficzna (MU - 18), wyzyny

eutroficzny (UE - 70); gorski oligotroficzny (OM - 5), gorski mezotroficzny (MM - 24),

gorski eutroficzny (EM - 82).

Wyniki przedstawiono w tabeli 12.

Tabela 12. Wyniki walidacji danych w oparciu o pigé algorytméw testujacych cztery warianty
zalezno$ci pomiedzy: typem siedliska lesnego, NDVI, suma opadow, temperaturg powietrza
i wilgotnoscig gleby

Algorytm Wariant testu

a b c d
LDA 0,76 0,88 0,88 0,56
QDA 0,78 0,80 - 0,66
SVC 0,78 0,88 0,88 0,47
RF 0,78 0,88 0,88 0,68
MLP 0,71 0,78 0,93 0,49
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Najbardziej nieliniowym modelem jest model MLP, ktéry wyraznie odroznia
zroznicowanie klasowe, podkreslajac W szczegdlnosci zwigzek pomiedzy $rednig wartoscig
NDVI, sumg opadow, $rednig temperaturg powietrza i srednig wilgotnoscig gleby oraz typami
siedlisk lesnych, w zaleznosci od stopnia uwilgotnienia siedliska (wariant c).

Uzyskawszy pozytywny wynik walidacji wyznaczono na tle zasiegu jaworu w Europie
wystepowanie siedlisk lesnych 0 $redniej warto§¢ NDVI od 0,86 wzwyz, wedtug stanu na
sierpien 2018 r. Wartos¢ 0,86 przyjeto na podstawie S$redniej wartosci drzewostanow
jaworowych w Polsce (0,859), stwierdzajac, ze powyzej tej wartosci warunki siedliskowe sg

dla jaworu korzystne.

0 1125 2250 4 500 km

Rycina 16. Rozmieszczenie (w uktadzie wspotrzednych WGS 1984) obszaréw lesnych o NDVI
>0,86 odcienie niebieskie (Srednia wartos¢ NDVI dla drzewostanow jaworowych w Polsce);
obszar zielony iobrys czerwony — aktualny naturalny zasigg jaworu wg EUFORGEN
(https://www.euforgen.org/species/acer-pseudoplatanus/)
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Ostatnig z cyklu publikacji zwigzanych zrealizacja celu badan jest Artykut nr 3
poswiecony zréznicowaniu siedliskowemu najwazniejszych ekotypow sosny zwyczajnej
(Pinus sylvestris), podstawowego gatunku lasotworczego w Polsce.

Zestawienie wynikow dla 7 testowanych ekotypow zawarto w tabeli 13.

Tabela 13. Zestawienie wartosci NDVI dla badanych ekotypow sosny od lipca do wrzesnia 2020 r.

Srednia Mediana Odchylenie standardowe
No Name

Jul.  Aug. Spt. Av. Jul.  Aug. Spt Av. Jul.  Aug. Spt

1 Sosna Taborska 0,794 0,793 0,793 0,793 0,885 0,881 0,880 0,882 0,262 0,261 0,261

Kampinoski PN-

2 o1 0,822 0,832 0,784 0,812 0,823 0,828 0,785 0,812 0,013 0,021 0,012
Kampinoski PN-
3 02 0,760 0,787 0,758 0,768 0,756 0,785 0,750 0,764 0,016 0,014 0,025

4 Sosna Supraska 0,580 0,588 0,593 0,587 0812 0822 0815 0816 0,367 0372 0,375

5 Sosna Rychtalska 0,885 0,853 0,859 0,866 0,888 0,851 0,859 0,866 0,019 0,014 0,013

PN Bor
6 y 0,788 0,808 0,682 0,759 0,789 0,808 0,677 0,758 0,012 0,010 0,019
Tucholskie

7 Puszcza Notecka 0,718 0,737 0,746 0,734 0,719 0,742 0,757 0,740 0,033 0,039 0,035

W tabeli 14 zestawiono wyniki analizy wspotczynnika korelacji Pearsona pomiedzy
smukto$cig drzew (TSC) a zbiorowiskiem roslinnym, smuktoscig a NDVI, wysokos$cig drzew

(H), gruboscia drzew (D), zbiorowiskiem roslinnym a NDVI.

Tabela 14. Wspodtczynniki korelacji pomiedzy wspotczynnikiem smuklosci drzew,
zbiorowiskiem roslinnym a NDVI, obliczone na podstawie rang przyjetych w opracowaniu.

Parametr Wspolczynnik korelacji
TSC/zbiorowisko roslinne -0,11
TSC/NDVI -0,21
H/NDVI 0,74
D/NDVI 0,70
Zbiorowisko roslinne /NDVI 0,89

Jak wynika z tabeli 14 najwyzszy wspolczynnik korelacji wykazuje zalezno$¢ pomigdzy

zbiorowiskiem ros§linnym a NDVI.
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Na podstawie metody przedstawionej w Artykule nr 1 zostat przygotowany wniosek
0 udzielenie patentu i ztozony w Urzedzie Patentowym Rzeczypospolitej Polskiej. Zgloszenie

patentowe zostato dotaczone do rozprawy wraz ze sprawozdaniem o stanie techniki, w ktorym

ocenie podlega kilka czynnikow, w tym jednolito$¢, jednoznacznos$¢ zastrzezen, stosowalno$é
przemystowa i poziom wynalazczy, ktory zostal okreslony w stanie techniki jako “A”. Jest to
najwyzsza zZ mozliwych ocen, ktora pokazuje brak konfliktow z innymi publikacjami, w tym
patentami.

Na podstawie patentu metoda zostata przetestowana i wdrozona w Rozdziale 7.3.1.1.
Operatu siedliskowego dla Nadlesnictwa Karnieszewice. Autorem rozdziatu jest promotor
prof. dr hab. Pawel Rutkowski a przygotowaniem danych i analizg oraz wizualizacja zajmowat
si¢ zespot w sktadzie: Miynarczyk A., Kroélewicz S., Rutkowski P., Konatowska M.,
Piekarczyk J.. Dzigki zastosowanej metodzie mozliwe bylo jednoznaczne okreslenie typow
siedliskowych lasu oraz ich wariantoéw uwilgotnienia w lesnictwie Iwiencino, W ktorym
problem diagnozowania siedlisk le$nych stanowit szczegdlng trudnos¢ dla wykonawcodw

operatu.

WhioskKi

W nastegpstwie przeprowadzony badan wykazano, ze:

a) wskazniki spektralne mozna wykorzysta¢ do oceny zroznicowania troficznosci siedlisk
le$nych,

b) sposrod 249 wzietych pod uwage wskaznikow spektralnych najlepszy okazat si¢ NDVI
(Normalized Difference Vegetation Index),

c) istnieje mozliwo$¢ zbudowania modelu matematycznego, ktory pozwala na oceng
stanu uwilgotnienia siedlisk lesnych na podstawie wskaznika NDVI,

d) istnieje wysoka korelacja pomiedzy wartosciami wskaznika NDVI a parametrami
wynikajacymi z troficzno$ci siedlisk lesnych, takimi jak wysoko$¢ czy tez grubosé
drzew, jak rowniez pomiedzy wartosciami wskaznika NDVI a zréznicowaniem
zbiorowisk roslinnych, oddajacych naturalne réznicowanie si¢ siedlisk lesnych,

e) bazujac na troficznosci siedlisk lesnych wskaznik NDVI mozna wykorzysta¢ do oceny
zasiggu geograficznego drzew leSnych, co wykazano na przykladzie jaworu (Acer

pseudoplatanus L.).
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Abstract: Measurement of water content in forest habitats is considered essential in ecological research
on forests, climate change, or forest management. In the traditional forest habitat classification, two
systems of habitat conditions analysis are found: single factor and multifactor methods. Both
are laborious and therefore costly. Remote sensing methods provide a low-cost alternative. The
aim of the presented study was to find the relationship between the spectral indices obtained
from satellite images and the forest habitats moisture indices used traditionally in the Polish forest
habitats classification. The scientific hypothesis of the research is as follows: it is possible to assess
the variation in the humidity of forest habitats on the basis of spectral indices. Using advanced
geographic information system (GIS) technology, 923 research plots were tested, where habitat studies
performed with the traditional methods were compared with the analysis of 191 spectral indices
calculated for Sentinel-2 image data. The normalized difference vegetation index (NDVI) has proved
to be the most useful to the assessing of moisture of forest habitats. The ranking of the most correlated
indices was calculated as Eimg—the product of the absolute value of the slope and the mean square
error complement, and for the top five indices was as follows: NDVI = 0.248619, EXG = 0.242112,
OSAVI = 0.239412, DSWI-4 = 0.238784, and RDVI = 0.236995. The results also highlight the impact of
water reservoirs on the humidity and trophicity of forest habitats, showing a decrease in the fertility
of habitats with an increase in distance from the water reservoir. The results of the study can be used
to preparing maps of the diversity of forest types, especially in hard-to-reach places, as well as to
assess changes in the moisture status of habitats, which may be useful, for example, in the assessment
of the fire risk of forest habitats. We have proved that NDVI can be used in applications for which it
was not originally designed.

Keywords: NDVT; forest typology; forest humidity; forest trophicity; Sentinel-2

1. Introduction

Forests play a key role in the Earth’s water cycle [1,2] and therefore the measurement of
water content in forest habitats is considered essential in most ecological research on forests,
climate change or forest management, as well as against floods, fires, and soil erosion. In
traditional forest habitat classification, two systems for the analysis of habitat conditions
are found: single factor or multifactor methods [3]. Single factor methods rely on one factor
to describe a forest site, such as soil or climate, whereas multifactor methods are based on
interrelationships between climate, physiography, soil, and vegetation [4]. An example
of the use of the multifactor factor method is the digital site classification maps used in
Germany, containing information on the soil properties, as well as on climatological and
topographic factors [5]. The similar multifactor method is used in Poland [6,7]. It is based
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on the recognition of the features of tree stands, plant communities, and soil, combining
these elements into one abstract unit—the forest habitat type (FHT). In total, there are
38 FHT units in Poland, divided on the basis of their geographic location into lowland (15),
highland (8), and mountain (15) units. The basic element of the assessment of forest soils is
their trophic and moisture differentiation. Due to the trophic diversity of forest habitats,
the following ones can be distinguished in Poland: coniferous forests, conifer-dominated
mixed forests, deciduous-dominated mixed forests, and deciduous forests. With regard
to humidity diversity, the FHTs are divided into dry, mesic, moist, and swampy. The
combination of trophic and moisture features results in the name FHT. For example, if a
forest trophically belongs to the group of conifer-dominated mixed forests and in terms of
humidity to mesic types, then the forest habitat type is called a mesic conifer-dominated
mixed forest.

The criteria for the differentiation of FHTs into moisture groups are based on the
assessment of two basic types of water: habitats depending on precipitation and habi-
tats depending on groundwater. The forest habitats moisture index (FHMI), based on
groundwater level, is assessed depending on the depth of water in the soil. Habitats with
water on the ground surface or at the depth of 0-20 cm are described as “gl”, habitats
with groundwater in the range of 20-50 cm as “g2”, in the range of 50-80 cm as “g3”, in
the range of 80-180 cm as “g4” and in the range of 180-250 cm as “g5”. When the water
is below 250 cm, the habitat is classified as “g6”, and when the habitats are additionally
covered with the poorest forms of pine forests in Poland, the so called “Dry Forest”, they
are classified as “g7” [6,7].

Studies that analyze the FHMI in this way are carried out in Poland on all lands
managed by the State Forests National Forest Holding, covering approx. A total of 23%
of the country’s land area and approx. 77% of the Polish total forest area [8], with an
accuracy of one research plot per 4-12 ha, depending on the diversity of geology and
geomorphology of the terrain. They are repeated every 30 years. This method of assessing
the suitability of forest soils in terms of forest management is quite precise, but laborious
and costly. Therefore, faster and cheaper methods are sought, including those based on
remote sensing [9-12].

In numerous papers on the use of remote sensing methods, soil moisture is analyzed
mainly in its surface layers, e.g., [13-16], while the general water supply is important for
the development of the forest, including soil moisture, precipitations, and air humidity.
Therefore, the main assumption of the study was to look for indirect methods in assessing
the FHMI, based on plant indicators (NDVI and others), assuming that remote sensing
methods can indicate such a condition of forest vegetation that reflects the diverse moisture
sources of forest habitats.

Remote sensing methods based on the registration of spectral reflectance have been
used for several decades and, similarly to terrestrial techniques, are developed mainly for
the needs of agriculture [17-22]. Remote sensing methods are also used in forestry, but
mainly for assessing the health condition of the forest, as well as abiotic threats, such as
fires [23] or droughts (e.g., [24]), and biotic ones, such as insect outbreaks [25].

Remote sensing vegetation studies are based on near and far infrared radiation as well
as on other ranges of radiation reflected and absorbed by plants (e.g., [26-29]). Remote
sensing uses aerial, ground, and satellite imagery. Despite the dynamic development
of measurement techniques (e.g., [30-36]) in attempts to study the FHMI on the basis of
remote sensing, the obstacle is the forest’s key element—the plant cover [37]. So far, a
barrier to the use of available remote measurement methods is also the low resolution of
the image products of such studies [16,38].

Studies on the possibility of using remote sensing in estimating the moisture content of
forest soils are carried out in many places around the world. Nijland et al. [39] investigated
the relationship between soil moisture and site productivity of four types of Canadian
forests (CD: conifer-dominated; MX: mixed conifer-deciduous; DU: deciduous-dominated
with conifer understory; DD: deciduous-dominated) and NDVI maximum pre-harvest
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Poland

values from Landsat images. The authors showed that the relationship between NDVI and
the humidity of the habitat was negative and the relationship with the depth of groundwater
was positive. Stronger correlation between productivity and moisture content was observed
in coniferous and mixed stands, compared to two types of forests with a predominance of
deciduous-dominated forest types. Moreover, the habitats of mixed and coniferous forests
were characterized by greater diversity in both humidity and productivity than habitats
with a predominance of deciduous trees.

In forests of the German Rhineland-Palatinate state, Dotzler et al. [40] conducted
research on detecting tree water stress responses in deciduous forests using hyperspectral
aerial images. The spectral index PRI (photochemical reflectance index) calculated on
their basis showed differences between habitats caused by drought and depending on soil
moisture conditions.

Coniferous species (mainly Pinus sylvestris) dominate in Polish forests {68.2% of the
forest area, including pine, which covers 58% of all forest areas, 60.1% of the area of the State
Forests, and 54.5% of private forests [8]}. The dominant type of forest soils in Poland are
rusty soils [41]. With regard to forests in Poland, the main sources of water are atmospheric
precipitation and air humidity [42].

The aim of this study was to find the relationship between the spectral indices obtained
from satellite images and the moisture of forest habitats, allowing for their practical use in
forest management.

The scientific hypothesis is as follows: it is possible to assess the variation in the
humidity of forest habitats on the basis of spectral indices.

2. Materials and Methods
2.1. Research Area

The research area is the Bory Tucholskie National Park (BTNP), considered as a
representative area for Polish forest conditions, located in northern part of Poland (Figure 1),
in formerly glaciated areas with a varied topography, cut by the gutters of glacial lakes. The
altitude above sea level ranges from 120 to 140 m (Figure 1C). Over 90% of BTNP is covered
by sub-oceanic pine forests (Leucobryo-Pinetum plant association) [43]. The dominant type
of soil are rusty soils, formed mainly of outwash sands. The extreme points of research
area border are marked by geographical coordinates: west 17°30'08” E, 53°48/54” N; north
17°32/30” E, 53°51'23” N; east 17°37'06” E, 53°47/58” N; south 17°34/51” E, 53°46'15” N.

\ vl - ~'.|_.-|. -
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Figure 1. Location of the research area in northern Poland (yellow square, (A)-a; (A)-b: satellite image
on the background of the map of Poland used in the research; (B)—the area of BTNP, (C)—elevation
map of research area.

The soil cover of the Bory Tucholskie National Park shows relatively little typologi-
cal variation, which results from the relatively homogeneous geological structure of the
substrate. The parent materials of the soils are mainly sandy glacial sediments of the
Vistula glaciation and the Holocene, most often loose sands, in total, covering 98.6% of the
park’s area. Under the dominance of sandy parent materials, characterized of low water
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retention, forests are natural vegetation. In such conditions, mainly podzolic-rusty soils
have developed, less often typical podzolic soils or brunic rusty soils. These three soil
subtypes cover a total of 3706 ha and constitute 80% of the Park’s area.

2.2. Satellite Data

The search and download of Sentinel-2 (A,B) images of the European Space Agency
(ESA) was accomplished using the Polish data repository of the Copernicus program (https:
//www.copernicus.eui/en, accessed on 27 July 2022), SatdEnvi (https:/ /satdenviimgw.pl/,
accessed on 27 July 2022) managed by the Polish Institute of Meteorology and Water
Management (IMGW-PIB). The characteristics of the Multispectral Instrument (MSI) sensor
on S2A and S2B platforms are available on the ESA website (https://sentinels.copernicus.
eu/web/sentinel /user-guides/sentinel-2-msi, accessed on 27 July 2022). Data from the
level of the product Level L2A were used for the analysis. L2ZA means that each image pixel
for spectral band contains calibrated reflectance at earth surface. It is a product that was
created as a result of geometric correction, taking into account the influence of topography
on the image and radiometric correction of radiation changes in the atmosphere [44,45].

As shown in Table 1, the differences between Sentinel 2A and 2B are insignificant and
were considered as insignificant from the point of view of the conducted studies.

Table 1. Most frequent Sentinel 2 channels used in the caleulations [44].

Sentinel 2 bands B2 B3 B4 B8
Spatial
resolution (m) 10 10 10 10
Sentinel 2A
central 496.6 560.0 664.5 8351
wavelength (nm)
Sentinel 2B
central 492.1 559.0 665.0 833.0
wavelength (nm)
Sentinel 2A
bandwidth (nm) 98 45.0 38.0 145.0
Sentinel 2B 98 46.0 39.0 133.0

bandwidth (nm)

pigment responsive to

pigment pigment canopy
chlorophyll chl_or_ophyll chlorophyll structural
absorptions in a‘;: (l:;:::;nm absorptions in variations,
blue [46] red band [47] canopy type and

green band [46] architecture [47]

The BTNP is located in the area of one section (Tile) (Figure 1A-b) designated T33UXV
(UTM). The period of image search was limited to three years, from 1 January 2018 to 31 December
2020 and the criterion of cloud cover covering the section was less than or equal to 70%. Such
a large value of the cloudiness parameter was assumed, since the park covers only 0.38% of
the section area (whole park area 46.13 km?/Tile area 100 % 100 km = 10,000 km?). Then, the
acquired images were cropped to a regular fragment including the BTNP using a geometric
object in SHP format. Cropped images were done in the TNTmips version 2022 software from
Landscan (US, San Luis Obispo, CA, local license for Adam Mickiewicz University). In the
next step, images with no cloud cover in the research area were selected. The initial image
classification layer SCL (Scene Classification Layer) was used for this purpose. It was checked as
to whether there are values on this layer corresponding to clouds and their shadows, as well as
snow cover. In the SCL classification raster, such surface categories are marked with the following
values: shadows—3, clouds with low probability—7, medium—S8, high—9, cirrus clouds—10,
snow—11. Finally, the criterion eliminating the display term defined as follows was applied: if
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there were clouds of medium (8) and high probability (9) in the polygon area and if the number
of such pixels was greater than 50 in the image, such an image was excluded from the analysis; if
the number was lower than 50 pixels, the spatial distribution of clouds and over which polygons
they are located were visually checked. In the case of high scattering of individual pixels, the
term of imaging was included in the set of analyzed images.

Geometric data on the ranges of forest habitat units (Figure 2), available in the
SHP format, together with the database in the following formats: .prj, .sbn, .sbx, and
.shx, were obtained from the website of the Bory Tucholskie National Park Geoportal
(http://gis.pnbt.com.pl/, accessed on 27 July 2022). All data were recorded in the form
of Attribute Tables saved in ArcGIS as “.dbf file”. ArcGIS is software that enables to
store, manage, and retrieve data and is used by authors according to Licence Agreement
(E203 04/24/2012) between the Poznan University of Life Sciences and Environmental
System Research Institute, Inc. (“ESRI”). Due to the spatial resolution of satellite images
(10-60 m), units with an area smaller than 1 ha were excluded from the analysis, which
also corresponds to the methodology of identifying forest habitat conditions using the
traditional terrestrial method [7].

Figure 2. Map of humidity variation in Bory Tucholskie National Park, expressed in FHMIs (g1-g7)
used in Poland. The explanation of g1-g7 indexes is given in the Introduction.

In the next step, for each Sentinel-2 data recording date, the average values from pixels
DN corresponding to a reflectance multiplication by 10,000, were calculated for forest
habitat units (polygons)—for all spectral bands (except for band number 9, which is not
present in the L2A product). Calculations were made in the TNTmips version 2022 software

from Landscan (US, San Luis Obispo, CA, local license for Adam Mickiewicz University).

The principle of calculating the mean of pixels values entirely located within the area of the
forest unit was resorted to. Therefore, border pixels lying under the boundaries of forest
habitat units were rejected from calculation.

In the next stage, for each image recording date, on the basis of the average DN values
of the pixels of images from different spectral channels of the MSI Sentinel-2A sensor within
the polygons of individual FHMIs, 249 vegetation indices were calculated, the formulas

of which are stored and described in the “Index Database” (https:/ /www.indexdatabase.

de/, accessed on 27 July 2022) [48]. Ultimately, after the selection and analysis of the
formulas, 191 indices were selected for the calculation. A list of all selected indices and their
formulas (via a link to the appropriate page in the “Index Database”) is included in the
Supplementary Materials.
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All further calculations were performed with the R Studio and visualized in Excel
spreadsheet software from Microsoft. For all polygons belonging to the same humidity
category, for a given image recording date, the mean value of the index (Miyrg;) were
calculated. Then all index values (Mintgi) were standardized according to the formula:

(MinTgi - MinTgi)

where SMjyrgi—standardized mean value, Mjgi—non-standardized mean value, and
dinTgi—standard deviation. The SMinrg; were grouped and averaged for all gl-g7 moisture
indices. A linear regression was calculated from the grouped indices and the regression
slope aSMingi was determined. In the next step, the total mean square error was calculated
for each index—MSE Minrgi. The ranking of the most correlated indices was calculated on
the basis of Eing, meaning the product of the absolute value of the slope aSMintg and the
mean square error complement (1 — MSE_Miqrg;).

The cross-validation method was applied to evaluate regression model for NDVI
(0.017). This was done by repeating the k-fold cross validation procedure multiple times
for different k and reporting the mean result across all folds from all runs.

3. Results

In the vector layer of the map of the park’s habitats, 923 research plots were distin-
guished (Table 2), covering the area of forest habitats with seven degrees of FHMIs. In
order to prevent the model from overfitting, the number of samples with different groups
has been equalized, primarily by “g6” group’s reduction. Within the “g1” FHMI, there
were only peat soils, mostly fertile peats. In the “g2” and “g3” FHMIS, raised bogs and fen
peat soils predominated. To the “g4” FHMI, groundwater gleyed soils have the greatest
share, to the “gb”, FHMI typical podzolic soils, to the g6, FHMI rusty podzolic soils, and to
the g7, FHMI arenosols.

Table 2. Groundwater levels in the FHTs area of the Bory Tucholskie National Park.

FHMI Moisture Group Groundwater Number of Area

of Habitats Table [m] Plots [ha]

gl Swampy 0.0-0.2 13 37.89
g2 Swampy 0.2-0.5 70 121.44
g3 Swamy/Moist 0.5-0.8 73 190.43
g4 Moist 0.8-1.8 74 118.71
g5 Mesic Below 1.8 58 170.64
g6 Mesic Below 2.5 625 3653.34

g7 Dry Below 2.5 10 17.14
Total 923 4309.59

Figure 3 shows the spectral characteristics of habitats with different indices of soil
moisture obtained from the Sentinel-2 image recorded on 28 June 2021. Based on the level
of the spectra (reflectance) in the near infrared range (channel 8A), three groups of habitats
with different FHMI can be distinguished: (i) wet—"g1”, with mainly deciduous trees,
(ii) strongly moist—"g2”, very moist—"g3”, and moist—"g4”, covered with mixed forest
and (iii) moist-mesic—"g5”, mesic—"g6”, and dry—"g7”, covered with pine forests. The
driest habitats were distinguished by higher reflection in the visible range, especially in the
red channel and in the range of short-wave infrared SWIR in channel 12.
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Figure 3. Spectra of seven FHMI in Bory Tucholskie National Park based on the Sentinel-2 image
recorded on 28 June 2018.

Among the analyzed vegetation indices, NDVI turned out to be the most strongly
correlated with FHMI, during the full growing season, which in Poland falls on the period
from June to August.

Table 3 shows the top five indices along with aSMnrg, MSE_Minrg;, and their ratio Ejyrg.

Table 3. Ranking of the top five indices.

Index aSMintgi  MSE_Mintgi  Eintg Formula Citation
NDVI 0286434  0.132020  0.248619 NDVI = 58— B4 [49]
EXG 0282297 0142348  0.242112 EXG = 2+B3 — B2 — B4 [50]
OSAVI 0278790  0.141247 0239412 OSAVI= (1+0.16) i B8 B4 [51]
DSWI-4  0.274647 ~ 0.130578  0.238784 DSWI—4 = B} 1521
RDVI 0274793  0.137549 0236995 RDVI= =B 53]

Figures 4-6 show the variation of the values of the vegetation indices, calculated for
the relationship between the FHMIs and the average values of the NDVI obtained from
satellite images recorded in 2018, 2019, and 2020. Analyzing the data on the graphs, it
should be noted that the degrees of moisture content correlated with the NDVI do not
represent a specific depth of groundwater, but the ranges in which the groundwater level
fluctuates during the growing season. It should also be mentioned that the boundaries of
the groundwater level depth ranges are tangent for the adjacent FHMIs. The NDVI values
are also in such a sequence, showing similar values for the neighboring moisture indices
and clearly differentiating between the groups of moisture in forest habitats: swampy
(g1-g3), moist (g3-g4), mesic (g5-g6), and dry (g7), as shown in Figure 4a, also distinguish-
ing indexes g6 and g7, assuming the lowest NDVI values and representing soils with no
groundwater at a depth of up to 250 cm.
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Figure 4. (a) Mean NDVI value from the Sentinel 2 image obtained on 20 July 2018, taking into
account all FHMIs (g1-g7). (b) Mean NDVI value from the Sentinel 2 image obtained on 30 July 2019,
taking into account all FHMIs (g1-g7). (¢) Mean NDVI value from the Sentinel 2 image obtained on
6 August 2020, taking into account all FHMIs (g1-g7).

When selecting the dates for the data analysis in the years 2018-2020, with the aim
of preparing the charts presented in Figures 4-6, an attempt was made to select the most
similar dates in the individual years. In 2018 and 2019, for the presented examples, it was
July 20. In 2020, due to weather conditions, good-quality satellite images were not obtained
until August 8. Hence the discrepancy in the dates.
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Figure 6. Average NDVI value of the index over year 2020: (a) on 8 February; (b) on 26 March; (c) on
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Figure 5 shows example dates with the highest indices positions in the ranking
(Table 3). A ranking of all indices, listed from the best to the worst correlated with the
FHMIs, can be found in the Supplementary Materials.

Figure 6 shows changes in the relationship between NDVI and FHMI at different dates
in the same year (2020). This analysis illustratively shows the relationship between NDVI,
the FHMIs, and the seasons of the year. Lack of data for gl-g3 FHMIs and low NDVI
value for g4 FHMI results from the trophic nature of wet habitats, which, as generally more
fertile, have a greater share of deciduous species. In winter and early spring there are no
leaves on these trees in Poland, while habitats g5 and g6 are mostly and the g7 habitats
fully associated with pine, which maintains the assimilation apparatus throughout the year.
Based on the graphs shown in Figure 6, it can be assumed that in spring and autumn the
trend line is ascending (no leaves on deciduous trees, presence of pine needles), in summer
the trend line is descending (deciduous trees have more chlorophyll, with full foliage). In
winter, when the plants are dormant, the NDVI values are relatively low (below 0.6) for
obvious reasons.

As has been shown and as mentioned earlier, the NDVI correlates with the FHMIs
in the summer and this period should be taken into account in Central Europe when
determining the degree of moisture in forest habitats on the basis of NDVI.

In order to illustrate the relationship between NDVI and FHMISs, the images of site
maps made with the traditional method of soil pits were also compared with the image of
the same area differentiated according to the NDVI values (Figure 7), grouping swampy
(g1-g3 FHMIs), moist (g4), moist-mesic (g5), and mesic habitats (g6).

W swampy '

| moist
mesic

. "/
-
&t -
pixel 10x10 m ; _‘

Figure 7. Comparison of the image of a fragment of the habitat map made with the traditional method
of soil pits on the background of NDVI map (left) with the image of the same area differentiated due
to the NDVI values (right). Only g2-g5 FHMIs are included in the image legend on the left. The main
background of the picture shows the g6 FHMI. The g1 and g7 FHMIs do not exist in the presented
part of area.

It should be noted, however, that apart from NDVI, also EVI, SAVI, SR520/670 and
OSAVI indexes had relatively high compliance with the humidity of forest habitats, but
these indicators also reflect on areas with little vegetation cover, such as forest roads or
stands up to 15 years old (Figure 8).
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Figure 8. Comparisons of EVI map (A1), SAVI map (A2), SR520/670 map (A3), OSAVI map
(A4) with the moisture content map of BTNP (B). The letter “a” on the B map indicates a meadow, the
letter “b” the private land taken over by the park, for which no habitat development has been carried
out, hence there is no data on the degree of moisture content. FHMIs g1 and g2 were combined into
one green color.

Finally, the trophic system of forest habitats of the BTNP fragment was compared
with the image obtained on the basis of the NDVI. Figure 9B clearly shows the zone of
more fertile habitats (red), concentrated on the edges of the lakes and the declining fertility
of the habitats to the east from the largest lake visible in the figure. It should be added
that westerly winds prevail in Poland, which means that humid air masses from the lake
move mainly to the east, and this is also the habitat fertility gradient shown in Figure 9A,B.
Although there is also a wide zone of more fertile habitats to the west of the lake, it is
associated with the rivers that flow into the lake in these places. In contrast, to the east of
the lake, the habitat fertility gradient can be attributed to air humidity, which decreases
with distance from the lake. It should also be added that, as indicated in Figure 9A,B, the
habitat fertility gradient change zone is associated with the same type of soil (rusty soils),
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which, depending on the vegetation cover, can be differentiated into podzolic rusty (RDb),
typical rusty (RDw) and brunic rusty (RDbr) soils—Figure 10.
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Figure 9. Variation of the trophic nature of forest habitats according to the map of forest habitats prepared
using the traditional method (A) and on the basis of the NDVI (B). Red color in (B) correlates to zone of
more fertile habitats presented in (A) (LM$w—deciduous-coniferous mixed forests; BM§éw—coniferous-
deciduous mixed forests).
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Figure 10. Classification of the soils of the selected area of the BTNP (according to http://gis.pnbt.
com.pl/, accessed on 27 July 2022) on the basis of traditional soil pits. In the legend, rusty soils are
marked with a red rectangle, differentiating into three subtypes: rusty podzolic (RDb), typical rusty
(RDw), and brunic rusty (RDbr). Podzolic soils (BL and Bw) also have a significant share on the map.
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4, Discussion

The presented data indicate a relationship between NDVI and the Forest Habitat
Moisture Indexes, which is broader than the relationship between NDVI and soil moisture
presented by Huete [54] in the results of his work as early as 1988. However, the author
considered this relationship between NDVI and soil condition as a kind of obstacle in the
NDVI analysis and paid attention to dynamic changes in the condition of soils related to
their moisture content. The conducted research indicates that it is rather an advantage in
understanding the spectral properties of soils and their interaction with vegetation and
hydrological conditions.

Based on the conducted research, it is considered that the correct way to use NDVI to
assess FHMIs should be to combine the degree of moisture into the following humidity
groups: swampy, moist, mesic, and dry (Figure 4a). Such a connection may eliminate
some discrepancies between the data obtained from the traditional identification of habitat
conditions and the data obtained from satellite images. In the traditional method used in
Poland [7], FHMIs are determined according to the current water level in the ground on
the date of the research. The remote sensing method allows for the capture of differences
in the moisture status of habitats in a long-term perspective. It should also be noted that
the traditional method is based on the results of measuring groundwater at the test point,
which is a soil pit representing an area of one to more hectares. Within the distinguished
habitat contour, however, there may be differences in the moisture conditions, which is
illustrated by satellite images with a resolution of 10 x 10 m. The obtained results from the
analysis of remote sensing data may also reflect not only the influence of groundwater, but
also the effect of other water sources, to which plants react, e.g., related to differences in air
humidity. For the area where the research was conducted, which was abundant in lakes,
this may be of significance, as pointed out by Rutkowski [42] when analyzing the diversity
of humidity conditions in forest habitats for the area of Wielkopolska Region (the central-
western part of Poland). On this basis, it can be concluded that climatic conditions are the
key factor in the habitat of terrestrial ecosystems, which is also confirmed by the results of
Rutkowski’s [55] research. In this context, satellite images, reflecting the comprehensive
impact of waters of various origins on forest ecosystems, may be a much more sensitive
tool for assessing the moisture diversity of forest habitats than traditional methods based
mainly on the description and assessment of soil diversity.

It should be noted that the concept of the “forest habitat moisture index” used in
Poland does not only mean the presence of groundwater at a specific depth. Furthermore,
in some regions of the world this information is unavailable. So, looking for the possibility
of mapping groundwater-depended ecosystems other methods are used as a surrogate
hydrological indicator [56-58]. One of them is FHMI. The concept of FHMISs reflects the total
impact of water available from various sources of the forest ecosystem, with traditional,
terrestrial measurement methods, which are often difficult to measure. With the dominance
of sandy deposits in forest soils in Poland, where groundwater is generally below the root
zone of trees, precipitation and water contained in moist air masses can be considered the
main source of water. The impact of atmospheric precipitation on the forest is reflected in
many papers (e.g., [59-61]), while the impact of air humidity related to water reservoirs on
the development of forest ecosystems is poorly described, although the data collected in
this study suggest that it is important. This is reflected, inter alia, in Figure 9.

5. Conclusions

The normalized difference vegetation index (NDVI) is the index widely used in remote
sensing observations of live plants but it can be used in applications for which it was not
originally designed. After analyzing 190 other indicators used in remote sensing, it was
found that NDVI is very useful to assess the degree of forest habitats moisture, but the
data must be obtained during the full growing season, which in the conditions of Central
Europe (and the tested area) falls from June to August. The use of NDVI made it possible to
distinguish and visualize on the map of the studied area four humidity groups of habitats
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(swampy, moist, mesic and dry), coinciding with the results obtained using traditional,
ground-based measurements.

The obtained results also indicate the possibility of using NDVI to assess the fertility
gradient of forest habitats. Within the studied area it has been shown that the fertility of
habitats decreases with increase in distance from the water reservoir.

The presented results of the study could be implemented in forestry practice, which
should significantly reduce the costs of identifying the diversity of forest habitats. The
usefulness of the obtained results may, for example, refer to the determination of the
boundaries of habitat units, which, based on the NDVI, are clearly visible, and their
accuracy, related to the resolution of satellite images on which the study was conducted
(10 x 10 m), is entirely sufficient for the needs of forestry practice.

The results of the research can also be used to monitor the forest with regard to possible
changes in the trophicity of habitats, which should help to protect forest ecosystems
in the conditions of changing water resources, as a result of the impact of natural and
anthropogenic factors.

6. Patents
The article was created on the basis of the patent application PL P.439801 entitled “The

method of determining the degree of forest moisture on the basis of remote sensing”, the
authors of which are: AM, MK, SK, PR, JP.
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ABSTRACT

Determining the natural range of Acer pseudoplatanus and the future directions of its spread is not clear. Modern
technological achievements, including tools related to remote sensing, provide new opportunities to assess the degree of
spread and adaptation of species to a changing climate. The aim of the work was to demonstrate the possibility of using
NDVI to assess the habitat conditions of sycamore in Poland and the possibility of its natural expansion. The data
analysis was divided into 2 parts. The first covered the characteristics of all sycamore stands occurring in Poland. In the
second part, the analysis of sycamore stands using NDVI was made. The results of the study show that the highest
average NDVI values are found in sycamore stands in the northern part of Poland, which has so far been considered less
favorable for sycamore. This may suggest the potential for an increase in the share of sycamore towards the north. The
results also confirm the forecasts given in the literature regarding the spread of sycamore towards Lithuania, Latvia. and
Estonia. The results also point to Denmark and the western part of the British Isles as potentially favorable habitats for

sycamore.

Introduction

Progressing climate change affects, among others, plant ranges'2 and animal migrations*%). One of
the important native tree species in the flora of Europe is sycamore (Acer pseudoplatanus L.).
According to Pasta et al.2, the natural distribution range of sycamore includes Central and Eastern
Europe, the mountains of Southern Europe, the Caucasus, and northern Minor Asia. Thanks to its
economic importance, as well as the natural function it fulfills in the environment, it has spread
beyond its natural range, e.g. to United Kingdom and Scandinavia, and to others continents,
including North and South America, Australia and Asia. Currently, outside of its natural range, it is

often considered an invasive species®®

. However, determining the natural range of sycamore and
the future directions of its spread is not clear. Tillisch® suggests that it could have been a native
species in Denmark, but due to human activity it has been exterminated in a large part of the
country. Maps provided by Tillisch, dating from before 1965, also suggest that the range of
sycamore's occurrence may have included the southern part of Great Britain. In effect range of Acer

1

67



pseudoplatanus is controversial and climate changes add further uncertainty to decision of
management of sycamore stands. Therefore, it is considered necessary to determine the natural
conditions of sycamore occurrence and the impact of climate change on its spread. Modern
technological achievements, including tools related to remote sensing, also provide new
opportunities to assess the degree of spread and adaptation of species to a changing climate. The
aim of the work was to demonstrate the possibility of using NDVI to assess the habitat conditions of
sycamore in Poland and the possibility of its natural expansion.

The normalized difference vegetation index (NDVI) is commonly used in research, for which the
number of publications counts 17.7752. NDVI uses land-cover mapping't13, wildfire monitoring!?,
and others. All these papers show that the relationship between NDVI patterns and the state of
vegetation is very complex and depends on many factors, including meteorological factors, soil
moisture, and type of vegetation cover>>Z but basically there are no papers related to NDVI and
sycamore. Therefore, taking up this topic is considered necessary, especially that the research
methods and results can also be applied to other forest trees, not only in Europe.

Many studies!®#2 show that NDVI depends on climatic factors (mainly precipitation and
temperature). It can therefore be assumed that changes in NDVI of individual plant species in
a given area can be used to monitor the impact of climate change on various plant species or their
communities. However, the spread of species is determined not only by climatic conditions, but also
by other limiting factors, including forest policy or the impact of herbivores. Therefore, in order to
manage the forest environment, it is necessary to take into account all these factors. Undoubtedly,
however, the climatic factor is the overriding factor limiting the occurrence of the species in a given
area. Therefore, the assessment of the possibility of changing the geographic range of plants is
inextricably linked to the prediction of climate change. For sycamore, these forecasts are shown by
Mauri et al2%). The forecast shows that sycamore should expand its range northwards, gradually
covering Lithuania, Latvia, Estonia, and the Scandinavian countries. A significant change is also
observed in north-eastern Poland, where, according to the Mauri et al. the conditions are unsuitable
for this species. Therefore, the area of Poland was considered representative for assessing the
possibility of using NDVI as a tool for forecasting the spread of sycamore at the border of its
natural north-eastern range.

According to Boratynski?22, the boundary of the natural occurrence of sycamore in Poland has
been very much blurred as a result of frequent and ancient cultivation and easy wilderness and
encroachment into natural forest communities. Therefore, the data on sycamore's range given in the
Polish literature may, on the one hand, prove its expansion towards the north-east (Fig. 1), but may

also result from differences in the approach to determining the naturalness of its sites.
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Figure 1. Range of sycamore in Poland according to Szafer? and Boratynski*; A — area out of

range; B —range according to Szafer?; C & D - range according to Boratynski* (C - frequent

occurrence; D - diffuse occurrence)

However, regardless of the views on the natural range of sycamore in Poland and other European
countries, it can be considered undisputed that the occurrence of the species in a given region is
determined by favorable habitat conditions, of which climatic conditions seem to be the key.
Therefore, research on climate change and its impact on the dispersal of species is recognized as the

basis for managing the forest environment.

Methods

All methods were carried out in accordance with relevant guidelines.

The study did not require the collection of plant material, and all data on sycamore were obtained
from a database and analyzed on the basis of satellite data.

The data analysis was divided into 2 parts. The first covered the characteristics of all sycamore
stands occurring in Poland. It was prepared using traditional methods of inventory of forest areas. In
the second part, the analysis of sycamore stands occurring in Poland using NDVI was made, and
then, based on data from Poland, the potential of forest habitats was estimated in terms of the
possibility of sycamore occurrence throughout Europe.

All tree stands in Poland belonging to the State Forests (over 7 million ha, i.e. 75% of the total
forest area in Poland) are subject to a detailed inventory conducted every 10 years. All information
obtained during the stocktaking goes to a common database called Forest Data Bank (FDB)?* which

is at the disposal of the Directorate General of State Forests — the unit managing forests in Poland.
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The database used in the study was obtained from the FDB according to 2022. From the database,
stands were selected in which the share of sycamore accounted for at least 80% of the share in the
upper layer of the stand (a total of 291 units). The criterion of at least 80% was adopted in terms of
NDVI used in the work so as to minimize the impact of admixtures of other species on the test
results.

The analysis based on data from the forest inventory covered:

1. the share of sycamore in forest habitat types, which are the result of habitat conditions (soil,
location, climate), supplemented with a description of vegetation, influencing the selection
of species composition as well as the growth and development of trees. Forest habitat types
were divided into 3 categories related to geographical location (mountain, upland, and
lowland habitats), 5 moisture categories (alluvial, swampy, wet, mesic, dry) and 4 trophic
groups (eutrophic, mesotrophic, oligotrophic, poor);

2. age of sycamore stands.

In addition, NDVI was calculated for stands of all main species and compared with the
position of sycamore in the species ranking and the distribution of sycamore against the distribution
of NDVI in Poland. The decision to take NDVI as an indicator helpful in assessing the moisture
status of forest habitats was adopted on the basis of the results of research published by Miynarczyk
et al 13, Image data from the Sentinel-2 (A, B) satellites of the European Space Agency (ESA) were
used for the calculations. Image data were downloaded from Google Earth Engine (GEE) and
calculated. The calculations were made using the zonal statistics plug-in, where the boundary layer
and the NDVI map were selected in accordance with the methodology from the article by
Mliynarczyk et al 13,

Data on forest stands in Europe, which was used for the analysis of Figure 5, was taken from Corine
Land Cover from 20182 for tree ranges in Europe. On their basis, the calculated NDVI image was
cropped to areas covered with trees. A 25%25 km grid was created in which the median of data from
the excised NDVI layer was placed, which allowed visualization of the data in comparison with the
occurrence of sycamore in Europe? and forecasting the potential of sycamore habitats in Poland
and Europe.

In order to analyze the collected data, a validation test was conducted using five algorithmic
approaches:

1. Linear discriminant analysis (LDA)

2. Quantitative descriptive analysis (QDA)

3. Support vector classifier (SVC)

4. Random Forest
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5. Multilayer Perceptron (MLP)
All calculations were performed using Python and the scikit-learn library (cf. https:/scikit-
learn.org/stable/). The dataset used in the calculations consists of 291 cases, tested in four variants
concerning the relation between forest habitat types, the average NDVI value calculated from
August 1 to August 14, 2022, the total precipitation from January 1 to August 14, 2022, the average
air temperature from January 1 to August 14, 2022, and the average soil moisture from August 1 to
August 14, 2022.
The data was split into a training set and a validation set in an 8:2 ratio. The soil moisture,
temperature, and precipitation data were retrieved from Google Earth Engine using the dataset
"ECMWF/ERAS5 LAND/HOURLY." "ERAS-Land is a reanalysis dataset providing a consistent
view of the evolution of land variables over several decades at an enhanced resolution compared to
ERAS5."2 _ Soil moisture was retrieved at 3 levels (volumetric_soil water layer): 0-7 cm, 7-28 cm,
28-100 cm. Temperature (temperature 2m) was averaged, and precipitation (total precipitation)
was summed.
The period for which the data was retrieved was chosen based on the assumption that NDVI during
the summer period reflects the condition of forest stands, influenced not only by current weather
conditions but also by the state of habitat moisture related to water accumulation in the soil from
winter to summer.
The downloaded data was imported into QGIS 3.28. Using the zonal statistics and raster layers
tools, the data was clipped based on vector data obtained from the Forest Data Bank. The entire
dataset was saved in CSV format for further statistical computations.
Used software
Figures 1 and 2 and were prepared using Microsoft Excel, part of Microsoft Office software used by
author according to legal license (Office Home and Student 2021, No: 001SE099381X100798,
79G-05418).
Figure 3 is a fully original figure made by the authors. The image of the distribution of stands with a
given NDVI value was developed in the QGIS 3.28.3 "Firenze" free available program
(https://download.qgis.org/downloads/QGIS-OSGeo4W-3.28.3-1.msi). The values for the Regional

Directorates of the State Forests have been overlaid in PowerPoint (part of Microsoft Office
software) on this image.

Figure 4 is made by the authors in the QGIS 3.28.3 "Firenze" program using NDVI results of our
study, overlaid on the natural range of sycamore according to cited source of data:

EUFORGEN (https://www.euforgen.org/species/acer-pseudoplatanus/)

71



Figures 5a and 5c are fully original figure made by the authors in the QGIS 3.28.3 "Firenze"
program. Figures 5b and 5d are made by the authors in the QGIS program on the basis of cited
source of data [de Rigo, D., Caudullo, G., Houston Durrant, T. & San-Miguel-Ayanz, J., The
European Atlas of Forest Tree Species: modelling, data and information on forest tree species. In:
San- Miguel-Ayanz, J., de Rigo, D., Caudullo, G., Houston Durrant, T. & Mauri, A. (Eds.),
European Atlas of Forest Tree Species. published Off EU, Luxembourg, pp. e0laa69+.
https://w3id.org/mtv/FISE-Comm/v01/e01aa69 (2016)]

Results

In total, 291 stands were found in Poland, in which the share of sycamore is at least 80%. Their total
area is 668.31 ha (Table 1). The largest share of sycamore was noted in eutrophic mesic habitats,
both in mountain, upland and lowland forests. The second group in terms of area share are
mesotrophic mesic habitats, also representing groups of mountain, upland, and lowland forests. The
third place is occupied by a group of eutrophic moist forests, also in 3 altitude varieties (mountain,
upland, and lowland). Apart from these three main groups, the presence of sycamore forests along
watercourses (alluvial forests ), both in the mountains, uplands and lowlands, and occasionally also

in habitats considered swampy or oligotrophic.

Acronym No. of
Forest type Y Area (ha) stands

Mountains eutrophic mesic forest MEMF 228.02 71
Upland eutrophic mesic forest UEMF 140.94 67
Lowland eutrophic mesic forest LEMF 113.19 56
Upland mesotrophic mesic forest UMMF 4236 18
Mountains mesotrophic mesic forest MMMF 41.74 24
Lowland mesotrophic mesic forest LMMF 35.45 18
Lowland eutrophic humid forest LEHF 21.28 12
Mountains eutrophic humid forest MEHF 14.34 6
Upland eutrophic humid forest UEHF 6.70 3
Alluvial upland eutrophic forest AUEF 5.49 4
Lowland oligotrophic mesic forest LOMF 5.20 3
Lowland mesotrophic humid forest LMHF 3.95 3
Mountains oligotrophic mesic forest MOMF 3.39 2
Alluvial mountain eutrophic forest AMEF 2.13 1
Lowland mesotrophic swampy forest LMSF 1.61 1
Lowland alluvial (ash-alder) forest LAF 1.51 1
Lowland mesic poor pine forest LMPPF 1.01 1

Total 668.31 291

Table 1. Share of sycamore in forest habitat site types
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The calculated average NDVI value for sycamore forests was 0.859, which places this species in

14" place among all (45) species forming forest stands in Poland (Table 2) and 7™ among native

species in Poland. It is worth noting that the top 5 places on the list are occupied by species alien to

the flora of Poland. This can be explained by the fact that these species are usually planted in more

fertile habitats, which is reflected in higher NDVI values. This may be supported by the comparison

of average NDVI values for sycamore in forest site types (Table 3), where out of seven sites with an

NDVI value above the average, five are eutrophic mesic or moist forests. At the same time, the last

three places are occupied by the poorest habitat types, with the last one (lowland mesic poor pine

forest) being generally considered unsuitable for deciduous tree species in Poland. It can therefore

be assumed that reflects well the trophic conditions of sycamore (and not only sycamore) habitats.

Average Average
# Species NDVI # Species NDVI
value value

1. | Abies grandis (Douglas ex 24.

D.Don) Lindl 208 Betula pendula Roth 0:840
2. |Acer negundo L. 0.885[25. | Populus alba L. 0.840
3 26. | Quercus petraea (Matt.)

Juglans nigra L. Q852 Liebl. 0.839
4. Thuja plicata Donn ex D.Don, 0.881|27. | Larix decidua Mill. 0.837
S. Quercus rubra L. 0.875|28. | Prunus spinosa L. 0.835
6. | Alnus glutinosa (L.) Gaertn. 0.874[29. |Salix alba L. 0.829
7. | Fraxinus americana L. 0.87430. | Tilia cordata Mill. 0.823
8. Carpinus betulus L. 0.869|31. | Picea abies (L.) H.Karst 0.800
9. | Alnus incana (L.) Moench 0.868|32. | Picea pungens Engelm. 0.791
10. | Fagus sylvatica L. 0.867|33. |Aesculus hippocastanum L. 0.787
11. | Quercus cerris L. 0.865|34. | Pinus sylvestris L. 0.787
12. | Fraxinus excelsior L. 0.861|35. | Ulmus glabra Huds. 0.787
13. | Acer platanoides L. 0.860 | 36. | Pinus nigra Arn. 0.785
14. | Acer pseudoplatanus L. 0.860 | 37. | Pinus strobus L. 0.779
15. | Robinia pseudoacacia L. 0.855|38. | Pinus banksiana Lamb. 0.735
16. | Populus tremula L. 0.853|39. | Pinus rigida Mill. 0.726
17. | Quercus sp. L. 0.850]40. | Pinus mugo Turra 0.714
18. | Betula pubescens Ehrh. 0.848|41. | Padus avium Mill. 0.667
19. | Abies alba Mill. 0.845[42. | Sorbus aucuparia L. 0.581
20. | Ulmus minor Mill. 0.845|43. |Sorbus torminalis (L.) Crantz 0.574
21. | Pinus cembra L. 0.843|44. | Prunus avium L. 0.566
22. | Quercus robur L. 0.843 [45. | Prunus domestica L. 0.427
23. | Pseudotsuga menziesii (Mirb.) 0.840

Franco

Table 2. Average NDVI values for the main species in forests in Poland. Geographically alien

species are marked with a gray background
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Taking into account the data from Table 2, sycamore could be placed in the trophic-humidity series,
among the species native to Poland, after Alnus glutionosa-Carpinus betulus-Alnus incana-Fagus
sylvatica-Fraxinus excelsior-Acer platanoides, with sycamore almost equal to NDVI values of

common maple.

i TSL NDVI average

1. Lowland eutrophic mesic forest 0.886
2. Lowland mesotrophic humid forest 0.885
3. Lowland eutrophic humid forest 0.884
4. mountains eutrophic humid forest 0.883
5. Lowland mesotrophic mesic forest 0.875
6. Upland eutrophic humid forest 0.867
7. Upland eutrophic mesic forest 0.864
8. Lowland alluvial (ash-alder) forest 0.857
9. Upland mesotrophic mesic forest 0.853
10. | Alluvial upland eutrophic forest 0.849
11. | Mountains mesotrophic mesic forest 0.839
12. | Lowland mesotrophic swampy forest 0.838
13. | Mountains eutrophic mesic forest 0.838
14. | Alluvial mountain eutrophic forest 0.835
15. | Mountains oligotrophic mesic forest 0.815
16. | Lowland oligotrophic mesic forest 0.792
17. | Lowland mesic poor pine forest 0.769

Mean| 0.859¢]

Table 3. Average NDVI value for sycamore stands in forest site types. Forest site types with value

above the average for all sycamore stands are marked in gray

Sycamore forests in the age range of 50-70 years have the largest area share (Fig. 2a) and this is the
range that includes the average age of all forest stands in Poland (60 years)*

The NDVI value was also compared with the age of sycamore stands in Poland (Fig. 2b). It cannot
be said on its basis that the NDVI value changes with age, although the graph shows more visible
decreases at the age of 14, 26, 44, 55, 65, and finally at the age of 100.
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Figure 2. Area distribution of sycamore stands in age classes (a) and differentiation of NDVI

depending on the age (b) of sycamore stands in Poland

Figure 3 shows a graphical variation of the average NDVI values calculated for the first two weeks
of August 2022 for stands representing all species in Poland. The figure shows the boundaries of the
main units of the territorial division of the State Forests (Regional Directorates of the State Forests),
for which the average NDVI value for sycamore stands in a given RDSF was calculated. The figure
also shows the number of sycamore stands with a share of 80-100%, as well as the average age of
sycamore stands in a given RDSF. August was chosen due to the results of the study by Mtynarczyk
et all® indicating that the optimal period for analyzing the relationship between NDVI and

vegetation in Poland is July-August.
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Figure 3. Variation (in the numerator) of mean NDVI values for sycamore, grouped by color into
the highest (purple), high (blue), medium (green), low (red), and extremely low (black) values in
individual Regional Directorates of the State Forests; in the denominator, before the slash, the
number of sycamore stands in a given RDSF, after the slash, the average age in a given RDSF; in
the background, an NDVI diversity map covering all stands in Poland as of the first 2 weeks of
August 2022, 2020 and 2018, where dark blue represents the highest NDVI values, red the lowest

Based on Fig. 3, it can be concluded that the average NDVI value for sycamore stands, similarly to
the commentary to Fig. 2, does not depend on age, since RDSF Zielona Goéra (0.8980) has one of
the highest NDVI and the lowest average age (26 years), and £6dz, with a similar average age (28
years) the lowest NDVT (0.8184). In addition, NDVT images for all forest stands in Poland for 2018,
2020 and 2022 show clear differences in the condition of forest stands between the northern, central
and southern parts of the country, depending on the distribution of precipitation (higher sum in the

north and south compared to the central part).

In order to validate the collected data, an analysis was carried out based on five algorithms (LDA,

QDA, SVC, Random Forest and MLP), testing four variants (a, b, ¢, d) of the relationship between
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forest habitat type, NDVI, sum of rainfalls, air temperature and soil moisture in each of the
algorithms, described below:

* a - classified into 3 habitat classes varied on: lowland (L - 95 cases), upland (U - 92) and mountain
(M - 104);

* b — classified into 3 habitat classes varied on: oligotrophic (O - 6), mesotrophic (M - 63) and
eutrophic (E - 222);

* ¢ - classified into 4 habitat classes varied on: mesic (263), moisty (22), alluvial (5) and swampy
(1)

* d — classified into 8 habitat classes varied on: oligotrophic lowland (OL - 2), mesotrophic lowland
(ML - 21), eutrophic lowland (EL - 69); mesotrophic upland (MU - 18), eutrophic upland (EU - 70);
oligotrophic mountain (OM - 5), mesotrophic mountain (MM - 24), eutrophic mountain (EM - 82).

The results are presented in Table 4.

Test variant
Algorithm a b c d
LDA 0.76 0.88 0.88 0.56
QDA 0.78 0.80 - 0.66
SvVC 0.78 0.88 0.88 0.47
RF 0.78 0.88 0.88 0.68
MLP 0.71 0.78 0.93 0.49

Table 4. Data validation results based on five algorithms testing four variants of the relationship

between: forest habitat type, NDVI, sum of rainfalls, air temperature and soil moisture

The most non-linear model is the MLP model, which clearly distinguishes class differentiation,
emphasizing in particular the relationship between the average NDVI value, the sum of
precipitation, the average air temperature and the average soil moisture and forest habitat types,
depending on the degree of habitat moisture (variant c).

Obtaining a positive validation result, the average NDVI value given in Table 2. (0.860) referred to
the European range of sycamore. Fig. 4 shows the NDVI values from 0.86 upwards for stands
throughout Europe as of August 2018. The value of 0.86 was taken on the basis of the average value
for sycamore stands in Poland (0.859), stating that what is above this value is a measure of more

favorable habitats for sycamore.
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Figure 4. Distribution (in the WGS 1984 coordinate system) of forest arcas with NDVI in August
2018 with NDVI >0.86 (average NDVI value for sycamore stands in Poland); green area and red
outline — current natural range of sycamore according to EUFORGEN

(https://www.euforgen.org/species/acer-pseudoplatanus/)

Discussion

The results indicating tree stands with NDVI in Europe with a value exceeding the average NDVI
value for sycamore in Poland show convergence with maps of the relative probability of presence of
Acer pseudoplatanus and the maximum habitat suitability for this species.2Z This can be seen, for
example, both in Romania and in the belt from southern Germany and Switzerland to southern
Poland (Fig. 3).
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Figure 5. Comparison of tree stands in Romania (a) and from Switzerland through Austria to
Slovakia and Poland (c) with NDVI >0.86 and estimating the relative probability of presence of
Acer pseudoplatanus according to de Rigo et al.Z (b, d)

NDVI >0.86 in the British Isles, Denmark, Lithuania, Latvia, and Estonia, suggesting suitable
conditions for sycamore in these parts of Europe, is considered particularly important. This would
be consistent with information about the invasive role of sycamore in Great Britain® or Lithuania®%.
It can be assumed that the species becomes invasive if the habitat conditions are favorable. The
mere predisposition to invasiveness is not enough to spread the species. It should also be related to
the paper of Tillisch®, who suggested that the natural range of sycamore could include Denmark, as
well as part of Great Britain, which may be confirmed by the presented research results indicating
suitable habitat conditions expressed as NDVI. Tillisch also drew attention to the important issue of
human impact on the occurrence of sycamore. This thread is particularly well visible in Poland,

although poorly documented in scientific literature. The natural share of sycamore in Poland is
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limited to mountain forest plant communities, although the natural occurrence of sycamore in
mountainous regions of the country may result not only from favorable climatic conditions there,
but also from places more difficult to management by humans, which allowed a more natural
composition of forest communities to be preserved. However, two-thirds of Poland's area consist of
easily accessible lowland areas, where forests have been left mainly in less fertile areas, and fertile
soils have been taken over by agriculture. On the other hand, in the forests of lowland areas, forests
are managed and the key species are pine, oak, and beech. However, sycamore is not mentioned in
any of the documents regulating forest management in the lowland part of Poland as the main
species. As a result, the lack of a formal base for planting sycamore stands means that sycamore
was not only not cultivated, but was often eliminated as a species threatening the main species. On
the other hand, sycamore was gladly planted as a roadside tree, creating alleys, some of which
continue to have a high natural and cultural importance. In many cases, such sycamore alleys,
growing along roads running near forest areas, gave rise to the young generation of sycamore trees,
which entered under the canopy of the dominant pine in Poland, currently creating two-layered
stands, with pine in the upper layer and sycamore in the lower one. Once the pine is removed,
sycamore becomes the main species. This would be consistent with the distribution of sycamore
stand areas by age class shown in Fig. 2a. The impact of forest management on sycamore stands
would also be evident in the data shown in Fig. 2b, where roughly a 10-year cycle between 14 and
65 years of age may be related with periodically performed in Polish forestry treatments of tree
stand thinning, with the achievement of a minimum at the age considered to be the age of felling
(100 years). Therefore, in assessing the range of sycamore — not only in Poland, but also in other
countries — the impact of human activity should be considered significant. Moreover, this impact
may be related to both the promotion of sycamore and its elimination. It can be promoted due to its
valuable wood, strong root system, resistance to winds, resistance to environmental pollution, low
costs of renewal, since it regenerates naturally, and it can be eliminated by, among others, due to the
criteria applicable in the assessment of natural habitats in the European network of protected areas
called Natura 2000, where in Poland, apart from one type of natural habitat (9180), it is not
considered as a desirable species. Hence the opinion about its invasiveness, if it enters uncontrolled
forest plant communities forming natural habitats, a situation that mainly concerns oak-hornbeam
forests in Poland. On the other hand, in managed forests, the increasing acceptance of sycamore by
foresters is observed. Therefore, in assessing changes in the area of this species, it is difficult to
separate the impact of climate change due to human activity. Additionally, many European tree
species still have unfilled niches because they did not complete their migration after the ice sheet

had receded. Sycamore maple is well adapted to the current climatic conditions of central Europe
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(Straigyte and Baliuckas®) but Svenning and Skov3! suggest that most of European tree species fill
less than 50% of their potential climatic range. Thus, it cannot be ruled out that the expansion in the
Baltic States is filling niches that were already colonizable before climate change. Our research
confirms earlier predictions that climate changes forecasted for Central Europe in the coming decades may
prove beneficial for Acer pseudoplatanus. Unlike many other native species, this species will be gaining
potential climatic niches>. However, a more precise assessment of the extent of range changes, as indicated
by recent studies, requires a broader sampling of climate data from entire geographical ranges and
consideration of the latest climate change scenarios®*** .

Based on the results of the presented research and comparing it with the coverage maps provided by
Szafer? and Boratynski®* (Fig. 1), it can be confirmed that in central Poland sycamore finds
unfavorable conditions. Contrary to the research results of these authors, it can be assumed that at
least currently sycamore finds potentially better conditions in northern Poland than in south-western
Poland. This may be partly due to climate change. This could also confirm the predictions of Mauri
et al.2 indicating the spread of sycamore towards the north of Europe. The presented research
results would especially confirm the forecast of Mauri et al.2® on the spread of sycamore towards
Lithuania, Latvia, and Estonia (Fig. 4). They also do not contradict the lack of Mauri et al 2 of
sycamore in the British Isles and the results of Morecroft et al¢ who suggest that sycamore may
decline under climate change if summer droughts, since Morecroft et al. investigated sycamore
sites in central part of England (Wytham Woods), and the results of our research suggest that
sycamore finds more suitable conditions in the western part of the British Isles, in particular in
Ireland. According to our research in the central part of England, NDVI is less favorable for
sycamore.

A side effect of our research is drawing attention to the ranking of average NDVI values for all
species forming forest stands in Poland, in which the first 5 places are occupied by species alien to
the flora of Poland. It can be assumed that this is due to the introduction of these species to more
fertile habitats, which may result in higher biomass and better condition. In this ranking, the first
place among Polish natural species is occupied by Alnus glutinosa, a species of fertile, moist
habitats, which could confirm the results of Mtynarczyk et al 12 that NDVI also reflects variations in
moisture conditions. This seems logical considering that water plays a key role in plant
development. In this ranking, sycamore is on the 7™ place among species native to the flora of
Poland, with the top 7 species being of fertile deciduous forests, mainly oak-hornbeam forests
(Table 2 — Carpinus betulus) and beech forests (Table 2 — Fagus sylvatica), as well as fertile
riverside lowland forests (Table 2 — Fraxinus excelsior) or mountain forests (Table 2 — Alnus

incana). 1t can therefore be assumed that NDVI is also a reflection of the trophicity of forest
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communities, which was already suggested by the results of Mlynarczyk et al. 13, This thesis is also
confirmed by the research results listed in Table 3, where forest habitats classified in Poland as the
poorest, more typical for pine than deciduous species, occupy the last 3 places in the table
presenting the average NDVI values for sycamore stands in the system of forest site types.

The result of the study that should be discussed is the practically constant average NDVI value with
changing age, excepting anomalies which may be related to periodic thinning operations carried out
in managed forests (Fig. 2b). For many years NDVI has been used for biomass studies*>3,
especially in cereal research®®, but measuring of fields with of single-species, annual plants is much
simpler than estimating the biomass of a multi-species forest with a complex structure. It is assumed
that stand biomass increases with age¥?, but aboveground biomass of some European tree species is

poorly characterized*®#!

. Sycamore is also one of these species. As was mentioned in Introduction
section, the relationship between NDVI and vegetation is very complex. This is illustrated by non-
linear biomass of tested sycamore stands at different ages. As reported by Repo et al.*2 biomass
changes in forests of different ages by site and soil types, which also applies to the studied stands.
Referring to the methodological assumption, according to which stands with a share of sycamore at
least 80% were selected for the study, the relatively even NDVI of the examined stands can be
explained by the fact that the share of sycamore that was methodically assumed takes place where
habitats are more fertile. In other words, when selecting potential sycamore habitats, one should

look for places with higher NDVI values, as shown in Fig. 4.

Conclusions
The results of the research allow the following conclusions to be drawn:

1. Among the analyzed types of forest habitats (eutrophic, mesotrophic, oligotrophic),
differentiated into mountain, upland, and lowland forms, sycamore stands achieve the
highest NDVI value in lowland eutrophic mesic forest (0.886).

2. The average NDVI values of sycamore stands are among the highest among all stands in
Poland (0.8596 ) and are almost equal to the values for Acer platanoides.

3. Among the stands where the share of sycamore is at least 80%, sycamore stands aged 50-70
years predominate in Poland and this is the range that includes the average age of all forest
stands in Poland (60 years). These sycamore stands show a cyclical decrease in NDVI
values and a return to average values, which may be related to periodic thinning operations
carried out in managed forests.

4. Apart from the southern, mountainous part of Poland, where the share of sycamore stands is
the largest, the highest average NDVI values measured for all tree species stands are found
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in the northern part of Poland, which has so far been considered less favorable for sycamore.
This may suggest the potential for an increase in the share of sycamore towards the north.

5. The results of the study may confirm the forecasts given in the literature regarding the
spread of sycamore towards Lithuania, Latvia. and Estonia.

6. The results also suggest Denmark and the western part of the British Isles as potentially

favorable habitats for sycamore.

Data availability statement

The datasets used and/or analyzed during the current study available from the corresponding author

on reasonable request.
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Abstract: This study investigates the prospects for preserving the main Pinus sylvestris L. (Scots 12
pine) ecotypes in Poland, considering the habitat conditions of their occurrence. Scots pine is known 13
for its wide distribution and natural adaptability to various habitats. However, there is an increasing 14
vulnerability of pine forests to damage from biotic factors and a decrease in natural regeneration, 15
particularly in areas under legal protection. Additionally, projected climate change has raised con- 16
cerns about the future of Pinus sylvestris, placing it in the “losing” group of tree species. The aim of 17
the study was to analyze the habitat conditions of the main seven selected Pinus sylvestris L. ecotypes 18
to assess the sustainability of pine stands in their natural habitat conditions. Out of the seven pop- 19
ulations of studied pine ecotypes, only one grows under conditions representing a typical form of 20
pine forest (Leucobryo—Pinetum plant association). Two populations grow under conditions corre- 21
sponding to potential deciduous forests (Galio sylvatici-Carpinetum and Calamagrostio arundinaceae— 22
Quercetum petraeae). The remaining populations represent potentially mixed oak—pine forests. Such 23
a distribution of plant communities, except for Leucobryo—Pinetum, does not guarantee the continuity 24
of the studied pine stands as a result of their natural regeneration. Therefore, it is necessary to pre- 25
serve the offspring of the studied populations outside their occurrence sites, but the studied pine 26
stands should be preserved until their natural death in their natural habitats. 27
In the conducted research, the NDVI turned out to be very useful, showing a high correlation with 28
the trophicity of the habitat expressed in the diversity of plant communities, as well as with the 29

height and diameter of the studied stands. 30
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pine” or “Mast pine” in the past [7]. In the work of Daszkiewicz and Oleksyn] [6], it is
worth emphasizing the words cited from Duhamel in 1767 regarding “Riga pine”, which
drew attention to the significant influence of tree age, the quality of the habitat where it
grew, and the climate on the quality of mast. Therefore, one could ask whether “Riga
pine” was an exceptional ecotype or whether the exceptional conditions were the habitat
conditions in which this pine grew. Nowadays, the question of habitat conditions is pri-
marily important for the future of the most valuable pine ecotypes. Temperature, humid-
ity, light, and the interactions between these factors [8-9] are among the most important
factors influencing the natural regeneration of pine trees, but competition from other
plants is equally important [10]. Therefore, the aim of our study was to analyze the habitat
conditions of selected Pinus sylvestris L. ecotypes in terms of the possibility of ensuring
the sustainability of pine stands in their natural conditions. The following research hy-
pothesis was put forward: the current habitat conditions and directions of vegetation de-
velopment do not guarantee the preservation of valuable Pinus sylvestris ecotypes in
places of their natural occurrence. We adopted the term "ecotype” following the literature
on the studied stands [6, 7, 11, 12], corresponding to the aim of the study and also to the
classic definition of ecotype given by Krebs [13]. According to Krebs, an ecotype is "a
group of populations of one species that are adapted to specific climatic and habitat con-
ditions." As the climate is an element of the habitat, separating both terms in the above
definition may be considered an error; however, the essence of the definition corresponds
to the concept of our studies.

Additionally, to assess the health status of the studied pine ecotypes, the Normalized
Difference Vegetation Index (NDVI) was taken into account as a parameter of their current
condition. NDVI, as an indicator of Pinus sylvestris health, can be influenced by several
factors, including climate, habitat conditions, and biotic interactions. Therefore, we also
assumed that the use of NDVI could be treated as a result of habitat conditions affecting
the future of the studied Scots pine ecotypes.

2. Materials and Methods

2.1. Research Area

Seven study plots were selected for the study. Their location and basic data are pre-
sented in Fig. 1 and Table 1. “Taborska” (Table 1, number 1) and “Supraska” (4) pine eco-
types were selected based on the results of Jelonek et al. [7] and Barzdajn [14]. The ecotype
from Kampinoski National Park (2 and 3) was selected based on the results of Przybylski
et al. [2]. The National Park Bory Tucholskie (6) was chosen due to the results of Miynar-
czyk et al. [15]. The “Rychtalska pine” ecotype (5) was chosen due to the results of Wéjkie-
wicz et al. [16] and Barzdajn [14]. The ecotype from Notecka Forest (7) was chosen as the
oldest pine stand in one of the biggest pine complexes in Poland.
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Figure 1. Location of studied pine ecotypes (red points) on the basis of a map depicting the length
of the vegetation period in Poland: 1—Taborska Pine; 2—Kampinoski NP-01; 3—Kampinoski NP-

02; 4—Supraska Pine; 5—Rychtalska Pine; 6—Bory Tucholskie NP; 7—Notecka Pine.

Table 1. Description of studied pine stands

Coordinates of the middle

No Name of research plot Age (2022) Area (ha)
1 Taborska Pine 53°46'30.8"N; 20°01'32.1"E 268 15.20
2 Kampinoski NP-01 52°20'26.3"N; 20°23'41.8"E 188 19.05
3 Kampinoski NP-02 52°20'12.3"N; 20°46'33.3"E 183 12.59
4 Supraska Pine 53°15'08.3"N; 23°29'44.9"E 196 3.14
5 Rychtalska Pine 51°11'18.4"N; 17°56'55.3"E 142 15.15
6 Bory Tucholskie NP 53°47'44.3"N; 17°34'46.1"E 140 19.28
7 Notecka Pine 52°42'08.0"N ; 15°28'15.1"E. 133 3.03

Geometric data of research plots, available in the SHP format, together with the database

in the following formats: .ptj, .sbn, .sbx, and .shx. They were obtained from the Forest Data
Bank—a database where the results of habitat research conducted on State Forests' lands
by specialized expert teams are collected (https://www.bdlLlasy.gov.pl/portal/; accessed
on December 11, 2022). The database is publicly available in two language versions—

Polish as the primary language and English.

From the same data repository, the description of research plots was obtained, including
the age of pine stands, type of soil, and potential plant community classified according to

Matuszkiewicz [17].

Descriptions of the research areas were supplemented with a summary of atmospheric

precipitation according to Mufioz Sabater [18].

2.2, Calculation of the NDVI

Miynarczyk et al. [15], after testing 249 vegetation indices calculated according to the
formulas stored and described in the “Index Database” (https://www.indexdatabase.de/,
accessed on December 28, 2022), demonstrated that the NDVI can be used as an
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indicator describing both the moisture and trophic status of forest habitats. This was 104
considered an important measure of habitat conditions, which simultaneously influence 105
the condition of forest stands. Therefore, NDVI data were calculated and used according 106
to the methodology described by Miynarczyk et al. [15]. Following the authors' recom- 107
mendations, the NDVI was calculated for three months: July, August, and September 108
(2020), which best reflect the NDVI for the temperate climate zone where Poland is lo- 109
cated. 110
Due to the age of the forest stands and their resulting thinning, which in most cases 111
leads to vigorous development of the lower developmental layers of the forest stand and 112
understory, the median rather than the mean NDVI value was taken into account when 113
ranking the studied populations of pine trees. The median value could be influenced not 114
only by areas covered by pine forest but also by other plant species. 115
2.3. Statistical Analysis 116
Since the most valuable forest stands in Poland were selected for the study, based on their 117
age, quality, and representativeness for large pine forest complexes, the number of re- 118
search areas is limited (7). Therefore, the statistical analysis was restricted to a method 119
based on ranks assigned to the data parameters (tree slenderness coefficient, plant com- 120
munity, NDVI) and the calculation of Pearson’s correlation coefficients between parame- 121
ters. 122
3. Results 123
Soil descriptions, potential vegetation types for individual rescarch arcas, as well asthe 124
average diameter and height of forest stands in the research areas are shown in Table 2. 125
In Table 3 mean, median and maximum NDVI values are presented. 126
Table 2. Soil type, potential plant community of research plots, average height (Av. H), average diameter at breast 127
height of stands (Av. DBH) and Tree Slenderness Coefficient (H/D) of tested stands 128
No Name Soil Potential plant community Av.H Av.DBH (H/D)
type (m) (em)  x100
1 Taborska Pine PR Eutrophic oak-hornbeam forest (Cwa.im sylvatici—Carpinetunt plant com- 3 6 50
munity)
5 Kampinoski NP-01 s Oligotrophic Quercus robur—Pinus sylvestris forest (Querco roboris—Pine- 25 45 56
tum)
i H o X i H o Py e aylnpatpic ~ fe_Pime_
3 Kampinoski NP-02 S Oligotrophic Quercus robur—Pinus sylvestris forest (Querco roboris—Pine " % 5
tum)
Supraska Pine . . ) - )
4 TRS Mesotrophic Quercus robur—Pinus sylvestris forest (Seratulo—Pinetum) 34 49 69
s Rychtalska Pine BRS Mesotrophic Quercus petraea forest (Calamagrostio Arundinaceae—Querce- 20 1 -
tum petraeae)
6 Bory Tucholskie NP PS Oligotrophic pine forest (Leucobryo—Pinetim) 22 33 67
i ic Q. 5 —Pinus sylvestris Jue. is—Pine-
7 Notecka Pine PRS Oligotrophic Quercus robur—Pinus sylvestris forest (Querco roboris—Pine 9% 37 70
tum)
* PRS—podzolic rusty soil; BRS-brown rusty soil; TRS—typical rusty soil; PS—podzolic 129
soil 130
All the soils in which the studied stands grow are sandy. Table 2 adopts the Polish no- 131
menclature for the names of soil types and subtypes, used in the Polish Forest Soil Classi- 132
fication [19], which does not always fully correspond to the international soil classification 133
system for naming soils [20]. According to the WRB characteristics, rusty soils are similar 134
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Table 3. NDVI value in 2020

to Arenosols, although in the Polish forest soil classification, Arenosols are a separate type
of soil. A common feature of the soils in which the studied stands grow is their acidic
reaction. Despite similar characteristics, the potential of the soils listed in Table 1 is differ-
ent, which is expressed in the diversity of potential plant communities listed in the table,
determined on the basis of a specific combination of forest undergrowth species. Of these,
the Leucobryo—-Pinetum association is considered to be the poorest, typically pine forest in
Poland. The richest association is considered to be Galio sylvatici-Carpinetum. Taking into
account the remaining mentioned plant communities, it can be assumed that the habitats
of the studied pine stands represent a full cross-section of trophic mesic habitat types,
from typical pine forests to potential broadleaf forests, including hornbeam and oak.

Mean Median Standard deviation

No Name

Jul.  Aug. Spt. Av. Jul.  Aug.  Spt. Av. Jul.  Aug.  Spt.

1 Taborska Pine
2 Kampinoski NP-01
3 Kampinoski NP-02
4 Supraska Pine

5 Rychtalska Pine

Bory Tucholskie
NP

7 Notecka Pine

0794 0793 0.793 0793 0.885 0.881 0.880 0.882 0.262 0.261 0.261

0.822 0.832 0.78 0812 0.823 0828 0.78 0.812 0.013 0.021 0.012

0.760 0.787 0.758 0.768 0.756 0.785 0.750 0.764 0.016 0.014 0.025

0.580 0.588 0.593 0587 0.812 0.822 0815 0816 0.367 0.372 0.375

0.885 0.853 0.859 0.866 0.888 0.851 0.859 0.866 0.019 0.014 0.013

0.788 0.808 0.682 0.759 0.789 0.808 0.677 0.758 0.012 0.010 0.019

0.718 0.737 0.746 0734 0719 0742 0.757 0.740 0.033 0.039 0.035

Table 3 presents data from three months representing the full growing season (July-Sep-
tember), thus avoiding differences in NDVI values resulting from changes in the season.
Taking into account the data from Table 2 indicating the similar nature of the soils (sandy,
acidic soils), it can be assumed that the differences between the studied ecotypes, as well
as within a given ecotype in individual months, may result from weather differences af-
fecting the condition of the studied tree stands. The studied stands are located in various
regions of Poland, with variable climatic conditions (Fig. 1), which affects both the length
of the growing season and other weather indicators. The studied tree stands grow on
sandy soils with deep groundwater levels; thus, the distribution of atmospheric precipi-
tation is an important factor influencing the condition of the trees. The periodic lack of
rainfall in a given location may affect differences in the condition of tree stands in indi-
vidual months, which could explain the NDVI values for the Bory Tucholskie ecotype
between July and August (0.788 and 0.808, respectively) and September (0.682). However,
the interpretation of the data may be difficult due to the fact that the local rainfall distri-
bution may differ from the source data, and also because tree stands may react with var-
ying delays to rainfall or a lack thereof. Table 4 lists the monthly rainfall totals from June
2020 to September 2020. Table 3 shows the NDVI values from July to September, which is
one month shorter. However, it was assumed that rainfall in June may affect the condition
of tree stands in July; hence, June was added to Table 4.

Table 4. Precipitation (mm) from June 2020 to September 2020 compared to the average median value for NDVI for

the studied pine stands
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Ecotype name Jun. Jul. Aug. Spt. Av. Sum NDVImedian
Taborska Pine 93 1377 29 32 728 291 0.882
Kampinoski NP-01 141 62 128 47 945 378 0.812
Kampinoski NP-02 99 77 136 51 90.8 363 0.764
Supraska Pine 71 70 130 24 738 295 0.816
Rychtalska Pine 8 58 30 63 585 234 0.866
Bory Tucholskie NP 50 111 25 28 535 214 0.758
Notecka Pine 26 120 41 37 56 224 0.740

The rainfall sums given in Table 4 correspond to some extent to the NDVI values given in
Table 3, indicating the lowest NDVI values for pine stands in the areas with the lowest
rainfall totals (Bory Tucholskie and Notecka Pine); however, the Pearson correlation coef-
ficient calculated for the data from the columns “sum” and “NDVI median” is only 0.10.

In order to determine the prospects for maintaining the natural continuity of the studied
pine forest stands, the tree slenderness coefficient, plant community, and the NDVI were
ranked and assigned appropriate ranks:

e Tree Slenderness Coefficient (TSC): 1 —lowest slenderness coefficient, 7—highest slen-
derness coefficient; the lower the TSC, the greater the resistance to wind damage.

¢ Plant community: 1— Leucobryo—Pinetum, 2—Querco roboris—Pinetum, 3— Seratulo—Pine-
tum, 4—Calamagrostio arundinaceae—Quercetum petraeae, 5— Galio sylvatici-Carpinetum; the
lower the index, the higher the likelihood of natural pine regeneration.

* NDVI: 1—lowest median value for the NDVI, 7—highest median value for the NDVI;
the higher the NDVI value, the better the habitat conditions and, therefore, the lower the

chance of natural pine regeneration due to competition from deciduous tree species.
Table 4. Ranking of studied pine forest stands based on analyzed characteristics.
Rank
_— Plant community — S
(competition)
Taborska Pine 1 5 7 13
Kampinoski NP-01 3 2 4 9
Kampinoski NP-02 2 2 3 7
Supraska Pine 5 3 5 13
Rychtalska Pine 7 4 6 17
Bory Tucholskie NP 4 1 2 7
Notecka Pine 6 2 1 9

Between the individual ranking categories shown in Table 4, correlation coefficients
were calculated, resulting in the values presented in Table 5. Additionally, the Pearson
correlation coefficient between the average height and average diameter at breast height
of stands representing a given pine ecotype and NDVTI s calculated and presented in
Table 5.

Table 5. Correlation coefficients between tree slenderness coefficient, plant community,
and the NDV], calculated on the basis of ranks adopted in Table 4.
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Parameter Correlation coefficients
TSC/Plant community -0.11
TSC/NDVI -0.21
H/NDVI 0.74
D/NDVI 0.70
Plant community/NDVI 0.89

The high correlation coefficient between the NDVI and plant community and also NDVI
and height and average diameter at breast height of stands representing a given pine eco-
type confirms the role of the NDVI as a synthetic indicator of habitat trophicity.

A summary of the average height of the studied pine stands, potential plant communi-
ties in their locations, soil characteristics of the habitat for each ecotype, and the NDVI is

presented in Figure 2.
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Figure 2. Summary of research results for seven ecotypes of Pinus sylvestris, including

soil type, plant community, NDVI (median), and average tree stand height

As shown by the collected data (Fig. 2), the assessment of each population varies depend-
ing on the adopted criterion. The ranking of all features presented in Table 4, which re-
flects the perspective of maintaining the natural continuity of the studied pine stands,
allows the following order for the tested populations: Bory Tucholskie NP and Kampi-
noski NP-02 (highest probability of stand continuity; lowest sum of ranks =7) — Kampi-
noski NP-01 and Notecka Forest (sum of ranks = 9) — Taborska Pine and Supraska Pine

(sum of ranks = 13) — Rychtalska Pine.

4. Discussion
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Maintaining forest continuity is a fundamental obligation in forestry management. 207
However, it is important to distinguish between maintaining forest continuity in any form 208
and with a specific species composition. As demonstrated by Przybylski et al. [2], in the 209
case of Scots pine, the dominant tree species in Poland, the ease of establishing pine stands 210
through artificial regeneration leads to less attention being paid to factors limiting its nat- 211
ural regeneration. At the same time, a deteriorating condition of pine stands established 212
through artificial regeneration is observed [2]. Therefore, the protection of key pine eco- 213
types in their natural habitats is considered an important aspect in the discussion on for- 214
estry management and the conservation of valuable natural resources represented by pine 215
stands. In the presented research results, the study focused on the soil conditions of the 216
examined stands, the potential plant communities, NDVI, as well as the diameter and 217
height of trees, which are correlated with the tree slenderness coefficient. All these factors 218
are interconnected with the response of plants (trees) to habitat conditions, but they are 219
also influenced by forestry practices. As shown in Table 2, all the studied stands are lo- 220
cated on podzolic or rusty soils, which are considered to be some of the poorest soil types 221
in Poland due to their sandy granulometric composition. As a result, these soils were af- 222
forested with pine, which is considered a pioneer species [1]. Since rusty soils cover half 223
of Poland's forest soils, taking into account the share of podzolic soils, the dominant role 224
of Scots pine is highlighted, and a share of 60% in Poland is obtained [2]. 225

As indicated in Table 2, the potential plant community of the studied pine stands 226
includes not only poor pine forest communities but also potential deciduous forest plant 227
associations. Among the studied stands, the only pine-specific plant community is Leuco- 228
bryo—Pinetum [17], although, in Germany, some of the stands sampled as representative of = 229
the Leucobryo-Pinetum association were probably located on sites formerly occupied by 230
pine-oak or birch-oak forests [21]. The other plant communities listed in Table 2 poten- 231
tially have a smaller or larger proportion of deciduous species, with the oak-hornbeam 232
forest (Galio sylvatici-Carpinetum) and mesotrophic sessile oak forest (Calamagrostio arun- 233
dinaceae—Quercetum petraeae) representing deciduous forest stands. 234

It should be noted that the age of the studied stands exceeds 180 years in most cases 235
(up to a maximum of 268), which means that these stands were established 200 years ago 236
under cool climatic conditions, which favored coniferous species. Currently, the warming 237
climate favors deciduous species [5]. Consequently, it is not excluded that the develop- 238
ment of vegetation in the studied pine stands reflects the consequences of climate change, 239
resulting in the transformation of former pine forest habitats into deciduous forests. Asa 240
consequence, competition from deciduous species hinders natural pine regeneration by 241
shading the forest floor. It is worth noting that the observation of these changes is possible 242
due to the exclusion of the studied stands from forest management and the attainment of 243
advanced age by the pine trees. Under typical forestry management in Poland, pine would 244
be harvested after reaching the age of 100-110 years, and pine would generally be reintro- 245
duced on sandy soils, as described by Konatowska and Rutkowski [22]. The situation de- 246
scribed by both authors is illustrated in Fig. 3. 247
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Oak about 123 year:

Pine 213 years

248
Figure 3. Comparison of a 213-year-old pine stand with a developed oak stand underneath (left) and a pine monoculture planted in =~ 249
place of a cut oak stand (right); in the middle, a map of the stands from 1995, showing two forest compartments: “a” —with 7-year- 250
old pine (So) monoculture (actually 35) and “b” —with 185-year-old pine (So) (actually with single specimens of pine 213 and 251
domination of oak about 123 ycars old) 252

As shown in Figure 3, leaving the pine stand to natural decay allows for successive 253
changes leading from pine forests to deciduous forest communities. However, in such 254
cases, the longevity of valuable pine ecotypes ends with the death of the oldest pine spec- 255
imens. This does not necessarily mean the irreversible loss of a particular ccotype if ge- 256
netic material was previously collected, but planting offspring of valuable pine specimens 257
in different habitat conditions does not guarantee similar growth parameters, as noted by 258
Daszkiewicz and Oleksyn [6] when discussing the Riga pine and posing the question of 259
whether it was an exceptional ecotype or the habitat conditions in which the pine grew 260
were exceptional. Barzdajn's research results [14] indicate that the Taborska, Supraska, 261
and Rychtalska pines stand out in terms of average diameter at breast height and height 262
compared to other European populations, but the results may have been influenced by 263
habitat conditions less favorable for populations from the southern part of Europe, as 264
pointed out by the author himself (the research was conducted within the range of the 265
Supraska ecotype). On the other hand, research by Szeligowski et al. [23] showed that out 266
of the 16 tested Polish populations, Rychtalska, Taborska, and Supraska pines ranked 7t, 267
12, and 14, respectively, in terms of average diameter at breast height, and Rychtalska 268
pine ranked 31, Taborska pine ranked 8", and Supraska pine ranked 14" in terms of 269
height. Among the three mentioned pines, Rychtalska pine performed best in both param- 270
eters, followed by Taborska pine and Supraska pine. In the described studies, the Bolewice 271
ecotype performed the best in terms of diameter at breast height and tree height. Con- 272
versely, in research by Remlein et al. [24], Bolewice pines were characterized by the lowest 273
average values of the described morphological characteristics. Regardless of the divergent 274
results, the populations of studied pine stands in this rescarch deserve protection due to 275
their age. It can be assumed that their tree slenderness coefficient contributes to the lon- 276
gevity of the studied populations. According to the classification presented by Ige and 277
Komolafe [21], trees with a TSC > 99 exhibit a high slenderness coefficient (prone to wind = 278
throw), those with a TSC of 70-99 show a moderate slenderness coefficient (able to with- 279
stand wind throw), and those with TSC < 70 have a low slenderness cocfficient (also able 280
to withstand wind throw). Our studied pines show TSC values between 52 and 73 (Table 281
2), indicating their relative resistance to wind activity, which may contribute to their age. 282
The wind resistance of the 268-year-old Taborska pine stand or the nearly 200-year-old 283
Supraska pine stand may also confirm their classification as Mast pines in the past. 284
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The validity of adopting TSC as a measure of the durability of a pine stand may also 285
be confirmed by the results of research by Jarmut and Kaczmarski [25], who showed that 286
the slenderness increases with deterioration of the biosocial position of the tree. Therefore, 287
although the differences in levels between the tree slenderness coefficient and plant com- 288
munity rankings may not be equivalent, it seems that the ranking adopted for the slen- 289
derness coefficient (Tab. 4) was arranged correctly. However, the fact that the correlation 290
between NDVI and TSC shown in Table 5 is statistically insignificant may be because most 291
of the studied stands show similar TSC values, falling into one group distinguished by Ige 292
and Komolafe [26]. As a side effect of the research, a correlation between the NDVI and 293
site trophism expressed by plant communities (Table 5) has been demonstrated. The Nor- 294
malized Difference Vegetation Index (NDVI), a widely used method for estimating vege- 295
tation greenness, and other spectral indices are commonly used to assess the forest envi- 296
ronment [27-30], but studies on this index show the complex relationship between NDVI 297
and ecological factors such as meteorological data, soil moisture, and vegetation cover 298
type. Creating a trophic grid of forest habitats based on NDVI could be a subject of sepa- 299
rate research. In the context of the conducted research, the Supraska Pine population de- 300
serves particular attention, as it achieves the highest average height but is associated with 301
the Seratulo-Pinetum plant community, described as a subboreal mixed forest [14]. In 302
Polish forest nomenclature, mixed forests mainly consist of conifers and are considered to 303
be trophically less rich than oak or oak-hornbeam forests. The analysis of the NDVIindex 304
presented in Table 3 and Figure 2 would confirm this opinion. However, as Matuszkie- 305
wicz states [17], in terms of habitat, the Seratulo—Pinetum refers to thermophilous oak for- 306
ests, considered the floristically richest forest community in Poland. Matuszkiewicz also 307
adds that it seems that in the northeastern part of Poland, outside the natural range of 308
thermophilous oak forests, the Seratulo-Pinetum community replaces them in analogous 309
habitats. The harsh climate of this part of the country (Figure 1) can be considered the 310
reason for the natural replacement of fertile oak forests by pine forests. In this context, the 311
lower NDVI value compared to the described Calamagrostio arundinacea-Quercetum 312
(Rychtalska Pine) and Galio sylvatici-Carpinetum (Taborska Pine) seems justified, once 313
again demonstrating that NDVI can be a sensitive indicator of habitat trophism, reflecting 314
not only soil conditions but also significant climatic conditions for vegetation. In this case, 315
it can be assumed that the highest average height achieved by the Supraska Pine stands 316
reflects soil fertility, but harsher climatic conditions limit the development of deciduous 317
stands. The combination of these factors may have contributed to the formation of the 318
ecotype described as Riga pine, also called “Mast pine” in the past. 319

5. Conclusions 320

Out of the seven studied pine ecotypes, only one grows under conditions represent- 321
ing a typical form of pine forests (Leucobryo—Pinetum plant association). Two populations 322
grow under conditions corresponding to potential deciduous forests (Galio sylvatici— 323
Carpinetum and Calamagrostio arundinaceae—-Quercetum petraeae). The remaining popula- 324
tions represent potential mixed oak-pine forests. Such a distribution of plant communi- 325
ties, except for Leucobryo—Pinetum, does not guarantee the continuity of the studied pine 326
stands as a result of their natural regeneration. Therefore, it is necessary to preserve the 327
offspring of the studied populations outside their occurrence sites, but the studied pine 328
stands should be preserved until their natural death in their natural habitats. 329

Supraska Pine deserves special attention due to its highest growth among all the 330
studied ecotypes, growing under soil conditions corresponding to thermophilous oak for- 331
ests but limited by harsher climatic conditions. The combination of these factors may have 332
contributed to the formation of the ecotype described as Riga pine, also called “Mast pine” 333
in the past. 334

As an important side effect, this research also demonstrates the correlation between 335
the NDVI and habitat trophism expressed by the diversity of plant communities. For hab- 336
itats potentially characterized by Galio sylvatici-Carpinetum vegetation (oak-hornbeam 337
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forest), the median NDVI for the full growing season was 0.882, while for the Leucobryo—
Pinetum habitat (poor pine forest) it was 0.758.
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(57) Skrét opisu:

Przedmiotem zgtoszenia jest sposdb wyzna-
czania stopni uwilgotnienia siedlisk lesnych na
podstawie indeksu biofizycznego obliczanego
na podstawie spektralnych danych obrazowych
rejestrowanych z putapu satelitarnego. Sposob
wyznaczania stopni uwilgotnienia lasu, polega
na tym, ze w pierwszym kroku pobiera sie dane
o siedliskach lesnych zwlaszcza zalesione
powierzchnie, dalej obszar ustala sie na
podstawie liczby grup uwilgotnienia g1-g7, tak
aby w kazdej grupie uwilgotnienia znalazio sie
co najmniej 10 wydzieler o powierzchni powyzej
1 ha, przy czym 2z analizy usuwa sie
wydzielenia, w ktérych dokonano zrebu oraz
nasadzen w okresie ostatnich 15 lat, dalej
skalibrowane spektraine dane satelitarne
o wysokiej rozdzielczosci korzystnie Sentinel-2
poziomu L2A , gdzie dane obrazowe zawierajg
co najmniej dwa kanaly spektralne — czerwony
660nm i podczerwony 850nm, kafle
pokrywajgce obszar badawczy z niskg pokrywa
chmur, przy czym dla wydzielenia z mapy
siedliskowej i zdje¢ satelitarnych liczy sie
spektralne usrednione statystyki obrazowe,
usrednia sie wartosci pikseli dla kanatow
czerwonego i podczerwonego, ktére znajdujg
sie na mapie siedliskowej dla kazdego
wydzielenia osobno, a nastepnie wyliczong
wartos¢ przypisuje sie kazdemu wydzieleniu, w
ramach obszaru badawczego, nastepnie
oblicza si¢ znormalizowany réznicowy wskaznik
wegetacji — NDVI wg wzoru NDVI=(NIR-
RED)/(NIR+RED) gdzie za parametr NIR
podstawia sie¢ wartos¢ z kanatu podczerwonego,
a pod RED z kanatu czerwonego, ktory
przypisuje sie kazdemu wydzieleniu z mapy
siedliskowej, a nastepnie dla kazdego stopnia
uwilgotnienia g1, g2, ..., g7 osobno usrednia sie
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wszystkie uzyskane wartosci NDVI oraz oblicza
sie w znany sposob odchylenie standardowe
z wartosci NDVI przypisujgc jg wydzieleniem
w ten sam sposoéb jak wartosci srednich oraz
wybiera sie dla nich maksymalne odchylenie
standardowe, a nastepnie ocenia sie model
sprawdzajgc czy suma kolejnych wartosci
stopnia uwilgotnienia i odchylenia standardo-
wego jest mniejsza od réznicy kolejnego stopnia
uwilgotnienia i odchylenia standardowego dla
wspotczynnika, a wiekszego od zera lub réznica
stopnia uwilgotnienia i odchylenia standardo-
wego jest wieksza od sumy wartosci kolejnego
stopnia uwilgotnienia i odchylenia standardo-
wego dla wspoétczynnika, a mniejszego od zera,
a nastepnie wykonuje sie mape gdzie warstwag
podkitadowg jest znormalizowany réznicowy
wskaznik wegetacyjny NDVI z naniesionymi
siedliskami  leSnymi  stanowigcy  produkt
koncowy.
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Sposob wyznaczania stopni uwilgotnienia lasu na podstawie zdje¢ satelitarnych

Przedmiotem wynalazku jest sposdb wyznaczania stopni uwilgotnienia siedlisk
lesnych na podstawie indeksu biofizycznego obliczanego na podstawie spektralnych danych
obrazowych rejestrowanych z putapu satelitarnego.

W polskich lasach dominujg gatunki iglaste (68,2% powierzchni laséw Polski, w tym
sosna (Pinus sylvestris), ktéra zajmuje 58% powierzchni lasow wszystkich form wtasnosci,
60,1% powierzchni Lasdw Parnstwowych i 54,5% w lasach prywatnych (Zajgczkowski et al.
2020). Dominujgcym typem gleb lesnych w Polsce sg gleby rdzawe (Rutkowski et al. 2021).
Dla laséw w Polsce gtéwnym Zrodtem wody sg opady atmosferyczne oraz wilgotnosé
powietrza (Rutkowski 2008).

Lasy odgrywajg kluczowa role w obiegu wody na Ziemi (Ellison, 2018; Ellison i in.,
2012), stad tez pomiar stanu uwilgotnienia gleb lesnych uznaje sie za niezbedny we
wszelkich badaniach ekologicznych poswieconych lasom, zmianom klimatycznym czy tez
gospodarce lesnej, ale takze ochronie przed powodziami, pozarami i erozjg gleb. Wyrdznia
sie dwa sposoby analizy warunkéw uwilgotnienia siedliska lesnego: jednoczynnikowe oraz
wieloczynnikowe. Pierwszy z nich wykorzystywany jest m.in. w Niemczech - jeden czynnik
opisujacy obszar lesny, taki jak gleba lub klimat. Drugi uzywany np. w Polsce - opiera sie na
wzajemnych powigzaniach miedzy klimatem, fizjografig, glebg i roslinnoscig. Przyktadem
zastosowania jednego czynnika sg mapy klasyfikacyjne tworzone przez State Forest
Administration zawierajgce informacje o migzszosci profilu glebowego, uziarnieniu, gestosci i
zawartosci materii organicznej w glebie oraz o czynnikach klimatologicznych i
topograficznych (wystawa i nachylenie), na podstawie ktorych mozna uzyskaé ilosciowy opis
rezimu wodnego gleb (Gauer et al. 2011). W wyniku klasyfikacji uzyskujemy 9 klas
wilgotnosci gleby, od mokrych do skrajnie suchych. Metoda wieloczynnikowa stosowana
jest w Polsce (Zielony et al. 2004, Swiecicki 2012), bazuje ona na rozpoznaniu cech
drzewostanu, runa lesnego oraz wtasciwosci gleb i tgczeniu tych elementow w jedng
abstrakcyjng jednostke, jakg jest typ siedliskowy lasu. Ze wzgledu na zrdznicowanie

wilgotnosciowe typy siedliskowe lasu dzieli na suche, Swieze, wilgotne i bagienne.

3/11
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Podstawowg ocene stanu uwilgotnienia siedliska lesnego dokonuje sie na podstawie
gtebokosci wystepowania wody gruntowej lub na podstawie stopnia uwilgotnienia
zwigzanego z wptywem waod opadowych. Siedliska z wodg na powierzchni gruntu lub w
przedziale gtebokosci od 0-20 cm opisuje sie jako stopien gl. Siedliska z wodg gruntowg w
przedziale 20-50 cm jako g2, 50-80 cm jako g3, 80-180 cm jako g4, 180-250 cm jako g5.
Natomiast gdy woda na badanym siedlisku wystepuje ponizej 250 cm okresla sie jg stopniem
g6. Gdy siedliska dodatkowo porodniete sg najubozszymi w Polsce postaciami laséw
sosnowych, rosnacych na wydmach nadmorskich lub srodlagdowych, to nadaje sie im stopien
g7 (Zielony et al. 2004, Swiecicki 2012).

Analiza stanu uwilgotnienia siedlisk lesnych w Polsce dokonana jest na wszystkich
gruntach zarzadzanych przez Panistwowe Gospodarstwo Lesne Lasy Panstwowe, ktore
zajmujg ok. 23% ladowej powierzchni kraju oraz ok. 77% powierzchni laséw ogoétem
(Zajgczkowski et al. 2020). Badania siedliskowe przeprowadza sie z doktadnoscia zalezng do
zroznicowania terenu, gdzie 1 punkt badawczy, zwany pomocnicza powierzchnig
typologiczng, przypada na 4-12 ha. Sposoby wyznaczania powierzchni typologicznej opisane
sg szczegOtowo w Instrukcji Urzadzania Lasu - cze$é Il. Wada takiego rozwigzania jest
mozliwosé oceny stanu uwilgotnienia siedliska tylko podczas pomiaréw, czyli co 30 lat. Taki
sposdb oceny przydatnosci gleb lesnych pod katem gospodarki lesnej jest dos¢ precyzyjny,
ale wyrywkowy, czasochtonny i kosztowny, dlatego poszukuje sie metod fatwo
powtarzalnych, szybszych i tanszych. Niewatpliwie takim rozwigzaniem jest przedmiot
wynalazku bazujgcy na tfatwo dostepnych danych obrazowych pozyskiwanych z putapu
satelitarnego i umozliwiajgcy powtdrzenie pomiaréow w zaleznosci od potrzeb. Dla rozwoju
lasu istotny jest ogdlny zasob wod, dostepny zardwno w zasiegu korzeni drzew, jak i
zwigzany z opadami atmosferycznymi oraz wilgotnoscia powietrza. Na podstawie
spektralnych danych obrazowych oblicza sie rézne wskazniki, by uprosci¢ wielowymiarowosé
obrazéw spektralnych. Najbardziej znanym i najczesciej uzywanym jest znormalizowany
roznicowy wskaznik wegetacyjny (NDVI) opisanych wzorem:

NDVI=(NIR-RED)/(NIR+RED) (Rouse, 1973)

We wzorze pod parametr NIR nalezy podstawi¢ wartos¢ z kanatu podczerwonego, a

pod RED z kanatu czerwonego, przyktadowo dla satelity Sentinel-2 odpowiednio kanat 8 i 4.

NDVI moze przyjmowac wartosci od -1 do 1.
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Ze wzgledu na rozdzielczos¢ przestrzenng obrazéw satelitarnych np. z Sentinel-2
(10x10 m), z analizy nalezy wykluczy¢ jednostki o powierzchni mniejszej niz 1 ha, co
odpowiada takie metodyce rozpoznania warunkéw siedliskowych tradycyjng naziemna

metoda (Swiecicki 2012).

Istotg wynalazku jest sposdb wyznaczania stopni uwilgotnienia lasu, ktéry polega na
tym, ie w pierwszym kroku pobiera sie dane o siedliskach lesnych zwtlaszcza zalesione
powierzchnie, dalej obszar ustala sie na podstawie liczby grup uwilgotnienia g1-g7, tak aby w
kazdej grupie uwilgotnienia znalazto sie co najmniej 10 wydzielert o powierzchni powyzej 1
ha, przy czym z analizy usuwa sie wydzielenia, w ktérych dokonano zrebu oraz nasadzen w
okresie ostatnich 15 lat, dalej pobiera sie skalibrowane spektralne dane satelitarne o
wysokiej rozdzielczosci korzystnie Sentinel-2 poziomu L2A , gdzie dane obrazowe zawierajg
co najmniej dwa kanaty spektralne — czerwony 660nm i podczerwony 850nm, pokrywajace
obszar badawczy z niskg pokrywa chmur, przy czym dla wydzielenia z mapy siedliskowe;j i
zdjed satelitarnych liczy sie spektralne usrednione statystyki obrazowe, usrednia sie wartosci
pikseli dla kanatow czerwonego i podczerwonego, ktore znajdujg sie na mapie siedliskowej
dla kazdego wydzielenia osobno, a nastepnie wyliczong wartos¢ przypisuje sie kazdemu
wydzieleniu, w ramach obszaru badawczego, nastepnie oblicza sie znormalizowany
roznicowy wskaznik wegetacji — NDVI wg wzoru
NDVI=(NIR-RED)/(NIR+RED),
gdzie za parametr NIR podstawia sie wartos¢ z kanatu podczerwonego, a pod RED z kanatu
czerwonego, ktory przypisuje sie kazdemu wydzieleniu z mapy siedliskowej, a nastepnie dla
kazdego stopnia uwilgotnienia g1, g2, ..., g7 osobno usrednia sie wszystkie uzyskane wartosci
NDVI oraz oblicza sie w znany sposdb odchylenie standardowe z wartosci NDVI przypisujac ja
wydzieleniem w ten sam sposéb jak wartosci $rednich oraz wybiera sie dla nich maksymalne
odchylenie standardowe, a nastepnie ocenia sie model sprawdzajac czy suma kolejnych
wartosci stopnia uwilgotnienia i odchylenia standardowego jest mniejsza od réznicy
kolejnego stopnia uwilgotnienia i odchylenia standardowego dla wspétczynnika a wiekszego
od zera lub roznica stopnia uwilgotnienia i odchylenia standardowego jest wieksza od sumy
wartosci kolejnego stopnia uwilgotnienia i odchylenia standardowego dla wspétczynnika a

mniejszego od zera, a nastepnie wykonuje sie mape gdzie warstwag podkfadows jest
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znormalizowany réznicowy wskaznik wegetacyjny NDVI z naniesionymi siedliskami lesnymi

stanowigcy produkt koricowy.

Dzieki zastosowaniu rozwigzania wedtug wynalazku uzyskano nastepujace efekty
techniczno-uzytkowe:

e mozliwos¢ szybkiego i taniego wyznaczenia stopni uwilgotnienia dla
dowolnego kompleksu lesnego;
o stata kontrola zmian jakie niesie ze sobg niedobdr lub nadmiar wody w
siedlisku lesSnym na wartos¢ przyrodniczo-ekonomiczng drzewostanow;
e analizy mozna wykorzysta¢ zaréwno na potrzeby gospodarki lesnej, jak i do
ochrony ekosystemow lesnych przed skutkami niekorzystnych czynnikdw
biotycznych i abiotycznych;
e oceny stanu uwilgotnienia siedlisk lesnych, jak i szerokiej analizy
poréwnawczej zmian zachodzgcych w lesie, duza doktadnos¢ w wyznaczaniu
stopni uwilgotnienia siedlisk;
o mozliwos¢ weryfikacji siedlisk wyznaczonych tradycyjnymi metodami;
e Mozliwos¢ oceny stopnia uwilgotnienia niezaleznie od sezonowych wahan
poziomu waéd gruntowych;
¢ mozliwos¢ monitorowania zmian stanu uwilgotnienia siedliska np. po
wykonaniu prac melioracyjnych;
e mozliwos¢ wyznaczenia standw uwilgotnienia dla terendw, dla ktérych

wczesniej nie byty prowadzone badania glebowe.

Przedmiot wynalazku przedstawiono w przyktadowym, ale nieograniczajagcym
wykonaniu uwidocznione na rysunkach, gdzie fig. 1 przedstawia przyktadowa mape siedlisk,
fig. 2. punkty gl-g7 w miesigcu lipcu 2018 r. z odchyleniami standardowymi w postaci
stupkéw btedéw, réwnanie regresji liniowej oraz wspétczynnik determinacji R%, fig. 3a i 3b

produkt koncowy do wykorzystania korzystnie podczas prac siedliskowych.

Cechg sposobu wyznaczania stopni uwilgotnienia lasu, na podstawie zdjec

satelitarnych, jest uzycie ogoélnodostepnych danych satelitarnych i danych siedliskowych, po
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obrébce ktérych uzyskuje sie mape stopni uwilgotnienia dla dowolnego kompleksu lesnego
w Polsce. Dane mozna wykorzystywaé dla wszystkich typdw siedliskowych lasu, a sposdb jest
odporny na sezonowe wahania wysokosci wéd gruntowych. Stosowanie tego sposobu
pozwala na szybkg weryfikacje istniejacych wydzieledn na mapach siedliskowych oraz
przygotowanie nowych map.

W pierwszym kroku nalezy pobraé¢ dane o siedliskach lesnych. Aby zapewnié
reprezentatywnosc siedlisk lesnych, obszar powinien byé ustalony na podstawie liczby grup
uwilgotnienia (gl-g7), tak aby w kazdej grupie uwilgotnienia znalazto sie przynajmniej 10
wydzielen o powierzchni powyzej 1 ha. Z analizy rowniez nalezy usungé wydzielenia, w
ktérych dokonanoc zrebu oraz nasadzen w okresie ostatnich 15 lat, poniewaz te obszary nie
sg reprezentatywne w aspekcie uwilgotnienia siedliska. Do dalszej analizy dane muszg
obejmowac tylko zalesione powierzchnie. Na fig. 1 pokazano przyktadowa mape siedlisk z
zaznaczonymi typami uwilgotnienia g2, g3, g5, obszar zaznaczony kolorem zielonym jest typu
g6, a kolor biaty oznacza brak danych.

W dalszej kolejnosci nalezy pobra¢ obrazowe, spektralne dane satelitarne o wysckiej
rozdzielczosci np. Sentinel-2 (wielkosci terenowej piksela 10 x 10 m). Dane obrazowe musza
zawieraé przynajmniej dwa kanaty spektralne — czerwony {660nm) i podczerwony (850nm).
Pobierane dane muszg by¢ skalibrowane pod wzgledem radiometrycznym oraz
geometrycznym np. Sentinel-2, produkt poziomu przetworzenia L2A. Nalezy wybrac sceny,
kafle pokrywajgce obszar badawczy z zerowg pekrywag chmur.

Dla wydzielen z mapy siedliskowej i zdjec satelitarnych nalezy policzy¢ spektralne
usrednione statystyki obrazowe. Wyliczona wartos¢ przypisywana jest kazdemu wydzieleniu,
w ramach obszaru badawczego. Z obliczert wykluczone sg piksele pokrywajgce sie z
granicami wydzieler, co zwieksza doktadnos$é modelu. W obliczeniach uwzgledniane sg tylko
piksele w catosci potozone w zasiegu wydzielenia siedliska lesnego. Dodatkowo nalezy
policzy¢ odchylenie standardowe z tych samych danych, ktére pozwolg obliczy¢ btedy
oszacowania wyniku. W dalszym kroku nalezy obliczy¢ znormalizowany réznicowy wskaznik
wegetacji — NDVI i usredni¢ wyniki dla poszczegdlnych stopni uwilgotnienia gl-g7 oraz
wybrac dla nich maksymalne odchylenie standardowe. W kolejnym kroku, na podstawie
danych oblicza sie, w znany sposéb, regresje liniowa stosujac réwnanie y=ax+b,

uwzgledniajgc z tego wskaznika wszystkie stopnie gl1-g7.
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Na fig. 2 przedstawiono punkty gl-g7 dla miesigca lipca 2018 r. z odchyleniami
standardowymi w postaci stupkéw btedow, rownanie regresji liniowej oraz wspotczynnik
determinacji rowny 0,8662, ktory informuje o tym, ze model jest w ponad 86% przypadkow

“w_n

prawidtowy. Dla miesiecy czerwiec-wrzesien krzywa powinna mie¢ wspotczynnik “a” ujemny,
a wartosci od 0,6 do 0,9 natomiast dla listopad-marzec dodatni i wartosci od 0,2 — 0,7.
Wspotczynnik “b” jest zmienny na zdjeciach w réznych terminach i jest wrazliwy na korekcje
atmosferyczng. Wielkos¢ odchylenia standardowego nie powinna przekraczaé¢ roéznicy
pomiedzy dwoma stopniami uwilgotnienia, co zapewni modelowi wysokg skutecznos¢ przy
dalszej analizie. Srednia pomiedzy kolejnymi wartosciami stopni uwilgotnienia uwidoczniona
na fig. 2. np. pomiedzy g5 (kolor niebieski), a g6 (kolor jasny-zielony) jest wartoscig do ktorej
konczy sie wartosci g5 i rozpoczynajg sie g6. Na podstawie tych obliczen, nalezy nada¢ kolory
na mapie w taki sposob, aby przypisaé kazdemu stopniowi uwilgotnienia inny kolor, co
przedstawiono na fig. 3a. Jest to produkt koricowy do wykorzystania korzystnie podczas prac

siedliskowych. Na fig. 3b. Przedstawiono tg samg mape uwilgotnienia z natozong warstwg

siedlisk lesnych wyznaczonych metodg tradycyjna.
Dane oraz uwidocznione na figurach wyniki sg rzeczywiste i opracowano je na

podstawie obszaru “Park Narodowy Bory Tucholskie” oraz zdjec satelitarnych z lipca 2018 r. z

Sentinel-2.
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Zastrzezenie patentowe

Sposdb wyznaczania stopni uwilgotnienia lasu, znamienny tym, ze w pierwszym kroku
pobiera sie dane o siedliskach lesnych zwtaszcza zalesione powierzchnie, dalej obszar ustala
sie na podstawie liczby grup uwilgotnienia gl-g7, tak aby w kazdej grupie uwilgotnienia
znalazto sie co najmniej 10 wydzielen o powierzchni powyzej 1 ha, przy czym z analizy usuwa
sie wydzielenia, w ktdrych dokonano zrebu oraz nasadzen w okresie ostatnich 15 lat, dalej
pobiera sie skalibrowane spektralne dane satelitarne o wysokiej rozdzielczosci korzystnie
Sentinel-2 poziomu L2A , gdzie dane obrazowe zawierajg co najmniej dwa kanaty spektralne
— czerwony 660nm i podczerwony 850nm, pokrywajace obszar badawczy z niska pokrywa
chmur, przy czym dla wydzielenia z mapy siedliskowej i zdjeé satelitarnych liczy sie
spektralne usrednione statystyki obrazowe, usrednia sie wartosci pikseli dla kanatéw
czerwonego i podczerwonego, ktore znajdujg sie na mapie siedliskowej dla kazdego
wydzielenia osobno, a nastepnie wyliczong wartos¢ przypisuje sie kazdemu wydzieleniu, w
ramach obszaru badawczego, nastepnie oblicza sie znormalizowany réznicowy wskaznik
wegetacji — NDVI wg wzoru
NDVI=(NIR-RED)/(NIR+RED),

gdzie za parametr NIR podstawia sie wartos¢ z kanatu podczerwonego, a pod RED z kanatu
czerwonego, ktory przypisuje sie kazdemu wydzieleniu z mapy siedliskowej, a nastepnie dla
kazdego stopnia uwilgotnienia g1, g2, ..., g7 osobno usrednia sie wszystkie uzyskane wartosci
NDVI oraz oblicza sie w znany sposéb odchylenie standardowe z wartosci NDVI przypisujac ja
wydzieleniem w ten sam sposdb jak wartosci Srednich oraz wybiera sie dla nich maksymalne
odchylenie standardowe, a nastepnie ocenia sie model sprawdzajgc czy suma kolejnych
wartosci stopnia uwilgotnienia i odchylenia standardowego jest mniejsza od roznicy
kolejnego stopnia uwilgotnienia i odchylenia standardowego dla wspdtczynnika a wiekszego
od zera lub rdznica stopnia uwilgotnienia i odchylenia standardowego jest wieksza od sumy
wartosci kolejnego stopnia uwilgotnienia i odchylenia standardowego dla wspdtczynnika a
mniejszego od zera, a nastepnie wykonuje sie mape gdzie warstwg podktadowy jest
znormalizowany roznicowy wskaznik wegetacyjny NDVI z naniesionymi siedliskami lesnymi

stanowigcy produkt koricowy.
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7.3.1.1. Specyfika siedliskowa lesnictwa Iwiecino, kompleks lesny
Iwiecino

Autor rozdzialu: prof. Pawet Rutkowski, UP Poznan

Specyfika siedliskowa lesnictwa Iwigcino wymagala podjecia proby analizy danych
z zastosowaniem nowoczesnych metod opracowanych przez Miynarczyka, Krolewicza,
Rutkowskiego, Konatowska 1 Piekarczyka, objetych zgloszeniem patentowym
nr P.439801, dotyczacych wykorzystania wskaznika NDVI (normalized difference
vegetation index) do oceny warunkéw wilgotnosciowych siedlisk lesnych.

Analizie poddano kompleks lesny nieopodal Iwigcina (oddz. lesne 664-662),
zaznaczony naryc. 1.

3. Obszar badan

bl

% =
e \ P
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J. Jamno
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EE=IEm o 's ;
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Tt I siedziba Nadlesnictwa J« (‘ 1 \ ,n \- i
PRET o e S ~ il s N\ 9

Ryc. 1. Lokalizacja obszaru objetego analizg wykonang metodg Mtynarczyka i in. (2022)

W kompleksie tym, w nastepstwie wykonanych przez BULiIGL Poznan prac
siedliskowych, przeklasyfikowano znaczng czes$¢ siedlisk swiezych w wilgotne (ryc. 2).
Za konieczne uznano potrzebe wyjasnienia przyczyn tej zmiany.
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5. Wyniki

2 Wyniki prac
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Ryc. 2. Poréwnanie stanu uwilgotnienia siedlisk lesnych wedlug danych taksacyjnych z 2017 r. z wynikami
prac siedliskowych wedlug stanu na 2022 r.

Wyniki analizy kompleksu Iwigcino (oddz. lesne 664-662) metoda NDVI
przedstawiono na ryc. 3.

Ryc. 3. Mapa stanu uwilgotnienia siedlisk lesnych w lesnictwic Iwigcino na podstawie wskaznika NDVI, wg
stanu na 2020.08.06 (a), 2020.08.11 (b), 2020.08.16 (¢). Kolor nicbieski oznacza wysoki stan uwilgotnienia
ros$linnosci, kolor ZzoOity wrzrastajagce przesuszenie roslin, po niedobory wody zaznaczone kolorem
pomaranczowym.

Jak pokazano na ryc. 3. (a,b,c) pomiedzy 6 sierpnia a 16 odnotowano istotne
zmiany w uwilgotnieniu roslinnosci, co korelowato z brakiem opadéw i1 wzrastajaca susza,
przejawiajaca sie¢ m.in. spadkiem wilgotnosci $cidtki 1 wzrostem zagrozenia pozarowego
(tabela 246).
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Tabela 246. Zmiany wilgotnosci $ciotki i zagrozenia pozarowego dla Nadlesnictwa Goscino (s3siadujgcego
od zachodu z Nadlesnictwem Karnieszewice) w sierpniu 2020 r., w okresie odpowiadajagcym obrazom

pokazanym na ryc. 3.

Data Wilgotnos¢ scidtki (%) Stopien zagrozenia pozarowego
4 sierpnia 2020 55,8 0
6 sierpnia 2020 24,1 2
7 sierpnia 2020 14,5 3
16 sierpnia 2020 8.4 3

Wyniki analizy wskazuja, ze na stan uwilgotnienia siedlisk lesnych w le$nictwie
Iwigcino wyptywaja gtownie opady atmosferyczne, zatrzymywane przez gliniaste podtoze
gleb opadowoglejowych. W efekcie cecha szczegodlng opisanego obszaru, ktdéra moze by¢
istotna dla badan siedliskowych, jest znaczna zmiennos$¢ stanu uwilgotnienia siedlisk w
lesnictwie Iwieciono w czasie. W zaleznosci od warunkéw pogodowych siedliska lesne
lesnictwa Iwiecino moga by¢ zaliczane zamiennie do siedlisk swiezych lub wilgotnych.
Bioragc pod uwage roznice w sktadach gatunkowych drzewostanéw podawanych w
Zasadach hodowli lasu dla siedlisk $wiezych i wilgotnych moze to mie¢ istotne znaczenie
dla gospodarki lesnej. Przykladowo, dla siedliska lasu swiezego (L§w) Zasady hodowli, dla
Krainy Baltyckiej proponuja typy drzewostanu debowo-bukowy (Db-Bk), bukowo-debowy
(Bk-Db), bukowy (Bk), natomiast dla siedliska lasu wilgotnego (Lw) typ jesionowo-
debowy (Js-Db). Rozstrzygniecie kwestii wilgotnosci siedliska ma wigc istotne znaczenie.
Dlatego przeanalizowano takze dane w okresie letnim w latach 2018-2021 w celu ustalenia
dominujacego stanu uwilgotnienia (ryc. 4.)

.
35 NS TR
; "'}Qj ‘o -

525.07.2019 :

P 4 — . :*
% \_D-24.07.2021

I*C%° \ " : ’4 . -’ 1\ }' ‘

-06.08.2020 '

Ryc. 4. Zmiany wskaznika NDVI w okresie letnim, w latach 2018-2021

Z ryc. 4. wynika, ze dominuja w analizowanym kompleksie lesnym siedliska
wilgotne, co odpowiada wynikom prac siedliskowych wykonanych przez poznanski
oddziat BULIGL, cho¢ okresowo siedliska te moga przechodzi¢ w stan Swiezy, co
wykazano na ryc. 2 1 3. Z obrazu przedstawionego na ryc. 4. mozna wyciggnac takze
wniosek, ze fragmentami wystepuja siedliska, w ktorych dominuje stan $wiezy (przewaga
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koloru zoltego 1 pomaranczowego na przezentowanych obrazach). Lacznie, przy
wykazanym stanie uwilgotnienia oraz jego zmiennosci, sposrod podanych za Zasadami
hodowli lasu typach drzewostanéw, podstawowym gatunkiem drzewostanu wydaje sie by¢

dab szyputkowy.

7.3.2. Proponowane typy drzewostanéw dla lesnictwa Kamionka

Ponizej przedstawia si¢ propozycje typdw drzewostanéw dla powierzchni lesnych
w zasiegu lesnictwa Kamionka.

Tabela 247. Typy drzewostanow i sugerowane sklady gatunkowe upraw dla typéw siedliskowych lasu
wyznaczonych po pracach siedliskowych w le$nictwie Kamionka

Typ siedli-| Wariant [Typ drzewo-| Orientacyjny sklad Lokalizacja; warunki troficzne, przyrodnicze
skowy lasu|siedliska| stanu (TD) | gatunkowy upraw % i geologiczno-glebowe siedliska
BMsw 2 Db-So So 70, Dbb 20, Bk, Sw, | oddz. 169a,c
Brz, Lpiinne 10
1.2 Bk-So So 70, Bk 20, Dbb, Sw, | pozostale lokalizacje — oddz. 1k.l, 166fh, 167d
Brz, Lpiinne 10 (cz.), 167g (cz.), 168d,j (cz.), 168m, 169f
BMw 1 Bk-So So 60, Bk 20, Sw. Brz, wszystkie —oddz. 1, 33, 34
Db i inne 20
BMb 0,1 | So-Brz Brz 50, So 30, Sw, wszystkie
Brzo i inne 20
LMsw 2 Bk Bk 80, Db, Jw, K, Sw, | oddz. lo, 17a, 26h,i, 34j, 35i (w tym siedliska
So, Brz i inne 20 przyrodnicze 9110)
2 Brz-Db  |Db 50, Brz 30, Sw, So, | oddz. 45¢g
Jw, Bk, Lp i inne 20
1.2 Db-Bk Bk 50, Db 30, Sw, So, | oddz. 168g (cz.), 168]j (cz.), 168m (cz.), 1680,
Brz i inne 20 169¢ (cz.), 169¢g
1 Db-Bk-So |So 40, Bk 30, Db 20, oddz. 59g,h,i,j, 600
Brz, Sw, Gbiinne 10
1 So-Bk Bk 40, So 40, Brz, Db, | oddz. 166, 167, 168a (cz.), 1681, 169j.k.Lm,n,p.s
Jw, Sw, Lp i inne 20
LMw 1 Bk Bk 70, Db, S'w, Ol, Brz, |oddz. 36b (cz.), 37, 38a (cz.) — w tym siedliska
So, Wz i inne 30 przyrodnicze 9110
1 Brz-Bk Bk 50, Brz 30, So, Sw, |oddz. 1, 2, 26a, 34, 350, 560
Db, Ol, Lp i inne 20
1 Brz-Db Db 40, Brz 30, So, Sw, |oddz. 60i
Bk, Ol, Lp i inne 30
1 Ol-Brz Brz 50, Ol 30, Db, Sw, |oddz. 7k
Bk, So, Lp i inne 20
2 Db-O1 01 60, Db 20, Sw, Brz, |oddz. 26b, 35g (cz.) — wariant wilgotnosciowy ,,2”
Wz, Lp, Js iinne 20
LMb 1,2 OI-Brz Brz 60, Ol 30, Sw, Db, |wszystkie
Soiinne 10
Ls$w 1.2 Bk Bk 80, Dbs, Gb, Lp, Jw, |oddz. 4f,g, 5b,i,k.L.m,o,p,s,t.z, 6d,gh, 7ab,c.d,f,
Md, Sw i inne 20 11a,d,f, 12a,b,fig, 13ab,c, 15 (bez b,i,j), 16-25,
26d.,g,j, 27d,h, 28ab,c.f, 29d.f, 30a, 31aj, 32,
33a, 35-38, 39b.c.d.fg, 40-42, 461, m, 48f,
49gi,m, 50-52, 53ab,d.g,j.kl,m, 54fg, 55fh,
56f, L, m,n, 57a.d.figh,ij, 59¢, 60j —w tym
siedliska przyrodnicze
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Zalacznik nr 1. Zestawienie indekséw objetych wstepna analiza danych

Lp. Indeks Nazwa link do informacji o wskazniku spektralnym

1. |ATSAVI Adjusted transformed soil-adjusted | https://www.indexdatabase.de/db/i-single.php?id=209
Vi

2. |AFRI1600 | Aerosol free vegetation index 1600 | https://www.indexdatabase.de/db/i-single.php?id=393

3. |AFRI2100 | Aerosol free vegetation index 2100 | https://www.indexdatabase.de/db/i-single.php?id=395

4. | Alteration |Alteration https://www.indexdatabase.de/db/i-single.php?id=1

5 |ARI Anthocyanin reflectance index https://www.indexdatabase.de/db/i-single.php?id=214

6. [AVI Ashburn Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=574

7. |ARVI Atmospherically Resistant https://www.indexdatabase.de/db/i-single.php?id=4
Vegetation Index

8. |ARVI2 Atmospherically Resistant https://www.indexdatabase.de/db/i-single.php?id=396
Vegetation Index 2

9. |BWDRVI |Blue-wide dynamic range https://www.indexdatabase.de/db/i-single.php?id=136
vegetation index

10. | BRI Browning Reflectance Index https://www.indexdatabase.de/db/i-single.php?id=480

11. |CCCI Canopy Chlorophyll Content Index | https://www.indexdatabase.de/db/i-single.php?id=224

12. |CARI Chlorophyll Absorption Ratio https://www.indexdatabase.de/db/i-single.php?id=142
Index

13. |CARI2 Chlorophyll Absorption Ratio https://www.indexdatabase.de/db/i-single.php?id=250
Index 2

14. | Chigreen Chlorophyll Green https://www.indexdatabase.de/db/i-single.php?id=251

15. | Clgreen Chlorophyll Index Green https://www.indexdatabase.de/db/i-single.php?id=128

16. | Clrededge | Chlorophyll IndexRedEdge https://www.indexdatabase.de/db/i-single.php?id=131

17. | Chlred- Chlorophyll Red-Edge https://www.indexdatabase.de/db/i-single.php?id=252

edge

18. |CVI Chlorophyll vegetation index https://www.indexdatabase.de/db/i-single.php?id=391

19. | CI Coloration Index https://www.indexdatabase.de/db/i-single.php?id=11

20. |[CTVI Corrected Transformed Vegetation | https://www.indexdatabase.de/db/i-single.php?id=244
Index

21. |CRI550 CRI550 https://www.indexdatabase.de/db/i-single.php?id=253

22. |CRI700 CRI700 https://www.indexdatabase.de/db/i-single.php?id=254

23. | Dattl Dattl https://www.indexdatabase.de/db/i-single.php?id=150
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
24. |Datt4 Datt4 https://www.indexdatabase.de/db/i-single.php?id=153
25. |Datt6 Datt6 https://www.indexdatabase.de/db/i-single.php?id=155
26. | D678/500 | Difference 678/500 https://www.indexdatabase.de/db/i-single.php?id=481
27. | D800/550 | Difference 800/550 https://www.indexdatabase.de/db/i-single.php?id=398
28. | D800/680 | Difference 800/680 https://www.indexdatabase.de/db/i-single.php?id=403
29. |D833/658 | Difference 833/658 https://www.indexdatabase.de/db/i-single.php?id=551
30. |GDVI Difference NIR/Green Green https://www.indexdatabase.de/db/i-single.php?id=27

Difference Vegetation Index
31. |DVIMSS | Differenced Vegetation Index MSS | https://www.indexdatabase.de/db/i-single.php?id=569
32. |EVI Enhanced Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=16
33. |EVI2 Enhanced Vegetation Index 2 https://www.indexdatabase.de/db/i-single.php?id=237
34. |EVI2 Enhanced Vegetation Index 2 -2 https://www.indexdatabase.de/db/i-single.php?id=576
35. |EPI EPI https://www.indexdatabase.de/db/i-single.php?id=256
36. |Fe2+ Ferric iron, Fe2+ https://www.indexdatabase.de/db/i-single.php?id=18
37. |Fe3+ Ferric iron, Fe3+ https://www.indexdatabase.de/db/i-single.php?id=19
38. Ferric Oxides https://www.indexdatabase.de/db/i-single.php?id=20
39. Ferrous iron https://www.indexdatabase.de/db/i-single.php?id=21
40. Ferrous Silicates https://www.indexdatabase.de/db/i-single.php?id=22
41. |GEMI Global Environment Monitoring https://www.indexdatabase.de/db/i-single.php?id=25
Index
42. |GVMI Global Vegetation Moisture Index | https://www.indexdatabase.de/db/i-single.php?id=372
43. Gossan https://www.indexdatabase.de/db/i-single.php?id=26
44. | GARI Green atmospherically resistant https://www.indexdatabase.de/db/i-single.php?id=363
vegetation index
45. | GLI Green leaf index https://www.indexdatabase.de/db/i-single.php?id=375
46. |GNDVI Green Normalized Difference https://www.indexdatabase.de/db/i-single.php?id=28
Vegetation Index
47. | GOSAVI | Green Optimized Soil Adjusted https://www.indexdatabase.de/db/i-single.php?id=29
Vegetation Index
48. | GSAVI Green Soil Adjusted Vegetation https://www.indexdatabase.de/db/i-single.php?id=31
Index
49. |GBNDVI | Green-Blue NDVI https://www.indexdatabase.de/db/i-single.php?id=186
50. |GRNDVI | Green-Red NDVI https://www.indexdatabase.de/db/i-single.php?id=185
51. |H Hue https://www.indexdatabase.de/db/i-single.php?id=34
52. [IVI Ideal vegetation index https://www.indexdatabase.de/db/i-single.php?id=276
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
53. |IPVI Infrared percentage vegetation https://www.indexdatabase.de/db/i-single.php?id=35
index
54. |1 Intensity https://www.indexdatabase.de/db/i-single.php?id=36
55. [IR550 Inverse reflectance 550 https://www.indexdatabase.de/db/i-single.php?id=368
56. |[IR700 Inverse reflectance 700 https://www.indexdatabase.de/db/i-single.php?id=367
57. |Laterite Laterite https://www.indexdatabase.de/db/i-single.php?id=38
58. |LCI Leaf Chlorophyll Index https://www.indexdatabase.de/db/i-single.php?id=109
59. | LWCI Leaf Water Content Index https://www.indexdatabase.de/db/i-single.php?id=129
60. | LogR Log Ratio https://www.indexdatabase.de/db/i-single.php?id=243
61. | Maccioni | Maccioni https://www.indexdatabase.de/db/i-single.php?id=166
62. | MCARI/M | MCARI/MTVI2 https://www.indexdatabase.de/db/i-single.php?id=197
TVI2
63. | MCARI/OS | MCARI/OSAVI https://www.indexdatabase.de/db/i-single.php?id=192
AVI
64. |mCRIG mMCRIG https://www.indexdatabase.de/db/i-single.php?id=257
65. | mCRIRE mCRIRE https://www.indexdatabase.de/db/i-single.php?id=258
66. |MVI Mid-infrared vegetation index https://www.indexdatabase.de/db/i-single.php?id=541
67. | MGVI Misra Green Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=571
68. | MNSI Misra Non Such Index https://www.indexdatabase.de/db/i-single.php?id=573
69. | MSBI Misra Soil Brightness Index https://www.indexdatabase.de/db/i-single.php?id=570
70. |[MYVI Misra Yellow Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=572
71. | mND680 mND680 https://www.indexdatabase.de/db/i-single.php?id=259
72. |mARI Modified anthocyanin reflectance | https://www.indexdatabase.de/db/i-single.php?id=215
index
73. | MCARI Modified Chlorophyll Absorption | https://www.indexdatabase.de/db/i-single.php?id=41
in Reflectance Index
74. |MCARI1 | Modified Chlorophyll Absorption | https://www.indexdatabase.de/db/i-single.php?id=42
in Reflectance Index 1
75. |MCARI2 | Modified Chlorophyll Absorption | https://www.indexdatabase.de/db/i-single.php?id=43
in Reflectance Index 2
76. |mNDVI Modified NDVI https://www.indexdatabase.de/db/i-single.php?id=164
77. |mSR Modified Simple Ratio https://www.indexdatabase.de/db/i-single.php?id=167
78. | MSR670 Modified Simple Ratio 670,800 https://www.indexdatabase.de/db/i-single.php?id=110
79. | MSRNir/Re | Modified Simple Ratio NIR/RED | https://www.indexdatabase.de/db/i-single.php?id=362
d
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
80. | MSAVI Modified Soil Adjusted Vegetation | https://www.indexdatabase.de/db/i-single.php?id=44
Index
81. | MSAVIhyp | Modified Soil Adjusted Vegetation | https://www.indexdatabase.de/db/i-single.php?id=45
er Index hyper
82. |[MTVI1 Modified Triangular Vegetation https://www.indexdatabase.de/db/i-single.php?id=46
Index 1
83. |[MTVI2 Modified Triangular Vegetation https://www.indexdatabase.de/db/i-single.php?id=47
Index 2
84. |NLI Nonlinear vegetation index https://www.indexdatabase.de/db/i-single.php?id=111
85. |[Norm G Norm G https://www.indexdatabase.de/db/i-single.php?id=50
86. | Norm NIR |Norm NIR https://www.indexdatabase.de/db/i-single.php?id=51
87. [Norm R Norm R https://www.indexdatabase.de/db/i-single.php?id=52
88. |PPR Normalized Difference 550/450 https://www.indexdatabase.de/db/i-single.php?id=483
Plant pigment ratio
89. |PVR Normalized Difference 550/650 https://www.indexdatabase.de/db/i-single.php?id=484
Photosynthetic vigour ratio
90. |ND774/677 | Normalized Difference 774/677 https://www.indexdatabase.de/db/i-single.php?id=563
91. |GNDVIhyp | Normalized Difference 780/550 https://www.indexdatabase.de/db/i-single.php?id=400
er Green NDVI hyper
92. |ND782/666 | Normalized Difference 782/666 https://www.indexdatabase.de/db/i-single.php?id=385
93. |ND790/670 | Normalized Difference 790/670 https://www.indexdatabase.de/db/i-single.php?id=278
94. | ND800/217 | Normalized Difference 800/2170 https://www.indexdatabase.de/db/i-single.php?id=462
0
95. |PSNDc2 Normalized Difference 800/470 https://www.indexdatabase.de/db/i-single.php?id=306
Pigment specific normalised
difference C2
96. |PSNDc1 Normalized Difference 800/500 https://www.indexdatabase.de/db/i-single.php?id=286
Pigment specific normalised
difference C1
97. | GNDVIhyp | Normalized Difference 800/550 https://www.indexdatabase.de/db/i-single.php?id=419
er2 Green NDVI hyper 2
98. | PSNDb1 Normalized Difference 800/650 https://www.indexdatabase.de/db/i-single.php?id=285

Pigment specific normalised
difference B1
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
99. | PSNDal Normalized Difference 800/675 https://www.indexdatabase.de/db/i-single.php?id=284
Pigment specific normalised
difference Al
100.| ND800/680 | Normalized Difference 800/680 https://www.indexdatabase.de/db/i-single.php?id=260
Pigment specific normalised
difference A2, Lichtenthaler indices
1, NDVIhyper
101.| NDII Normalized Difference 819/1600 https://www.indexdatabase.de/db/i-single.php?id=242
NDII
102.| NDII2 Normalized Difference 819/1649 https://www.indexdatabase.de/db/i-single.php?id=548
NDII 2
103.| NDMI Normalized Difference 820/1600 https://www.indexdatabase.de/db/i-single.php?id=56
Normalized Difference Moisture
Index
104.| ND827/668 | Normalized Difference 827/668 https://www.indexdatabase.de/db/i-single.php?id=528
105.| ND833/164 | Normalized Difference 833/1649 https://www.indexdatabase.de/db/i-single.php?id=554
9 Infrared Index
106.| ND833/658 | Normalized Difference 833/658 https://www.indexdatabase.de/db/i-single.php?id=550
107.| SIWSI Normalized Difference 860/1640 https://www.indexdatabase.de/db/i-single.php?id=219
108.| ND895/675 | Normalized Difference 895/675 https://www.indexdatabase.de/db/i-single.php?id=544
109.| NGRDI Normalized Difference Green/Red | https://www.indexdatabase.de/db/i-single.php?id=390
Normalized green red difference
index, Visible Atmospherically
Resistant Indices Green (VIgreen)
110.|NDVI Normalized Difference MIR/NIR | https://www.indexdatabase.de/db/i-single.php?id=59
Normalized Difference Vegetation
Index (in case of strong
atmospheric disturbances)
111.| BNDVI Normalized Difference NIR/Blue | https://www.indexdatabase.de/db/i-single.php?id=135
Blue-normalized difference
vegetation index
112.|GNDVI Normalized Difference NIR/Green | https://www.indexdatabase.de/db/i-single.php?id=401

Green NDVI
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym

113.| MNDVI Normalized Difference NIR/MIR | https://www.indexdatabase.de/db/i-single.php?id=245
Modified Normalized Difference
Vegetation Index

114.|NDVI Normalized Difference NIR/Red https://www.indexdatabase.de/db/i-single.php?id=58
Normalized Difference Vegetation
Index, Calibrated NDVI - CDVI

115.|NDRE Normalized Difference https://www.indexdatabase.de/db/i-single.php?id=223
NIR/Rededge Normalized
Difference Red-Edge

116.|NBR Normalized Difference NIR/SWIR | https://www.indexdatabase.de/db/i-single.php?id=53
Normalized Burn Ratio

117.|RI Normalized Difference Red/Green | https://www.indexdatabase.de/db/i-single.php?id=74
Redness Index

118.|NDSI Normalized Difference Salinity https://www.indexdatabase.de/db/i-single.php?id=57
Index

119.| NDVI690- | Normalized Difference Vegetation | https://www.indexdatabase.de/db/i-single.php?id=361

710 Index 690-710

120.|NDVIc Normalized Difference Vegetation | https://www.indexdatabase.de/db/i-single.php?id=377
Index C

121.| OSAVI Optimized Soil Adjusted https://www.indexdatabase.de/db/i-single.php?id=63
Vegetation Index

122.|PNDVI Pan NDVI https://www.indexdatabase.de/db/i-single.php?id=188

123.| PVI Perpendicular Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=64

124.| RARSal Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=287
Spectra Al

125.| RARSa2 Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=298
Spectra A2

126.| RARSa3 Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=299
Spectra A3

127.| RARSa4 Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=300
Spectra A4

128.| RARSc3 Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=293
Spectra C3

129.| RARSc4 Ratio Analysis of Reflectance https://www.indexdatabase.de/db/i-single.php?id=294

Spectra C4

131




Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
130.| RDVI RDVI https://www.indexdatabase.de/db/i-single.php?id=240
131.|RDVI2 RDVI2 https://www.indexdatabase.de/db/i-single.php?id=556
132.|Rededgel |Red edge 1 https://www.indexdatabase.de/db/i-single.php?id=335
133.| Rededge2 | Red edge 2 https://www.indexdatabase.de/db/i-single.php?id=336
134.|RBNDVI | Red-Blue NDVI https://www.indexdatabase.de/db/i-single.php?id=187
135.| REIP1 Red-Edge Inflection Point 1 https://www.indexdatabase.de/db/i-single.php?id=137
136.| REIP2 Red-Edge Inflection Point 2 https://www.indexdatabase.de/db/i-single.php?id=138
137.| REIP3 Red-Edge Inflection Point 3 https://www.indexdatabase.de/db/i-single.php?id=139
138.| REP Red-Edge Position Linear https://www.indexdatabase.de/db/i-single.php?id=196
Interpolation

139.|RSR Reduced Simple Ratio https://www.indexdatabase.de/db/i-single.php?id=75

140.| Rre Reflectance at the inflexion point | https://www.indexdatabase.de/db/i-single.php?id=331

141.|RDVI Renormalized Difference https://www.indexdatabase.de/db/i-single.php?id=76
Vegetation Index

142.| SAVImir | SAVImir https://www.indexdatabase.de/db/i-single.php?id=394

143.| IF Shape Index https://www.indexdatabase.de/db/i-single.php?id=79

144.| MSI2 Simple Ratio 1599/819 Moisture https://www.indexdatabase.de/db/i-single.php?id=547
Stress Index 2

145.| MSI Simple Ratio 1600/820 Moisture https://www.indexdatabase.de/db/i-single.php?id=48
Stress Index

146.| TM5/TM7 | Simple Ratio 1650/2218 https://www.indexdatabase.de/db/i-single.php?id=337

147.| SR440/740 | Simple Ratio 440/740 https://www.indexdatabase.de/db/i-single.php?id=415

148.| BGI Simple Ratio 450/550 Blue green | https://www.indexdatabase.de/db/i-single.php?id=210
pigment index

149.| SR520/670 | Simple Ratio 520/670 https://www.indexdatabase.de/db/i-single.php?id=321

150.| SR550/670 | Simple Ratio 550/670 https://www.indexdatabase.de/db/i-single.php?id=316

151.| DSWI-4 Simple Ratio 550/680 Disease- https://www.indexdatabase.de/db/i-single.php?id=271
Water Stress Index 4

152.| SR550/800 | Simple Ratio 550/800 https://www.indexdatabase.de/db/i-single.php?id=397

153.| Gl Simple Ratio 554/677 Greenness https://www.indexdatabase.de/db/i-single.php?id=32
Index

154.| SR560/658 | Simple Ratio 560/658 GRVIhyper | https://www.indexdatabase.de/db/i-single.php?id=552

155.| SR672/550 | Simple Ratio 672/550 Datt5 https://www.indexdatabase.de/db/i-single.php?id=154

156.| SR672/708 | Simple Ratio 672/708 https://www.indexdatabase.de/db/i-single.php?id=342

157.| SR674/553 | Simple Ratio 674/553 https://www.indexdatabase.de/db/i-single.php?id=355
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
158.| SR675/555 | Simple Ratio 675/555 https://www.indexdatabase.de/db/i-single.php?id=370
159.| SR675/700 | Simple Ratio 675/700 https://www.indexdatabase.de/db/i-single.php?id=181
160.| SR675/705 | Simple Ratio 675/705 https://www.indexdatabase.de/db/i-single.php?id=369
161.| SR700 Simple Ratio 700 https://www.indexdatabase.de/db/i-single.php?id=402
162.| SR700/670 | Simple Ratio 700/670 https://www.indexdatabase.de/db/i-single.php?id=180
163.| SR710/670 | Simple Ratio 710/670 https://www.indexdatabase.de/db/i-single.php?id=317
164.| SR735/710 | Simple Ratio 735/710 https://www.indexdatabase.de/db/i-single.php?id=409
165.| SR774/677 | Simple Ratio 774/677 https://www.indexdatabase.de/db/i-single.php?id=562
166.| SR800/217 | Simple Ratio 800/2170 https://www.indexdatabase.de/db/i-single.php?id=427

0

167.| PSSRc2 Simple Ratio 800/470 Pigment https://www.indexdatabase.de/db/i-single.php?id=303
specific simple ratio C2

168.| PSSRcl Simple Ratio 800/500 Pigment https://www.indexdatabase.de/db/i-single.php?id=227
specific simple ratio C1

169.| SR800/550 | Simple Ratio 800/550 https://www.indexdatabase.de/db/i-single.php?id=123

170.| PSSRb1 Simple Ratio 800/650 Pigment https://www.indexdatabase.de/db/i-single.php?id=283
specific simple ratio B1

171.|RVI Simple Ratio 800/670 Ratio https://www.indexdatabase.de/db/i-single.php?id=72
Vegetation Index

172.| PSSRal Simple Ratio 800/675 Pigment https://www.indexdatabase.de/db/i-single.php?id=282
specific simple ratio Al

173.| SR800/680 | Simple Ratio 800/680 Pigment https://www.indexdatabase.de/db/i-single.php?id=176
Specific Simple Ratio (Cholophyll
a) (PSSRa)

174.| SR801/550 | Simple Ratio 801/550 NIR/Green | https://www.indexdatabase.de/db/i-single.php?id=346

175.| SR801/670 | Simple Ratio 801/670 NIR/Red https://www.indexdatabase.de/db/i-single.php?id=345

176.| PBI Simple Ratio 810/560 Plant https://www.indexdatabase.de/db/i-single.php?id=212
biochemical index

177.| SR833/164 | Simple Ratio 833/1649 MSlhyper | https://www.indexdatabase.de/db/i-single.php?id=553

9

178.| SR833/658 | Simple Ratio 833/658 https://www.indexdatabase.de/db/i-single.php?id=549

179.| Datt2 Simple Ratio 850/710 Datt2 https://www.indexdatabase.de/db/i-single.php?id=151

180.| SR860/550 | Simple Ratio 860/550 https://www.indexdatabase.de/db/i-single.php?id=343

181.| SR860/708 | Simple Ratio 860/708 https://www.indexdatabase.de/db/i-single.php?id=344
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Lp. Indeks Nazwa link do informacji o0 wskazniku spektralnym
182.| RDI Simple Ratio MIR/NIR Ratio https://www.indexdatabase.de/db/i-single.php?id=71
Drought Index
183.| SRMIR/Re | Simple Ratio MIR/Red https://www.indexdatabase.de/db/i-single.php?id=14
d Eisenhydroxid-Index
184.| SRNir/700- | Simple Ratio NIR/700-715 https://www.indexdatabase.de/db/i-single.php?id=366
715
185.| GRVI Simple Ratio NIR/G Green Ratio | https://www.indexdatabase.de/db/i-single.php?id=30
Vegetation Index
186.| SRNIR/MI | Simple Ratio NIR/MIR https://www.indexdatabase.de/db/i-single.php?id=479
R
187.|DVI Simple Ratio NIR/RED Difference | https://www.indexdatabase.de/db/i-single.php?id=12
Vegetation Index, Vegetation Index
Number (VIN)
188.| RRI1 Simple Ratio NIR/Rededge https://www.indexdatabase.de/db/i-single.php?id=132
RedEdge Ratio Index 1
189.|10 Simple Ratio Red/Blue Iron Oxide | https://www.indexdatabase.de/db/i-single.php?id=203
190.|RGR Simple Ratio Red/Green Red-Green | https://www.indexdatabase.de/db/i-single.php?id=213
Ratio
191.| SRRed/NIR | Simple Ratio Red/NIR Ratio https://www.indexdatabase.de/db/i-single.php?id=568
Vegetation-Index
192.| SRSWIRI/ | Simple Ratio SWIRI/NIR Ferrous | https://www.indexdatabase.de/db/i-single.php?id=205
NIR Minerals
193.| SB1580 Single Band 1580 https://www.indexdatabase.de/db/i-single.php?id=505
194.1 SB2100 Single Band 2100 https://www.indexdatabase.de/db/i-single.php?id=516
195.|SB2130 Single Band 2130 https://www.indexdatabase.de/db/i-single.php?id=517
196.| SB2180 Single Band 2180 https://www.indexdatabase.de/db/i-single.php?id=518
197.|SB2218 Single Band 2218 https://www.indexdatabase.de/db/i-single.php?id=340
198.| SB2240 Single Band 2240 https://www.indexdatabase.de/db/i-single.php?id=519
199.| SB2250 Single Band 2250 https://www.indexdatabase.de/db/i-single.php?id=520
200.| SB2270 Single Band 2270 https://www.indexdatabase.de/db/i-single.php?id=521
201.| SB2280 Single Band 2280 https://www.indexdatabase.de/db/i-single.php?id=522
202.| SB460 Single Band 460 https://www.indexdatabase.de/db/i-single.php?id=488
203./BB3 Single Band 470 Blackburn3 https://www.indexdatabase.de/db/i-single.php?id=309
204.| SR495 Single Band 495 https://www.indexdatabase.de/db/i-single.php?id=533
205.| SB550 Single Band 550 https://www.indexdatabase.de/db/i-single.php?id=347
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206.| SB555 Single Band 555 https://www.indexdatabase.de/db/i-single.php?id=534
207.| SB655 Single Band 655 https://www.indexdatabase.de/db/i-single.php?id=535
208.| SB660 Single Band 660 https://www.indexdatabase.de/db/i-single.php?id=490
209.| SB670 Single Band 670 https://www.indexdatabase.de/db/i-single.php?id=348
210.| SB675 Single Band 675 https://www.indexdatabase.de/db/i-single.php?id=536
211./BB1 Single Band 680 Blackburnl https://www.indexdatabase.de/db/i-single.php?id=307
212.|SB700 Single Band 700 https://www.indexdatabase.de/db/i-single.php?id=349
213.|SB703 Single Band 703 Boochs https://www.indexdatabase.de/db/i-single.php?id=140
214.| SB705 Single Band 705 https://www.indexdatabase.de/db/i-single.php?id=312
215.| SB735 Single Band 735 https://www.indexdatabase.de/db/i-single.php?id=537
216.| SB801 Single Band 801 https://www.indexdatabase.de/db/i-single.php?id=350
217.|SB850 Single Band 850 https://www.indexdatabase.de/db/i-single.php?id=383
218.| SB885 Single Band 885 https://www.indexdatabase.de/db/i-single.php?id=538
219.| SAVI Soil Adjusted Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=87
220.| SARVI Soil and Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=134

Vegetation Index
221.| SARVI2 Soil and Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=387
Vegetation Index 2
222.| SAVI3 Soil and Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=555
Vegetation Index 3
223.|SBL Soil Background Line https://www.indexdatabase.de/db/i-single.php?id=353
224, Soil Composition Index https://www.indexdatabase.de/db/i-single.php?id=88
225.| SAVI2 Soil-adjusted vegetation index 2 https://www.indexdatabase.de/db/i-single.php?id=310
226.| SLAVI Specific Leaf Area Vegetation https://www.indexdatabase.de/db/i-single.php?id=89
Index
227.| SQRT(IR/R | SQRT(IR/R) https://www.indexdatabase.de/db/i-single.php?id=200
)
228.| SIPI1 Structure Intensive Pigment Index 1 | https://www.indexdatabase.de/db/i-single.php?id=90
229.|SIPI3 Structure Intensive Pigment Index 3 | https://www.indexdatabase.de/db/i-single.php?id=291
230.| SBI Tasselled Cap - brightness https://www.indexdatabase.de/db/i-single.php?id=91
231.|GVIMSS | Tasselled Cap - Green Vegetation | https://www.indexdatabase.de/db/i-single.php?id=564
Index MSS
232.| NSIMSS Tasselled Cap - Non Such Index https://www.indexdatabase.de/db/i-single.php?id=567

MSS
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233.| SBIMSS Tasselled Cap - Soil Brightness https://www.indexdatabase.de/db/i-single.php?id=565
Index MSS
234.|GVI Tasselled Cap - vegetation https://www.indexdatabase.de/db/i-single.php?id=92
235.|WET Tasselled Cap - wetness https://www.indexdatabase.de/db/i-single.php?id=93
236.| YVIMSS | Tasselled Cap - Yellow Vegetation | https://www.indexdatabase.de/db/i-single.php?id=566
Index MSS
237.| TCARI/OS | TCARI/OSAVI https://www.indexdatabase.de/db/i-single.php?id=191
AVI
238.| TCARI Transformed Chlorophyll https://www.indexdatabase.de/db/i-single.php?id=96
Absorbtion Ratio
239.| TNDVI Transformed NDVI https://www.indexdatabase.de/db/i-single.php?id=202
240.| TSAVI Transformed Soil Adjusted https://www.indexdatabase.de/db/i-single.php?id=97
Vegetation Index
241.| TSAVI Transformed Soil Adjusted https://www.indexdatabase.de/db/i-single.php?id=247
Vegetation Index 2
242.| TVI Transformed Vegetation Index https://www.indexdatabase.de/db/i-single.php?id=98
243.| TCI Triangular chlorophyll index https://www.indexdatabase.de/db/i-single.php?id=392
244.| V1700 Vegetation Index 700 https://www.indexdatabase.de/db/i-single.php?id=358
245.| VARIgreen | Visible Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=356
Index Green
246.| VARI700 | Visible Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=359
Indices 700
247.| VARIreded | Visible Atmospherically Resistant | https://www.indexdatabase.de/db/i-single.php?id=130
ge Indices RedEdge
248.|WDVI Weighted Difference Vegetation https://www.indexdatabase.de/db/i-single.php?id=104
Index
249.| WDRVI Wide Dynamic Range Vegetation | https://www.indexdatabase.de/db/i-single.php?id=125

Index
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Zalacznik nr 2. Wyniki analizy 191 wskaznikow spektralnych objetych badaniami

Lp. Indeks spektralny | &MinTg | MSE_MinTgi | EinTg
1. NDVI 0,286434 | 0,132019637 0,248619
2. EXG 0,282297 | 0,142348278 0,242112
3. OSAVI 0,27879 [0,141246596 0,239412
4, DSWI-4 0,274647 | 0,130577611 0,238784
5. RDVI 0,274793 | 0,137548947 0,236995
6. RDVI2 0,274793 | 0,137548947 0,236995
7. GLI 0,276716 | 0,145626202 0,236419
8. MCARI2 0,265115 | 0,123383754 0,232404
9. MTVI2 0,265115 | 0,123383754 0,232404
10. EVI 0,265273|0,126345763 0,231757
11. SAVI3 0,264506 | 0,126248112 0,231112
12. SARVI2 0,2611390,121191903 0,229491
13. EVI2(2) 0,260358 | 0,123036912 0,228325
14. SBL 0,261595 | 0,130566959 0,22744
15. MTVI1 0,25833 |0,119903928 0,227355
16. MSAVI 0,257373|0,121275603 0,22616
17. SAVI 0,254969 | 0,119481325 0,224505
18. EVI2 0,254969 | 0,119481325 0,224505
19. TCI 0,25411 |0,120916054 0,223384
20. PVR 0,257364 | 0,132633142 0,223229
21. NGRDI 0,257364 | 0,132633142 0,223229
22. RI 0,257364 | 0,132633142 0,223229
23. NLI_median 0,262322 | 0,150605885 0,222815
24, NLI 0,262322 | 0,150605885 0,222815
25. V1700 0,254857 | 0,130881776 0,221501
26. MCARI 0,250666 | 0,117449627 0,221226
27. SR700/670 0,253623 | 0,129235677 0,220846
28. Fe3+ 0,25345 [0,131381893 0,220151
29. SR672/550 0,25345 [0,131381893 0,220151
30. GVI 0,248155 | 0,120346088 0,21829
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Lp. Indeks spektralny | @MinTg | MSE_MinTgi | EinTg
31. RSR 0,246174 | 0,119487556 0,216759
32. Norm R 0,25618 |0,154111694 0,2167
33. GEMI 0,245483 | 0,118627742 0,216362
34. PPR 0,244455|0,116293582 0,216027
35. IPVI 0,25544410,156504356 0,215466
36. LOGR 0,253437 | 0,150564957 0,215279
37. WDRVI 0,253763|0,151988014 0,215194
38. GOSAVI 0,246659 0,12843584 | 0,214979
39. ARVI_median 0,2542 |0,155225418 0,214742
40. ARVI 0,254210,155225418 0,214742
41. mCRIG 0,241885 | 0,112552265 0,21466
42. SAVI_median 0,254071|0,155497923 0,214563
43. ARVI2 0,25395 [0,155461608 0,21447
44, PSNDb1 0,25395 |0,155461608 0,21447
45, ATSAVI_median 0,253387 | 0,155062146 0,214096
46. RBNDVI 0,253047(0,154616015 0,213922
47. CTVvI 0,25245310,154346108 0,213488
48. TNDVI_median 0,25245310,154346108 0,213488
49. TNDVI 0,25245310,154346108 0,213488
50. PSNDc2 0,247258 | 0,139398374 0,212791
ol. BNDVI 0,247258 | 0,139398374 0,212791
52. BWDRVI 0,247258|0,139398374 0,212791
53. BGI 0,239594 (0,111991827 0,212761
o4, MSR670 0,248176 | 0,145266289 0,212125
55. MSRNiIr/RED 0,248176|0,145266289 0,212125
56. Diff800/680 0,238167 | 0,109808201 0,212014
57. Sred/NIR 0,248868 | 0,151627235 0,211133
58. GSAVI 0,232948 | 0,111257557 0,207031
59. PSSRcl 0,238053 | 0,131078245 0,206849
60. ND774/677 0,243914(0,15342132 0,206492
61. Rededge?2 0,243914 0,15342132 0,206492
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Lp. Indeks spektralny | @MinTg | MSE_MinTgi | EinTg
62. SR440/740 0,235473|0,124321476 0,206199
63. RVI_median 0,2369 |0,137267456 0,204381
64. RVI 0,2369 |0,137267456 0,204381
65. DVI 0,2369 [0,137267456 0,204381
66. ELAI_median 0,2369 |0,137267456 0,204381
67. Norm NIR 0,24232210,160289116 0,20348
68. GRNDVI 0,24232210,160289116 0,20348
69. LWCI 0,225477(0,11238984 0,200136
70. Gossan 0,224675 | 0,109829237 0,199999
71. SRMIR/Red 0,224675|0,109829237 0,199999
72. VARIgreen 0,2259 ]0,117319213 0,199397
73. LCI 0,237654 10,161216395 0,199341
74. GBNDVI 0,2344 |0,153584887 0,1984
75. Rededgel 0,230117]0,138851334 0,198165
76. NDVIc 0,228882 | 0,143024947 0,196147
7. SLAVI 0,225138(0,144829803 0,192532
78. DI1_median 0,210172]0,096982494 0,189789
79. Diff800/550 0,210172]0,096982494 0,189789
80. GDVI 0,210172 {0,096982494 0,189789
81. FE2+ 0,209206 | 0,113058364 0,185554
82. Ferrous iron 0,209206 | 0,113058364 0,185554
83. NRI_median 0,21888 [0,163312332 0,183134
84. GNDVI_median 0,21888 [0,163312332 0,183134
85. GNDVI 0,21888 [0,163312332 0,183134
86. GNDVhyper2 0,21888 [0,163312332 0,183134
87. GNDVI2_median 0,21888 [0,163312332 0,183134
88. GNDVI2 0,21888 [0,163312332 0,183134
89. SR550/800 0,216829 [0,16114653 0,181888
90. Datt22 0,209332 [ 0,140038639 0,180017
91. SRNir/700 0,209332 [ 0,140038639 0,180017
92. Cirededge (b5) 0,209332 [ 0,140038639 0,180017
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Lp. Indeks spektralny | @MinTg | MSE_MinTgi | EinTg
93. sr735/700 0,211083[0,147407622 0,179968
94. DVIMSS 0,196824 | 0,09184684 0,178746
95. MGVI 0,196326 | 0,089655088 0,178725
96. NDSI 0,206476 |0,13552858 0,178493
97. NSIMSS 0,196077 [ 0,09176704 0,178084
98. ND800/2170 0,205733|0,136307544 0,17769
99. MNDVI2 0,205733(0,136307544 0,17769
100. Ferros Silicates 0,204154 | 0,131461075 0,177316
101. SR800/550 0,207635 [ 0,150979417 0,176286
102. GRVI 0,207635 |0,150979417 0,176286
103. GRVI_median 0,207635 [0,150979417 0,176286
104. GCI_median 0,207635 [0,150979417 0,176286
105. Cigreen 0,207635 |0,150979417 0,176286
106. Alteration 0,204182 |0,137217407 0,176165
107. Laterite 0,204182 (0,137217407 0,176165
108. TM5 0,204182 (0,137217407 0,176165
109. AVI* 0,192216 | 0,089722697 0,17497
110. SRSWIRI/NIR 0,198854 |0,122604492 0,174474
111. n dla GEMI 0,189243|0,087742845 0,172638
112. Norm G 0,205716 [0,16263262 0,17226
113. GNDVhyper 0,202619 | 0,154657095 0,171283
114. CRI550 0,1885 |0,092831517 0,171001
115. Chlgreen 0,199671 {0,149756178 0,169769
116. FerricOxides 0,192309(0,124193138 0,168425
117. MSI2 0,192309 (0,124193138 0,168425
118. RDI 0,192309 |0,124193138 0,168425
119. NDSI_median 0,192685 | 0,128226199 0,167978
120. NDII 0,192685 |0,128226199 0,167978
121. SoilCompositionindex | 0,192685 | 0,128226199 0,167978
122. PNDVI 0,199257 [0,166916392 0,165998
123. TCARI 0,180676 | 0,085595448 0,165211
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Lp. Indeks spektralny | @MinTg | MSE_MinTgi | EinTg
124, SR6_median 0,178099 | 0,084878811 0,162982
125. Datt2 0,178099 | 0,084878811 0,162982
126. MNDVI 0,178027 | 0,09505024 0,161105
127. SB735 0,173435|0,083099103 0,159023
128. mNDG680 0,17313 |0,083629105 0,158651
129. MSAVI_median 0,173128 | 0,083626946 0,15865
130. AFRI1600 0,173104 | 0,083618464 0,158629
131. AFRI2100 0,173102 | 0,083617361 0,158627
132. SB800 0,173087 | 0,083611108 0,158615
133. MVI 0,180447|0,122632476 0,158318
134. SR833/1649 0,180447|0,122632476 0,158318
135. NRNIR/MIR 0,180447|0,122632476 0,158318
136. SIPI_median 0,169468 | 0,101822227 0,152212
137. SIPI1 0,169468 | 0,101822227 0,152212
138. MCARI/OSAVi 0,163664 | 0,084825742 0,149781
139. H 0,16918 |0,116637857 0,149447
140. GARI 0,164167 | 0,102561654 0,14733
141. ARI2_median 0,16564 |0,114748659 0,146633
142. mMARI 0,16564 |0,114748659 0,146633
143. MY VI 0,160127 | 0,085061469 0,146507
144. GVIMSS 0,156676 | 0,077405584 0,144549
145. ARI 0,157968 | 0,104387539 0,141478
146. Maccioni 0,161306 | 0,145215962 0,137882
147. Dattl 0,151245|0,130553215 0,1315
148. MNSI 0,141309 | 0,07549837 0,130641
149. EVI_median(6,7,5) 0,14223 |0,09061946 0,129341
150. CRI700 0,135671 | 0,084303668 0,124233
151. GVMI 0,135922 {0,097941238 0,122609
152. Rre 0,12935 |0,070098398 0,120283
153. 10 0,131344|0,092342615 0,119216
154. RGR 0,131344 | 0,092342615 0,119216
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Lp. Indeks spektralny | MinTg | MSE_MinTgi
155. WET

156. Cl

157. STVI_median

158. BRI

159. cccl
160. Diff678/500

161. CVi

162. MCARI

163. MTVI2

164. TCARI/OSAVI

165. CARI

166. REIP1
167. MCRIRE

168. Datt6
169. MNDI_median

170. SBIMSS

171. MSBI

172. SBI

173. SB650

174. SB550

175. SB700

176. SB460

177. IR550

178. ARI_median

179. CARI2

180. YVIMSS

181. yellow_median

182. IR700

183. SR700

184. I

185. MSAV Ihyper

EinTg
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Lp. Indeks spektralny
186. SB1580
187. SB2100
188. Cirededge (b6)
189. RRI1
190. Cirededge (b7)
191. NDRE

aSMinTg

MSE_MinTgi

EinTg
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Abstract

The Brazilian Cerrado and the Atlantic Forest, important biodiversity global hotspots, are extremely diverse
in geological structure, soil, and climatic conditions, all of which have a direct impact on the diversity of
vegetation cover. The conservation of these biomes depends on the recognition of variations in their
humidity levels. Considering the correlation between access to water and plant health as illustrated by NDVI,
the decision was made to determine the feasibility of building an NDVI-based model to discern variations in
habitat moisture. Using various statistical algorithms, the correctness of the NDVI-based habitat moisture
assessment model was confirmed. In addition, it was determined that UMAP was the most favourable of the
algorithms employed. Our method provides a practical and efficient tool for assessing habitat moisture that

can benefit various fields, such as ecology, conservation biology, and land management.

1. Introduction

All ecosystems on earth depend on water. There are several methods for identifying differences in the

moisture status of terrestrial ecosystems and monitoring changes in hydrological conditions, including:

1. Remote sensing (e.g. Lin et al. 2022): this method involves the use of satellites, aircraft, or drones to
capture images of the earth’s surface. The images can then be used to determine the moisture content
of vegetation and soil. For example, the Normalized Difference Vegetation Index (NDVI) is a
commonly used remote sensing index that can be used to estimate vegetation greenness and,
consequently, the moisture content of plants.

2. Ground-based measurements (e.g. Weaver et al. 2019): this involves measuring the moisture content
of soil, vegetation, and other parameters such as temperature, humidity, and precipitation at various
points in the ecosystem. Soil moisture sensors, for example, can provide data on the moisture content
of soil at different depths.

3. Hydrological models (e.g. Bai et al. 2022): these models use data from remote sensing and ground-

based measurements to simulate the hydrological cycle of the ecosystem. This can help predict the
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impact of changes in hydrological conditions, such as precipitation or groundwater levels, on the
ecosystem.

4. Carbon and water flux measurements (e.g. Chen N. et al. 2020): This method involves measuring the
exchange of carbon and water between the ecosystem and the atmosphere. For example, eddy
covariance systems can measure the exchange of carbon dioxide and water vapour between the
ecosystem and the atmosphere, providing information on the water-use efficiency of the ecosystem.

All these methods can be used to identify differences in the moisture status of terrestrial biomes and monitor
changes in hydrological conditions over time, but methods that are cost-effective and simple to apply are still
in demand, especially for valuable natural areas. Among the most important biomes on the globe are the
Brazilian Cerrado, considered a biodiversity hotspot, and the Atlantic Forest. The Cerrado, located in central
Brazil, is the second-largest of Brazil’s major biomes, after Amazonia, and comprises woodlands, savannas,
grasslands, and gallery and dry forests (Klink & Machado 2005). Kisselle et al. (2022) distinguish two types
of Cerrado: cerrado sensu stricto (20-50% canopy cover) and cerrado campo sujo (open, scrubland, <10%
canopy cover). This biome hosts some 4,800 species of plants and vertebrates found nowhere else
(Strassburg et al. 2016). Despite its enormous importance for species conservation, as little as 19.8% of the
Cerrado remains undisturbed, the majority having been transformed into pasture and other agriculture forms
of land use (Strassburg et al. 2017). The idea of monitoring the Brazilian Cerrado using spectral indices
originated many years ago. In 2004, Ferreira and Huete described the seasonal dynamics of this biome using
NDVI and the Soil Adjusted Vegetation Index (SAVI), analysed in five seasonal periods: (1) summer rains
(from January to March), (2) dry winter (from April to August), (3) end-of-the-drought period (September),
(4) beginning of the rainy season (October), and (5) spring rains (November and December). One result of
the study was the identification of three major spatial domains of the Cerrado: (1) the ‘true’ Cerrado
formations and pasture sites, (2) the forested areas (seasonal broadleaf and dense Cerrado woodland), and (3)
agricultural crops. The authors concluded that ‘the use of multiple indices should improve vegetation

studies’.
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The Atlantic Forest (AF) is the second-largest tropical forest in South America and one of the most
biodiverse biomes in the world. Brazil owns most of the AF (93% of the total biome area), with the
remainder belonging to Paraguay (5.3%) and Argentina (1.7%) (Marques et al. 2021). The AF is classified as
one of three biodiversity hotspots (together with the Cape Floristic Region and Polynesia—Micronesia) and as
particularly vulnerable to climate change (Béllard et al., 2014). The altitudes of the AF vary from sea level to
2,891 m; the relief from depressions to mountains. The climate is extremely diverse, including tropical
rainforest (Af); tropical monsoon (Am); tropical savannah (Aw); arid hot steppe (BSh); and temperate,
without dry season; with hot (Cfa) and warm (Cfb) summers and temperate dry winters (Cw). Soils vary

widely, from dystrophic to eutrophic (Marques et al. 2021).

A common feature of the AF is the existence of two annual cycles. According to Da Silva et al. (2021),
vegetation in Caparad National Park (Brazil) and its buffer zone is highly dependent on precipitation, with a
confirmed correlation between precipitation and vegetation indices. Tests of the relationships between forest
and vegetation indices conducted in the Atlantic Rainforest on the Atlantic slope of Serra do Mar (Freitas et
al. 2005) concluded that MVI5 (moisture vegetation index using Landsat’s band 5) and MVI7 (moisture
vegetation index using Landsat’s band 7) showed the best performances in dense humid forests, whereas
NDVI was a good indicator for deciduous and dry forests. However, the usefulness of NDVI for ecological
research has been demonstrated by multiple authors worldwide (e.g. Pravilie et al. 2022, Zhang et al. 2022);
therefore, studies on the vegetation at the border of the Cerrado and the Atlantic Forest should help protect

these biomes and clarify the relationships between vegetation and habitat conditions.

Consequently, a decision was made to explore the application of NDVI in evaluating the moisture conditions
of ecosystems, using the Ipanema National Forest (INF), located on the border of the Brazilian Cerrado and
the Atlantic Forest biomes, as an example. It was assumed that (a) the water accessible to plants is affected
by the sum and distribution of atmospheric precipitation and the differentiated water retention capacity
depending on the variability of the terrain properties (land relief, geology, soils), (b) the humidity level of the
habitat affects the diversity of the vegetation cover, and (c) the NDVT values of the vegetation depends on the

amount of available water. Based on these assumptions, the hypothesis was formed that habitat moisture
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levels, influenced by vegetation, could lead to differences in NDVI. These variations in NDVI values could
then be used to assess differences in habitat moisture. The aim of the study was to show the feasibility of
building a model based on NDVI and various types of vegetation in different conditions of altitude,
geological structure, and soils, thus enabling the determination of habitat moisture variations. NDVI has not
yet been used in this context. This information can help us understand how ecosystems are responding to

climate change and other environmental stressors.

2. Material and Methods

a) Research area

The Ipanema National Forest is a poorly studied protected area (Londe et al. 2022). It encompasses ~5,000
ha, of which 75% is covered by semideciduous (90% of all forests) and rain forests in several successional
stages (Cavarzere et al. 2017). Due to the extensive exploitation of tree species in the last two centuries, the
vegetation is composed of secondary forests (Saint-Hilaire 1976). The topography of the INF is highly
diversified, and the soil is clay and rocky (Rossi 2017). From September to February, the climate is wet;
from March to August, dry (Cavarzere et al. 2017). According to Ferreira and Huete (2004), the territory lies
in the Atlantic Forest biome range; according to Pereira et al. (2018), at the southern range of the Cerrado

biome (Figure 1).

b) Satellite data

Image data from the Sentinel-2 (A, B) satellites of the European Space Agency (ESA) were used for the
calculations. The satellites are equipped with an MSI sensor with characteristics listed on the ESA website
(https://sentinels.copernicus.cu/web/sentinel/user-guides/sentinel-2-msi). They are installed on two
platforms: S2A and S2B. Image data were downloaded from Google Earth Engine (GEE) and calculated.
Data from the Level L2A product were used for the analysis. L2A, which means that each pixel of the image
for the spectral band contains a calibrated reflectance on the earth’s surface, was created as a result of
geometric correction taking into account the influence of topography on the image and radiometric
correction of radiation changes in the atmosphere. In GEE, images with a cloud ratio of less than 10% with a
defined INF area were selected. For this purpose, the SCL (Scene Classification Layer) was used. On this

6
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layer, areas with the following values were identified: shadows — 3, clouds with low probability — 7, medium
— 8, high — 9, cirrus clouds — 10. Areas with medium and high probability were excluded if their number of

pixels was greater than 50. All images from 2018-2021 were sclected.

For all images, NDVI (the characteristics of which are presented in Table 1) was used for calculations.

As shown in Table 1, the differences between Sentinel 2A and 2B are not significant and were therefore

considered insignificant for the purposes of these studies.

NDVI was calculated in GEE. The multilayer file was downloaded and loaded into QGIS 3.22.8. The quality
of RGB images was visually assessed, and images with visible defects were removed from further
calculations. In addition, a plug-in from the website http:/terrabrasilis.dpi.inpe.br/ was installed to enable the
addition of another layer of the Cerrado forest ranges and Atlantic Forest biomes. Loaded habitat layers were
obtained from ICMBio (2017). The habitat and biome range layers were multiplied by each other and
subtracted from cach other, and the newly created boundary layer was used for further calculations and
visualisation. The calculations were performed using the zonal statistics plug-in, with the boundary layer and

the NDVI map selected.

¢) Determination of the habitat moisture index

To determine the habitat moisture index, the following data were used:

1. Data on precipitation for the years 2018-2021 taken from the Fezenda Ipanema Airport meteorological
station (METAR), located 300 m from the eastern border of the research area. This data provided the

amount of precipitation per hour, with 24 measurements per day.

2. Arelief map generated based on the global elevation model — SRTM 30 m (Farr et al. 2007).

3. A map of geological formations obtained from ICMBio (2017).

4. A soil map obtained from ICMBio (2017).

5. A map of vegetation types generated based on ICMBio (2017).
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d) Statistical analysis

The main purpose of the statistical analysis was to determine whether the 38 parameters included in four
groups (altitude, vegetation, soils, geology) could confirm the legitimacy of dividing INF habitats into four
moisture groups (gl—g4) based on the habitat moisture represented by NDVI and other parameters. This
approach enabled the verification of the accuracy of the adopted division. Thus, the goal was not to prove
that NDVI indicates humidity, but rather to confirm the correctness of the NDVI-based habitat humidity

assessment model.

Three research tools were used: the study of the covariance matrix, two dimensionality reduction algorithms
(PCA and UMAP), and an attempt to build a gl—g4 classifier based on the adopted parameters. In the last

case, tests were carried out for the following algorithms:
1. Linear discriminant analysis (LDA)
2. Quantitative descriptive analysis (QDA)
3. Logistic regression
4. Support vector machine (SVM)
5. Random forest

All calculations were made using Python and the scikit-learn library (cf. https://scikit-learn.org/stable/). The
data set used in the calculations consisted of 510 cases classified into classes gl—g4 according to 38
parameters: 11 classes of plant communities, 10 classes of altitude above sea level, nine classes of soils, and
cight classes of geological formations. Sets were created by dividing the area of the INF into 1x1 km sub-
areas, in which classes gl—g4 were established. The 1x1 km squares were found to contain a sufficient
variety of habitat conditions and vegetation types to allow the treatment of each as a separate sample (Figure

SI).
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3. Results

An analysis of NDVI-based images showed that INF vegetation was clearly dependent on rainfall,
illustrated by its division into a dry and a wet season (Figure S2), but the relationships between vegetation,

soil types, geological formations, and relief were also visible.

Figures 2, 3, S3 and S4 show the diversity of geological formations, soil types, vegetation cover, and relief

compared to the NDVI diversity.

Statistical analysis results

Covariance matrix analysis (Figure 4) shows that:

1. The group of altitude parameters is weakly or very weakly correlated with the other groups — the

maximum correlation values and the percentage of zeros for individual groups are respectively:

a) 0.09 and 0.7 for the group of vegetation parameters

b) 0.18 and 0.73 for the group of geological parameters

c) 0.19 and 0.74 for the group of soil parameters

2. The group of vegetation parameters is moderately strongly correlated with the group of geological
parameters and the group of soil parameters — the maximum correlation values and the percentage of

zeros for individual groups are respectively:

a) 0.49 and 0.33 for the group of geological parameters

b) 0.41 and 0.13 for the group of soil parameters

3. The group of geological parameters is moderately strongly correlated with the group of soil parameters:

a) the maximum correlation value is 0.72

b) the percentage of zeros is 0.1
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This suggests the possible consideration of class parameterisation limited to the altitude block and one of the

other three blocks.

The results of the PCA algorithm showed that an attempt to reduce the dimension of the parameter space
with a linear model is doomed to failure. Figure S5 shows the percentage distribution of the degree of

explanation for all principal components.

The quantitative impact of the original parameters of the first 10 principal components is visualised in Figure
S6. It is clearly visible that the blocks — vegetation, geology, and soil — equally strongly affect their

construction, which suggests their mutual redundancy.

The use of the UMAP algorithm (https://arxiv.org/abs/1802.03426) is far more promising. UMAP focuses on
a low-dimensional representation that best reflects the topological structure of the original (high-
dimensional) data. It is an alternative to the t-SNE method, a commonly used non-linear dimension reduction
algorithm. UMAP produces similar or better representations, as it retains morc global data features, and its
output is more stable. Moreover, UMAP is more efficient than t-SNE in both dimensionality and data size.

Figure S7 shows the visualisation of the 510 examined cases projected onto the first two UMAP components.

The separation of the groups is not perfect, but it is sufficient to confirm the validity of the selection criteria
for separating the gl—g4 moisture groups. The calculations use the Python UMAP module (https://umap-
learn.readthedocs.io/). Due to the different ontology of the 38 parameters, the universal Euclidean metric was
adopted to measure the distance. In addition, a value of seven was assumed for the number of neighbours
when approximating the similarity measure, which suggests a reasonable level of ‘local’ calculations in 38-

dimensional space.

An attempt to construct a correctly functioning classification model of classes gl—g4, built based on 38
parameters, was tested on five classification algorithms. In each case, learning curves were generated (cf. e.g.
Géron 2019) to present the accuracy and mean square error of the method and were tested on training and
validation data against the amount of training data. The LearningCurveDisplay.from estimator function,

which visualises the error of the method in the form of negative values, was used to calculate the curves. The
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reason for this convention is the universalisation of the quality assessment level of the indicator — a higher
value should mean a higher quality (cf. https://scikit-learn.org/stable
/modules/model_evaluation.html#scoring-parameter). The value of the cross-validation level was set at 30.
Graphs were created for seven tested algorithms. In the SVM algorithm, three kernels were tested using,
respectively, linear functions, polynomial functions (for example, fifth-degree polynomial), and radial basis

functions.

In Figure S8, the corresponding graphs of learning curves are collected in two columns: the left column

shows the accuracy of the method, the right column shows the error rate.

The graphs show the averaged (smoothed) curves for the training and validation sets. The lighter band
around the curve displays the level of variance in the calculations. The general conclusions from these graphs

are as follows:

1. The 510 samples used are adequate to stabilise the results — the curves flatten out.

2. Two methods (LDA and SVM-poly) obtained abnormally low accuracy — a radical increase in SVM-poly

accuracy around 470 training cases (after prior stabilisation) is probably a numerical anomaly.

3. Inall cases except SVM-poly, the variance of the training set decreases (better or worse) as its size

increases, which suggests its relatively good information quality.

4. A large variance of the validation set with a small variance of the training set suggests overfitting of the
model, i.c. the model was too rigidly fit to the training data. This is evident in essentially all cases except
SVM-RBF and QDA. In the case of QDA, too large a training set (over approximately 200 cases) caused
an increase in variance, with additional data generating only noise (results stabilise before the value of
200). Since the implemented algorithms use standard regularisation methods, possible strategies to

reduce overtraining are:

a) Testing a wider range of standard regularisation parameters.
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b) Modifying the set of parameters by removing some and/or adding new ones, which is more
difficult both conceptually and in terms of cost. The analysis of covariance described above

indicates that the reduction of more strongly correlated groups was justified.

A relatively small variance of the validation set was also visible in certain ranges of the size of the training
set for the random forest algorithm. A certain cyclical nature of this variance* (with a general upward trend

similar to QDA) suggests the appearance of information noise as the size of the training set increases.

The above conclusions prompted the authors to test three algorithms on a reduced set of parameters,
consisting of two blocks: height and vegetation. In the case of the QDA algorithm, such a set tumed out to be
numerically unstable. The graphs of the learning curves for the other two cases (SVM-RBF and random

forest) are shown in Figures S9 and S10.

In both cases, a very small loss of accuracy was observed, but (especially in the case of random forest) a
reduction in the variance of the validation set was also observable. This shows that the SVM-RBF and

random forest algorithms enable a fairly good classification of the defined moisture classes based on the
adopted set of parameters. This is another premise confirming the adequacy of the adopted definition of

classes gl—g4.

The suggestion from the correlation matrix analysis that the altitude parameters group is informatively
important was also confirmed by an attempt to build a classifier based only on parameters from the
vegetation, geological, and soil groups. This is demonstrated, for example, by the graph of the learning curve
for the random forest algorithm (Figure S10), which shows a radical decrease in accuracy and a significant

increase in variance for both the validation and training sets.
Summary of results

Based on the obtained results, the following NDVI values for individual degrees of humidity were adopted

for the study area:

= If the average annual NDVI value is 1.00-0.86, the habitat is considered wet (g1).
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+ Ifthe average annual NDVI value is 0.85-0.81, the habitat is considered moist (g2).
« Ifthe average annual NDVI value is 0.80—0.73, the habitat is considered mesic (g3).
« If the average annual NDVI value below 0.73, the habitat is considered dry (g4)

The diagram of relationships of individual parameters, NDVI values, and the classes of habitat moisture of

the INF is shown in Figure 5.
4. Discussion

Studies on NDVI show the complex relationship between this index and meteorological factors, soil
moisture, and type of vegetation cover (Chen T. et al. 2014, Zhang et al. 2018, Piedallu et al. 2019, Giuseppi
et al. 2021). The results of the research carried out in the Ipanema National Forest confirmed a complex set
of factors, including climatic factors, relief, altitude above sea level, geology, and soil type affecting the
vegetation cover and its moisture status. Generally, in the study area, forests dominate in higher mountainous
locations. According to Mazdn et al. (2020), how clevation affects various forest properties remains poorly
understood. Regardless of habitat conditions, this may be due to the difficulty of reaching the area, which is
unsuitable for agricultural development. At the same time, the arca covered with seasonal semideciduous
forest (Figure 2) shows on average (for the period 2018-2021) the highest NDVI values. This is related to
the relief (Figure S4) of a river valley, where fluvisols (Figure 3) have developed and water is collected
through precipitation, a circumstance that reflects the relationship between terrain and soil conditions.
Gleysols are soils that are also associated with high humidity (Sposito et al. 2008), although the average
NDVI values for 2018-2021 in these soils are markedly lower (Figure 3). This may be due to a different
vegetation cover, which in this case is mainly formed by substitute forest communities planted with alien
species. The most planted forest species in South America is eucalyptus (Freitas et al. 2020), which may
change the natural water regime (Reichert et al. 2021). Eucalypt monocultures are also present in the INF

(Londe et al. 2022).

Among types of plant cover, cerrado campo sujo is noted in the INF, which would confirm the range of this
biome given by Pereira et al 2018 (Figure 1). At the same time, these are lower, easier-to-access mountain
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locations, so human activity may affect their transformations. This could be indicated by the share of
agricultural and urbanised areas in the lower part of the research area (Figure 2). At the same time, it is a
low-moisture area, which would correspond to the characteristics of the Cerrado described by Ferreira and
Huete (2004). These authors, however, saw the Cerrado extending far north of the INF. Considering the 14-
year difference between the studies by Ferreira and Huete (2004) and Pereira et al. (2018), this could suggest

increasing anthropopressure in the vicinity of the INF, which then pushed forests into less accessible places.

The relationships between Cerrado, related to canopy cover, animal grazing, the transformation of the biome
into pasture and other agricultural forms of land use, as well as the moisture status of habitats in relation to
other forest areas, refer to European xero-thermophile oak woods (European Commission 2013). This is well
illustrated by the example of Poland, which is located in Central Europe, where this type of vegetation covers
the central part of the country and displays the lowest precipitation and the lowest NDVI values (Figure

S11).

It is also the most deforested, lowland part of the country, where human activity has led to the disappearance
of natural hornbeam and oak forests in favour of other types of vegetation cover. At the same time, it is
difficult to state unequivocally whether xero-thermophile oak woods occupy their range in the central part of
the country because the climate there is drier, or whether the drier climate there is due to deforestation. To
some extent, while maintaining the proportions between the vegetation of Europe and South America, a
similar phenomenon may occur at the border of the Cerrado and the Atlantic Forest, the course of which may
be influenced by human activity. The results of the research on the INF, as shown in Figure S11, can
therefore confirm the relationship between NDVI and the moisture content of forest areas. Figure S11 also
shows that the adopted method of assessing the moisture status of habitats is universal and can be used in

different parts of the world to obtain similar results.

Comparing the Brazilian Cerrado to the European xero-thermophile oak woods involves examining the ways
in which human activity affects forest management, such as pastoral management and the conversion of
forest landscapes into agricultural and pasture land. Although a more detailed analysis of this comparison
may be the subject of a separate study, this example demonstrates that geographically distant forest
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ecosystems can be comparcd quickly and inexpensively. However, to interpret the data, a combination of
satellite techniques and terrestrial data is required, including factors such as vegetation cover diversity, soil

diversity, and relief. This was exemplified by the case of Ipanema National Forest.

5. Conclusions

The Normalized Difference Vegetation Index (NDVI) is a widely used method for estimating vegetation
greenness and moisture content. However, our study found that NDVI can also be used to build a reliable
model for assessing habitat moisture. Among the algorithms tested, UMAP was found to be the most
effective. By using average NDVI values from 2018 to 2021, we classified the study area into four moisture
classes: gl (wet habitat) with an average NDVTI value of 1.00-0.86, g2 (moist) with an average NDVI value
of 0.85-0.81, g3 (mesic) with an average NDVI value of 0.80-0.73, and g4 (dry) with an average NDVI
value below 0.73.

This method is easy to apply, cost-effective, and provides high-resolution (10x10 m) data applicable to large
geographical areas. The results showed that the method can be applied to diverse environmental conditions,
such as different types of vegetation cover, soil types, and geological sediments. It can be used to assess the
diversity of habitat moisture, compare moisture levels across different habitats, and monitor them over time.
For example, our study identified the border between two important biomes, the Atlantic Forest and Cerrado,
in the study area and could suggest increasing anthropopressure in the vicinity of the INF pushing forests to
less accessible places.

Overall, this method provides a practical and efficient tool for assessing habitat moisture that can benefit

various fields, such as ecology, conservation biology, and land management.
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Table 1. Sentinel 2 channels used in the NDVI calculations (Sentinel-2)

https://sentinel.esa.int/web/sentinel/technical-guides/sentinel-2-msi/msi-instrument |

Sentinel 2 Bands B4 B8

Spatial resolution (m) |10 10

Sentinel 2A central 664.5 235.1

wavelength (nm)

Sentinel 2B central 665.0 233.0

wavelength (nm)

Sentinel 2A
38.0 145.0

bandwidth (nm)

Sentinel 2B
39.0 133.0

bandwidth (nm)
pigment chlorophyll responstve to.ca_nopy

.. structural variations,
absorptions in red d
band | Yadav, Borana canopy type an
2019] architecture | Yadav,
Borana 2019]
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Figure Legends
Figure 1. Location of the Ipanema National Forest (INF)

Legend: Location of the INF on the background of the Cerrado biome (highlighted in grey), according to

Ferreira and Huete (2004) (left) and Pereira et al. (2018) (right); in the middle relief map of the INF
Figure 2. Comparison of INF vegetation differentiation (2a) and average (2018-2021) NDVI valucs (2b)

Legend to Figure 2a: 1 — Rocky Outcrop (Grasses/Shrubs) | Portuguese: Afloramento Rochoso
(Gramineas/Arbustivas)|; 2 — Agriculture (Pasture/Cultivation) [ Agropecuaria (Pastagens/Cultivos)|; 3 —
Urban Area (Buildings/Towns) [A'rea Urbana (Edificagdes/Vilas)|; 4 — Cerrado (Campo Sujo); 5 —Water
Bodies (Reservoirs) [ Corpo d’Agua (Reservatérios)|; 6 — Forest in Regeneration (Floresta em Regeneracdo);
7 — Seasonal Semideciduous Forest (Floresta Estacional Semidecidual), 8 — Mining (Cavages/Buildings)
|Mineragdo (Cavas/Edificagdes)|; 9 — Reforestation (Exotic) | Reflorestamento (Exdticas)|; 10 —

Rceforestation (Native) [ Resflorestamento (Nativas)]; 11 — Floodplain [Vdrzea (Alagados/Brejos))
Figure 3. Comparison of INF soil differentiation (3a) and average (2018-2021) NDVI values (3b)

Legend to Figure 3a: 1 — Acrisols (In Portuguese Argissolo Vermelho Amarelo Distrdfico); 2 — Gleysols
(Gleissolo); 3 — Ferralsols (Latossolo Amarelo); 4 — Ferralsols (Latossolo Vermelho Distréfico); 5 — Neossolo
Litélico Afloramento (no equivalent in WRB, 2015); 6 — Fluvisols (Neossolo Flivico); 7 — Neossolo Latolico
Listico (no equivalent in WRB 2015); 8 — Neossolo Litdlico Distrofico (no cquivalent in WRB 2015); 9 —

Neossolo Litolico Humido (no equivalent in WRB, 2015)
Figure 4. Covariance matrix

Legend: Green indicates high dependence of parameters; orange indicates ficlds excluded from correlation

analysis; the individual blocks of the tested parameters were separated with sand, blue, and grey colours

Figure 5. Relationships of individual parameters, NDVI values, and the classes of habitat moisture of INF
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474 Fig.2
a Vegetation b NDVI
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475 Fig. 3
a Soils b NDVI
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476  Fig. 4
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477 Fig.5

Geology Relief
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478 Supplementary material

479  Figure S1. Division of the study area into 1x1 km squares
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480 Figure S2. NDVI imagery of INF on the background of a graph of average 14-day precipitation in 2021

481 Legend: NDVI imagery of Ipanema National Forest on 10 March (a), 14 May (b), 2 August (c), and 25

482  November (d) 2021
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a Geology b NDVI

Legend

Figure S3. Comparison of INF geology differentiation and average (2018-2021) NDVI values

Legend to Figure S3a: 1 — Amphibolite (Portuguese: Anfibolito); 2 — Conglomeratic Sandstone (A4renito
Conclomeratico); 3 — Claystones (Argilito); 4 — Basic eruptive: basalt (Eruptivas basicas basalto); 5 —
Stratified rock, verve (Folhelho Varvito); 6 — Porphyroid-granite (Granito porfiroide); 7 — Alkaline

Intrusives: Shonkinite-porphyry (Intrusivos Alcalinas Shonkinito-porfito); 8 — Quaternary (Quaternario)

s3

171



iForest — Biogeosciences and Forestry || #ms23/4413
ms23 4413 03

a Surface model b NDVI

Legend
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488  Figure S4. Comparison of INF relief differentiation (S4a) and average (2018-2021) NDVI values (S4b)
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489  Figure S5. Percentage distribution of the degree of explanation for all principal components
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490  Figure S6. PCA results for the first 10 principal components
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UMAP projection of the Ipanema dataset

04

Figure S7. The result of data analysis using the UMAP method

Legend: The values and colours adopted in the legend indicate different moisture indexes: gl: wet; g2:

humid; g3: mesic; g4: dry
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Legend: The left column shows the accuracy of the method; the right column shows the error rate: a-b: 1da

(Ida_lc.pdf, Ida lc_rmse.pdf); c—d: qda (qda_lc.pdf, qda lc rmse.pdf); e—f: logistic regression (Ir_lc.pdf,

Ir_lc_rmse.pdf); g-h: svm-linear (svc_linear_lc.pdf, svc_linear lc_rmse.pdf); i—j: svm-poly; k-1: svm-rbf;
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499  Figure S9. Learning curve plots for reduced versions of SVM-RBF and random forest
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501 Figure S11. Range of xero-thermophile oak woods in Poland, according to Mréz (2010)

502 Legend: Black line: range of xero-thermophile oak woods (9110 Natura 2000 habitat) on the background of

503 the diversity of NDVI values for forest arcas in Poland (Figure prepared by authors)
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mgr inz. Adam Mfynarczyk Poznan, 13.09.2023 r.
Zaktad Teledetekcji Srodowiska i Gleboznawstwa

Wydziat Nauk Geograficznych i Geologicznych

Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie wspdtautordow

Mitynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W.
2022. Spectral Iindices as a Tool to Assess the Moisture Status of Forest Habitats. Remote
Sens. 2022, 14, 4267

Oswiadczam, ze mdj wkiad w przygotowanie powyzszego artykutu naukowego byt
nastepujacy: opracowaniu koncepcji oraz metodyki badan, przeprowadzenie badan oraz
wspotudziat w analizie wynikéw oraz ich wizualizacji. Wspotudziat w przygotowaniu
manuskryptu oraz autor korespondencyjny. Mdj udziat w przygotowaniu pracy wynosi: 60%
/‘7 ¢ L2 7 le
Konatowska M.*, Miynarczyk A., Rutkowski P. 2023. Prospects for the Preservation of the
Main Pinus sylvestris L. Ecotypes in Poland in the Context of the Habitat Conditions of
their Occurrence, Forests, 2023
Oswiadczam, ze méj wkiad w przygotowanie powyzszego artykutu naukowego byt
nastepujgcy: opracowaniu koncepcji oraz metodyki badan, analiza danych obrazowych oraz
wspotudziat w przygotowaniu manuskryptu. Méj udziat w przygotowaniu pracy wynosi: 40
%

/7%5(,,9‘/@77 ((.

Konatowska M.*, Miynarczyk A., Rutkowski P., Kowalewski W. 2023. NDVI as a potential
tool for forecasting changes in geographical range of sycamore (Acer pseudoplatanus L.)
Scientific Report, 2023

Oswiadczam, ze modj wktad w przygotowanie powyzszego artykutu naukowego byl
nastepujacy: opracowaniu koncepcji oraz metodyki badan, analiza danych obrazowych oraz
wspotudziat w przygotowaniu manuskryptu. Moj udziat w przygotowaniu pracy wynosi: 45
%

/71%(,,9\,577(4

Mlynarczyk A.*, Konatowska M., Kowalewski W., Krolewicz S., Tonello K.C., Toppa R.H,,
Martines M.R., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats
by using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland
(Brazil), iForest

Oswiadczam; ze mdj wkiad w przygotowanie powyzszego artykufu naukowego byl
nastepujgcy: opracowaniu koncepcji oraz metodyki badan, przeprowadzenie badan i analiz
wynikow, przygotowanie wizualizacji, walidacja modelu oraz wspodtudziat w analizie
wynikéw oraz ich wizualizacji, wspodtudziat w przygotowaniu manuskryptu oraz autor
korespondencyjny. Méj udziat w przygotowaniu pracy wynosi: 50%

H#ﬁwg,/c77 (ﬁ
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Mtynarczyk A.*., Konatowska M., Krolewicz S., Rutkowski P., Piekarczyk J., 2021. Zgtoszenie
Patentowe nr. P.439801. Sposob wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych. Urzad Patentowy Rzeczypospolitej Polskiej.

Odwiadczam, ze moj wkiad w przygotowanie powyiszego zgtoszenia patentowego byt
nastepujacy: opracowaniu koncepcji oraz metodyki, badanie stanu techniki, przygotowanie
zastrzezen patentowych, analiza wynikdw i wizualizacja oraz wspétudziat w przygotowaniu
zgtoszenia. Moj udziat w przygotowaniu pracy wynosi: 60% ‘

/7115(49¢C77 e

Mtynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2023. Wdrozenie
wynalazku nr. P.439801. Sposdb wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych w Operat Siedliskowy Nadlesnictwo Karnieszewice. Rozdziat 7.3.1.1.
Specyfika siedliskowa lesnictwa lwiecino, kompleks lesny Iwiecino. Autor rozdziatu:
Rutkowski P.

Oswiadczam, ze moj wktad w przygotowanie powyzszego rozdziatu byt nastepujacy: analiza
wynikéw w oparciu o wypracowang metodyke oraz wizualizacja. Mdéj udziat w
przygotowaniu pracy wynosi: 30 %

{‘7#5(,,9\,677((_
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prof. dr hab. Inz. Pawet Rutkowski Poznan, 13.09.2023 r.
Katedra Botaniki i Siedliskoznawstwa Lesnego

Wydziat LeSny i Technologii Drewna

Uniwersytet Przyrodniczy w Poznaniu

Oswiadczenie wspotautorow

Mtynarczyk A.*, Konatowska M., Krdlewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W. 2022.
Spectral Indices as a Tool to Assess the Moisture Status of Forest Habitats. Remote Sens. 2022,
14, 4267

Oswiadczam, ze moj wkfad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:
opracowanie koncepcji oraz metodyki badan oraz wspétudziat w przygotowaniu manuskryptu. Moj
udziat w przygotowaniu pracy wynosi: 5%

Konatowska M.*, Mtynarczyk A., Rutkowski F.’ 2023. Prospects for the Preservation of the
Main Pinus sylvestris L. Ecotypes in Poland in the Context of the Habitat Conditions of their
Occurrence, Forests, 2023.

Oswiadczam, ze moj wkiad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:
wspotudziat i nadzor nad przygotowamem manuskryptu. Mdj udziat w przygotowaniu pracy

wynosi: 10 %. %
G2t

Konatowska M.* /Vh‘ynarczykA Rutkowski P., Kowalewski W. 2023. NDVI as a potential tool
for forecasting changes in geographical range of sycamore (Acer pseudoplatanus L.), Scientific
Report, 2023

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:
wspotudziat i nadzér nad przygotowaniem manuskryptu. Mdj udziat w przygotowaniu pracy

wynosi: 10% . .

Mftynarczyk .A.*, Konatowska M., Kowalewski W., Krélewicz S., Tonello K.C., Toppa R.H,,
Martines M.R., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats by
using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland (Brazil),
iForest

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:

wspotudziat w przygotowaniu manuskryptu. Méj udziat w przygotowaniu w%
‘ —€

Mtynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2021. Zgtoszenie
Patentowe nr. P.439801. Sposdéb wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych. Urzad Patentowy Rzeczypospolitej Polskiej.

Oswiadczam, ze moj wkiad w przygotowanie powyiszego zgtoszenia patentowego byt
nastepujacy: opracowaniu koncepcji oraz metodyki i wspétudziat w przygotowaniu zgtoszenia. Moj
udziat w przygotowaniu pracy wynosi: 10%

Mitynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2023. Wdrozenie
wynalazku nr. P.439801. Sposob wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych w Operat Siedliskowy Nadlesnictwo Karnieszewice. Rozdziat 7.3.1.1. Specyfika
siedliskowa lesnictwa Iwiecino, kompleks lesny lwiecino. Autor rozdziatu: Rutkowski P.

Oswiadczam, ze moj wktad w przygotowanie powyzszego rozdziatu byt nastepujacy: analiza
wynikéw w oparciu o wypracowang metodyke i przygotowanie i napisanie rozdziatu. Moj udziat

w przygotowaniu pracy wynosi: 50%
@m
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dr Monika Konatowska Poznan, 13.09.2023 r.
Katedra Botaniki i Siedliskoznawstwa Lesnego

Wydziat Lesny i Technologii Drewna

Uniwersytet Przyrodniczy w Poznaniu

Oswiadczenie wspotautorow

Mtynarczyk A.*, Konatowska M., Krdlewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W. 2022.
Spectral Indices as a Tool to Assess the Moisture Status of Forest Habitats. 2022. Remote Sens.
2022, 14, 4267

Oswiadczam, ze moj wkiad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:

opracowanie koncepcji oraz metodyki badan, wizualizacja oraz wspdjudyiat w przygotowaniu
manuskryptu. Mdj udziat w przygotowaniu pracy wynosi: 15 %

Konatowska M.*, Mtynarczyk A, Rutkowski P. 2023. Prospects for the Preservation of the Main
Pinus sylvestris L. Ecotypes in Poland in the Context of the Habitat Conditions of their
Occurrence, Forests, 2023.

Oswiadczam, ze mdj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:
opracowanie koncepcji oraz metodyki badan, analiza danych siedliskowych oraz wspétudziat w
przygotowaniu manuskryptu. Moj udziat w przygotowaniu pracy wynosi: 45%

Konatowska M.*, Mfynarczyk A., Rutkowski P., Kowalewski W. 2023. NDVI as a potential tool
for forecasting changes in geographical range of sycamore {Acer pseudoplatanus L.) Scientific
Report, 2023

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:
opracowanie koncepcji oraz metodyki badan, analiza danych siedliskowych oraz wspdtudziat v
przygotowaniu manuskryptu. Mdj udziat w przygotowaniu pracy wynosi: 40% %LM
Mtynarczyk A.*, Konatowska M., Kowalewski W., Krélewicz S., Tonello K.C., Toppa R.H.,
Martines M.R., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats by
using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland (Brazil),
iForest

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:

opracowaniu koncepcji i metodyki badan oraz wspdtudziat w~przygotowaniu manuskryptu, MOj
udziat w przygotowaniu pracy wynosi: 15 % %WL/OX

Mitynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2021. Zgtoszenie
Patentowe nr. P.439801. Sposéb wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych. Urzad Patentowy Rzeczypospolitej Polskiej.

Oswiadczam, ze mdj wkiad w przygotowanie powyiszego zgtoszenia patentowego byt
nastepujacy: opracowaniu koncepcji oraz metodyki i wspdfGrziat w przygotowaniu zgtoszenia, Mj
udziat w przygotowaniu pracy wynosi: 10% LZLQ:'

Miynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2023. Wdrozenie
wynalazku nr. P.439801. Sposéb wyznaczania stopni uwilgotnienia lasu na podstawie zdjec
satelitarnych w Operat Siedliskowy Nadlesnictwo Karnieszewice. Rozdziat 7.3.1.1. Specyfika
siedliskowa lesnictwa Iwiecino, kompleks lesny Iwiecino. Autor rozdziatu: Rutkowski P.

Oswiadczam, ze mdj wktad w przygotowanie powyzszego rozdziatu byt nastepujgcy: analiza

wynikow w oparciu o wypracowang metodyke. Mdj udziat w przygotowaniu pracy:\%osi: 10%,
/ 4Mﬂ(
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dr hab. inz. Jan Piekarczyk, Prof. UAM Poznan, 13.09.2023 r.
Zaktad Teledetekcji Srodowiska i Gleboznawstwa '

Wydziat Nauk Geograficznych i Geologicznych

Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie wspdtautorow

Mtynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W. 2022.
Spectral Indices as a Tool to Assess the Moisture Status of Forest Habitats. Remote Sens. 2022,
14, 4267

Oswiadczam, ze moj wktad w przygotowanie powyiszego artykutu naukowego byt nastepujgcy:
opracowaniu koncepcji oraz metodyki badan, wspotudziat w przygotowaniu m}n_gjskryptu oraz

walidacja wynikéw. M&j udziat w przygotowaniu pracy wynosi: 5 % \/ U 4
i ("L,‘/é &W‘—‘ /7
Mtynarczyk A.*, Konatowska M., Kowalewski W., Krélewicz S., Tonello K.C., Toppa R.H.,
Martines M.R., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats by
using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland (Brazil),

iForest

Oswiadczam, ze mdj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:,
wspotudziat w przygotowaniu manuskryptu. Moj udziat w przygotowaniu pracy wynosi: 5% v/ p
/o iecelitprtey)

&/ —/7

Mtynarczyk A*., Konatowska M., Krolewicz S., Rutkowski P., Piekarczyk J., 2021. Zgtoszenie
Patentowe nr. P.439801. Sposdb wyznaczania stopni uwilgotnienia lasu na podstawie zdjec
satelitarnych. Urzad Patentowy Rzeczypospolitej Polskiej.

Oswiadczam, ze mdéj wkiad w przygotowanie powyiszego zgtoszenia patentowego byt
nastepujgcy: opracowaniu koncepcji oraz metodyki i wspdtudziat w przygotowaniu zgtoszenia. Moj
udziat w przygotowaniu pracy wynosi: 10 % Y
R A

Mtynarczyk A.*, Konatowska M., Krdlewicz S., Rutkowski P., Piekarczyk J., 2023. Wdrozenie
wynalazku nr. P.439801. Sposdb wyznaczania stopni uwilgotnienia lasu na podstawie zdjec
satelitarnych w Operat Siedliskowy Nadlesnictwo Karnieszewice. Rozdziat 7.3.1.1. Specyfika
siedliskowa lesnictwa lwiecino, kompleks lesny Iwiecino. Autor rozdziatu: Rutkowski P.

Oswiadczam, ze mdj wkiad w przygotowanie powyzszego rozdziatu byt nastepujacy: analiza
wynikow w oparciu o wypracowang metodyke. Méj udziat w przygotowaniu pracy wynosi: 5%
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dr Wojciech Kowalewski Poznan, 13.09.2023 r.
Zaktad Sztucznej Inteligencji

" Wydziat Matematyki i Informatyki
Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie wspdtautordw

Mtynarczyk A.*, Konatowska M., Krolewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W. 2022.
Spectral Indices as a Tool to Assess the Moisture Status of Forest Habitats. Remote Sens. 2022,
14, 4267

Odwiadczam, ze mdj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:
przeprowadzenie analiz statystycznych, wspdtudziat w przygotowaniu manuskryptu. Méj udziat w
przygotowaniu pracy wynosi: 5% Mf"(/

Konatowska M.*., Milynarczyk A., Rutkowski P., Kowalewski W. 2023. NDVI as a potential tool
for forecasting changes in geographical range of sycamore (Acer pseudoplatanus L.) Scientific
" Report, 2023

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:
opracowanie modelu statystycznego oraz wspotudziat w przygotowaniu manuskryptu. Moj
udziat w przygotowaniu pracy wynosi: 10 %

Mitynarczyk A.*, Konatowska M., Kowalewski W., Krdlewicz S., Tonello K.C., Toppa R.H..,
Martines MR., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats by
using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland (Brazil),
iForest

Oswiadczam, ze moj wktad w przygotowanie powyzszego artykutu naukowego byt nastepujgcy:
walidacja wynikow oraz wspétudziat w przygotowaniu manuskryptu. Moj udziat w przygotowaniu
pracy wynosi: 5 %
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dr hab. Stawomir Krdlewicz Poznan, 13.09.2023r.
Zaktad Teledetekcji Srodowiska i Gleboznawstwa

Wydziat Nauk Geograficznych i Geologicznych

Uniwersytet im. Adama Mickiewicza w Poznaniu

Oswiadczenie wspétautoréw

Miynarczyk A. *, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., Kowalewski, W. 2022.
Spectral Indices as a Tool to Assess the Moisture Status of Forest Habitats. 2022. Remote Sens.
2022, 14,4267

Oswiadczam, ze moj wkiad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:
przeprowadzenie analiz metodycznych, wspétudziat w przygotowaniu manuskryptu.

MOdj udziat w przygotowaniu pracy wynosi: 10% o j ‘
;/)C(}JO\/"" v X

Miynarczyk A.*, Konatowska M., Kowalewski W., Krélewicz S., Tonello K.C., Toppa R.H..,
Martines MR., Piekarczyk J., Rutkowski P. 2023. Modeling the moisture status of habitats by
using NDVI on the example of the Cerrado and Atlantic Forest Biomes borderland (Brazil),
iForest

Oswiadczam, ze mdj wkiad w przygotowanie powyzszego artykutu naukowego byt nastepujacy:
analiza danych oraz wspétudziat w przygotowaniu manuskryptu. Mdj udziat w przygotowaniu pracy

wynosi: 5% . — , 6
57&@@»«/‘/ ( Qg2

Miynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2021. Zgtoszenie
Patentowe nr. P.439801. Sposéb wyznaczania stopni uwilgotnienia lasu na podstawie zdjeé
satelitarnych. Urzad Patentowy Rzeczypospolitej Polskiej.

Oswiadczam, ze mdj wkiad w przygotowanie powyiszego zgtoszenia patentowego byt
nastepujgcy: opracowaniu koncepcji oraz metodyki i wspétudziat w przgotowaniu zgtoszenia.

Moj udziat w przygotowaniu pracy wynosi: 10 % %: v 0% /z
oo ¢

Mtynarczyk A.*, Konatowska M., Krélewicz S., Rutkowski P., Piekarczyk J., 2023. Wdrozenie
wynalazku nr. P.439801. Sposéb wyznaczania stopni uwilgotnienia lasu na podstawie zdje¢
satelitarnych w Operat Siedliskowy Nadlesnictwo Karnieszewice. Rozdziat 7.3.1.1. Specyfika
siedliskowa lesnictwa lwiecino, kompleks lesny lwiecino. Autor rozdziatu: Rutkowski P.

Oswiadczam, ze mdj wkiad w przygotowanie powyzszego rozdziatu byt nastepujgcy: analiza
wynikéw w oparciu o wypracowang metodyke. Mdj udziat w przygotowaniu pracy wynosi: 5%
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