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STRESZCZENIE

Inwazje gatunkow obcych uznawane sg za jedno z najpowazniejszych zagrozen dla
réznorodno$ci biologicznej na $wiecie. Mimo, ze problem ten dotyka obecnie blisko jednej
pigtej powierzchni Ziemi, a zasieg wystgpowania i liczba nowych introdukcji obcych
gatunkow wcigz ro$nie, mechanizmy biologiczne determinujgce inwazje nie sg w pelni
poznane. Szczegolnie istotnym zagadnieniem, ktérego nie udato si¢ do tej pory wyjasnié, jest
wplyw struktury krajobrazu na wystepowanie obcych inwazyjnych gatunkéw roslin.
Niewystarczajgca jest rowniez wiedza na temat relatywnej roli, jaka w procesach inwazji tych
gatunkow odgrywa szereg innych czynnikow, takich jak np. wplyw dziatalno$ci cztowieka,
uwarunkowania klimatyczne i glebowe czy interakcje biotyczne miedzy obcymi gatunkami.
W konsekwencji, opracowanie skutecznych metod ograniczania negatywnych skutkoéw
rozprzestrzeniania si¢ inwazyjnych obcych gatunkoéw roslin i zapobieganie nowym inwazjom
jest w znacznym stopniu utrudnione.

Celem badan bylo okre$lenie zaleznosci migdzy wybranymi czynnikami
srodowiskowymi i antropogenicznymi a wystepowaniem inwazyjnych gatunkéw roslin
w Polsce. Jako gatunki modelowe wykorzystano poélnocnoamerykanskie nawtocie:
kanadyjska (Solidago canadensis) i p6zng (S. gigantea), ktore sg szeroko rozpowszechnione
w Krajobrazie rolniczym Europy i istotnie oddziatujg na lokalng bior6znorodnos¢. W zwigzku
z tym, ze jednym z kluczowych korytarzy ich rozprzestrzeniania si¢ sa drogi, w celu
przeprowadzenia ich inwentaryzacji w duzej skali przestrzennej zastosowano nowatorska
metode wykorzystujaca panoramiczne zdjecia poboczy drog dostepne w ustudze Google
Street View. Poniewaz metoda ta nie zostala dotychczas empirycznie zweryfikowana,
w pierwszym etapie prac dokonano jej walidacji na podstawie obserwacji terenowych,
zaktadajac, ze zdjecia Google Street View beda wiarygodnym i uzytecznym zrddiem
informacji o rzeczywistym wystepowaniu badanych gatunkéw. Nastgpnie, wykorzystujac te
metode, przeprowadzono inwentaryzacj¢ inwazyjnych nawloci wzdhuz 1347 losowo
wybranych transektow w Polsce i zbadano zalezno$¢ pomigdzy liczebno$cig badanych
gatunkOw a heterogenicznos$cia krajobrazu charakteryzowang przy pomocy dwoch miar:
konfiguracji 1 kompozycji. Spodziewano si¢, ze te dwa komponenty mogg w rdézny sposob
wplywa¢ na inwazje nawloci oraz ze relacje te moga by¢ dodatkowo zalezne od
rozpatrywanej skali przestrzennej. W celu weryfikacji tych hipotez parametry opisujace
strukture krajobrazu okreslono w réznych skalach przestrzennych (w buforach o promieniu od
0,25 km do 5 km od badanych lokalizacji). Przewidywano ponadto, Zze wzorce rozmieszczenia
inwazyjnych gatunkéw moga by¢ rownoczesénie ksztattowane przez szereg innych czynnikow
srodowiskowych i antropogenicznych, ktoérych znaczenie réwniez zmienia si¢ wraz ze skalg
przestrzenng. Wykorzystujac dostgpne dane geoprzestrzenne 1 algorytmy uczenia
maszynowego, przeanalizowano wigc relatywna role blisko 50 czynnikow charakteryzujacych
badane lokalizacje w przewidywaniu obecno$ci inwazyjnych nawloci w roéznych skalach
przestrzennych.

Weryfikacja metody wykorzystujacej zdjecia Google Street View do badania
obecnosci inwazyjnych nawtoci na poboczach drég potwierdzita jej wysoka skutecznose,
umozliwiajgc tym samym jej zastosowanie w zasadniczej czgsci badan. Wykazano, ze stopien
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heterogeniczno$ci krajobrazu, zaréwno pod wzgledem konfiguracji, jak i kompozycji,
wpltywa pozytywnie na wskaznik liczebnosci inwazyjnych nawloci, jednak wielkos$¢ tego
efektu uzalezniona jest od skali przestrzennej: heterogeniczno$¢ kompozycyjna ma
najwicksze znaczenie dla wystgpowania badanych gatunkéw w duzej skali, natomiast
odwrotng zalezno$¢ zaobserwowano w przypadku heterogenicznos$ci konfiguracyjne;j.
Stwierdzono rowniez, ze lokalne wzorce rozmieszczenia inwazyjnych nawloci
determinowane sa przez szereg czynnikow, sposrod ktorych najwazniejsze sg parametry
charakteryzujace wpltyw dziatalnosci cztowieka, uwarunkowania klimatyczne i glebowe oraz
struktura krajobrazu. Podobnie jak w przypadku miar heterogenicznos$ci krajobrazu,
wykazano, ze rola innych charakterystyk w przewidywaniu wystepowania inwazyjnych
nawtoci zmienia si¢ wraz ze skalg przestrzenna.

Przeprowadzone badania demonstruja, w jaki sposob dostgpne zasoby danych
przestrzennych mozna wykorzysta¢ do poszerzenia wiedzy na temat wielkoskalowych
zjawisk ekologicznych, takich jak inwazje biologiczne. Walidacja metody umozliwiajacej
$ledzenie rozmieszczenia inwazyjnych gatunkow roslin na podstawie analizy zdje¢ Google
Street View pozwala na jej pdZniejsze zastosowanie w innych badaniach roslinnosci poboczy
drog. Uzyskane wyniki przyblizaja zrozumienie mechanizméw inwazji biologicznych
zachodzacych w krajobrazie rolniczym oraz roli, jaka w tym procesie odgrywa struktura
krajobrazu. Pozytywna relacja migdzy miarami heterogenicznosci krajobrazu a wskaznikiem
liczebnos$ci inwazyjnych nawloci ma istotne praktyczne implikacje. Wynik ten sugeruje, ze
realizacja strategii ochrony réznorodno$ci biologicznej ukierunkowanych na wspomaganie
wysokiej heterogenicznosci krajobrazu rolniczego, ktéra obecnie jest wdrazana m.in. w Unii
Europejskiej, moze rownocze$nie wspiera¢ wnikanie obcych inwazyjnych roslin. W zwigzku
z tym, kontrola populacji tych gatunkéw wydaje si¢ szczegodlnie wazna w krajobrazach
0 najbardziej zréznicowanej strukturze. Uzyskane wyniki pokazuja tez, jak wazny w badaniu
procesoOw inwazji jest kontekst przestrzenny. Poniewaz, jak wykazano, rézne czynniki
potencjalnie wptywajace na inwazje obcych gatunkow ro$lin dziatajg w réznych skalach
przestrzennych, wykrycie 1 wlasciwa interpretacja relacji migdzy badanymi zmiennymi
a wystgpowaniem inwazyjnych gatunkéw wymaga uwzglednienia odpowiedniej skali.
Przeprowadzone badania pokazuja rowniez, ze procesy inwazji biologicznych sa w znacznym
stopniu ztozone, a na sukces gatunkow inwazyjnych moze wptywac réwnoczesnie wiele
czynnikow. Zrozumienie mechanizmoéw inwazji i ustalenie priorytetéw w zarzadzaniu obcymi
gatunkami wymaga zatem kompleksowego podejscia, uwzglgdniajacego wiele czynnikow
i skal przestrzennych.



SUMMARY

Invasions of alien species are considered one of the most serious threats to global biodiversity.
Despite this problem currently affects nearly one fifth of the Earth’s surface, and the range
and number of new alien species introductions continue to grow, the biological mechanisms
determining invasions are not fully understood. A particularly important issue that has not yet
been clarified is the effect of landscape structure on the occurrence of invasive alien plant
species. Also, there is insufficient knowledge regarding the relative role played by a number
of other factors in the invasion processes of these species, such as human impacts, climatic
conditions, soil properties, or biotic interactions between alien species. As a result, the
development of effective methods to reduce the negative effects of the spread of invasive
alien plant species and prevent new invasions is considerably difficult.

The aim of the study was to determine the relationships between selected
environmental and anthropogenic factors and the occurrence of invasive plant species in
Poland. As model species, two North American goldenrods were used: the Canadian
goldenrod (Solidago canadensis) and the giant goldenrod (S. gigantea). These plants are
widespread in European agricultural landscapes and significantly affect local biodiversity.
Given roads are one of the key corridors for their spread, a novel method using panoramic
images of roadsides available in Google Street View was applied to perform a large-scale
inventory of the studied species. Since this method has not been empirically verified so far, in
the first part of the study it was validated by field observations, assuming that Google Street
View images would be a reliable and useful source of information on the actual occurrence of
the studied species. Next, using this method, an inventory of invasive goldenrods was
conducted along 1347 randomly selected transects in Poland and the relationship between the
abundance of studied species and landscape heterogeneity characterized by two measures:
configuration and composition was examined. It was expected that these two components may
have different effects on goldenrod invasions, and that these relationships may be further
dependent on the spatial scale considered. To verify these hypotheses, parameters describing
landscape structure were determined at different spatial scales (i.e., buffers with a radius
ranging from 0.25 km to 5 km of the study locations). Moreover, it was predicted that
distribution patterns of invasive species may be simultaneously shaped by a number of other
environmental and anthropogenic factors, which also change in importance with spatial scale.
Therefore, using available geospatial data and machine learning algorithms, the relative
importance of nearly 50 factors characterizing the study locations in predicting the occurrence
of invasive goldenrods at different spatial scales was analyzed.

The verification of the method using Google Street View images to study the
occurrence of invasive goldenrods at roadsides confirmed its high effectiveness, thus allowing
for its application in the main part of the study. The level of landscape heterogeneity, both in
terms of configuration and composition, was shown to have a positive effect on the abundance
index of invasive goldenrods, but the size of this effect depended on the spatial scale:
compositional heterogeneity was the most important for predicting the occurrence of the
studied species at large scales, whereas an opposite association was observed for



configurational heterogeneity. It was also found that local distribution patterns of invasive
goldenrods are determined by a number of factors, among which those describing human
impacts, climatic conditions, soil properties and landscape structure are the most important.
Similarly to measures of landscape heterogeneity, the role of many other characteristics in
predicting the occurrence of invasive goldenrods was shown to change with spatial scale.

The study demonstrates how the available geospatial data resources can be used to
advance our knowledge of large-scale ecological phenomena, such as biological invasions.
The validation of the method that enables tracking of invasive plant species distributions
based on the analysis of Google Street View images allows for its subsequent use in other
roadside vegetation studies. The obtained results provide a better understanding of the
mechanisms of biological invasions occurring in agricultural landscapes and the role that
landscape structure plays in this process. The positive association between measures of
landscape heterogeneity and abundance index of invasive goldenrods has important practical
implications. This result suggests that the implementation of biodiversity conservation
strategies aimed at supporting high levels of heterogeneity in agricultural landscapes, which is
currently being applied e.g. in the European Union, may simultaneously support the spread of
invasive alien plants. Consequently, controlling populations of these species seems especially
important in the most diverse landscapes. The research also demonstrates the importance of
spatial context in studying invasion processes. Since different factors potentially affecting
invasions of alien plant species were shown to operate at different spatial scales, detecting and
properly interpreting the associations between studied variables and distribution of invasive
species requires consideration of an appropriate scale. Moreover, the study shows that the
processes of biological invasions are highly complex, and multiple factors can simultaneously
influence the success of invasive species. Therefore, understanding the mechanisms of
biological invasions and setting priorities for alien species management requires
a comprehensive approach that incorporates multiple factors and spatial scales.



WSTEP

Inwazje biologiczne jako rosnace zagrozenie dla przyrody i ludzi

Wielkie przemiany cywilizacyjne majace miejsce w ostatnich stuleciach przyniosty
intensywny rozwoj mie¢dzynarodowego handlu, transportu i turystyki. Pociagnety za sobg nie
tylko wzrost mobilnosci ludzi, ale umozliwily rowniez wielu gatunkom ro$lin 1 zwierzat
pokonywanie barier geograficznych i pojawianie si¢ poza naturalnym zasiegiem
wystepowania (Hulme, 2009). Cze$¢ z nich odnalazta w nowych lokalizacjach odpowiednie
warunki do rozwoju stabilnych populacji i stala si¢ inwazyjna (Blackburn i in., 2011),
stanowigc tym samym powazne zagrozenie dla roznorodnosci biologicznej w wielu miejscach
na $wiecie (Vitousek i in., 1997; IPBES, 2019; Blackburn i in., 2019). Obce gatunki
inwazyjne, dzieki specyficznym cechom, takim jak wysokie zdolnosci reprodukcyjne, szybki
wzrost czy znaczna plastycznos¢ wzgledem warunkow siedliskowych, moga skutecznie
konkurowac z rodzimymi gatunkami (Elton, 1958). Tym samym mogg silnie oddziatywac na
wiele komponentéw ekosystemow, ktore kolonizuja (np. wykorzystujac dostgpne zasoby,
zmieniajac warunki glebowe i wodne, modyfikujac obieg pierwiastkow; Richardson i in.,
2000). W konsekwencji, inwazje gatunkéw obcych moga prowadzi¢ do spadku bogactwa
gatunkowego rodzimych taksonéw (Hejda i in., 2009a), ekstynkcji gatunkow rzadkich oraz
homogenizacji zbiorowisk roslinnych w wielu skalach przestrzennych (Wilcove i in., 1998;
Schwartz i in., 2006).

Efekty tych niekorzystnych zmian s$rodowiska powodowanych przez gatunki obce
dotykaja takze ludzi. Inwazje obcych gatunkéw moga prowadzi¢ do utraty lub redukcji ustug
ekosystemowych (Kumar Rai i Singh, 2020), powodowac¢ spadek wydajnosci produkcji rolnej
(Paini i in., 2016), oddzialywa¢ negatywnie na istniejaca infrastrukture (Booy i in., 2017),
wreszcie stanowi¢ istotne zagrozenie dla zdrowia ludzi (Neill i Arim, 2011). Konsekwencja
rozprzestrzeniania si¢ gatunkow inwazyjnych sg zatem znaczne straty ekonomiczne, ktore na
$wiecie siggaja rocznie 26 mld dolaréw (Diagne i in., 2021). Obecnie, w wyniku wielu
celowych introdukcji i przypadkowych zawleczen, blisko jedna pigta powierzchni Ziemi
narazona jest na negatywne konsekwencje wynikajace z wnikania obcych gatunkow
inwazyjnych (IPBES, 2019). Przewiduje sig¢, ze zjawisko to bedzie si¢ stopniowo nasilato
wraz z postepujacymi zmianami klimatu i innymi antropogenicznymi przeksztatceniami
naturalnych ekosystemow spowodowanymi przez dziatalno$¢ rolnicza, urbanizacj¢ i rozwdj
sieci drog (Early i Sax, 2014).

Czynniki ksztaltujace procesy inwazji obcych gatunkoéw roslin

Tematyka inwazji biologicznych, a w szczegdlnosci inwazji obcych gatunkow roslin, skupita
uwage naukowcOw w ostatnich dziesiecioleciach, czego wynikiem byto stworzenie licznych
modeli teoretycznych i dokumentacja empiryczna tych proceséw w wielu miejscach na
swiecie (Pysek i in., 2020). Jednak zlozonos¢ zjawisk inwazji biologicznych sprawia, ze
mimo intensywnych badan, procesy te nie s3 w pelni poznane, przez co pozostaja jednym
Z najwigkszych wyzwan wspolczesnej ekologii. Czynniki wptywajace na sukces gatunkow
inwazyjnych zwigzane sa zarowno z wielkoskalowymi uwarunkowaniami geograficznymi,

10



takimi jak klimat, konfiguracja kontynentalnych mas ladowych czy tacznos$¢ ekologiczna
miedzy poszczegdlnymi obszarami, jak rowniez lokalnymi i efemerycznymi cechami
i zjawiskami, takimi jak interakcje biotyczne czy krotkotrwate i malopowierzchniowe
zaburzenia Srodowiska.

Posrod wielu czynnikow mogacych oddziatywa¢ na wystgpowanie inwazyjnych
obcych gatunkoéw roslin, rola struktury krajobrazu wydaje si¢ by¢ szczegdlnie istotna (Vila
i Ibaniez, 2011; Gonzalez-Moreno i in., 2013). Moze ona wplywaé na szereg parametrow
waznych z perspektywy ekologii inwazji, takich jak: dost¢pnos¢ i stopien izolacji siedlisk
preferowanych przez gatunki obce czy obecnos¢ potencjalnych drog dyspersji. Niestety, rola
struktury krajobrazu w przebiegu procesow inwazji jest réwnoczesnie zagadnieniem
szczegolnie stabo zbadanym (With, 2002), zatem eksploracja relacji mi¢dzy krajobrazem
a obecnoscig inwazyjnych gatunkéw roslin ma duzy potencjat do istotnego poszerzenia
dotychczasowej wiedzy z zakresu ekologii inwazji.

Struktura krajobrazu najczeSciej opisywana jest przy pomocy miar jego
zroznicowania, czyli heterogenicznosci. Ta cecha krajobrazu jest coraz powszechniej
wskazywana jako czynnik szczegdlnie wazny dla rozmieszczenia i liczebnos$ci wystgpujacych
w nim organizméw (np. Salek i in., 2021). Ma ona zatem istotny wplyw na ksztattowanie
wzorcow przestrzennych réznorodnosci biologicznej (Fahrig i in., 2011; Sirami i in., 2019;
Martin i in.,, 2020). Dotychczasowe badania dotyczace zaleznosci pomigdzy
heterogenicznos$cig krajobrazu, a jego podatnoscia na inwazje prowadzg jednak do
niejednoznacznych wnioskéw wskazujac, ze charakter tych relacji moze by¢ pozytywny badz
negatywny (Williamson i Harrison, 2002; With, 2002; Hastings i in., 2004; Davies i in., 2005;
Melbourne i in., 2007). Cze$¢ badan sugeruje, ze réznorodny krajobraz moze hamowac
inwazje z uwagi na wysokie bogactwo rodzimych gatunkow, ktore konkuruja z gatunkami
obcymi o dostgpne zasoby (Melbourne i in., 2007), a rozdrobniona struktura siedlisk
uniemozliwia im rozprzestrzenianie si¢ (Alofs i Fowler, 2010). Niektore prace dowodzg
jednak, ze wysoki stopien heterogeniczno$ci krajobrazu moze wspomagaé inwazje obcych
gatunkow roslin, m.in. w zwigzku z wieksza sumaryczng iloscig dostepnych zasobow, a zatem
wiekszg dostepnoscia nisz ekologicznych dla gatunkow inwazyjnych oraz wigkszym udzialem
siedlisk brzegowych (ekotondéw) ulatwiajacych im efektywna dyspersje (McDonald i Urban,
2006). Waznym aspektem w poszukiwaniu przyczyn tych sprzecznych przewidywan
i wynikow jest fakt, ze heterogenicznos¢ krajobrazu moze by¢ mierzona W rézny sposob.
Pojecie heterogenicznos$ci krajobrazu moze si¢ odnosi¢ do jego konfiguracji lub kompozycji,
a te dwie cechy, przynajmniej teoretycznie, moga by¢ catkowicie niezalezne.
Heterogeniczno$¢ konfiguracyjna opisuje przestrzenny uktad (stopien rozdrobnienia) réoznych
typOw pokrycia terenu, natomiast ich udziat charakteryzuje heterogeniczno$¢ kompozycyjna
(Ryc. 1; Fahrig i in., 2011). Te dwa komponenty heterogeniczno$ci krajobrazu mogg byc¢
potencjalnie w rézny sposob zwigzane z wystgpowaniem inwazyjnych obcych gatunkow
ro$lin, jednak brakuje obecnie empirycznej oceny ich relatywnego znaczenia w procesach
Inwazjl.
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A..

Heterogenicznos¢ konﬁguracyjna’
Ryc. 1. Dwa komponenty heterogenicznos$ci
krajobrazu: konfiguracja (A; przestrzenny
uktad/rozdrobnienie roéznych typoéw pokrycia

B
. E terenu) i kompozycja (B; udziat r6znych typow

Heterogenicznosé kompozycyjna' pokrycia terenu).

Poza strukturg krajobrazu, sukces obcych gatunkow roslin w nowym siedlisku moze
by¢ determinowany przez szereg innych czynnikow. Najwazniejszym posrod nich jest
bezposredni wptyw dziatalno$ci czlowieka, ktéra moze ksztattowaé wzorce wystepowania
obcych gatunkoéw na wszystkich etapach procesu inwazji. W poczatkowej fazie, dziatalnos¢
cztowieka przyczynia si¢ do transportu gatunkéw poza ich rodzime zasiggi, prowadzac do
celowych lub przypadkowych introdukcji (Hulme, 2009; Lenda i in., 2014). W kolejnych
etapach, obecnos¢ antropogenicznych zaburzen w naturalnych ekosystemach wspomaga
rozwoj 1 rozprzestrzenianie si¢ obcych gatunkéw roslin, ktore czgsto wykazujg preferencje do
tego typu siedlisk (Hejda i in., 2009b). Coraz silniej oddziatujacym czynnikiem wptywajacym
na sukces obcych gatunkow jest rowniez klimat (Diez i in., 2012). Introdukowane przez
cztowieka gatunki roslin moga sta¢ si¢ inwazyjne wraz ze zmiang klimatu w Kierunku
bardziej korzystnych uwarunkowan termicznych lub wilgotnosciowych (Bellard i in., 2018).
Zarowno zmiany klimatyczne, jak 1 zmiany sposobu uzytkowania gruntow zwigzane
z dziatalno$cig cztowieka, prowadza do modyfikacji dostepnych zasoboéw siedliskowych,
takich jak np. wlasciwosci glebowe, ktore moga wptywaé na inwazje obcych gatunkow roslin
(Schroeder i in., 2021). Wazng rolg w tych procesach moga tez odgrywaé interakcje
biotyczne. Na przyklad negatywne oddzialtywanie inwazyjnych gatunkow roslin poprzez
konkurencj¢ o zasoby lub allelopatic moze lokalnie redukowaé bogactwo gatunkéw
rodzimych (Lenda i in., 2019), lecz inwazyjne gatunki moga tez konkurowac o zasoby miedzy
sobg (Gioria i Osborne, 2014). Z drugiej strony, uznaje si¢, ze gatunki inwazyjne kolonizujac
nowe ekosystemy zmieniajg je w sposOb ulatwiajacy osiedlanie si¢ kolejnych gatunkow
obcych, co moze sprzyjac kolejnym inwazjom i potggowac ich negatywny wptyw (Simberloff
i Von Holle, 1999). Relatywne znaczenie tych wszystkich czynnikow dla wystepowania
inwazyjnych obcych gatunkow roslin jest jednak stabo poznane.

Dobrym poligonem do prowadzenia badan dotyczacych znaczenia roznych czynnikéw
dla rozmieszczenia gatunkéw inwazyjnych sg obszary uzytkowane rolniczo. W zwigzku
Z tym, ze sg to srodowiska w mniejszym lub wigkszym stopniu zmienione przez dziatalno$¢
czlowieka, sa one szczegolnie podatne na wnikanie obcych gatunkow (Chytry i in., 2009). Ich
niekontrolowane rozprzestrzenianie si¢ w krajobrazie rolniczym moze powodowac¢ wymierne
szkody ekonomiczne oraz zanik rodzimej ro6znorodnosci biologicznej odpowiedzialnej za
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ustugi ekosystemowe, takie jak zapylanie czy kontrola tzw. ,,szkodniko6w” upraw (Rosin i in.,
2011). Wysoki stopien heterogenicznos$ci krajobrazu rolniczego uznaje si¢ za ceche kluczowa
dla ochrony réznorodnosci biologicznej, podczas gdy homogenizacja krajobrazu postrzegana
jest jako jedna z gtownych przyczyn jej utraty (np. Matson i in., 1997; Tscharntke i in., 2005).
Kluczowe pozostaje jednak pytanie: w jaki sposob wysoki stopien heterogenicznosci
krajobrazu rolniczego — cecha pozadana, bo sprzyjajaca bioréznorodnosci — wpltywa na
inwazje, stanowigce dla tej bior6znorodno$ci zagrozenie. Empiryczne badania dotyczace
inwazji obcych gatunkow roslin wydajg si¢ zatem szczegdlnie wazne na obszarach
zwigzanych z dziatalno$cig rolniczg.

Kontekst przestrzenny w badaniu proceséw inwazji obcych gatunkéw roslin

W rozwazaniach nad znaczeniem roznych czynnikéw $rodowiskowych i antropogenicznych
w przebiegu proceséw inwazji szczegdlnie istotne wydaje si¢ uwzglgdnienie kontekstu
przestrzennego. Moze mie¢ on kluczowe znacznie dla identyfikacji predyktorow inwazji
biologicznych, poniewaz r6zne czynniki wptywajace na prawdopodobienstwo inwazji dziataja
w roznych skalach przestrzennych (Czarniecka-Wiera i in., 2020). Mozna si¢ spodziewac, ze
w duzej skali przestrzennej wpltyw klimatu i dziatalnosci cztowieka bedzie najwigkszy (Shi
i in., 2010), gdyz cechy te determinujag wystepowanie gatunkéw inwazyjnych na poziomie
catych regionéw. Wraz ze zmniejszaniem skali cechy krajobrazu (np. udziat réznych typow
pokrycia terenu, gestos¢ sieci drogowej, dystans do ciekéw wodnych) moga nabra¢ wiekszego
znaczenia ze wzgledu na ich potencjalny wptyw na tempo i mozliwo$¢ kolonizacji danego
obszaru przez gatunki inwazyjne z populacji zrodlowych. Natomiast wptyw czynnikoéw
lokalnych, takich jak interakcje biotyczne, jest prawdopodobnie najbardziej widoczny
w matej skali przestrzennej (Catford i in., 2009; Milbau i in., 2009). Stad, w zaleznosci od
rozpatrywanej skali, znaczenie roznych czynnikéw sprzyjajacych inwazjom obcych gatunkéw
roslin, moze by¢ rozne (Ricklefs i Jenkins, 2011). Uwzglednienie wymiaru przestrzennego
w badaniu procesow inwazji moze by¢ zatem niezwykle wazne. Dotychczas wigkszos¢ badan
empirycznych dotyczacych czynnikow determinujacych inwazje koncentrowata si¢ jednak na
jednej skali przestrzennej (ale patrz: Czarniecka-Wiera i in., 2020; Dyderski i Jagodzinski,
2016).

Trudnosci w badaniu przestrzennych wzorcéw inwazji obcych gatunkéow

Rosnace zagrozenie ze strony inwazyjnych gatunkdéw obcych niesie za soba pilng potrzebe
opracowania metod ograniczania negatywnych skutkéw tego zjawiska i zapobiegania nowym
inwazjom w przysztosci. W tym celu niezbgdne jest zrozumienie biologicznych
mechanizmow inwazji, w tym przede wszystkim identyfikacja czynnikow Srodowiskowych
i antropogenicznych ksztattujacych procesy inwazji gatunkéw obcych w réznych skalach
przestrzennych. Wtasciwe zrozumienie proceséw inwazji biologicznych oraz skuteczne
zarzadzanie inwazyjnymi gatunkami obcymi moze by¢ jednak utrudnione przez
niewystarczajaca dostepnos¢ odpowiednich danych dotyczacych aktualnego rozmieszczenia,
liczebnosci oraz dynamiki inwazji poszczegdlnych gatunkéw (Bradley i in., 2018).
Szczegbdtowe informacje przestrzenne dotyczace wystepowania gatunkéw inwazyjnych sa
zwykle ograniczone do matych obszaré6w z uwagi na wysokie koszty ich pozyskania
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i czasochtonno$¢ badan terenowych, a te, ktore sg pozyskiwane w wyniku inwentaryzacji lub
monitoringu przyrodniczego, szybko si¢ dezaktualizujg. W regionach mniej intensywnie
eksplorowanych przez specjalistow, obecno$¢ i ekspansja gatunkdéw inwazyjnych moze
W ogole zosta¢ niezauwazona. W efekcie tego ograniczonego stanu wiedzy na temat inwazji
obcych gatunkéw, budowanie wiarygodnych modeli statystycznych identyfikujacych czynniki
srodowiskowe i antropogeniczne warunkujace inwazje jest utrudnione.

Majacy jednak miejsce w ostatnich latach intensywny wzrost zastosowania technologii
cyfrowych w roéznych dziedzinach stwarza szans¢ na pozyskiwanie danych dotyczacych
gatunkéw inwazyjnych z nowych, czesto nickonwencjonalnych zrodet. Przyktadem moze by¢
ustuga Google Street View (GSV), ktéra jest dostgpna w popularnych aplikacjach
komputerowych Google Earth i Google Maps. Stanowi ona darmowe, otwarte zrodlo
milionow georeferowanych i wysokorozdzielczych panoramicznych zdje¢ cyfrowych pobocza
setek tysigcy kilometrow drog w Polsce i w wielu innych krajach na $wiecie. Jakos$¢ tych
zdje¢ pozwala na identyfikacje wielu gatunkow, szczegélnie roslin oraz ich siedlisk (np.
Hardion i in., 2016). Jest to zatem potencjalnie dobre zroédto danych ale dotychczas prawie
niestosowane w ekologii, a metoda ta zostata do tej pory wykorzystana jedynie w kilku
publikacjach naukowych dotyczacych biologii (np. Olea i Mateo-Tomas, 2013; Rousselet
i in., 2013; Collette i Pither, 2015).

Zdjecia poboczy drog dostepne w Google Street View wydajg si¢ zatem szczegolnie
obiecujagcym zrédlem informacji o wystepowaniu i szlakach dyspersji inwazyjnych obcych
gatunkow roslin, poniewaz to wilasnie drogi naleza do gtéwnych korytarzy umozliwiajacych
im rozprzestrzenianie si¢ (np. Pauchard i Alaback, 2004; Christen i Matlack, 2009).
Z obecnos$cig drog wigze si¢ wystepowanie zaburzen (wynikajacych z uzytkowania poboczy
i ruchu samochodowego) sprzyjajacych wnikaniu obcych gatunkow roslin. Drogi jako liniowe
obiekty przecinajg naturalne 1 przeksztatlcone ekosystemy, lacza izolowane ptaty siedlisk
i moga zwigksza¢ przenikalno$¢ krajobrazu dla roslin (Forman i in. 2003). Dodatkowo, ruch
samochodowy aktywnie transportuje ich nasiona (np. w bieznikach opon, lub poprzez
kierunkowy podmuch powietrza towarzyszacy poruszaniu si¢ samochodow). Mimo
potencjalnej uzytecznosci zdje¢ Google Street View do $ledzenia inwazji obcych gatunkow
roslin, dotychczas metoda ta nie zostata poddana formalnej walidacji w oparciu 0 empiryczne
dane terenowe. Mozliwo$¢ jej wykorzystania do badania inwazyjnych gatunkow roslin oraz
szerszego zastosowania w badaniach ekologicznych jest zatem ograniczona.
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CEL BADAN

Glownym celem badan bylo okreslenie wplywu réznych czynnikow $rodowiskowych
I antropogenicznych w wielu skalach przestrzennych na wystepowanie Wybranych
inwazyjnych obcych gatunkéw roslin w krajobrazie rolniczym Polski. Jako gatunki modelowe
wykorzystano  inwazyjne  poinocnoamerykanskie nawtocie  (Solidago  canadensis
i S. gigantea). Sg one szeroko rozpowszechnione na obszarach uzytkowanych rolniczo,
a jednym z istotnych korytarzy ich dyspersji, podobnie jak w przypadku wielu innych
gatunkéw obcych, sg drogi (np. Pauchard i Alaback, 2004, Christen i Matlack, 2009).
Rozmieszczenie badanych gatunkow w skali calego kraju oOkreslono przy pomocy
nowatorskiej metody wykorzystujacej panoramiczne zdjecia poboczy drog dostepne
w ustudze Google Street View. Badania prowadzono w oparciu o trzy cele szczegotowe,
ktorych realizacja zostata opisana w trzech pracach naukowych:

Cel 1: Walidacja metody wykorzystujacej panoramiczne zdjecia dostepne w ustudze Google
Street View do badania obecnos$ci inwazyjnych nawloci na poboczach drog (praca ).

Pierwszym celem byto opracowanie i weryfikacja skutecznosci metody inwentaryzacji
gatunkow inwazyjnych roslin przy pomocy panoramicznych zdje¢ dostepnych w usludze
Google Street View. W ramach jego realizacji porownano dane dotyczace wystgpowania
inwazyjnych nawloci zgromadzone przy pomocy analizy zdjgé pozyskanych z GSV
z obserwacjami terenowymi. Przewidywano, ze te dwa zestawy danych sg ze soba
pozytywnie skorelowane, dlatego postawiono hipoteze, ze metoda oparta na GSV prawidlowo
identyfikuje obecnos$¢ badanych gatunkéw na poboczach drog. Poniewaz spodziewano si¢, ze
wiarygodno$¢ tej metody moze zaleze¢ od skali, jej skutecznos¢ testowano w oparciu o dane
o roznej rozdzielczo$ci przestrzennej. Dodatkowo weryfikowano, jak na stopien
podobienstwa migdzy wynikami obu metod wptywaja parametry, takie jak, czas, jaki uptynat
miedzy badaniem terenowym a wykonaniem zdjecia, szeroko$¢ drogi, koszenie poboczy.
Wreszcie, wykorzystujgc oba zestawy danych, przeanalizowano zalezno$¢ miedzy obecnoscia
nawtoci a wybranymi cechami $rodowiska (obecnoscig nieuzytkow). Przewidywano, ze
wobu przypadkach asocjacje te beda pozytywne, a wielko$¢ efektu podobna, cO
potwierdzatoby uzytecznos¢ metody GSV nie tylko do okreslania obecnosci inwazyjnych
nawtoci, lecz réwniez do konstruowania statystycznych modeli ekologicznych ttumaczacych
te obecno$¢ w oparciu o cechy srodowiska.

Cel 2: OkreSlenie zaleznosci miedzy stopniem heterogeniczno$ci krajobrazu rolniczego
(charakteryzowanym przy pomocy wskaznikow kompozycii 1 konfiguraciji w réznych skalach
przestrzennych) a liczebno$cig inwazyjnych nawloci (praca I1).

Walidacja metody (cel 1) umozliwita realizacje kolejnego etapu badan, ktéry miat na celu
okreslenie zaleznosci pomigdzy dwoma komponentami heterogenicznosci krajobrazu
(konfiguracjg i kompozycja), a liczebnoscig inwazyjnych nawtoci w krajobrazie rolniczym
Polski. Testowano hipotezg zaktadajaca, ze liczebnos¢ nawtoci wzdtuz drog jest pozytywnie
zwigzana z poziomem heterogeniczno$ci konfiguracyjnej otaczajacego krajobrazu (tzn. jest
wigksza w krajobrazach bardziej pofragmentowanych, a tym samym bardziej zasobnych
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W potencjalne drogi dyspersji dla inwazyjnych gatunkéw roslin). Nie sformutowano natomiast
przewidywan w odniesieniu do efektu heterogenicznos$ci kompozycyjnej, poniewaz w oparciu
o dotychczasowa wiedze¢ trudno byto a priori zatozy¢, czy wigksza liczba typow uzytkowania
gruntéw zwigksza, czy zmniejsza dostgpnos¢ siedlisk preferowanych przez nawtocie.
Poniewaz heterogeniczno$¢ krajobrazu i zwigzane z nig wzorce przestrzenne w wystepowaniu
gatunkow 1 siedlisk sg silnie zalezne od skali, w ktorej sg badane (np. Wu i in., 2000),
sprawdzono, jak wraz ze skalg przestrzenng zmienia si¢ sita zwigzku pomig¢dzy
wystepowaniem badanych roslin a heterogeniczno$cia kompozycyjng i konfiguracyjng
krajobrazu.

Cel 3: Identyfikacja gléwnych czynnikoOw determinujacych obecno$¢ inwazyjnych nawloci
w Polsce w roznych skalach przestrzennych (praca I11).

Prace realizowane w ramach drugiego celu badawczego zostaty rozszerzone w ostatnim etapie
badan, ktory miat na celu okreslenie relatywnej roli czynnikow potencjalnie wptywajacych na
wystepowanie inwazyjnych nawtoci wzdtuz drog w Polsce. W zwigzku z tym, Ze procesy
inwazji s3 w znacznym stopniu ztozone, przewidywano, ze obecno$¢ badanych gatunkow
determinowana jest przez wiele zmiennych srodowiskowych i antropogenicznych, ktérych
Znaczenie moze si¢ zmienia¢ w zalezno$ci od rozpatrywanej skali przestrzennej. W tej czesci
badan testowano wigc, w jaki sposob na lokalne wzorce inwazji nawtoci wzdluz drog wptywa
blisko 50 réznych czynnikéw charakteryzujacych zaréwno badane lokalizacje (np. parametry
droég, obecno$¢ innych obcych gatunkéw ro$lin mogacych wchodzi¢ w interakcje
Z nawtociami), jak i ich otoczenie (np. struktura krajobrazu, uwarunkowania glebowe, klimat,
wskazniki socjoekonomiczne) oraz jak relatywne znaczenie tych czynnikéw zmienia si¢ wraz
ze skalg przestrzenna.
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METODY

Badania nad czynnikami wptywajacymi na wystepowanie inwazyjnych nawtoci prowadzone
byly w krajobrazie rolniczym Polski nizowej, wzdtuz 1347 losowo wybranych przydroznych
transektow (Ryc. 2) o dtugosci 500 m kazdy. Przy wyborze ich lokalizacji postuzono sie¢
otwartymi zasobami danych geoprzestrzennych (m.in. Numerycznym Modelem Terenu, baza
Corine Land Cover, danymi Open Street Map, zasobami Banku Danych Lokalnych Glownego
Urzegdu Statystycznego, panoramicznymi zdjgciami Google Street View). Ich wykorzystanie
umozliwito rozmieszczenie transektow wzdluz drég réznych klas (od autostrad po drogi
lokalne), przecinajacych roznorodne siedliska rolnicze. Badane lokalizacje polozone byly
w krajobrazach réznigcych si¢ znacznie pod wzgledem struktury i intensywnosci uzytkowania
gruntow. Byly to zaréwno duze, intensywnie uzytkowane pola, pastwiska i taki, jak
i heterogeniczne krajobrazy, stanowigce mozaike matych pdl z réznymi typami upraw,
ekstensywnie uzytkowanych pastwisk 1 innych pdinaturalnych siedlisk otwartych, sadow,
nieuzytkow oraz lasow. Wybrane transekty reprezentowaty gradient klimatyczny od klimatu
suboceanicznego w podinocno-zachodniej Polsce do kontynentalnego we wschodniej
I potudniowo-wschodniej czesci kraju (Kozuchowski, 2011). W wylosowanych lokalizacjach
przeprowadzono wirtualng inwentaryzacje inwazyjnych nawloci przy pomocy zdjeé
dostgpnych w usludze Google Street View, podczas ktorej dla kazdego transektu
podzielonego na odcinki okre$lano wystepowanie i wskaznik liczebnosci badanych gatunkéw
(Ryc. 2).

Do walidacji zastosowanej metody (praca I), sposrod 1347 transektow wylosowano
160 lokalizacji (Ryc. 2). Przeprowadzono w nich wirtualne kontrole na podstawie zdje¢ GSV
oraz wizyty terenowe, podczas ktorych rejestrowano obecnos¢ inwazyjnych nawtoci wzdtuz
500-metrowych transektow, odnotowujac wyniki osobno dla 25-metrowych odcinkow.
Ponadto, w trakcie wirtualnych kontroli transektow gromadzono informacje o parametrach,
ktore moga mie¢ wplyw na prawdopodobienstwo wykrycia badanych gatunkow (m.in. data
wykonania zdjecia GSV, szeroko$¢ drogi, koszenie poboczy). Aby okresli¢ skutecznos¢
metody wykorzystujacej GSV do inwentaryzacji inwazyjnych roslin wykonano trzy typy
analiz. Do przetestowania zaleznosci pomigdzy rezultatami wizualnej analizy zdje¢ GSV
i kontroli w terenie w skali odcinkow oraz transektow zastosowano uogélnione modele
liniowe. Poniewaz prawdopodobienstwo wykrycia badanych gatunkéw moze by¢ zalezne od
tego, czy pobocze drogi zostato wczesniej skoszone, analize wykonano rowniez dla podzbioru
odcinkéw 1 transektéw, na ktorych roslinno$¢ byta w petni wyksztalcona (nie byta koszona).
Doktadno$¢ tych predykcji okreslono przy pomocy walidacji krzyzowej ‘leave-one-out’.
Postuzono si¢ rowniez uogoélnionymi modelami addytywnymi, aby okresli¢, ktore czynniki
wplywaja na prawidtowa klasyfikacje transektu lub odcinka transektu jako zajetego (lub
niezajetego) przez nawtoé. Ponadto wykorzystano uogolnione mieszane modele liniowe, aby
poréwna¢ wptyw wybranych cech $rodowiska na obecno$¢ nawloci w zaleznosci od
zastosowanego zestawu danych o wystepowaniu badanych gatunkow (tj. danych terenowych
lub zdjg¢ GSV).
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Ryc. 2. Rozmieszczenie 1347 transektow, wzdhuz ktorych przeprowadzono inwentaryzacje
inwazyjnych nawloci przy pomocy zdje¢ Google Street View i1 160 transektow, wzdtuz
ktorych wykonano kontrole terenowe oraz wskaznik liczebnosci nawloci w badanych
lokalizacjach (proporcja odcinkow, na ktorych podczas zdalnej analizy zdje¢ stwierdzono
wystgpowanie nawloci).

W celu okreslenia zalezno$ci migdzy stopniem heterogenicznos$ci Kkrajobrazu
a liczebno$cig inwazyjnych nawloci (praca Il), sasiedztwo kazdego z 1347 transektow
zostalo scharakteryzowane przy pomocy miar heterogenicznosci konfiguracyjnej
i kompozycyjnej. Jako wskaznik heterogenicznosci  konfiguracyjnej wykorzystano
zageszezenie granic dziatek ewidencyjnych, natomiast heterogeniczno$¢ kompozycyjng
opisano na podstawie udziatu roznych typow uzytkowania terenu w sasiedztwie transektow
przy pomocy wskaznika réznorodnos$ci Simpsona. Oba komponenty heterogeniczno$ci
krajobrazu okres$lone zostaly w pigciu réznych skalach przestrzennych, tj. w promieniu: 250
m, 500 m, 1000 m, 2000 m i 5000 m od wyznaczonych transektow. Wptyw dwodch miar
heterogenicznosci na liczebno$¢ nawtoci w roznych skalach przestrzennych analizowano przy
pomocy uogolnionych modeli addytywnych.

18



Do identyfikacji gléwnych czynnikow wptywajacych na wystgpowanie nawloci
w Polsce (praca I11) wykorzystano dostepne zasoby danych przestrzennych (m.in. biblioteki
danych przestrzennych NASA, zobrazowania satelitarne Landsat 8, dane klimatyczne
WorldClim, bazg Corine Land Cover, dane Open Street Map, zasoby Banku Danych
Lokalnych Gtéwnego Urzegdu Statystycznego, wektorowe warstwy dostepne w Bazie Danych
Obiektow Ogolnogeograficznych GUGIK). Kazdy z 1347 transektow scharakteryzowano na
podstawie szeregu zmiennych §rodowiskowych i antropogenicznych przypisanych do siedmiu
kategorii. Niektore charakterystyki okreslane byly wytacznie lokalnie, tj. wzdtuz transektu
(parametry drog, parametry kontroli, liczebnos$¢ 1 réznorodnos¢ innych obcych gatunkéw
roslin), jednak wigkszo$¢ mierzono w sasiedztwie badanych lokalizacji w rdéznej skali
przestrzennej, tj. w promieniu: 250 m, 500 m, 1000 m, 2000 m i 5000 m od transektu (wptyw
dzialalnoéci  cztowieka, klimat, uwarunkowania glebowe, struktura krajobrazu).
Wykorzystujac zgromadzony zestaw danych zbudowano modele statystyczne oparte na
algorytmie laséw losowych, opisujace zalezno$¢ pomiedzy wystepowaniem nawloci a 47
czynnikami potencjalnie wptywajacymi na lokalne wzorce ich rozmieszczenia. Analizy te
wykonano dla réznych skal przestrzennych (od 0,25 km do 5 km od badanych transektéw)
ina podstawie otrzymanych wynikow okreSlono relatywne znaczenie kazdej
z wykorzystanych zmiennych objasniajacych dla przewidywania obecno$ci nawtoci wzdtuz
badanych drég. Skuteczno$¢ modeli w przewidywaniu wystepowania nawtoci oceniono przy
pomocy przestrzennej 10-krotnej walidacji krzyzowej. Aby sprawdzi¢, czy znaczenie
rozpatrywanych czynnikéw rozni si¢ pomiedzy skalami przestrzennymi i kategoriami
zmiennych, wykorzystano uog6lniony mieszany model addytywny. Dodatkowo, charakter
zaleznosci pomigdzy relatywnym znaczeniem kazdej z 47 rozpatrywanych zmiennych i skalg
przestrzenng okre§lono przy pomocy wspotczynnika korelacji Spearmana. Rozktad
uzyskanych wspotczynnikow korelacji poréwnano nastepnie z modelem zerowym
(wspolczynniki korelacji dla randomizowanych zmiennych).
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WYNIKI

W pierwszej pracy (1) zweryfikowano skuteczno$¢ metody wykorzystujacej panoramiczne
zdjecia GSV do inwentaryzacji roslinno$ci poboczy drog. Obserwacje inwazyjnych nawtoci
zgromadzone przy pomocy GSV i badan terenowych poréwnano ze sobg 1 stwierdzono istotng
pozytywng zalezno$¢ pomie¢dzy obecnos$cig nawloci okreSlong na podstawie wirtualnej
analizy zdje¢ GSV a rzeczywistym wystepowaniem badanych gatunkéw w terenie, zarbwno
w skali calych transektow, jak i1 ich odcinkow. Obserwowany efekt byl podobny dla
podzbioru danych uwzgledniajgcego jedynie transekty i odcinki, na ktorych ro§linnos¢ byta w
pelni wyksztatlcona (nieskoszona). Dokladnos¢ metody wykorzystujacej zdjecia GSV do
wykrywania obecnos$ci inwazyjnych nawloci wynosita (dla réznych zestawoéw danych)
72-85%. Ponadto wykazano, ze parametry, takie jak szeroko$¢ drogi, pora roku czy czas, jaki
uplynagl od wykonania zdjecia, nie wplywaja na korelacje pomiedzy rezultatami dwoch
poréwnywanych metod inwentaryzacji (tj. wizualnej analizy zdj¢¢ GSV 1 kontroli w terenie).
Stwierdzono rowniez, ze asocjacje migdzy obecno$cig nawloci a wybranymi cechami
srodowiska (obecno$ciag nieuzytkow) byly pozytywne, a wielko$¢ tego efektu podobna,
niezaleznie od tego, jakie zrodto danych o wystepowaniu inwazyjnych nawloci wykorzystano
w analizach. Uzyskane wyniki potwierdzily zatem przydatno$¢ metody wykorzystujacej
zdjecia GSV do $ledzenia rozprzestrzeniania si¢ inwazyjnych nawtoci wzdtuz drog.

Pozytywna weryfikacja skuteczno$ci metody inwentaryzacji gatunkow inwazyjnych
przy pomocy GSV umozliwila jej zastosowanie do realizacji zasadniczej czgéci badan.
W drugiej pracy (I1) przeanalizowano zaleznosci pomigdzy liczebno$cia inwazyjnych nawtoci
a stopniem heterogenicznosci krajobrazu rolniczego Polski. Stwierdzono, ze zaréwno stopien
heterogeniczno$ci kompozycyjnej jak i konfiguracyjnej jest pozytywnie zwigzany z lokalng
liczebnos$cig nawtoci, jednak wielkos¢ tego efektu zalezy od skali przestrzennej. Asocjacje
pomiedzy liczebno$cig nawtoci a heterogenicznoscig kompozycyjna byty najbardziej wyrazne
w najwickszej skali przestrzennej (tj. w buforze 5000 m od badanych lokalizacji), natomiast
odwrotny wzorzec zaobserwowano w przypadku heterogenicznosci konfiguracyjnej
(najsilniejszy zwigzek w promieniu 250 i 500 m od transektow).

Temat znaczenia roéznych czynnikow potencjalnie determinujacych wystepowanie
inwazyjnych nawloci kontynuowano w trzeciej pracy (l11). Analiza zaleznosci pomiedzy
wystepowaniem inwazyjnych nawtoci a 47 czynnikami §rodowiskowymi i antropogenicznymi
pokazata, ze wzorce rozmieszczenia badanych gatunkéw ksztaltowane sa przez szereg
zmiennych, z ktéorych najwigksze znaczenie ma wplyw dzialalnoSci cztowieka,
uwarunkowania klimatyczne, glebowe i struktura krajobrazu. Lokalne czynniki, takie jak
parametry drogi czy obecnos¢ innych obcych gatunkoéw ro$lin moggcych wchodzi¢
w interakcje biotyczne z nawlociami, maja natomiast mniejsze znaczenie. Relatywny udzial
réznych charakterystyk w przewidywaniu wystepowania inwazyjnych nawtoci zmieniat si¢
jednak wraz z rozpatrywang skalg przestrzenng. Znaczenie wigkszo$ci cech krajobrazu (np.
udziatu terenéw podmoktych, siedlisk potnaturalnych i lasow) rosto wraz ze skala, podczas
gdy wptyw takich czynnikow, jak np. gestos¢ zaludnienia, stopien intensyfikacji rolnictwa,
ilo$¢ promieniowania stonecznego byt coraz mniejszy.
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WNIOSKI

Przeprowadzone badania pokazaly, w jaki sposob rosngce zasoby otwartych
geoprzestrzennych danych srodowiskowych mogg by¢ wykorzystane do poglebienia wiedzy
na temat zjawisk ekologicznych. Uzyskane wyniki (praca 1) sugeruja, ze zdjecia Google
Street View, publicznie dostepne dla wielu drog na calym $wiecie, mogg stanowié¢ cenne,
dodatkowe Zrédto danych o rozmieszczeniu inwazyjnych obcych gatunkéw roslin. Poniewaz
metoda oparta na GSV pozwala na znaczng redukcje wysitku probkowania, umozliwia ona
Sledzenie procesow inwazji w duzych skalach przestrzennych przy relatywnie niskich
kosztach. Ponadto, w zwiazku z tym, ze biblioteka zdjg¢ GSV jest stale uzupelniana
i aktualizowana, narzedzie to moze by¢ uzyteczne w badaniu zmian rozmieszczenia gatunkow
ro$lin, wynikajagcych ze zmian klimatu i1 $rodowiska. Jego wykorzystanie moze takze
przyczynié si¢ do dalszego rozwoju bardziej efektywnych metod stosowanych w badaniach
ekologicznych (np. wykorzystujacych algorytmy uczenia maszynowego do identyfikacji
gatunkow roslin).

Zdalna analiza zdje¢ GSV umozliwita lepsze zrozumienie zjawiska inwazji obcych
gatunkow roslin wzdtuz drog oraz roli, jaka w tym procesie odgrywa struktura krajobrazu
rolniczego (praca Il). Stopien heterogenicznosci krajobrazu jest wyraznie skorelowany
z potencjatem inwazyjnym nawloci, przy czym gatunki te wystepuja generalnie czesciej
w bardziej heterogenicznych $rodowiskach. Co istotne, zalezno$¢ sity tego zwiazku od
rozpatrywanej skali przestrzennej oznacza, ze moze on zosta¢ przeoczony, jesli badania
skupiajg si¢ tylko na jednej skali przestrzennej. Uzyskane wyniki pokazuja, Ze wybdr miary
heterogenicznosci i skali przestrzennej badanego krajobrazu jest kluczowy dla wykrycia
I interpretacji powigzan miedzy wystepowaniem inwazyjnych obcych ro$lin, takich jak
nawlocie, a heterogeniczno$cig krajobrazu. Tym samym, ustalenia te powinny by¢ brane pod
uwage przy identyfikacji czynnikéw wplywajacych na rozprzestrzenianie si¢ inwazyjnych
roslin na obszarach uzytkowanych rolniczo. Za jedng z waznych metod ochrony
roznorodno$ci  biologicznej w tego typu s$rodowiskach uznaje si¢ wspomaganie lub
odtwarzanie heterogeniczno$ci krajobrazu (m.in. w ramach mechanizméw Wspdlnej Polityki
Rolnej Unii Europejskiej, takich jak program rolno-srodowiskowo-klimatyczny, obszary
Ecological Focus Areas). Rezultaty przeprowadzonych badan sugeruja jednak, ze wysoki
stopien heterogenicznos$ci krajobrazu moze sprzyja¢ wnikaniu obcych inwazyjnych roslin, co
stoi w sprzecznosci z pierwotnymi celami strategii ukierunkowanych na ochron¢ rodzimych
ekosystemow. W zwigzku z tym, wdrazanie regularnego uzytkowania i realizacja programéw
eliminacji inwazyjnych obcych gatunkéw roslin wydajg sie szczegdlnie wazne w najbardziej
heterogenicznych krajobrazach.

Kontekst przestrzenny ma réwniez istotne znaczenie w przypadku wielu innych
czynnikow potencjalnie wplywajacych na wzorce wystgpowania inwazyjnych obcych
gatunkow roslin (praca I11). Przeprowadzone badania pokazuja, ze zjawisko inwazji obcych
nawtoci wzdluz drog jest w znacznym stopniu ztozone — na jego przebieg wplywa
rownoczesnie wiele zmiennych srodowiskowych i antropogenicznych. Jednak, ich znaczenie
w przewidywaniu rozmieszczenia nawloci zmienia si¢ w zalezno$ci od rozpatrywanej skali
przestrzennej. Oznacza to, ze roézne czynniki wplywajgce na wystgpowanie badanych
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gatunkow dziatajg w roznych skalach przestrzennych. Podczas gdy wigkszo$¢ dziatan
majacych na celu zwalczanie inwazyjnych gatunkéw roslin realizowana jest w skali lokalnej,
uzyskane wyniki sugeruja, ze najbardziej znaczaca role w ksztaltowaniu wzorcow
rozmieszczenia nawloci odgrywaja wielkoskalowe czynniki. Z tego wzglgdu opracowanie
strategii o wigkszym zasiggu przestrzennym, np. na poziomie krajobrazu, moze by¢ wazne dla
skuteczniejszego zwalczania problematycznych gatunkow, takich jak nawloé. Wiasciwe
zrozumienie mechanizmow ksztattujacych przebieg procesow inwazji wymaga uwzglednienia
relatywnej roli wielu czynnikow, wspolnie ksztaltujagcych wzorce rozmieszczenia
inwazyjnych gatunkéw obcych w réznych skalach przestrzennych. Zastosowanie podejscia
opartego na wielu zmiennych i skalach przestrzennych moze by¢ kluczowe w wyznaczeniu
priorytetéw w zarzadzaniu populacjami inwazyjnych obcych ro§lin, a tym samym
opracowaniu bardziej efektywnych strategii majacych na celu ich zwalczanie oraz
zapobieganie nowym inwazjom.
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ARTICLE INFO ABSTRACT

Keywords: Invasive alien plants are considered a major driver of global biodiversity loss. Therefore, there is a huge demand
Agricultural abandonment of spatial and temporal data on their distribution for investigating possible drivers of species invasions and for
Farmland predictions of future distributions. We use Google Street View imagery (GSV) as a new source of spatial and
Goldenrods . . P . .

Invasive alien plants temporal data. GSV provides millions of panoramic views along road networks worldwide allowing for the
Monitoring P identification of many plant species, including invasive ones. Thus, GSV has a great potential to support

ecological research in documenting species distribution, but reliable validation of its precision and accuracy is
lacking. Here, we describe and evaluate an approach using GSV to visually track the spread of invasive alien
plants, the North American goldenrods (Solidago canadensis and S. gigantea) occurring abundantly along road
network in Poland (Central Europe). We determined presence/absence of the species along 160 randomly
selected transects of a length of 500 m by visual inspection of GSV images and compared it with field surveys at
the same transects. We show that the occurrence of goldenrods in GSV is a reliable predictor of their occurrence
in the wild. Sampling parameters, like road width, season when GSV pictures were taken and number of months
elapsed since taking the GSV pictures, did not change the correlation between outputs of the two methods (GSV
and field sampling). Furthermore, both the occurrence of goldenrods observed in the field and their occurrence in
GSV have similar relations to habitat characteristics investigated (the same direction of relationship and similar
effect size). We suggest Google Street View images may be an additional tool to be used in the detection and
tracking of the spread of invasive alien plants along roadsides. The approach may be useful in assessing temporal
changes in roadside vegetation and managing problematic plant species across large spatial scales and may
contribute to the further development of more efficient sampling methods in ecological studies.

Remote data collection
Road ecology
Roadside vegetation

1. Introduction and composition of native communities (Hejda et al., 2009), leading to

the extinction of vulnerable indigenous species and homogenization of

Global civilization changes taking place over the last centuries have
brought an intensive development of international trade, transport and
tourism (Mascie-Taylor and Krzyzanowska, 2017). These changes have
not only resulted in an increased human mobility, but also enabled
unintentional or intentional introductions of many plant species outside
their natural ranges (Lenda et al., 2014; Lockwood et al., 2005). Once
established, some of these alien plants have become invasive posing
serious ecological problems to the native fauna and flora (Vitousek et al.,
1997). Invasions of many species of alien plants have been identified as a
major and growing driver of global biodiversity loss. They may inflict
significant damages to native ecosystems through excessive use of re-
sources, disruption of ecological processes and habitat modification
(Richardson et al., 2000) thus, negatively affecting richness, diversity

plant communities (Schwartz et al., 2006; Wilcove et al., 1998). More-
over, some species of invasive alien plants also may have an adverse
impact on economy (e.g. by substantial production losses in agriculture
or forestry) and human health (e.g. by causing allergies, including
dermatitis, or accumulation and transferring toxins to human food; Neill
and Arim, 2011; Pysek and Richardson, 2010). It has been estimated that
annual economic damages caused by invasive alien species in European
Union are as high as 12 billion EUR and these costs are expected to rise
(Shine et al., 2010). Therefore, a considerable legislative effort is
currently being implemented to minimize the spread and negative
impact of invasive plants on economy and environment (e.g. EU Regu-
lation on Invasive Alien Species). Furthermore, numerous conservation
initiatives are being taken to tackle threats from invasive alien plants to
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biodiversity (e.g. projects co-funded by LIFE — the EU financial instru-
ment supporting nature conservation).

Given the growing problem of invasive alien plants, there is an
increasing demand of spatial data on invasive species for the purpose of
monitoring and identifying drivers of species invasions. Such detailed
spatial information are usually constrained to small scale inventories
due to laborious and time-consuming surveys (but see atlas projects such
as the Atlas Florae Europaeae; Jalas and Suominen, 1972-1996). Several
studies used aerial photography and satellite remote sensing techniques
to track alien plants (e.g. Miillerova et al., 2013) but usefulness of these
methods is often limited because of the considerable financial costs of
gathering high resolution images. However, recently, with the intro-
duction of Google Street View (GSV) imagery, featured in Google Maps
and Google Earth, a new source of georeferenced, open-access data has
become available (Anguelov et al., 2010). GSV technology provides
millions of vertical, panoramic views (i.e. photographic pictures) along
the road network worldwide covering both urban and rural areas. It
includes high quality images of the surroundings which allows for the
identification of many plant species and habitats (see Hardion et al.,
2016), as well as other structural or social features of neighborhood,
such as buildings, sidewalks, road signs, aesthetics/disorder (e.g. graf-
fiti) and pedestrian activity. Therefore, using GSV for virtual streetscape
audits is an increasingly popular method of characterizing environment
in the vicinity of roads for the purpose of urban planning or human
health research (e.g. Li et al., 2015; Rundle et al., 2011; Steinmetz-Wood
et al., 2019). GSV has also the potential to greatly support ecological
studies in documenting species distribution. However, the possibility of
its application in this field have been poorly evaluated so far. To date
only few studies worldwide have used this source of data for identifying
vulture habitats (Olea and Mateo-Tomas, 2013), monitoring the preva-
lence of the pine moth (Rousselet et al., 2013), and determining plant
distribution: Russian olive (Collette and Pither, 2015), giant cane
(Hardion et al., 2016), Persian hogweed (Meier et al., 2017), pampas
grass (Pardo-Primoy and Fagtindez, 2019) and eucalypt (Queiros et al.,
2020). Rousselet et al. (2013) and Deus et al. (2016) tested GSV as an
alternative method to car surveys. However, reliable evaluation of
precision and accuracy of GSV data needs to be investigated by com-
parisons to data collected in the field, but at present such validations are
lacking.

Several studies have shown that one of the main corridors allowing
invasive species to spread throughout different regions and environ-
ments are roadsides (e.g. Christen and Matlack, 2009; Pauchard and
Alaback, 2004). Roadsides are linear habitats that dissect landscape
interior and generate disturbances related with traffic (light, noise,
pollution with oil and salt) and management activities (e.g. regular
mowing of roadside vegetation), and thus can mediate biological pro-
cesses including dispersal through vehicle tires or air flow (Forman,
2003; Rew et al., 2018; Speziale et al., 2018). Presence of these dispersal
vectors and linear character of the road network that connects isolated
populations make roadsides crucial objects facilitating expansion of
invasive alien plants (Gelbard and Belnap, 2003; Ibisch et al., 2016).
Thus, GSV imagery is a promising source of data covering dispersal
pathways of many plant species and as such should cover highly relevant
data to detect expanding populations of invasive species.

In this study we describe and evaluate a novel approach using GSV
images to perform a large-scale inventory of two problematic plant
species considered invasive in Eurasia: Canadian goldenrod (Solidago
canadensis) and giant goldenrod (S. gigantea). These are highly
competitive perennial herbs originated from North America which have
spread across Europe and Asia as a result of intentional introduction for
ornamental purposes. They have become one of the most successful
invasive species in this region (Weber, 2001) due to their capacity for
vigorous growth, rapid propagation by rhizomes, producing large
number of small seeds spread by wind for long distances and because of
an exertion of allelopathic effects on other plants. Consequently, the two
goldenrod species may form dense stands outcompeting the native
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plants (Lenda et al., 2019) and may have a negative impact on native
pollinators (Fenesi et al., 2015; Moron et al., 2009), ants (Kajzer-Bonk
et al., 2016; Lenda et al., 2013) and birds (Skorka et al., 2010). In their
alien range invasive goldenrods are especially abundant in disturbed
ruderal environments such as roadsides, riverbanks as well as in agri-
cultural fields, mostly abandoned fields or meadows (Kabuce and
Priede, 2010; Weber, 2017).

Here, we aim to validate the use of GSV by comparing data collected
by virtual transect sampling using visual inspection of the vegetation on
GSV images with corresponding transect data sampled in the field. We
predict that these two datasets are positively correlated, and thus hy-
pothesize that a GSV-based method properly identifies occurrences of
the studied species along roads. As we expect that the reliability of GSV
approach may be dependent on spatial scale, we used data on presence/
absence of invasive goldenrods collected along: (1) c. 500 m-long tran-
sects and (2) c. 20 m-long sections of these transects. Moreover, we
collected data on sampling parameters, such as time elapsed between
the field survey and taking the GSV picture, width of the road and
presence of road verge mowing, as we hypothesize that the degree of
similarity between the two methods may be dependent on these vari-
ables (e.g. we expect that the larger the time lag between field survey
and date of taking GSV picture, the higher dissimilarity and worse
prediction of the goldenrod occurrence). Finally, we tested the useful-
ness of GSV data in addressing ecological questions. For this purpose, we
compared whether GSV data and field survey data produced similar
relationships to relevant environmental variables, in this case propor-
tion of uncultivated areas (mainly abandoned fields and grasslands). We
chose this variable because previous research found that uncultivated
land is a main habitat of the goldenrods and may be their invasion pool
(Lenda et al., 2019; Skorka et al., 2007). Thus, we expect positive as-
sociation between the goldenrod occurrence and cover of uncultivated
land in the vicinity of transects, and that this association (the effect size)
is similar between the two methods.

2. Materials and methods
2.1. Study area and transect selection

The study was conducted in agricultural areas of Polish lowlands
where the two goldenrod species are widespread and still expand
(Tokarska-Guzik et al., 2012). In this area we randomly selected 40
districts (average size: 1,030 km?) and chose all the 160 non-urban
communes located within their boundaries. In each commune we
randomly selected a point placed along road network (Fig. 1) using GIS
tools and Open Street Map vector data in ArcGIS 10.4 software. The
selected point was used to locate the beginning of a transect of about
500-m length. Each transect was subsequently divided into sections (see
the following sub-chapter for details). If the transect was not covered by
Google Street View imagery available in Google Maps web mapping
service (as found on 10.05.2017) or intersected patches of forests, water
bodies or urban areas (delineated basing on CORINE Land Cover data-
base), it was rejected and the next randomly selected transect was used
instead. The transect was also replaced by another one when it run along
an unpaved road or was fenced with acoustic barriers. In total we
selected 160 transects (Fig. 1) located along roads of different types in
variable agricultural landscapes (both heterogeneous with a mosaic of
small extensively managed fields, semi-natural and natural open habi-
tats, forest patches and wastelands, and homogenous ones, i.e. with
large fields intensively managed for crop production or large intensively
grazed pastures). The spatial data processing was made with the use of
ArcGIS 10.4 software.

2.2. Goldenrod survey using Google Street View

The selected 160 transects were remotely surveyed in Google Maps
application with the use of GSV images taken between 2011 and 2014.
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Fig. 1. Distribution of 160 transects surveyed for goldenrods in Poland and the goldenrod abundance index, i.e. share of transect sections (each about 20 m, c. 25

sections/transect) invaded by the goldenrods.

The vegetation was visually analyzed by virtual driving along the
transects. As the GSV dataset consists of 360-degree images distributed
unevenly along the Google vehicle’s route, to keep the sampling effort
equal among transects we considered two subsequent pictures located at
a given transect line as a single transect section. The length of transect
sections ranged between 10 and 61 m (at different roads images were
taken at different distance intervals) with an average of 22 m and the
mean number of sections per transect of 500 m length was 23 (range:
19-31). Using visual identification, for each transect section we manu-
ally determined the occurrence (i.e. presence/absence) of the two
invasive goldenrods within 30 m (distance visually estimated) on each
side of the road. Then, we used these data to obtain the occurrence of
goldenrods at the transect level. As the surveyed species are superficially
similar and often co-occur, we considered them together in the study
(hereafter termed “goldenrods™). They were easily distinguished from
other species by their characteristic shape, size and contrasting color of
flowers (i.e. up to 2 m-tall aboveground shoots with numerous alternate
single leaves on the stem, yellow inflorescences forming pyramidal
panicles, often growing in clumps or dense stands). We also noted the
date at which GSV pictures were taken and the coordinates of the picture
using the ‘googleway’ (Cooley, 2018) and ‘httr’ (Wickham, 2018)
packages in R (R Core Team, 2018). Since road managers in Poland are

obligated to maintain the roadside vegetation in a way that improves
safety of road users, the road verges are mown ensuring proper visibility
along the roadway. The vegetation is often cut twice a season (in June
and August). However, the mowing frequency and time may vary
depending on local conditions, type of road and its localization (urban
vs. rural areas). Therefore, during the virtual data collection we also
assessed the presence of road verge mowing (yes or no) within 30 m of
each transect section on both sides of the road. The 30 m zone of the
transect section line for a given side of the road was considered mowed if
the visual inspection of the GSV picture indicated that the vegetation
covering more than 50% of this area had been previously cut and was
not yet fully re-grown in height.

2.3. Goldenrod survey in the field

To validate the GSV method we performed field sampling along the
same set of 160 transects (separately for each transect section) previ-
ously used for remote data collection (GPS receiver was used to localize
GSV sections in the field so potential mismatch should not exceed 5 m).
The fieldwork was conducted during the vegetation season of 2017.
Each transect was visited once, between July and September (i.e. the
peak period of flowering). The observer walked along the road at a
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constant pace of about 2 km per hour and noted the presence/absence of
the goldenrods and whether mowing was applied within 30 m on both
sides of the road for each transect section. The vegetation was classified
as mowed using the same approach as in the GSV method. Analogous to
the GSV method, the data on goldenrod occurrence along transect sec-
tions were subsequently used to determine the species occurrence at the
scale of transects.

2.4. Transect characteristics

For each section of the transect we noted three characteristics. First,
we calculated the share of uncultivated open area (i.e. abandoned arable
land and grasslands) within 30 m on each side of the transect section
using GIS tools based on analysis of freely available historical satellite
imagery obtained from Google Earth. It was calculated both for the time
when the GSV pictures were taken and for the time when the fieldwork
was conducted. Second, based on the satellite images, we determined
the width of the road as an average of three measurements taken in the
start, middle and end point of the transect line (as it was not constant,
however in all cases the difference between the three measurements was
not larger than 1 m). Third, we calculated the length of the transect
sections and the number of transect sections per transects using
geographic coordinates of the GSV images. All the calculations were
computed in ArcGIS 10.4 software.

2.5. Statistical analyses

To evaluate an approach using GSV for detection of invasive alien
plants along roads we used generalized additive models (GAM), gener-
alized linear mixed models (GLMM) and general linear models (GLM)
implemented in ‘mgcv’ and ‘lme4’ packages (Bates et al., 2015; Wood,
2017) in R (R Core Team, 2018). We performed three types of analyses.

First, we tested whether GSV data predicts presence/absence of
goldenrods in the field. For this purpose we performed GLMs with
binomial error distribution and logit link in which the occurrence of
goldenrods based on the field survey was a response variable (1/0) while
the occurrence of goldenrods observed in GSV (termed “GSVSol”, see

Table 1
Description of explanatory variables used in the models.
#  Variable Description Model
1 GSVSol Categorical. Presence (yes/no) GLM1,ayy,
of goldenrods detected by GSV GLM1ynmowEDs
method. GLM2A;1,
GLM2ynmowep
2 NSections Continuous. Number of GLM241y,

transect sections established
along a given transect
Categorical. Season of the year
when the GSV pictures were
taken: spring (May-June),
summer (July-August), fall
(September-October).
Continuous. Length of the GAM1
transect section in meters.
Continuous. Average width of
the road in meters, computed
using three measurements
taken in the starting, middle
and ending point of the
transect line based on the
satellite images.

Continuous. Number of months
elapsing the GSV pictures and
the field survey.

Continuous. Share of
uncultivated open area
(abandoned arable land and
grasslands) in the area of a
given sampling unit.

GLM2ynmowep, GAM2

3 GSVSeason GAM1, GAM2

4 Length

5 WdthRoad GAM1, GAM2

6 MonthSinceGSV GAM1, GAM2

7 Uncultivated GLMM1ggv,
GLMM1pgrp, GLM3Gsv,

GLMSFIELD
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Table 1 for list of variables) was an explanatory variable (1/0). As the
accuracy of GSV method may depend on the spatial resolution of sam-
pling units we fitted two models: using transect sections (GLM1,y1) and
transects (GLM2,1;) as single data records. In all cases each side of the
transect or transect section was treated independently, thus 160 tran-
sects resulted in 320 data records for the transect scale and 7426 for the
transect section scale analyses. Moreover, as grass cutting on road verges
may weaken the correlation between results of field survey and GSV, we
repeated the two models only for transect sections without evidence of
mowing both in GSV and field data (GLM1ynmowep, GLM2yNMOWED,
respectively). Additionally, in GLM2,;, and GLM2ynmowep the number
of transect sections per transect was used as a covariate (NSections;
continuous variable).

We evaluated the performance of our four above GLM models by
using “leave-one-out” cross validation approach (LOOCV). For each
dataset we first selected all sampling units where the goldenrods were
recorded in the field and the same number of random sampling units
where they were absent, to keep presence to absence ratio equal (this is
necessary to keep expected classification error as 50%). Among the
selected data subsets a single observation n was excluded and used for
validation, while remaining observations were used for model fit. Basing
on this model, a prediction was made for the excluded observation n.
The procedure was repeated for all data records in a given data subset.
The ratio of number of correct predictions to the total number of pre-
dictions is an approximately unbiased estimate for the model classifi-
cation accuracy (James et al., 2013). Moreover, we calculated two other
model performance measures: sensitivity (proportion of sites correctly
classified by the model as occupied by goldenrods) and specificity
(proportion of sites correctly classified by the model as unoccupied by
goldenrods). The described process (starting from the random selection
of goldenrod-free sampling units) was replicated 10 times to include
different sets of random sampling units in the validation and results of
10 replications were averaged.

Second, we aimed to determine factors that influence the correct
classification of a transect or transect section as occupied or unoccupied
by goldenrods based on GSV pictures (i.e. drivers of similarities and
dissimilarities between outputs of GSV method and field survey). As
mowing will affect these results for obvious reasons, we included in the
analysis only the sections that were not mowed both in GSV and field
data. To account for spatial autocorrelation in observations we fitted
two binomial GAMs: for the transect section scale (GAM1) and the scale
of transect (GAM2; note that transect length now varied among transects
because of the removal of mowed sections). In both models the agree-
ment between data on goldenrod occurrence obtained using the two
methods was used as a response variable (1 — agreement, O — disagree-
ment). The outputs of GSV method and field survey within a given
sampling unit were considered as agreement if both methods detected
the presence or both reviled the absence of goldenrods. The other cases
were referred to as disagreement. In GAM1 one fixed categorical vari-
able (GSVSeason) and three continuous variables (Length, WdthRoad,
MonthSinceGSV) were explanatory variables. To account for spatial
autocorrelation among adjacent transect sections, the transect section
number (TransectSectionNo) was fitted with a spline with number of
degrees of freedom set to 4. Moreover, the transect identity (TransectID)
was introduced as a random factor. An analogous model using the same
set of predictors was performed for the scale of transects (GAM2; with
NSections instead of Length; see Table 1 for description).

Third, we compared estimates of the effect of uncultivated land for
the goldenrod occurrence using datasets obtained with GSV and field
survey (in both cases mowed sections were included) to test the use-
fulness of GSV method for predicting occurrence by environmental
variables in the surrounding landscape. We computed two generalized
linear mixed models (GLMM1ggy, GLMM1gg;p) for the scale of transect
sections and two generalized linear models (GLM3gsy, GLM3gg1p) for
the scale of transects. In all four models we used binomial error distri-
bution with logit link function, goldenrod occurrence as a response
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variable (1 - present, 0 — absent) and share of uncultivated land in the
area of a given sampling unit (Uncultivated; continuous) as an explan-
atory variable. Moreover, in GLMM1 sy and GLMM1 g p the transect ID
was included as a random factor. As a result, we were able to compare
parameter estimates of the uncultivated land effect between models
using different sources of goldenrod occurrence.

3. Results
3.1. Goldenrod occurrence based on Google Street View and field data

At the transect sections scale, the field survey revealed goldenrods in
1081 out of 7426 sections (i.e. 14.5%, Table 2) and within 738 out of
3486 sections without mowing (21.2%; i.e. including only the sections
that were not mowed both in the field and GSV). Figures based on
Google Street View were lower and equaled to 8.6% sections occupied
by goldenrods (12.3% without mowing). At the transect level, we
observed goldenrods in 47.5% of the transects surveyed in the field
(17.8% without mowing, i.e. including only the unmowed sections both
in GSV and field data) while the corresponding figures for GSV data were
35% and 11.3% respectively (Table 2).

For each of the four datasets considered (i.e. transect sections and
transects, with and without mowing), the occurrence of goldenrods
based on field survey was significantly positively correlated with the
GSV occurrence (Table 3). The models using goldenrod occurrence
based on GSV method correctly classified 72-85% of sites surveyed in
the field (as found by cross-validation, Table 3). All the models better
predicted actual presences (ca. 94-97% of observed presences were
classified correctly) than absences (ca. 64-78% of observed absences
were classified correctly; Table 3).

3.2. Factors explaining similarities between Google Street View and field
data

Similarity of information on goldenrod occurrence derived from the
two compared methods (GSV and field survey) was hardly explained by
the sampling characteristics. The season of the year when the GSV pic-
tures were captured, width of the road and number of months elapsed
since taking the GSV pictures did not affect the similarity between
outputs of two sampling methods, both at the scale of transect section
and transect (Table 4). Of considered explanatory variables, only the
length of a transect section was negatively correlated with the proba-
bility of correct classification using GSV: the longer the transect section,
the less similar are results of GSV method and field survey (Table 4).
However, we did not find such association for the number of sections (i.
e. reflecting average section length) at the scale of transects (Table 4).

3.3. Comparison of models using Google Street View and field data

The share of uncultivated land in the vicinity of transect section was
a significant positive predictor of goldenrod occurrence as found in the

Table 2

Contingency table showing number of sampling units with and without gold-
enrod presence records based on GSV and field data in two spatial scales
(transect sections and transects) and for two datasets (including all sections and
only the sections that were not mowed both in the field and GSV).

All sections Unmowed sections

Field presence  Field absence  Field presence  Field absence

Scale: transect section

GSV presence 497 144 381 70

GSV absence 584 6201 357 2678
Scale: transect

GSV presence 110 4 21 5

GSV absence 42 164 20 184
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Table 3

Summary of GLMs (parameter estimates followed by SE in parentheses)
explaining the occurrence of goldenrods in the field survey in relation to gold-
enrod occurrence based on GSV images (GSVSol) along roads. Separate models
were fitted for transect sections and transects as well as for full dataset and a
subset of data without mowing. Significant effects are marked in bold. Signifi-
cance levels (p-values) are indicated by asterisks, and are explained below the
table. Performance of the models based on cross-validation (LOOCV) is given at
the bottom.

Scale: transect section transect

Predictors GLM1,y;, GLMIynmowep ~ GLM2ay  GLM2unmowep
n = 7426 n = 3486 n = 320 n = 230

Intercept —2.36 —2.02 (0.06) -1.59 —2.10 (0.34)
(0.04)-.’n'.--.': Tk (1.40) ke

GSVSol: yes 3.60 3.71 (0.14)*** 4.68 3.70 (0.56)***
(0.10)%** (0.54)***

NSections not not included 0.01 —0.02 (0.04)
included (0.06)

LOOCVaccuracy ~ 71.8% 74.4% 85.1% 74.0%

LOOCVsensiTivity  95.1% 94.8% 96.9% 94.4%

LOOCVsprcipiciry ~ 64.4% 66.8% 78.0% 66.5%

Statistical significance: *** < 0.001.

Table 4

Summary of GAMs (parameter estimates followed by SE in parentheses)
explaining similarity between outputs of GSV method and field sampling at the
scale of transect sections and transects in relation to sampling parameters. Sig-
nificant effects are marked in bold. Significance levels (p-values) are indicated
by asterisks, and are explained below the table.

Scale: transect section transect
Predictors GAM1 GAM2

n = 3486 n =230
Intercept —0.10 (3.24) 7.09 (5.63)
GSVSeason: fall 0.22 (0.84) -1.28 (1.27)
GSVSeason: spring —1.20 (1.19) —2.10 (1.46)
Length —0.31 (0.08)*** not included
NSections not included —0.01 (0.07)
WdthRoad —0.32 (0.36) —0.33 (0.49)
MonthSinceGSV 0.06 (0.06) —0.04 (0.10)

Statistical significance: *** < 0.001.

field (GLMM1ggp, Uncultivated effect: estimate = 0.70 (SE = 0.05), p
< 0.001) and GSV (GLMM1 sy, Uncultivated effect: estimate = 0.70 (SE
= 0.04), p < 0.001). Similarly, the share of uncultivated areas positively
predicted goldenrod occurrence in the transect scale for both field-based
data and GSV data (GLM3gg1p, Uncultivated effect: estimate = 0.96 (SE
= 0.16), p < 0.001, GLM3ggy, Uncultivated effect: estimate = 1.18 (SE
= 0.21), p < 0.001, respectively; Fig. 2).

4. Discussion

We show that Google Street View can be used as an additional tool
for surveying plant species at road verges and their immediate sur-
roundings. As many invasive alien plants are occurring and dispersing
along roadsides, GSV can be an important, effective tool for the future
tracking of the spread of these species. More specifically, we showed that
occurrence of goldenrods detected using GSV predicted their occurrence
as observed in the field 3-5 years after GSV images were taken and this
was true for both spatial scales considered (i.e. transects and transect
sections). The GSV method performed especially well in predicting
actual goldenrod presences. Sampling parameters, like presence of road
verge mowing, road width, season when GSV pictures were taken and
number of months elapsed since taking the GSV pictures, did not change
the correlation between the two methods (except for transect section
length suggesting a negative effect, most likely due to the difference in
sampling effort between the two methods at longer sections). Finally,
models based on GSV or field survey data produced very similar
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Fig. 2. Effect of share of uncultivated land on the occurrence of goldenrods (log odds with 95% CIs) from models using field survey and GSV image analysis in the

scale of transect sections and transects.

estimates in the importance of the uncultivated land for the occurrence
of goldenrods. Although these results are suggesting that GSV data ap-
pears to perform well in detecting and studying roadside vegetation, it
may also have some limitations as discussed below.

GSV seems to be an effective tool for detecting species occurring in
large numbers, being tall, having distinct shape or contrasting color.
That is, species that are easily visually detected and easy to recognize at
distance. For example, while browsing GSV for goldenrods, we noticed
also the presence of several other invasive plant species: hogweeds
(Heracleum mantegazzianum and H. sosnowskyi), knotweeds (Reynoutria
japonica, R. sachalinensis, R. x bohemica), wild cucumber Echinocystis
lobata, garden lupin Lupinus polyphyllus, box elder Acer negundo, black
locust Robinia pseudoacacia, staghorn sumac Rhus typhina and black
cherry Prunus serotina. However, as GSV was not intentionally designed
for collecting plant data, some geometric distortions in the images could
potentially affect both species detectability and mapping accuracy.
Thus, smaller invasive species or species difficult to distinguish, like
small-flower touch-me-not Impatiens parviflora or common beggar-ticks
Bidens frondosa, commonly occurring along roadsides (Tokarska-Guzik
et al., 2012), may be overlooked in GSV images.

Several factors may potentially weaken the observed high correla-
tion between GSV and field data. First, some challenges may be linked to
the frequency of GSV updates. The images used in our study were taken
at different times (from morning hours until evening), months (from
May to October), and years (2011 to 2014). Nevertheless, we did not
find any effect of season on the probability of correct presence/absence
detection of goldenrods, most likely because the studied species are
relatively easily distinguishable all year round. However, in case of
other species seasonal changes in vegetation growth will be more
important. Furthermore, the differences between GSV and field data can
also be driven by colonization and extinction events in the period be-
tween capturing GSV images and field survey, especially if the period
extends to several years. Comparison of data from GSV and field survey
(conducted 3-5 years after capturing GSV images) suggests an increase
in goldenrod occurrence (see Table 2). However, with such an
assumption one should expect a negative relationship between time
elapsed since the GSV picture was taken and similarity between
methods, which was not confirmed in our models (see Table 4).

Second, the probability of visual plant detection may be reduced by
road verge mowing, and thus may substantially limit usefulness of GSV
as a source of data. However, given there is some variation in the
practice of road verge mowing, when using GSV one may also identify
where mowing occurs and thus where the risk of establishment of
invasive species is lower. Furthermore, mowing also reduces detection

of plants during field surveys, so this limitation is not exclusive for GSV
method. Fortunately, it is relatively easy to detect recent mowing and
account observed species occurrences for the mowing effect.

Finally, as highlighted in previous research (Rousselet et al., 2013),
the image availability may be a crucial limitation for GSV-based sam-
pling. GSV was primarily introduced in 2007 and covered major cities of
North America. Since then it has been developed to include urban,
suburban and rural areas from all around the world. Until now it has
collected 170 billion Street View images captured along more than 16
million kilometers of roads across more than 220 countries and terri-
tories (Google, 2020). The GSV coverage is being successively enhanced,
however there are still many places where GSV data is unavailable or its
availability is limited (e.g. Africa, Central America, Middle East). Also,
small gravel roads are excluded although they may be important habi-
tats for many invasive plant species. Thus, the GSV method should be
applied with caution as it may be biased by omission of some important
areas.

Nevertheless, the great advantage of GSV method is that it appears to
be more time- and cost effective and has much lower carbon footprint
than collecting data in a traditional manner. Field sampling of vegeta-
tion usually is highly laborious (Hill et al., 2005). Given the large spatial
scale of our survey, it required significant amounts of travel time. Hence,
we managed to visit in the field on average six transects per day, while
using GSV we were able to virtually sample the same area within an
hour. We estimated that during the fieldwork an observer travelled by
car a distance of about 7 700 km generating costs equaling 2 000 EUR
and releasing 1.29 tons of carbon dioxide to the atmosphere. Sampling
with GSV costed about 120 EUR and the estimated emission of carbon
dioxide during virtual driving along transects was about 0.14 tons (see
Appendix A for detailed calculations). Another future benefit of GSV
data is that new GSV pictures are planned to be taken every several
years, thus opening up for investigations of distributional shifts in plant
species associated with climate and environmental change.

5. Conclusions

Being aware of the limitations discussed above, we conclude that
Google Street View imagery, publicly available for substantial propor-
tion of roads worldwide, is a valuable source of data on species distri-
bution patterns. As the GSV-based method allows for considerable
sampling effort reduction, it provides an opportunity to investigate some
ecological phenomena (e.g. plant invasions) across large spatial scales
with relatively low costs. Moreover, since the library of GSV images is
permanently being updated, the tool has the potential to be used for
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assessing temporal changes in roadside vegetation. We emphasize that
utilization of GSV data for studying roadside environments (e.g. deter-
mining species distribution) should be further developed to include
machine learning techniques for a fast identification of species and their
occurrences. This would enable automatic detection of some objects (e.
g. plant species) to open up for large scale analyses on the spread of
invasive plant species across whole continents in order to identify new
ways of how to manage these species in the future.
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Appendix A
Calculations of costs and emissions associated with field surveys and remote data collection

in Google Street View.

The distance travelled by car during the fieldwork was calculated based on the observer’s car
GPS tracking history and was estimated to be about 7700 km. The field survey lasted for
29 days. Assuming that the daily allowance and accommodation in Poland is 17.5 EUR and
the mileage rate is 0.1944 EUR per kilometer travelled, the total costs generated during the
field survey were as high as about 2000 EUR (29 days * 17.5 EUR + 7700 km
*0.1944 EUR). Given the observer used a 7-year old compact car powered by a turbocharged
diesel engine of the capacity of 1500 cm?®, which consumes about 6 liters of fuel per 100 km
travelled, the estimated emission of carbon dioxide during the fieldwork was 1.29 tons (based

on the carbon footprint calculator available at https://calculator.carbonfootprint.com).

The remote data collection along 160 transects with Google Street View took 27 hours
of work performed in 7 days. The total costs associated with virtual sampling included daily
allowance and accommodation and equaled about 120 EUR (7 days * 17.5 EUR). The total
carbon dioxide emission generated during remote surveys was about 0.14 tons and resulted
from energy consumption (laptop computer: 50 Watts * 27 hours = 13.5 kWh = 0.01 tons
CO,, based on the carbon footprint calculator available at
https://calculator.carbonfootprint.com, and website page views: 930 views * 160 transects *
0.89 g CO, = 0.13 tons CO,, based on the website carbon calculator available at

https://www.websitecarbon.com).
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Abstract

1. Invasive alien species are among the most concerning threats to native biodiver-

sity world-wide, and the level of landscape heterogeneity is considered to affect
spatial patterns of their occurrence and spread. However, as previous studies
on these associations report contrasting results, the role of landscape hetero-
geneity on its susceptibility to invasions remains poorly understood. Landscape
heterogeneity is usually described by two measures: configuration and composi-
tion. Both measures may differently affect invasive species and these impacts
may be additionally scale dependent. Nevertheless, their relative contribution to

invasion patterns is poorly known.

. We investigated the effect of two landscape heterogeneity components: con-

figuration (edge density) and composition (humber and evenness of land cover
types) measured at different spatial scales (from within 0.25 to 5 km of the stud-
ied locations) on the local abundance of one of the most invasive alien plant
species in Europe, the North American goldenrods (Solidago canadensis and S.
gigantea). Using publicly available geospatial environmental data and a novel
method based on remote analysis of Google Street View images, we collected
and analysed large dataset on goldenrod occurrence along 1,347 roadside tran-

sects in agricultural landscapes of Poland.

. Both the compositional and configurational heterogeneity were positively asso-

ciated with the local abundance of goldenrods, however, the effect size of these
relationships was dependent on spatial scale. While abundance-heterogeneity
associations were most pronounced at the largest spatial scale for compositional

heterogeneity, the pattern was the opposite for configurational heterogeneity.

. Synthesis and applications. Landscape heterogeneity is a clear correlate of plant

invasion potential, with occurrences of invasive plants generally higher in
more heterogeneous landscapes. However, scale dependence of this associa-
tion means that researchers and practitioners may miss the association if only
concentrating on a single spatial scale. While increasing heterogeneity of rural
landscapes is widely introduced as a way to promote farmland biodiversity, we
show that it may also support invasive plants, and thus conflict with original

goals of biodiversity-oriented strategies. Therefore, we suggest implementing
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1 | INTRODUCTION

Along with significant human-induced environmental changes ob-
served in the Anthropocene such as habitat destruction and cli-
mate change, invasions of alien species have become one of the
most serious and growing threats to global biodiversity (Blackburn
etal., 2019; IPBES, 2019). Invasive alien species can outcompete na-
tives for available resources, induce habitat modifications or change
biotic interactions within communities, and thus cause substantial
native biodiversity declines and ecosystem degradation (Pysek
et al., 2012). They can also severely reduce services that native eco-
systems provide to human beings (Kumar Rai & Singh, 2020) with
negative effects on food security (Paini et al., 2016), human health
(Pysek & Richardson, 2010) and infrastructure (Booy et al., 2017).
Thereby, invasive species, including plants, can adversely affect
national economies leading to financial expenses exceeding 26.8
billion US$ globally with an increasing trend (Diagne et al., 2021).
About one fifth of the Earth's surface is now at risk due to biological
invasions (IPBES, 2019) and the problem of invasive alien species
is expected to accelerate under ongoing climate change and other
anthropogenic disturbances in natural systems (Early & Sax, 2014).
Therefore, it is important to improve our understanding of the cir-
cumstances under which invasive alien species, such as plants, es-
tablish and spread.

Landscape heterogeneity, that is, the spatial and temporal vari-
ation in structural and compositional complexity of the environ-
ment (Fahrig et al., 2011), is a simple, useful and easy to measure
property of the landscape for ecology and conservation. It is also
regarded as an important driver of biological invasions (Gonzalez-
Moreno et al., 2013; Vila & Ibanez, 2011). Since landscape hetero-
geneity strongly affects biodiversity, community composition and
connectivity in plants (Gastauer et al., 2021; Lundholm, 2009), it is
likely to be related to the occurrence patterns of invasive plants and
to landscape invasibility in general (With, 2002). Heterogeneous
landscapes may be less prone to invasions due to a high diversity
of native species which efficiently utilize available resources, and
thus limit successful colonization of alien plants through increased
competition (Levine, 2000). Moreover, the fragmented structure
of a heterogeneous landscape may hamper new plant incursions as
available suitable habitat patches are scattered and isolated (Alofs &
Fowler, 2010). In contrast, some research indicates that a heteroge-
neous landscape is more vulnerable to plant invasions because of in-
creased amount of resources and ecological niches, and thus higher
number of habitats suitable for invasive alien plants (Melbourne

regular management and eradication schemes in most heterogeneous land-
scapes. Finally, we demonstrate how remote analysis of plant invasions using

existing imagery can advance our understanding of invasion biology.

biological invasions, farmland, goldenrods, Google Street View, landscape structure, Poland,

et al., 2007). Furthermore, in a heterogeneous landscape there are
more elements that facilitate the spread of these problematic spe-
cies (e.g. ecotones, borders between land-use types, field verges,
roads) and more animals that can be vectors of dispersal (Harrison
et al., 2001). Yet, while landscape heterogeneity metrics improve
performance of models describing the spatial patterns of alien plant
species richness (Kumar et al., 2006), the role of landscape hetero-
geneity on its susceptibility to invasions is unclear because both
positive and negative associations have been empirically confirmed
(Hastings et al., 2004; Williamson & Harrison, 2002; With, 2002).
It is, therefore, central to understand why different studies lead to
contradictory conclusions.

Importantly, although the impact of landscape heterogene-
ity on invasive alien plants remains poorly understood, in many
European countries conservation measures aim at increasing land-
scape heterogeneity to maintain farmland biodiversity and several
studies recommend landscape management that promotes hetero-
geneity (e.g. Perovic et al., 2015). Such measures are greatly sup-
ported by funding instruments available, for example, under the EU
Common Agricultural Policy (e.g. implementing agri-environmental
schemes or establishing Ecological Focus Areas, like fallow lands,
field margins, hedges and trees). Costs of implementation of these
conservation tools reach millions of EUR annually. However, as-
suming positive heterogeneity-invasibility association (Melbourne
et al., 2007), biodiversity-oriented strategies promoting heteroge-
neity may increase the probability of plant invasions as a side effect,
thus reducing effectiveness of their original goals.

It is possible that the discrepancies concerning the effect of
landscape heterogeneity on its susceptibility to invasion may result
from scale dependence. Davies et al. (2005) found that landscapes
with more spatial heterogeneity in the environment sustained both
more native and invasive species, leading to a positive correlation
of native and alien plant diversity at large spatial scales. In contrast,
most studies conducted at small spatial scales show that the more
diverse native communities are the less likely they are to be invaded
by alien plants (Davies et al., 2005; Gallien & Carboni, 2017). Thus,
one can expect that a positive association between invasive plants
and environmental heterogeneity will be stronger at larger spatial
scales, perhaps because large-scale heterogeneity better reflects
the availability of empty niches and dispersal corridors (Harrison
et al.,, 2001; Melbourne et al., 2007), while heterogeneity at small
spatial scales reflects increased levels of interspecific competition
(e.g. Levine, 2000). Another important consideration is that land-
scape heterogeneity can be measured in different ways. Broadly
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speaking, heterogeneity can be viewed as configurational (the spa-
tial arrangement of land cover types and habitat edges) and compo-
sitional (the number and proportions of different land cover types,
Fahrig et al., 2011). These two landscape heterogeneity components
may potentially relate to plant invasions in different ways and this
relationship may interact with spatial scale, but empirical evaluations
of their relative contribution to invasion patterns are largely lacking
at present.

Here, we aim to link two components of landscape heterogene-
ity (configuration and composition), measured at different spatial
scales, to the distribution of common invasive alien plants along
roads in agricultural landscapes of Poland. For this purpose, we
applied a novel method using Google Street View (GSV; Kotowska
et al., 2021) imagery to gather large-scale data on abundance of
one of the most widespread invasive alien plants in this area, the
North American goldenrods (Solidago spp.). Road verges constitute
major dispersal conduits for alien plants world-wide, providing ap-
propriate conditions for establishment of these opportunistic spe-
cies and their expansion into new areas (Lazaro-Lobo & Ervin, 2019;
McDougall et al., 2018). However, the colonization of roadsides by
invasive plants may be altered by the heterogeneity of the surround-
ing environment, and here we test associations between abundance
of invasive goldenrods along roads and heterogeneity of the nearby
landscape. We hypothesize that local abundance of invasive golden-
rods along roads is positively related to the level of configurational
heterogeneity in a landscape (i.e. is higher in landscapes abundant

in possible colonization routes for the species). In contrary, we had

no clear predictions concerning compositional heterogeneity effect
as we cannot a priori assume whether higher number of land-use
types increases or decreases availability of habitats preferred by
goldenrods. Finally, to explore patterns in the data and to generate
hypotheses about relationships between invasive plants and the
surrounding landscape we compared effects of both configurational

and compositional heterogeneities across different spatial scales.

2 | MATERIALS AND METHODS

2.1 | Study areaand transect selection

The study was conducted in 1,347 roadside transects in rural
landscapes across the country of Poland (Figure 1), where agricul-
tural land uses cover about 50% of the country's area (Stacherzak
et al., 2019). Out of a total of 2,478 local-authority areas (‘com-
munes’) in Poland, we first selected all the 1,555 rural communes
(i.e. those within which there are no cities, as defined by the Central
Statistical Office for Poland). Next, based on the European Digital
Elevation Model available through the Copernicus Land Monitoring
Service (https://land.copernicus.eu), we excluded 195 communes
located at an altitude of higher than 300 m a.s.l. (above 70% of the
commune's area). This was done to limit the study area to lowland
rural landscapes because the studied invasive species are mainly

found in lowlands, while mountain areas are mostly covered by

forests. Finally, using Google Street View (GSV) imagery available

Goldenrod
abundance index
FIGURE 1 Distribution of 1,347 |
transects sampled for goldenrods in 0
agricultural landscapes of Poland and the I
goldenrod abundance index recorded in

the studied locations
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in Google Maps web mapping service, we excluded 13 communes
with no GSV coverage. This resulted in 1,347 communes, in which
we randomly selected a transect of about 500 m length following
the approach described in Kotowska et al. (2021). Using GIS tools
and Open Street Map vector data, we placed in each commune a
random point located along road network and subsequently used
it as a beginning of a transect. If the transect was not covered
by GSV imagery, was fenced with acoustic barriers or intersected
by large patches of forests, water bodies or urban areas (as iden-
tified by the CORINE Land Cover database), it was rejected and
the next randomly selected transect in the commune was used
instead. As a result, the final 1,347 transects across Poland (mean
nearest neighbour distance: 8,384 m, range: 990-32,685 m), cov-
ered a variety of agricultural habitats and represented a broad
gradient of landscape heterogeneity. Landscapes included those
that consisted of large arable fields or large intensively grazed
pastures, as well as those with heterogeneous landscape mosaics
containing small fields with different crops, low-intensity grazed
pastures mixed with other semi-natural and natural open habitats,
orchards, woodlands and wastelands. The spatial data processing

was made with the use of ArcGIS 10.4 software.

2.2 | Model species

Canadian goldenrod (Solidago canadensis L.) and giant golden-
rod (S. gigantea Aiton) are among the most successful invaders
recorded in Central Europe (Carboneras et al., 2018). Once es-
tablished, they form dense, extensive and single species stands,
leading to a drastic reduction in native plant diversity (Moron
et al, 2009). Goldenrod expansion can negatively affect birds
(Skorka et al., 2010), pollinators (such as bees, hoverflies and but-
terflies; Moron et al., 2009; Lenda et al., 2019), beetles (de Groot
et al.,, 2007) and ants (Lenda et al., 2013). Invasive goldenrods
occur most abundantly in human-disturbed environments, such
as roadsides, abandoned pastures and fields, ruderal habitats in
urban areas and settlements, but also colonize riverbanks, forest
edges, meadows and semi-natural grasslands (Perera et al., 2021).
Both goldenrod species are widespread in Poland and their range
is still expanding therein. Given the similarities between the two
species in their morphology (reliable distinction is possible pri-
marily by examining the presence of downy hairs on the upper
third of the stem) and habitat preferences within their alien range,
we consider them together in this study (and refer to them as

‘goldenrods’).

2.3 | Goldenrod sampling
To gather large-scale data on distribution of invasive alien gold-
enrods in Poland, we applied a novel method using Google Street

View imagery to study roadside vegetation. This method allows

the study of a large number of sites across a suite of environments
(from rural to urban) in many places throughout the globe with
relatively low sampling effort, and shows high precision in relation
to field inventory data (but see Kotowska et al., 2021 for discus-
sion of its limitations, such as data availability, temporal variability
in imagery or difficulties in detecting less conspicuous species).
Each of the 1,347 transects was divided into (on average) 25 sec-
tions of around 20 m length (Figure 2b) and sampled for golden-
rods by virtually ‘driving’ along the road and visually analysing GSV
images. The remote data collection was performed using Google
Earth application and was based on the panoramic views taken be-
tween 2011 and 2018. For each transect section, we determined
the goldenrod occurrence (0/1) within 30 m of a transect line. To
account for sampling bias resulting from roadside maintenance,
we also assessed the presence of recent road verge mowing (0/1)
within 30 m of the road. The 30 m zone was considered mown
if the vegetation covering more than 50% of this area had been
recently cut, as judged by not yet being fully re-grown in height.
Additionally, we noted the coordinates of inspected GSV images.
For each transect, we calculated a goldenrod abundance index as
a proportion of transect sections invaded by the goldenrods. The
information on road verge mowing along a transect was quantified
as a proportion of transect sections considered mown. The study
did not require any ethical approval.

2.4 | Landscape characteristics

We characterized the structure of the landscape in the vicinity of
surveyed transects using measures of two landscape heterogeneity
components: configuration and composition (as defined by Fahrig
etal.,2011). To describe configurational heterogeneity, we calculated
the edge density, that is, the density of land parcel borders based on
the vector layers available from the Polish Head Office of Geodesy
and Cartography. The higher the density, the more heterogene-
ously configured the landscape is, with many small and fragmented
parcels. The compositional heterogeneity was computed using the
modified Simpson's diversity index (Pielou, 1975; Simpson, 1949) of
land cover types based on the CORINE Land Cover data (CLC; 29
land cover types in total, see Table S1). The higher the Simpson's
diversity index, the higher the number of different land cover types
and the proportional distribution of their area becomes more equi-
table. Both landscape characteristics were calculated at five scales,
that is, buffer zones of 250, 500, 1,000, 2,000 and 5,000 m from
the transect line (Figure 2a). While the Simspon's diversity index (i.e.
compositional heterogeneity) increased with the buffer radius, the
edge density (i.e. configurational heterogeneity) seemed to slightly
decrease (Figure 3). Therefore, the values of two landscape het-
erogeneity indices were standardized (separately for each buffer
zone), that is, scaled estimates (Figure 3), allowing for reliable result
comparison across spatial scales and measures. The spatial analyses

were performed using ArcGIS 10.4 software.



KOTOWSKA ET AL.

Journal of Applied Ecology | 1317

9,

]

}},,

o

e Transect line

D Sampling unit

\:’ Cadastral parcels

Buffer radius of
atransect

Cason

) s0m
3 1000m
0 2000m

5000 m

CLC Classes

- Discontinuous urban fabric
Non-irrigated arable land
Pastures

Complex cultivation patterns

Land principally occupied by agriculture
with significant areas of natural vegetation

Broad-leaved forest

- Coniferous forest
Transitional woodland-shrub
Water bodies

FIGURE 2 A study location; five spatial scales (i.e. buffer zones of a transect line) at which the landscape heterogeneity measures were
calculated (a) and 25 sampling units surveyed for goldenrod occurrence within 30 m of a transect line (b)

2.5 | Statistical analysis

To link landscape heterogeneity to local abundance of goldenrods in
Poland, we used generalized additive models (GAMs) implemented
in Mccv package (Wood, 2017) in R (R Core Team, 2020). We fit-
ted five binomial GAMs (GAM 1-5) with logit link, one for each of
the spatial scales at which the landscape heterogeneity measures
were calculated. In each model, we used the goldenrod abundance
index (i.e. proportion of transect sections invaded by the golden-
rods ranging from O to 1) as a response variable, each transect as
a single data record (initially 1,347 transects, finally 1,153 tran-
sects were used, see below) and number of transect sections es-
tablished along a given transect as a weight argument. In all GAMs,
the two components of landscape heterogeneity (i.e. configuration
and composition) were simultaneously considered as two explana-
tory variables (continuous variables fitted with parametric linear fit;
both standardized prior to the analysis; Pearson's correlation coeffi-
cient between the two landscape heterogeneity components in five
considered spatial scales was between 0.22 and 0.26). Moreover,
as we presumed that roadside vegetation cutting may reduce the
probability of visual plant detection, we included the proportion of

transect sections considered mown as a covariate (Mowing; con-
tinuous variable; parametric linear fit) in the models. Additionally,
to control for spatial autocorrelation in observations, the longitude
and latitude of the central point of a transect line were fitted with
interaction of nonparametric splines and degrees of freedom fixed
(to enable comparisons among different GAMs) to 30 (allowing for
relatively complex fit, as explained in Wood, 2017). With this ap-
proach, the response variable is expected to vary in a nonlinear way
across space, and part of this variation is explained by geographi-
cal location, thus reducing spatial autocorrelation in model residu-
als (Wood, 2017). The restricted maximum likelihood (REML) was
used to avoid overfitting while estimating smoothing parameters.
The spatial dependency in residuals of the five performed models
was additionally checked by visual inspection of spline correlograms
plotted with the NcF package in R (Bjornstad, 2020). As residuals of
data records placed in close proximity were still not fully independ-
ent (positive spatial autocorrelation), among 194 pairs of transects
located closer than 6 km from each other one transect was excluded
from the original dataset while remaining 1153 data records were
used for the final modelling. For all five GAMs performed on this
subset of 1153 data records the spatial autocorrelation of residuals
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was low (below 0.2) and not significant (p > 0.05, 95% confidence in-
tervals largely overlapping zero, see Figure S1), indicating no further
problem with spatial autocorrelation in our models.

We used odds ratio with a 95% confidence interval to compare
the strength of associations (i.e. effect sizes) between goldenrod
abundance index and the two components of landscape heteroge-
neity across the five spatial scales. Here, the odds is the ratio be-
tween the number of invaded transects (all sections along a transect
invaded by the goldenrods) and the number of uninvaded transects
(all sections goldenrod-free). The odds ratio measures the change
in the odds when an explanatory variable changes by one unit. So,
the ratio of the two odds (before and after the explanatory variable
changes by one unit) indicates the importance of the variable in ex-
plaining the outcome of interest (i.e. proportion of transect sections
invaded by the goldenrods). Odds ratio takes values between zero
and infinity, where a value greater than one describes a positive

relationship, less than one implies a negative relationship, while one
is interpreted as no relationship. The closer the odds ratio to one, the

weaker the association.

3 | RESULTS

6%), with
abundance index ranging from O to 1 (mean = 0.10, SD = 0.21). The
goldenrod abundance index was generally positively correlated with

Goldenrods were recorded at 419 of 1,153 transects (3

both compositional and configurational landscape heterogeneity.
That is, transects with higher goldenrod abundance were gener-
ally surrounded by landscapes that had relatively more and evenly
distributed land cover types, and that had a higher concentration
of small land parcels and higher edge densities. Nonetheless, and
despite the low variation in these metrics across scales (Figure 3),
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the effects of compositional and configurational heterogeneity on
goldenrod abundance were dependent on the spatial scale of the
heterogeneity measure. At the local and medium scale (i.e. buffer
zones of 250 m, 500 m, 1,000 m and 2,000 m of a transect line)
the proportion of transect sections invaded by the goldenrods was
positively linked to the level of configurational heterogeneity, while
no such effect was found for the largest spatial scale (r = 5,000 m).
Goldenrod abundance index was also positively related to composi-
tional heterogeneity for all the five considered buffer zones. While
the strength of the abundance-heterogeneity association reduced
with increasing spatial scale for configurational heterogeneity, it in-
creased with increasing spatial scale for compositional heterogene-
ity (Figure 4). These relationships held, even when controlling for the
negative effect of recent mowing on goldenrod detection (Table 1,

Figure 4).

4 | DISCUSSION

In line with our predictions, we found that goldenrod abundance was
positively related to configurational landscape heterogeneity. This
suggests that the spread of the invasive goldenrods is more likely
in fragmented landscapes with higher edge density. Contrary to our
predictions, we also found a clear positive association between com-
positional heterogeneity and goldenrod abundance, suggesting that
a high number of different land-use types may benefit invasive gold-
enrods even when accounting for edge density (i.e. configurational
heterogeneity). The effects of these two landscape heterogeneity
components were strongly scale dependent: goldenrod abundance-
configurational heterogeneity relationships were most distinct at
smaller spatial scales, while the pattern was the opposite for com-

positional heterogeneity. Below we discuss possible mechanisms

driving the observed pattern and its possible applications for inva-

sive plant management.

4.1 | Roadside invasions and landscape
heterogeneity

Roadsides are disturbed linear habitats which often differ in soil
characteristics and management practices from surrounding areas
as a result of implementation of roadside maintenance activities
(Forman et al., 2003). Hence, the vegetation that occurs in such en-
vironments tends to be more rich in disturbance-adapted species,
including invasive alien species, than plant communities growing
further away from the road (e.g. Gelbard & Belnap, 2003). Invasive
plants occupying roadsides can often spread along this continuous
habitat as a result of seed transport by vehicles (Von Der Lippe &
Kowarik, 2007) and water flush via road drainage system (Christen
& Matlack, 2009). However, the processes of dispersal and coloniza-
tion of road verges by invasive plants can be also impacted by the
characteristics of the surrounding landscape (Minor et al., 2009; Vila
& Ibanez, 2011). We found that both the configuration and compo-
sition of farmland landscape adjacent to roads were related to the
goldenrod abundance at road margins. This suggests that roadside
colonization patterns are driven not only by an enhanced estab-
lishment through altered site conditions and car traffic facilitating
dispersal, but also by species filtering processes operating at larger
spatial scales than the roadside itself.

Our findings support previous studies suggesting a generally pos-
itive link between distribution of invasive alien plants and landscape
heterogeneity level (Lazaro-Lobo et al., 2020; Vila & Ibafez, 2011,
With, 2002). The positive goldenrod-configurational heterogene-

ity association is in line with previously reported conclusions that
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Effect size in the logistic model (odds ratio)

FIGURE 4 Effect of compositional and configurational landscape heterogeneity on the index of goldenrod abundance (odds ratio with
95% Cls) in five different spatial scales as found by GAMs summarized in Table 1
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TABLE 1 Summary of five generalized additive models (GAMs) analysing abundance of invasive goldenrods at 1,153 transects established
along roads in Poland, in relation to configurational and compositional landscape heterogeneity. The GAMs use different spatial scales,
parameter estimates (SE in brackets) are given for linear fit and estimated degrees of freedom in case of spline fit. Significance levels are

specified with asterisks

Linear fit

(Intercept)

GAM1

r=250m

-2.87 (0.04)***

GAM2

r=>500m

-2.89 (0.04)***

Configuration 0.37 (0.02)*** 0.38 (0.02)***

Composition 0.11 (0.02)*** 0.26 (0.03)***

Mowing -0.14 (0.03)*** -0.15(0.03)***
Spline fit

s(X.Y) 29*** 29%*

Dev.expl 34.0% 34.7%

R? 27.9% 28.6%

GAM3 GAM4 GAM5
r=1,000m r=2,000m r=5,000m
-2.93 (0.04)*** -2.99 (0.04)*** -3.03 (0.04)***
0.29 (0.03)*** 0.18 (0.03)*** -0.04 (0.04)
0.49 (0.03)*** 0.70 (0.03)*** 0.82 (0.03)***
-0.16 (0.03)*** -0.17 (0.03)*** -0.18 (0.03)***
29*** 29*** 29***

35.9% 37.7% 39.0%

30.3% 32.9% 35.3%

adj

Statistical significance: *** <0.001.

edge habitats (e.g. field margins) may support the movement of in-
vasive plant propagules across the landscape (Warren et al., 2013).
The observed positive association between compositional hetero-
geneity and the abundance of goldenrods corroborate a hypothesis
that a landscape with many land cover types can be more prone to
the successful colonization by invasive plants possibly due to their
superior ability to take advantage of variable disturbed environ-
ments as it is in agricultural areas (Davies et al., 2005; Melbourne
et al., 2007). As a consequence, high availability of source habitats
in the nearby heterogeneous landscape can support the coloniza-
tion of roadsides by invasive plants. It should be noted, however,
that rural landscapes are environments that are heavily influenced
by human activity (i.e. agricultural management). The level of this
impact across space and time plays an important role in the estab-
lishment and subsequent spread of invasive alien plants. It has been
shown that post-agricultural lands usually have a greater abundance
and diversity of invasive alien plant species (Lenda et al., 2019; Vila
& Ibanez, 2011). Therefore, as generally greater agricultural aban-
donment results in higher environmental heterogeneity, the positive
association between compositional landscape heterogeneity and
abundance of invasive goldenrods reported in our study, may be an
effect of increased proportion of wastelands in more heterogeneous
areas. Unfortunately, there are no good data on abandoned land dis-
tribution to test this hypothesis directly.

4.2 | Spatial scale and choice of metric

At the local scale, the level of configurational landscape hetero-
geneity played a more important (positive) role in the distribution
of invasive goldenrods than landscape composition (with the lat-
ter, however, still important). However, an increase in spatial scale

coincided with an increase in the importance of compositional

heterogeneity and decrease in the effect size of configurational
heterogeneity. Generally, our study confirms earlier findings on
importance of spatial context for patterns of biological invasions
(e.g. Czarniecka-Wiera et al., 2020). The two landscape hetero-
geneity measures we used can be considered as ecological filters
determining the processes by which local-scale species assem-
blages (in our case: roadside vegetation) are derived from the
species pools of larger scales (Aronson et al., 2016; Morin, 2011;
Poff, 1997). The strength of the influence of different filters on
local species composition is hypothesized to vary across spatial
scales and the factors operating at smaller scales can be subordi-
nate to large-scale factors (Milbau et al., 2009): at the larger scale,
landscape features are important, while at the very local scale,
biotic interactions, such as competition, can play a major role in
determining the assemblage composition (Melbourne et al., 2007;
Perovié et al., 2015). It has been suggested that it is the landscape
level, where the processes of invasive plant species establishment,
population growth and further spread take place (Theoharides &
Dukes, 2007). Nevertheless, the scale of landscape effects on
biological processes can depend on the landscape variable that
is measured (Patenaude et al., 2015), thus both the landscape
composition and configuration may differently affect species dis-
tribution (Zhang et al., 2020). Our results are in accord with previ-
ous theoretical predictions suggesting that the scale of effect of
habitat fragmentation (i.e. configurational heterogeneity) should
be smaller than the scale of effect of habitat amount (i.e. com-
positional heterogeneity) (Miguet et al., 2016). A potential expla-
nation for such pattern may be that compositional heterogeneity
generally increases with spatial scale (Ben-Hur & Kadmon, 2019).
This may increase number of available niches (Ben-Hur &
Kadmon, 2019; Sirami et al., 2019), and, in line with our findings,
might make a landscape more vulnerable to invasion. However, as

landscape effects may interact with invasive plant species' traits
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such as dispersal ability and habitat requirements, both the size
and direction of landscape heterogeneity effects across different
spatial scales may be species specific (Ldzaro-Lobo et al., 2020;
Martin et al., 2019; Perovi¢ et al., 2018). In any case, we argue
that when identifying the drivers of the links between landscape
structure and composition and the spread of invasive plants such
as goldenrods we need to carefully choose the measure of hetero-
geneity and the spatial scale, relevant for the ecological process of

interests, to properly understand the results obtained.

5 | CONCLUSIONS

Increasing landscape heterogeneity has been repeatedly suggested
to halt the decline of farmland biodiversity as species richness
often increases with increasing landscape heterogeneity (Benton
etal.,2003; Fahrig et al.,2011; Martin et al., 2020; Sirami et al., 2019).
Therefore, significant financial support has been allocated to in-
crease heterogeneity in agricultural landscapes of Europe (e.g. under
the EU Common Agricultural Policy instruments). However, when
we increase landscape heterogeneity, we may also promote the es-
tablishment of invasive plant species with negative effects on the
native fauna and flora as a result (e.g. Moron et al., 2009; Skérka
et al., 2010). Clearly, we need to find ways to promote the native
biodiversity without promoting invasive species. Our results show,
however, that the choice of heterogeneity metric and the spatial
scale of the landscape studied is crucial for detecting and interpret-
ing links between occurrence of invasive alien plants and landscape
heterogeneity. This should be considered when identifying mecha-
nisms linking invasions to landscape heterogeneity to produce fur-
ther recommendations concerning invasive plant management while
still benefiting native biodiversity. To reach such an aim we first sug-
gest to prioritize the mapping of invasive alien plants especially in
heterogeneous landscapes either by specific inventories or by the
use of remote data collection (e.g. with GSV images). Second, we
suggest conservationists in collaboration with road verge manag-
ers to implement regular road verge management and eradication
schemes in these landscapes such that the invasive plant species are
kept at lowest possible population levels at a regional scale. To re-
duce the total costs of invasive plant control one may allocate more
resources to the most risky landscapes by, for example, repeated
mowing during the growing season in heterogeneous landscapes.
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Figure S1. Spline correlograms (mean and 95% CI in color) showing dependency among
residuals from GAM models fitted for five spatial scales and spatial distance (in km) among
data records (x axis).
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Table S1. Corine Land Cover (CLC) classes recorded within buffer zones of 250, 500, 1000,
2000 and 5000 m from studied transects

CLC code CLC description 250m  500m 1000m 2000m 5000m
111 Continuous urban fabric X X
112 Discontinuous urban fabric X X X X X
121 Industrial or commercial units X X X X X
122 Road and rail networks and associated X X X X X

land
123 Port areas X
124 Airports X X X
131 Mineral extraction sites X X X X X
132 Dump sites X X X X X
133 Construction sites X X X X X
141 Green urban areas X X
142 Sport and leisure facilities X X X X X
211 Non-irrigated arable land X X X X X
222 Fruit trees and berry plantations X X X X X
231 Pastures X X X X X
242 Complex cultivation patterns X X X X X
243 Land principally occupied by X X X X X

agriculture, with significant areas of
natural vegetation

311 Broad-leaved forest X X X X X
312 Coniferous forest X X X X X
313 Mixed forest X X X X X
321 Natural grasslands X X X
324 Transitional woodland-shrub X X X X X
331 Beaches, dunes, sands X X X
333 Sparsely vegetated areas X X X
411 Inland marshes X X X X X
412 Peat bogs X X X X X
511 Water courses X X X X X
512 Water bodies X X X X X
521 Coastal lagoons X X X
523 Sea and ocean X X X

Total number of CLC classes 20 20 26 28 29
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Abstract

Biological invasions are one of the most serious global threats to biodiversity, with severe
economic and social impacts. The complexity of this problem challenges effective
management of invasive alien species as the contribution of many factors involved in the
invasion processes across different spatial scales is not well understood. In this study, we
identify the most important determinants associated with the occurrence of two invasive alien
plants, the North American goldenrods (Solidago canadensis and S. gigantea), commonly
found in agricultural landscapes of Europe. We applied a novel method based on remote
analysis of Google Street View images to perform a large-scale inventory of goldenrods along
1,347 roadside transects across Poland. Using open access geospatial data and machine
learning techniques, we investigated the relative role of nearly 50 variables potentially
affecting the distribution of studied species at five spatial scales (from within 0.25 km to 5 km
of the studied locations). We found that the occurrence of goldenrods along roadsides is
simultaneously influenced by multiple drivers among which factors related to human impacts,
climatic conditions, soil properties and landscape structure are the most important, while local
characteristics, such as road parameters or abundance and diversity of other alien plants are
less influential. However, the contribution of these variables in predicting goldenrod
distribution changes across spatial scales. This suggests that different invasion drivers operate
at different spatial scales and that some important associations may be overlooked when
focusing on a single spatial context. Thus, understanding the processes of biological invasions
requires considering the relative importance of different factors concurrently shaping the
patterns of invasive alien species distribution across different spatial scales. We highlight that
using multi-scale approaches involving a wide range of variables may enable setting priorities
for the management of invasive alien plants, and thus developing more effective strategies

aiming at preventing, eradicating, and controlling these problematic species.
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1. Introduction

The phenomenon of biological invasions is a major fingerprint of the Anthropocene,
contributing substantially to global human-induced environmental change and threatening
both biodiversity and human welfare (Pysek et al. 2012, Kueffer 2017, IPBES 2019). The
spread of alien species has been shown to alter the structure and functioning of ecosystems
(Levine et al. 2003, Hejda et al. 2009a), causing extinctions of indigenous fauna and flora
(Blackburn et al. 2019) and reducing services that native ecosystems provide for human
wellbeing (Kumar Rai and Singh 2020). These changes are difficult to reverse and have
already caused serious economic damage (Diagne et al. 2021). Moreover, the adverse effects
of biological invasions are predicted to become exacerbated as the climate, landscape and
socio-economic factors are also rapidly changing across the globe (With 2002, Early and Sax
2014, Early et al. 2016). Therefore, an understanding of the different environmental and
anthropogenic drivers of invasions is important to deliver guidance on how to manage
invasive alien species and prevent new invasion events in the future.

Biological invasions are, by definition, caused by human activity. For several hundred
years, the transfer of plant species outside of their native ranges has been driven by cross-
border trade, leading to both intentional and accidental introductions (Hulme 2009). As such,
the main predictor of invasion success has often been found to be the invasion pathway, that
is, the method and frequency by which a species has been introduced (Wilson et al. 2009).
Human activity is also a strong predictor of invasion processes following the introduction
stage, because the establishment and subsequent spread of alien species is commonly
associated with anthropogenic habitats (Hejda et al. 2009b). Furthermore, it has been

recognized that plant invasions are also influenced by landscape structure (With 2002,
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Melbourne et al. 2007), including the presence and configuration of human-modified
landscape features such as roads, watercourses, built-up areas and abandoned agricultural
fields (Lenda et al. 2012, Kotowska et al. 2021). Such land use and landscape characteristics
represent not only suitable habitats for alien plants, but also potential source pools and
pathways for further invasions (Vila and Ibanez 2011, Warren et al. 2013, Kotowska
et al. 2022). By contrast, semi-natural habitats, such as grasslands and woodlands are usually
more resistant to establishment of alien plant species (Chytry et al. 2008).

Climate change is another, growing anthropogenic driver of biological invasions (Diez
et al. 2012). Alien plants that have been introduced by humans may become invasive as the
climate changes to provide more favorable temperatures, humidity, precipitation or solar
radiation (Hulme 2017). Climate models generally predict invasive species to change their
ranges in relation to spatial and temporal changes in climate (Hulme 2017, Bellard
etal. 2018). Still, it is expected that human-mediated long-distance transport and
anthropogenic habitat modifications are the major drivers of biological invasions (Hulme
2017). Also, human population density, income and various other socioeconomic indices have
been shown to be positively associated with regional numbers of alien plants (Taylor and
Irwin 2004, Pysek et al. 2010).

Together, both climate change and human-related land-use alterations lead to
modifications in the quality, availability, and configuration of habitat resources, and can thus
influence plant invasions (Schroeder et al. 2021). Soil properties (e.g. high nitrogen content,
acidity) may positively impact invasion of alien plants which, in turn, may also affect nutrient
pools in the topsoil and the standing biomass, generally contributing to a homogenization of
soil conditions (Dassonville et al. 2008, Vitti et al. 2020). This ‘ecosystem engineering’ can
then act to facilitate further invasions, although interactions among potentially invasive

species can also be an important determinant of whether multiple invasions occur (Lenda



etal. 2019). It has been suggested, for instance, that successfully-established non-native
species may facilitate the establishment of other alien species, thus accelerating the invasion
process (the so-called ‘invasional meltdown’ process; Simberloff and Von Holle 1999).
However, the relative role of associations among alien plants, environmental drivers and
human activity in supporting invasions of alien plants is not clearly understood.

The processes that regulate the introduction, establishment and spread of alien species
are clearly highly complex and involve a multitude of factors (Catford et al. 2009, Heger
et al. 2013). In addition to the many ways in which these different factors affect biological
invasions, they also operate at different spatial scales (Czarniecka-Wiera et al. 2020). At large
spatial scales (regional level), one expects the effect of climate and human impacts to be most
prevalent (Shi et al. 2010). At intermediate (landscape) spatial scales, landscape
characteristics may become more important, whereas the impact of local characteristics, such
as biotic interactions are likely most pronounced at small, local spatial scales (Catford
etal. 2009, Milbau et al. 2009). Hence, depending on the spatial context, the relative
importance of different factors enabling/promoting establishment and distribution of invasive
alien plants are likely to vary (Ricklefs and Jenkins 2011). Most empirical studies on the
drivers of plant invasions, however, have focused on a single spatial scale (but see:
Brown et al. 2008, Czarniecka-Wiera et al. 2020, Kotowska et al. 2022).

Given the number of factors and underlying mechanisms potentially involved in
success of invasive alien plants, the pressing issue of predicting their distribution remains
a challenge. Dealing with this problem requires an integrative approach (Barney and Whitlow
2008), but many studies are limited by the number of drivers that are covered and the joint
and relative effects of multiple invasion drivers has rarely been examined (but see:

Bazzichetto et al., 2018; Szymura et al., 2018). More comprehensive approaches accounting



for the simultaneous role of multiple drivers of invasions across different spatial scales are
therefore needed.

Here, we investigate the relative importance of multiple factors associated with
occurrence of common invasive alien plants across different spatial scales. We used invasive
north American goldenrods (Solidago spp.) as model species and collected data on their
occurrence along roadside transects in agricultural landscapes of Poland by applying a novel
and reliable method based on remote analysis of Google Street View images (Kotowska
etal. 2021). We tested how local roadside invasion patterns are influenced by multiple
characteristics of the environment and its anthropogenic pressures by associating invasive
goldenrod occurrences along roads with 47 variables potentially affecting their distribution.
These were grouped into seven categories that included human impacts, landscape structure,
climate characteristics, soil properties, abundance and diversity of other alien plant species,
road characteristics and transect sampling parameters. As the impact of the considered
invasion drivers was expected to be scale dependent, we tested their effect on the probability
of goldenrod occurrence across different spatial scales, ranging from 0.25 km to 5 km of the

studied locations.

2. Methods

2.1 Model species

Canadian goldenrod (Solidago canadensis L.) and giant goldenrod (S. gigantea Aiton) are two
highly successful plant invaders of North American origin that have colonized a broad range
of European landscapes (Weber 2001, Carboneras et al. 2018). Due to their high competitive
ability with efficient seed production, rapid growth, prolific rhizome propagation and capacity
to exert allelopathic effects on other plants, they can dominate native vegetation over vast

areas forming dense, homogeneous stands (Kabuce and Priede 2010). Consequently, the



spread of these two goldenrod species can lead to a drastic reduction of native plant diversity
(Moron et al. 2009, Lenda et al. 2019) and can adversely affect birds (Skorka et al. 2010) and
insects, including pollinators (such as bees, hoverflies and butterflies; Lenda et al., 2021,
2019; Moron et al., 2021, 2009), beetles (de Groot et al. 2007) and ants (Lenda et al. 2013).
Invasive alien goldenrods are found in a wide spectrum of habitats. They occur abundantly
both in human-disturbed habitats, such as roadsides, railway embankments, abandoned
agricultural lands and ruderal environments associated with built-up areas, as well as in semi-
natural grasslands, meadows, forest edges and riverbanks (Kabuce and Priede 2010, Perera
et al. 2021). Since both goldenrod species are similar in morphology and habitat preferences
within their secondary range (Perera et al. 2021), we consider them together in this study (and

refer to them as “goldenrods”).

2.2 Study area and transect selection

The study was conducted along roads in agricultural lowland landscapes across the country of
Poland (Figure 1). The two goldenrod species are widespread throughout this area with
locally high abundances (Moron et al. 2009, Lenda et al. 2019). For the purpose of roadside
transect selection, out of the total of 2478 local administrative units in Poland (‘communes’,
the number is for as of 2017), we first chose all 1555 rural communes (i.e., those within which
there are no cities, as defined by the Central Statistical Office for Poland). Next, to restrict the
study area to lowland regions, we excluded 195 communes in which 70% of the commune’s
area was at an altitude of over 300 m a. s. I., according to the European Digital Elevation
Model (available  through the Copernicus Land Monitoring Service;
https://land.copernicus.eu/). Finally, using Google Street View (GSV) imagery via the Google
Maps web mapping service, we excluded 13 communes with no GSV coverage. As a result,
we selected a total of 1347 communes, in which transects of about 500 m in length were set

following the approach described in Kotowska et al. (2021). In each commune, we randomly
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selected a point along the road network using GIS tools and Open Street Map vector data, and
then used it as the location to start a transect. If GSV images were not available for the
transect, or more than 50% of the transect’s length intersected patches of forest, water bodies
or urban areas (as identified by the CORINE Land Cover database), it was discarded and the
next randomly selected transect in the commune was used instead. The transect was also
discarded and replaced when the visibility of roadside vegetation was reduced by e.g.
presence of acoustic barriers. Consequently, the resulting set of 1347 transects established
across Poland (mean nearest neighbor distance: 8384 m, range: 990-32685 m) included roads
of different classes (from highways to minor roads), intersecting a range of agricultural
habitats. The studied locations were surrounded by farmland landscapes differing greatly in
their structure and level of land-use intensity, including large, intensively managed arable
fields, pastures and meadows, as well as heterogeneous landscape mosaics composed of
small-scale arable fields with different crops, orchards, meadows and low-intensity grazed
pastures mixed with patches of other semi-natural and natural open vegetation, marshes,
woodlands, wastelands and scattered farmsteads. The selected transects also represented
a climatic gradient from suboceanic climate in north-western Poland to continental climate in
east and south-eastern part of the country (Kozuchowski 2011). Spatial data processing was

carried out using ArcGIS 10.4.

2.3 Alien plant species sampling

Large scale data on distribution of goldenrods and other alien plant species were gathered
remotely using Google Street View images. This novel, time- and cost-efficient method for
studying roadside vegetation has been proven to be reliable in relation to field inventory data
and has been suggested as a tool for detecting invasive alien plants occurrences over large
areas (but see Kotowska et al., 2021 for discussion of its limitations). Each of the 1347
transects was divided into (on average) 25 sections of around 20 m length (Figure 2B). Next,
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using Google Earth, the transects were sampled for goldenrods and other alien plant species
by virtually “driving” along the road and visually analyzing GSV images. The remote data
collection was performed based on the panoramic views taken between 2011 and 2018. For
each transect section, we determined the occurrence of goldenrods and other identified alien
plants (0/1) within 30 m of a transect line. Since the maintenance of roadside vegetation may
reduce the probability of plant detection, for each transect section we also assessed the
presence of recent road verge mowing (0/1) within 30 m of the road. The 30 m zone was
considered mown if the vegetation covering more than 50% of this area had been recently cut,
as judged by not yet being fully re-grown in height. The information on road verge mowing
along a whole transect was quantified as a proportion of transect sections considered mown.
Additionally, for each transect, we noted the date at which GSV pictures were taken and the
information on road surface material (asphalt/other). Based on the transect section-scale
observations, we determined the goldenrod occurrence (0/1) and diversity of other alien plant
species at each transect. Moreover, an abundance index of alien plants (other than goldenrods)
that could be detected along a transect (e.g., box elder, black locust, Canadian horseweed; see
Appendix S1: Table S1 for a full species list) was calculated as a proportion of transect

sections occupied by each of the alien plant species.

2.4 Environmental and human activity-related data

Initially, we considered a set of 60 characteristics grouped into seven categories as
explanatory variables potentially explaining goldenrod occurrence along roads in agricultural
landscapes of Poland (not all of them were finally used in the analyses; see Statistical analyses
section for explanations, Table 1 for a list of variables used in the models and Appendix S1:
Table S1 for a full list of 60 initially considered characteristics). First, variables describing
human impacts (i.e., socio-economic indices, human footprint index, agricultural intensity)

were included, as the level of goldenrod invasion is generally mediated by human activity.
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Second, characteristics of landscape structure (e.g., cover of land-use types, landscape
heterogeneity indices, distance to watercourses, road density) were used as proxies of the
amount of suitable habitat and potential dispersal corridors in the vicinity of the studied
transects. Third, topsoil chemical properties (pH, content of calcium carbonates, phosphorus,
potassium and nitrogen) were considered as parameters describing habitat conditions in the
areas surrounding transect locations. Fourth, we considered climatic factors (i.e., mean
temperature, precipitation, solar radiation and growing season length), as goldenrod
occurrence may be more likely in areas characterized by warm temperatures, humid
conditions and high solar radiation (Park et al. 2020). Fifth, since biotic interactions among
alien plants may intensify their ecosystem impacts and/or promote secondary invasions by
other species (Simberloff and Von Holle 1999), we considered indices describing the
abundance and diversity of alien plant species other than goldenrods that were observed along
the transects (13 species in total; the number of other alien plant species recorded along
a transect ranged between O and 5). Sixth, we assumed that the importance of roadsides
constituting major dispersal corridors for invasive alien plants (McDougall et al. 2018,
Lazaro-Lobo and Ervin 2019) may be enhanced by certain road characteristics, such as, e.g.,
those related to high traffic volumes (Joly et al. 2011). Thus, we described several parameters
of studied roads (i.e., road class, road width, road curvature, road direction, road surface).
Finally, we also included transect sampling parameters (i.e., month and year when the GSV
pictures were taken, number of sections established along a transect line and information on
road verge mowing) to account for potential bias arising from remote data collection with
GSV panoramas (Kotowska et al. 2021).

These variables were either determined based on the GSV data inspection or
calculated using GIS tools based on open geospatial data available for the study area (such as

satellite imagery, Open Street Map vector layers, Corine Land Cover database, WorldClim
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database and other datasets mostly derived from national or European government agencies;
see Appendix S1: Table S1 for the detailed description of variables and data sources). The
characteristics that were site-specific, i.e., abundance and diversity of other alien plant
species, road parameters as well as transect sampling parameters, were determined at the
transect scale only (i.e., along or within 30 m of the road). Whereas large-scale variables
(i.e., human impacts, landscape structure, soil properties and climatic conditions) were
measured at five spatial scales, i.e., within buffer zones of 250, 500, 1000, 2000 and 5000 m
of the studied transects (Figure 2A; except for two distance-based characteristics, see Table
1). The spatial data processing and calculations were performed using ArcGIS 10.4 software,
Google Earth Engine platform, and packages: ‘raster’ (Hijmans 2022) and ‘sf’ (Pebesma

2018) in R (R Core Team 2020).

2.5 Statistical analysis

To determine the relative importance of the considered variables for the probability of
goldenrod occurrence across different spatial scales we used random forest (RF) models
implemented in ‘caret’ package (Kuhn 2022) in R. Prior to the analyses, the dataset was
filtered to remove near zero variance predictors and highly correlated variables (i.e., those
with Pearson’s correlation coefficient > 0.9; da Silva et al., 2020). Consequently, out of the
total of 60 characteristics, 47 were used in the further analyses (see Table 1). We performed
five RF classification models, one for each of the spatial scales at which the large-scale
factors were measured. In each model, we used the goldenrod occurrence along a transect
(1 — presence, 0 — absence) as the response variable and each transect as a single data record
(1347 in total). In all models, we considered a set of 47 predictor variables which consisted of
local factors (four variables describing the abundance and diversity of other alien plant
species, four road parameters and four transect sampling parameters), two distance-based

variables characterizing landscape structure, and large-scale factors calculated for a given
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spatial scale (16 characteristics of landscape structure, eight indicators of human impacts, four
descriptors of climatic conditions and five characteristics of soil properties). For each RF
model, the number of decision trees was set to 2000 and the mtry parameter (i.e., the number
of randomly selected features to be used at each tree node split) was tuned from the values:
2,9, 16, 22, 28, 34, 40, 47 to find the best performing model.

Performance of each of the five RF models was assessed using 10-fold cross
validation, repeated five times. Since the spatial structure in the data can lead to the
underestimation of model prediction error, we used spatial blocking to account for this
problem while validating our models (Roberts et al. 2017). In this approach, the k-fold cross
validation procedure divides a dataset into k spatially separated folds based on a specified
distance (cell size of the blocks; Valavi et al., 2019). Each fold is given an opportunity to be
used as a held back test set, while all the remaining folds are used for model fit. The
procedure is repeated k times and the mean performance based on k models evaluated on
the k hold-out test sets is reported. The size of the blocks for the validation was chosen based
on the range of spatial autocorrelation in the model residuals following Roberts et al. (2017).
The blocks were constructed using ‘blockCV’ package (Valavi et al. 2019) in R. As the
number of goldenrod presences and absences in our dataset was not equal, at each of the 10
resampling iterations in the cross validation the prevalent class in training set was randomly
sub-sampled, so that the frequencies of goldenrod presence and absence matched. The process
was replicated five times to include different sets of random transects in the validation of
a model, and results of the replications were averaged. Consequently, 50 different hold-out
datasets were used to assess the final model’s performance. We used the overall accuracy,
kappa coefficient and confusion matrix-based measures (including specificity and sensitivity)

as the model performance metrics.
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The contribution of each predictor variable in explaining the goldenrod occurrence
was measured using the variable importance score, which bases on the decrease in a model
accuracy when a single variable is randomly shuffled (Breiman 2001). To visualize the mean
marginal effect of each variable on the probability of goldenrod occurrence, we used partial
dependence plots drawn with ‘pdp’ package (Greenwell 2017) in R.

To test whether the variable importance scores of different explanatory variables differ
across the five spatial scales and seven variable categories, we fitted a generalized additive
mixed model (GAMM) with gamma distribution and log link function using ‘mgcv’ package
in R (Wood 2017). In this model we used the variable importance as a response variable
(continuous, ranging from 0.7 to 29.9) and three explanatory variables: spatial scale
(categorical with five levels: 250m, 500m, 1000m, 2000m and 5000m), variable category
(categorical with seven levels: human impact, climate, alien species, landscape, road, soil,
transect) and interaction of these two. Each variable importance calculated for a given spatial
scale was treated independently, thus, the model was performed based on a total of 235 data
records and the variable identity was introduced as a random factor (fitted with ridge penalty
spline). As our primary interest in this analysis was to test the interaction between the spatial
scale and variable category, the performance of this model was compared with a model
without the interaction term, basing on the Akaike information criterion (AIC).

Finally, to examine scale-dependency in the variable importance scores of all predictor
variables, we calculated the Spearman’s correlation between the importance score and the
spatial scale, independently for all variables. The distribution of these correlation coefficients
was then compared to the null model (i.e. distribution of coefficients obtained for correlations
between permuted importance scores and spatial scale, repeated 100 times) using ‘sm’

package (Bowman and Azzalini 2021) in R.
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3. Results

Goldenrods were recorded in 505 of 1347 sampled transects (37.5%). The species were
widespread throughout Poland, with higher concentrations found in the southern part of the
country (Figure 1). The performance of RF models explaining goldenrod occurrence was
similar across the five considered spatial scales. The models predicted goldenrod occurrence
with an overall accuracy of about 70-71% and achieved corresponding kappa coefficients of
about 0.37-0.41, thus indicating moderate model performances. All the models predicted
goldenrod absences slightly better than presences (c.a. 71-73% and 66-69% of absences and
presences, respectively, were classified correctly; Table 2).

Human impacts, climatic conditions and soil properties were generally most important
variable categories for predicting goldenrod occurrences in Polish roadsides at all spatial
scales. These were followed by landscape structure, local characteristics of roads, transect
sampling parameters and occurrence of other alien plants (Figure 3, Appendix S1: Table S1).
Across all the considered spatial scales, the individual predictor variables: human population
density, solar radiation and agricultural intensity were among the most contributing factors in
explaining the probability of goldenrod occurrence, while the abundance and diversity of
other alien plant species was of relatively low importance (Figure 5, Appendix S2: Figure S1
and Figure S2).

The importance of explanatory variables in predicting goldenrod occurrence was,
however, scale dependent, as indicated by the GAMM model that included an interaction term
between the variable category and spatial scale performing better (AIC=1126.6) than a model
without this effect (A1C=1143.8). This was largely driven by the effect of increasing relative
contribution of landscape variables with increasing buffer radius, while no such effect was

found for the other categories of variables (Figure 3, Appendix S1: Table S2).

14



Scale-dependence was also confirmed for several single predictor variables
(Figure 4A, Figure 5, Appendix S2: Figure S1 and Figure S2). The Spearman correlation
coefficients between the spatial scale and the importance of variables in predicting goldenrod
occurrence varied from positive, through none to negative (Figure 4A). Broadly speaking,
landscape variables, such as coverage of wetlands and water bodies, semi-natural habitats and
forests, were again shown to increase in importance with increasing spatial scale (Figure 4A,
Figure 5). The influence of some other drivers of goldenrod occurrence decreased with the
spatial scale: namely almost all human impacts as well as solar radiation, landscape
configuration and two of the four road variables (Figure 4A, Figure 5, Appendix S2:
Figure S1 and Figure S2). On the other hand, the importance of several predictors was not
correlated with the buffer radius of a transect, including all the considered variables related to
soil properties (Figure 4A, Appendix S2: Figure S1). The observed pattern in the associations
between the spatial scale and variable importance was significantly non-random as indicated
by the tests of equity (p<0.01 in each of the 100 runs; Figure 4B). However, the direction of
relationships between the occurrence of goldenrods and the examined variables was generally
similar across the spatial scales as demonstrated by the partial dependence plots (Figure 5,

Appendix S2: Figure S1 and Figure S2).

4. Discussion

We found that the occurrence of goldenrods along roadsides is associated with multiple
factors, among which those describing human impacts, climatic conditions, soil properties and
landscape structure are the most important. However, the relative contribution of these
characteristics in predicting goldenrod distribution changed across spatial scales. Thus, our
results clearly suggest that the effect of variables driving plant invasions can be dependent on

the spatial scale examined. Below we discuss possible explanations of the mechanisms
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causing the observed patterns and list potential limitations associated with the methods used.

Last, we suggest possible applications of our results for invasive plant management.

4.1 Importance of environmental and anthropogenic variables

By including a wide range of invasion predictors, we were able to show that plant invasions
are influenced by multiple drivers and their success cannot be described by a single measure.
However, some of the considered variables appeared to be more important for the predictions
of goldenrod invasion than others. As expected, measures of human activity, such as
agricultural intensity, human population density and several other indicators of
socio-economic conditions, were among the most influential determinants of goldenrod
distribution. This is likely because these characteristics are surrogates of anthropogenic
disturbances in natural systems and reflect the level of propagule pressure (Lockwood
et al. 2005, Hulme 2009, Pysek et al. 2010). It has been suggested that the impact of human
activities on species invasions overwhelms the influence of climatic conditions (PySek
et al. 2010, Dyderski et al. 2022). However, this has not been confirmed in our study as
climatic characteristics, mainly thermal conditions (the amount of incoming solar radiation
and average annual temperature), were also among the most important variables explaining
goldenrod occurrence. These associations are in line with previous research describing the
preference of the studied species to well irradiated areas characterized of relatively warm
temperatures (Cao et al. 2018). Furthermore, the occurrence of goldenrods was clearly
associated with soil properties, especially phosphorus content, although the mechanism
behind this association needs further research. The distribution of studied species was also
linked with the characteristics of landscape structure, for instance landscape configuration.
The general importance of landscape structure for the outcomes of invasion processes has
been already highlighted by several studies (Vila and Ibanez 2011, Kotowska et al. 2022). Our

results suggest that the dispersal efficiency of alien plants, such as goldenrods, can be
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positively related to the level of landscape configuration as a high concentration of edge
habitats (e.g. ecotones, field margins) may facilitate the movement of invasive plant
propagules across the landscape (Warren et al. 2013).

Factors related to road parameters were found to have little impact on the probability
of goldenrod invasion. This suggests no substantial differences in goldenrod occurrence
among different road types or classes or that the influence of local variables was too low to
alleviate the effect of large-scale characteristics (Czarniecka-Wiera et al. 2020). Also, no clear
associations between goldenrod presence and other alien plants may suggest that indices
measured at the level of a roadside plant community are relatively less important. This is
consistent with previous suggestions that the colonization of road verges by invasive alien
plants and their further spread can be impacted by processes operating at larger spatial scales
than the roadside. For example, invasion probability can be more influenced by the
surrounding landscape (Minor et al., 2009; Vila and Ibafiez, 2011), or it can be a reflection of
the increased use of the roads in areas of high population density, which could promote spread
of species to roadsides and surrounding habitats (Auffret et al. 2014). On the other hand, the
low predictive power of other alien plants for the occurrence of goldenrods might be an
indication that these species also relate to the same factors as goldenrods or that possible
interactions between alien plants may occur on a very local scale (Lenda et al. 2019), smaller
than the scale of a transect.

We considered a large set of factors potentially affecting goldenrod occurrence in
order to capture the high complexity of the invasion process (Catford et al. 2009). While
many existing studies concentrate on one specific type of variables, such as landscape
structure (e.g. Andrew and Ustin 2010) or species traits (Van Kleunen et al. 2010), we tried to
overcome this potential weakness by covering a variety of different categories that could

reasonably be expected to influence invasion success. However, there may, of course, still be
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important drivers that we did or could not cover in our study. For example, current invasion
patterns may be better reflected by historical factors (such as, introduction history, historical
land use changes) than contemporary processes (Essl et al. 2011, Mattingly and Orrock 2013),
thus making the predictions about the present situation even more challenging. Moreover,
biological invasions are dynamic phenomena, and different drivers are involved in this
process at different stages along the invasion pathway (Theoharides and Dukes 2007). Since
the geographic range of goldenrods in the study area is still expanding (Perera et al. 2021),
our data likely included observations of the species at different invasion stages. Therefore,
some of the considered determinants of goldenrod distribution may have been less

informative than expected because their effect could have been site-specific.

4.2 Effect of spatial scale

We found that the effect of different factors associated with goldenrod occurrence changes
across spatial scales, thus corroborating earlier suggestions on the importance of spatial
context for understanding patterns in plant invasions (Milbau et al. 2009, Czarniecka-Wiera
et al. 2020, Kotowska et al. 2022). Our results indicate that the probability of invasion of alien
plants, such as goldenrods, is not only moderated by a multitude of drivers, but also that their
role in the invasion process changes depending on the spatial scale considered. For example,
the influence of human population density was more prevalent at small spatial scales
suggesting that human activity-related factors may be responsible, for instance, for local
introductions and dispersal of the studied plant (Lenda et al. 2014). Simultaneously, the
importance of, e.g., road density was highest at the largest spatial scale, indicating that roads,
being the dispersal corridors for goldenrods, may shape their distribution across wider areas.
Similarly, the importance of multiple land use types was more pronounced at larger spatial
scales, suggesting that the number of habitats available for invasive species may make the

landscape more vulnerable (or resistant) to invasions. At the same time, landscape
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configuration played a more important role for goldenrod distribution at smaller spatial scales,
thus following previous conclusions that the scale of effect of habitat fragmentation (i.e. the
level of landscape configuration) is smaller than the effect of habitat amount (Miguet
etal. 2016, Kotowska et al. 2022). Our findings are generally in accordance with earlier
suggestions that different invasion drivers operate at different scales (Vicente et al. 2019) and
that small scale patterns may be constrained by larger scale factors (Levin 1992, Pauchard and
Shea 2006). Although the presented effects may be species-specific and may be different
depending on the considered range of spatial scales, our results highlight the need for
multi-scale approaches in studying the mechanisms driving plant invasions.

Despite our important findings regarding both spatial scale and the effects of a variety
of environmental and anthropogenic drivers of invasion, it is still true that the predictive
accuracy of our models was not very high. One reason for this is that the considered
explanatory variables were measured based on open spatial data acquired from different
sources, so their quality varied in terms of accuracy, completeness and reliability. Thus, the
performance of our models may have been influenced by some feature noise that could bias
the learning process (Zhu and Wu 2004). Furthermore, we cannot exclude some errors
introduced in the reference dataset as a result of remote data collection on goldenrod
occurrence with Google Street View images. The method shows high precision in relation to
field inventory data, however it also has some limitations (e.g., temporal variability in
imagery, difficulties in detecting less conspicuous species or individuals) which may reduce
the probability of visual plant detection (Kotowska et al. 2021), and thus deteriorate the data
quality and, consequently, the model accuracy. Still, given these limitations, which largely
only increase the uncertainty in our estimates of goldenrod occurrence — variable

relationships, our study using open access environmental data shows the possibilities of
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investigating species occurrence patterns in relation to multiple possible drivers at different

spatial scales.

4.3 Management implications

Implementing effective measures aiming at preventing, eradicating, and controlling plant
invasions is strongly limited by the resources (mostly financial) available for their
management. Therefore, such efforts require setting priorities to identify invasion hotspots
and to target the most important factors driving the success of invasive species (Ziller
et al. 2020). Our study highlights how we can benefit from using the huge amounts of freely
accessible environmental data and considering different spatial scales to better approach the
full complexity of potential mechanisms underlying processes of biological invasions. Such
a multiple variable and spatial scale approach opens up for the development of better and
more efficient counter-measures to prioritize management attempts to the spatial scale at
which the most important factors affecting plant invasions operate. While most strategies for
controlling invasive species may focus on the site scale, our results show that local
characteristics may be less important for plant invasion patterns as compared to, e.g.,
variables associated with landscape structure. Thus, the development of management
initiatives at larger scales, e.g., landscape level, may be important for more effective control

of invasive plants, such as goldenrods.
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Tables

Table 1. List of variables used in goldenrod occurrence modeling. Full description and data
sources are given in Appendix S1: Table S1.

Category (scale) Variables

Human Impact Human Footprint Index (HFI), Agricultural intensity index,
(within 250, 500, 1000, 2000 Income per capita, Population density, Citizens>65, Proportion
and 5000 m of a transect) of women, Higher education rate

Climate

Mean temperature, Precipitation, Solar radiation, Growing

(within 250, 500, 1000, 2000
season length

and 5000 m of a transect)

Soil

(within 250, 500, 1000, 2000 Soil pH, Soil CaCO; content, Soil P content, Soil K content, Soil

and 5000 m of a transect) N content

Landscape Landscape composition, Landscape configuration, Artificial
(within 250, 500, 1000, 2000 surfaces, Arable land, Pastures, Heterogeneous agricultural

and 5000 m of a transect) areas, Forests, Semi-natural habitats, Wetlands and water bodies,

River density, Road density, Urban areas, Grasslands, Water and
wetness, Wastelands, Normalized Difference Vegetation Index

(NDVI)
(distance) River distance, Urban distance
Road Road width, Road curvature, Road direction, Road class
(along a transect)
Transect Mown road verge, Transect sections, Year of GSV picture,
(within 30 m of a transect) Month of GSV picture
Alien species Box elder abundance, Black locust abundance, Canadian
(within 30 m of a transect) horseweed abundance, Diversity of alien plants (of a total of 13

species)
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Table 2. Performance of five RF models explaining the occurrence of goldenrods at 1357
transects established along roads in Poland in relation to environmental and human

activity-related characteristics in five spatial scales.

Scale [m]  Accuracy Kappa Sensitivity Specificity
250 0.7045 0.3908 0.6931 0.7114
500 0.7023 0.3841 0.6812 0.7150
1000 0.6971 0.3712 0.6653 0.7162

2000 0.7038 0.3829 0.6653 0.7268
5000 0.7149 0.4077 0.6871 0.7316
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Figure legends
Figure 1. Distribution of 1347 transects sampled for goldenrod occurrence in agricultural

landscapes across Poland

Figure 2. An example study location; five spatial scales (i.e. buffer zones of a transect line) at
which the plant invasion drivers were analyzed (A) and 25 transect sections surveyed for alien

plant occurrence within 30 m of a transect line (B).

Figure 3. Average relative importance of seven variable categories for goldenrod occurrence

in five spatial scales based on the RF models.

Figure 4. The Spearman rank correlation coefficients (p<0.05 in red) between the importance
of each variable and increasing spatial scale (A) and the distribution of observed (red curve)
and permuted (black curves) correlation coefficients (B). A positive correlation indicates that
the relative variable importance increases as the spatial scale increases, a negative correlation
means that the relative variable importance decreases with increasing spatial scale. Variable
names abbreviations are explained in Table 1 and Appendix S1: Table S1, variable color

codes are given in Figure 3. Variables are ordered by decreasing correlation coefficient.

Figure 5. Changes in the importance of explanatory variables related to human impacts (left
panel) and landscape structure (right panel) for predicting goldenrod occurrence in Polish
farmland in five spatial scales based on the RF models. Partial dependence plots showing the
mean marginal effect of these variables on the probability of goldenrod occurrence across five
spatial scales are given as small inner panels. Each inner plot represents the effect of each
variable while holding the other variables constant and different spatial scales are shown with

a color gradient from pale (250 m) to dark (5000 m).
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Appendix S1: Tables

Table S1. Explanatory variables considered as divers of goldenrod occurrence in five RF
models. For each variable its abbreviation (in brackets), description and source of data is
given (if applicable). The variables marked with an asterisk were not used in the final
analysis.

CATE
GORY

Variables measured within 250, 500, 1000, 2000 and 5000 m of the studied transects
Mean Human Footprint Index within a buffer, measuring the

cumulative human pressure on the environment at spatial

resolution of about 1km using information on built-up Venter et al.,
environments, population density, electric power 2016, 2018
infrastructure, crop lands, pasture lands, roads, railways, and

navigable waterways

Composite agricultural intensity index calculated using the

PCA, based on the share of farms larger than 10 ha and use

of fertilizers in a commune (average weighted by the area of

each commune within a buffer)

Income per capita Commune income per capita (average weighted by the area

VARIABLE DESCRIPTION DATA SOURCE

Human Footprint
Index

(HFI)

Agricultural Intensity
index

(Agri. Intens.)

I
(Income) of each commune within a buffer) [PLN-10°] g
Population density  Population density in a commune (average weighted by the >
(Pop. Dens.) area of each commune within a buffer) [1000 people-km™] =
Share of citizens older than 65 years in the total population %
Citizens>65 of a given commune (average weighted by the area of each  Local Data Bank %
commune within a buffer) [%)] database, =
- - Statistics Poland
; Proportion of women; number of women per 100 men in a
Proportion of women .
p W commune (average weighted by the area of each commune
(Prop. Women) within a buffer)
Unemployment rate Share of registere_d unemployed in the total vyorking—age
| population of a given commune (average weighted by the
(Unemploym.) area of each commune within a buffer) [%]
) ) Share of higher educated citizens in the total number of
Higher education rate economically active population (i.e. aged 15 and more) of a
(Higher Ed.) given commune (average weighted by the area of each
commune within a buffer) [%]
Mean temperature ;
P Annual mean temperature within a buffer [°C] WorldClim
(Mean Temp.) Global Climate
Precipitation Annual precipitation within a buffer [mm] Data \_/ersion 2.0 &
Solar radiation Average annual potential incoming solar radiation within a Hi'i{i\%ﬁ a;gﬂ) =
(Solar Rad.) buffer [MJ-m?-day™] jmans, J§>
Growing season Growing season length Within_ a buffer, cal(_:ulateq as the Copernicus Land r_r||
length number of days between the first 5-day period with average Monitoring
Growing S temperatures above 5°C to the first 5-day period with Service
(Growing Seas.) temperatures below 5°C [days]
Soil pH Topsoil pH measured in water (mean value within a buffer) Maps of Soil
Soil CaCOscontent  Topsoil calcium carbonates content (mean value within a Chemical
(Soil CaCO3) buffer) [mg-kg™] properties at "
Soil P content Topsoil phosphorus content (mean value within a buffer) szsuerg %T]aﬂa(?fs o
. Rt (e
(Soil P) [mg'ke'] 2009/2012 topsoil
Soil K content Topsoil potassium content (mean value within a buffer) data (Ballabio et

(Soil K) [mgkg™] al., 2019)




Soil N content

Topsoil nitrogen content (mean value within a buffer)

(Soil N) [eke]
Landscape Polish Head
configuration Density of land parcel borders within a buffer [km/km?] Office of Geodesy

(Landsc. Config.)

and Cartography

Landscape
composition

(Landsc. Comp.)

Modified Simpson’s diversity index of land cover types
within a buffer based on CLC data. The higher the index, the
higher the number of different land cover types and the
proportional distribution of their area becomes more
equitable

Atrtificial surfaces

Coverage of artificial surfaces (CLC class 1), including:
urban fabric; industrial, commercial and transport units;

(Avrtificial) mine, dump and construction sites; artificial, non-
agricultural vegetated areas [%]
Coverage of arable land and permanent crops (CLC classes
Arable land . X L :
bl 21 and 22), including: non-irrigated arable land and fruit
(Arable) trees and berry plantations [%]
Pasture Coverage of pastures (CLC class 231) [%]
Coverage of heterogeneous agricultural areas (CLC class CORINE Land
Heterogeneous -rage o 9 agri Cover (CLC)
: 24), including complex cultivation patterns and land
agricultural areas ] . . e database
Het. Ari principally occupied by agriculture, with significant areas of
(Het. Agri.) natural vegetation [%]
Forest Coverage of forests (CLC class 31), including: broad-leaved
forest, coniferous forest and mixed forest [%]
Semi-natural habitats _Cover:_ige of semi-natural habitats (CL_C_: classes 32),
. including: natural grasslands and transitional woodland-
(Semi-Nat.) shrub [%]
Unvegetated areas* Coverage _of open spaces with little or no vegetation (CLC
U class 33), including beaches, dunes, sands and sparsely
(Unveg.) vegetated areas [%]
Wetlands and water ~ Coverage of wetlands and water bodies (CLC classes 41 and
bodies 5), including: inland marshes, peat bogs, water courses,
(Water) water bodies, coastal lagoons, sea [%]
General
Geographic

River density
(River Dens.)

Density of watercourses within a buffer the vector
watercourse layer [km/km?]

Objects Database
(Main Centre of
Geodetic and
Cartographic
Documentation in
Poland)

Road density
(Road Dens.)

Road density within a buffer based on the road vector layer
[km/km?]

Open Street Map

Urban areas
(Urban)

Coverage of built-up areas based on the High Resolution
Imperviousness raster layers of 10 m pixel resolution [%]

Grassland

Coverage of grasslands based on the High Resolution
Grasslands raster layers of 10 m pixel resolution [%]

Tree cover density™

Tree cover density based on the High Resolution Tree Cover

Copernicus Land
Monitoring
Service

(Trees) Density raster layers of 10 m pixel resolution [%]
Water and wetness  Coverage of water and wet surfaces based on the High
(Wetness) Resolution Water and Wetness of 10 m pixel resolution [%]
. . Local Data Bank
Wasteland Share of wastelands in a commune (average weighted by the database,

area of each commune within a buffer) [%]

Statistics Poland
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Mean Normalized Difference Vegetation Index within a Landsat 8 satellite

Normalized . . . :
Difference buffer, calculated based on the Landsat 8 images using imagery (United
Ve : Google Earth Engine (30 m pixel resolution, max pixel value States of
getation Index - . . ; logical
NDVI) from the growing season in a given year). The higher the Geological Survey
( index, the more abundant and vigorous the vegetation. archive)
Distance-based variables
General
Geographic
Objects Database -
River distance Distance to the nearest watercourse based on the vector (Main Centre of >
(River Dist.) watercourse layer [km] Geodetic and %
Cartographic 8
Documentation in >
Poland) m
Urban distance Distance to the nearest built-up areas, based on the building
. Open Street Map
(Urban Dist.) vector layer [km]
Transect scale variables (measured along or within 30 m of the studied transects)
Road width Road width measured using satellite images [m] Google Earth
Road curvature Road curvature calculated as the ratio of the length of a
transect and the straight-line distance between the end points
(Road Curv.)
of a transect, based on the road vector layer
Road direction R_oad _dire_ction determined as the absolute deviation from NS Qpen Street Map o
(Road Dir.) direction in degrees, based on the road vector layer )(2
Road ¢l Road class: 1=primary, 2=secondary, 3=tertiary, O
oad Class 4=unclassified, 5=track; based on the road vector layer
Road Surface* Road surface: asphalt/other Google Street
oad surtace (cobblestone/dirt/gravel/setts/slabs) View images
Transect sec.tlons Number of sections established along a transect line -
(Trans. Sections)
Mown road verge Proportion of roadside (i.e. area within 30 m a transect line) 4
considered mown )
(Mown Verge)_ JZ>
Year of GSV picture Year in which a GSV picture was taken Google Street %
(GSV Year) View images Q|
Month of GSV
Picture Month in which a GSV picture was taken
(GSV Month)
Box elder abundance proportion of transect sections occupied by box elder Acer
(Box Elder) negundo
Black locust Proportion of transect sections occupied by black locust
abundance L X
Robinia pseudacacia
(Black Locust) >
Canadian horseweed Proportion of transect sections occupied by Canadian g
abundance . Google Street
horseweed Conyza canadensis LY w
(Can. Horseweed) View images R
Hogweed Proportion of transect sections occupied by giant hogweed Q
abundance* (Heracleum mantegazzianum) or Sosnowsky's hogweed (H. o
(Hogweed) SosnOWSkyi)
Knotweed Proportion of transect sections occupied by Japanese
abundance* knotweed (Reynoutria japonica) or giant knotweed (R.

(Knotweed) sachalinensis)




Garden lupin*
abundance

(Lupin)

Proportion of transect sections occupied by garden lupin
Lupinus polyphyllus

Staghorn sumac
abundance*

(Sumac)

Proportion of transect sections occupied by Rhus typina

Black cherry
abundance*

(Black Cherry)

Proportion of transect sections occupied by black cherry
Prunus serotine

Northern red oak

Proportion of transect sections occupied by northern red oak

abundance*
Quercus rubra
(Red Oak)
Jerusalem irt'ChOke Pproportion of transect sections occupied by Jerusalem
abundance

(Jerus, Artichoke)

artichoke Helianthus tuberosus

Japanese rose
abundance*

(Japan. Rose)

Proportion of transect sections occupied by Japanese rose
Rosa rugosa

Wild cucumber
abundance*

(Wild Cucumber)

Proportion of transect sections occupied by wild cucumber
Echinocystis lobata

Common milkweed
abundance*

(Milkweed)

Proportion of transect sections occupied by common
milkweed Asclepias syriaca

Diversity of alien
plants

(Alien Plants)

Number of alien plant species (other than goldenrods)
observed along a transect, ranging between 0 and 5; there
werel3 species (or species groups) in total: box elder, black
locust, Canadian horseweed, hogweeds (giant hogweed and
Sosnowsky’s hogweed), knotweeds (Japanese knotweed and
giant knotweed), garden lupin, staghorn sumac, black cherry,
northern red oak, Jerusalem artichoke, Japanese rose, wild
cucumber, common milkweed.




Table S2. Summary of generalized additive mixed model (GAMM) explaining the
importance of variables for predicting goldenrod occurrence in relation to spatial scale,
variable category and their interaction. Parameter estimates, standard error (SE) and test
statistics are given for linear fit and the estimated number of degrees of freedom (edf) and test
statistics are given for spline fit. Significance levels are specified with asterisks.

Estimate SE  tvalue
Linear fit
(Intercept) 2.83 0.16 17.73 ***
scale:500 m -0.01 0.12 -0.10
scale:1000 m -0.17 0.12 -1.45
scale:2000 m -0.20 0.12 -1.70
scale:5000 m -0.23 0.12 -1.93
category:alien species -1.54 0.28 -5.56 ***
category:landscape -0.84 0.19 -4.39 ***
category:climate -0.27 0.28 -0.97
category:road -0.80 0.28 -2.91**
category:soil -0.28 0.26 -1.09
category:transect -1.09 0.28 -3.94 ***
scale:500 m x category:alien species ~ -0.03 0.21 -0.16
scale:1000 m x category:alien species 0.21 0.21 1.03
scale:2000 m x category:alien species 0.21 021 1.01
scale:5000 m x category:alien species 0.17 0.21 0.82
scale:500 m x category:landscape 0.08 0.14 0.59
scale:1000 m x category:landscape 0.48 0.14 3.34**
scale:2000 m x category:landscape 0.61 0.14 4.28 ***
scale:5000 mx category:landscape 0.75 0.14 5.21 ***
scale:500 m x category:climate 0.01 0.21 0.07
scale:1000 m x category:climate 0.09 0.21 0.42
scale:2000 m x category:climate 0.07 0.21 0.35
scale:5000 m x category:climate 0.08 0.21 0.39
scale:500 m x category:road 0.00 0.21 -0.01
scale:1000 m x category:road 0.26 0.21 1.27
scale:2000 m x category:road 0.24 0.21 1.16
scale:5000 m x category:road 0.22 0.21 1.06
scale:500 m x category:soil 0.01 0.19 0.07
scale:1000 m x category:soil 0.20 0.19 1.03
scale:2000 m x category:soil 0.21 0.19 1.10
scale:5000 m x category:soil 0.21 019 1.12
scale:500 m x category:transect 0.01 0.21 0.05
scale:1000 m x category:transect 0.39 021 191
scale:2000 mx category:transect 0.37 021 1.79
scale:5000 m x category:transect 0.36 021 1.73
edf F value
Spline fit
s(variablelD) 37.12 13.75 ***
Dev.expl 85.3%
R 0.74

Statistical significance: *** < 0.001; ** < 0.01
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Figure S1. Changes in the importance of explanatory variables related to climatic conditions
(left panel) and soil properties (right panel) for predicting goldenrod occurrence in Polish
farmland in five spatial scales based on the RF models. Partial dependence plots showing the
mean marginal effect of these variables on the probability of goldenrod occurrence across five
spatial scales are given as small inner panels. Each inner plot represents the effect of each
variable while holding the other variables constant and different spatial scales are shown with
a color gradient from pale (250 m) to dark (5000 m).
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Figure S2. Changes in the importance of explanatory variables related to road characteristics
(left panel), transect sampling parameters (inner panel) and biotic interactions among alien
plants (right panel) for predicting goldenrod occurrence in Polish farmland in five spatial
scales based on the RF models. Partial dependence plots showing the mean marginal effect of
these variables on the probability of goldenrod occurrence across five spatial scales are given
as small inner panels. Each inner plot represents the effect of each variable while holding the
other variables constant and different spatial scales are shown with a color gradient from pale
(250 m) to dark (5000 m).
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