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Abstract

Invasive species of trees and shrubs are one of the major threats to biological diversity
worldwide. Despite numerous studies on their chorology, ecology and impacts, still there
is a little known about determinants of its spread. For that reason, I aimed to assess the
determinants of invasive trees and shrubs natural regeneration ecological success. As
a model species I chose Prunus serotina Ehrh., Quercus rubra L. and Robinia pseudoacacia
L. - the most frequent alien tree species in European forest ecosystems. I hypothesized
that: (1) propagule pressure will be the most important predictor of natural regeneration
of studied species ecological success, (2) higher frequency and size of disturbance will
facilitate natural regeneration of studied species, and (3) biomass allocation and specific
leaf area of studied species will be responsive to environmental factors - soil fertility and
light availability. The study was conducted in Wielkopolski National Park (W Poland), in

the set of 378 permanent plots, observed for three years.

The biomass of seedlings and saplings of the studied species was the mostly affected by
factors describing propagule pressure - proximity and quantity of parental trees.
Disturbance indices revealed the low correlation with biomass and density of studied
species natural regeneration. Functional traits of the studied species weakly responded
to environmental gradients - the differences among the species studied were higher than

intraspecific variability.

The study revealed that propagule pressure is a crucial factor determining spread of
invasive trees and shrubs. Moreover, studied invasive species benefit from functional
difference from their native competitors. Due to acquisitive strategy P. serotina and
R. pseudoacacia have higher biomass allocation into foliage and higher specific leaf area
than Q. rubra. In contrast, conservative Q. rubra invests more in roots and has higher
overall biomass. These two strategies, connected with different ecological optima of
species studied, allow for ecological success in different types of forest ecosystems. For
that reason, efficient management of invasive woody species needs targeting both on

propagule pressure and invaded ecosystems properties.



Streszczenie

Inwazyjne gatunki drzew i krzew6w stanowig zagrozenie dla réznorodnosci biologicznej
w skali globalnej. Pomimo licznych badan dotyczacych ich chorologii, ekologii oraz
oddziatywania na ekosystemy, nadal niewiele wiemy na temat czynnikow warunkujgcych
ich rozprzestrzenianie sie. Z tego powodu celem pracy byto okres$lenie sSrodowiskowych
uwarunkowan sukcesu ekologicznego odnowienia naturalnego inwazyjnych gatunkéw
drzew i krzewdw. Jako przyktadowe gatunki wybratem Prunus serotina Ehrh., Quercus
rubra L. oraz Robinia pseudoacacia L. - najcze$ciej wystepujace obce taksony drzew
w ekosystemach leSnych Europy. Postawitem trzy hipotezy badawcze: (1) czynniki
zwigzane 7z dostepnoscia propagul beda Kkluczowymi predyktorami sukcesu
ekologicznego badanych taksonéw, (2) wieksza czesto$¢ i natezenie zaburzen sprzyjac
bedzie sukcesowi ekologicznemu badanych gatunkéw oraz (3) alokacja biomasy
i specyficzna powierzchnia liSci odnowienia naturalnego badanych gatunkéw wykaze
odpowiedZ na cechy S$rodowiskowe - zyzno$¢ oraz dostepno$¢ $wiatta. Badania
przeprowadzitem na terenie Wielkopolskiego Parku Narodowego (zachodnia Polska),

w uktadzie 378 statych poletek badawczych, obserwowanych przez trzy lata.

Biomasa siewek i starszych nalotéw badanych gatunkéw byta w najwiekszym stopniu
determinowana przez zmienne opisujace dostepnos¢ propagul - bliskos¢ oraz liczbe
drzew rodzicielskich. WskaZniki zaburzen byty stabo skorelowane z biomasg
i zageszczeniem odnowienia naturalnego badanych neofitow. Ich cechy funkcjonalne

wykazaty stabg odpowiedz na gradienty sSrodowiskowe.

Uzyskane wyniki wskazuja na kluczowe znaczenie dostepnosci propagul dla
rozprzestrzeniania sie inwazyjnych gatunkéw drzew i krzewoéw. Gatunki te zyskujg
réwniez przewage z uwagi na roznice w strategii zyciowej w stosunku do rodzimych
konkurentéw. Reprezentujgce strategie akwizycyjna P. serotina i R. pseudoacacia alokuja
wiecej biomasy do lisci i majg wieksza specyficzng powierzchnie lisci. Q. rubra za$ alokuje
wiecej biomasy do korzeni i ma wiekszg biomase catkowity. Te strategie oraz
zroéznicowane wymagania ekologiczne pozwalajag badanym gatunkom na kolonizacje
zréznicowanych siedlisk. Z tego wzgledu efektywne zarzadzanie inwazyjnymi gatunkami
drzew i krzew6w wymaga skupienia zaréwno na zrodtach propagul, jak i wlasciwosciach

kolonizowanych ekosystemoéw.



1. Wstep

Wieloletni wptyw czlowieka na Srodowisko przyrodnicze doprowadzit do znacznych
przeksztatcen biosfery, ktére w ostatnich latach przybraty na sile w takim stopniu, ze
obecne czasy nazwano epokg antropocenu (Capinhaiin. 2015; Ceballos i in. 2015; Steffen
iin. 2015). Wspotczesnie jednym z gléwnych zagrozen dla ré6znorodnosci biologicznej,
oprocz zmian klimatycznych (Wang i in. 2016; Dyderski i in. 2018; Steinbauer i in. 2018)
i utraty siedlisk naturalnych (Wilson 2002; Kaplan i in. 2009; Dullinger i in. 2015), sg
inwazje biologiczne (Elton 1958; Richardson i in. 2000; Vila i in. 2011; Tokarska-Guzik i
in. 2012). Z uwagi na duze zdolno$ci przeksztalcania S$rodowiska oraz swoja
dtugowieczno$¢, inwazyjne gatunki drzew i krzewdédw stanowig szczegélnie duze
zagrozenie dla srodowiska przyrodniczego (Elton 1958; Falinski 1968; Richardson 1998;
Richardson i Rejmanek 2011).

Drzewa i krzewy modyfikujg dostepno$¢ zasobow: $wiatta (np. Emborg 1998; Knight i in.
2008; Niinemets 2010; Jagodzinski i in. 2018c), wody (np. Cienciala i in. 1992; Kucerova
iin. 2008; Fay i Lavoie 2009), czy substancji odzywczych w glebie (np. Vitousek 1990;
Ehrenfeld 2003; Reich iin. 2005; Muelleriin. 2012; Aertsiin. 2017). Majg réwniez istotny
wptyw na tempo obiegu materii w ekosystemie (np. Allison i Vitousek 2004; Hobbie i in.
2006; Jo i in. 2016; Horodecki i Jagodzinski 2017). Siedliskotwoércza rola roslin
drzewiastych determinuje sktad gatunkowy biocenoz innych grup organizmdéw, np.
roslinno$¢ runa (np. Barbieriin. 2008; Knight i in. 2008; Rawlik i in. 2018), flore mszakow
(np. Barkman 1958; MeZaka i in. 2012; Jagodzinski i in. 2018d; Wierzcholska i in. 2018),
biote grzybéw mykoryzowych (np. Dickie i in. 2006; Trocha i in. 2012; Katucka
i Jagodzinski 2016), czy faune glebowa (np. Hendrychova i in. 2012; Mueller i in. 2016;
Kamczyc i in. 2018). Sktad gatunkowy drzewostanu modyfikuje takze wzrost
i przezywalno$¢ odnowienia naturalnego drzew i krzewdw (np. Kolb i in. 1990; Canham
iin. 1994; Holeksaiin. 2007; Dech i in. 2008; Szwagrzyk i Szewczyk 2008). Z uwagi na tak
szerokie oddziatywania, wiekszo$¢ inwazyjnych gatunkow drzew i krzewoéw okreslanych
jest mianem ,inzynierow Srodowiska”( ang. ecosystem engineers; np. Crooks 2002; Allison
i Vitousek 2004; Corenblit i in. 2014), czyli gatunkoéw typu transformers wg klasyfikacji
Richardsona i in. (2000).

Najnowsze ujecia koncepcyjne z zakresu ekologii inwazji dzielg czynniki odpowiedzialne

za sukces ekologiczny obcych gatunkéw na trzy grupy (Lonsdale 1999; Lockwood i in.
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2005; Richardsoniin. 2011). Pierwsza z nich dotyczy cech biologicznych danego taksonu.
Pewne cechy funkcjonalne roslin (Wright i in. 2004; Chave i in. 2009; Tecco i in. 2010;
Diaz i in. 2016) s3 powigzane z wieksza zdolno$cig do ekspansji w warunkach wtérnego
zasiegu geograficznego. Cechy te dotycza inwestycji w struktury umozliwiajgce skuteczna
konkurencje - np. gesto$¢ drewna (Tecco i in. 2010) lub specyficzng powierzchnie lisci
(Grotkopp i in. 2010; te Beest i in. 2015), a takze cechy umozliwiajgce szybka i skuteczng
propagacje (Baker 1974; Thompson i Davis 2011; PySek i in. 2015). Druga grupa okres$la
wtasciwosci ekosystemu, ktory moze by¢ potencjalnie skolonizowany przez dany gatunek
obcy (Lonsdale 1999; Alpert i in. 2000; Herben i in. 2004). Cechy te dotycza gtéwnie
dostepnosci zasobow - substancji odzywczych w glebie, wody czy $wiatta (Knight i in.
2008; Matzek 2011; Jo i in. 2015; Jagodzinski i in. 2018c), obecnosci konkurentow
(Robakowski i Bielinis 2011; Sanderson i Antunes 2013; Dyderski i in. 2017), patogenow
lub roslinozercéw (Blossey i Notzold 1995; Reinhardt i in. 2003; Mitchell i Power 2003)
czy rezimu zaburzen (Chmura i Sierka 2007; Chabrerie i in. 2008; Corenblit i in. 2014).
Trzecia grupa czynnikoéw okresla dostepnos$¢ propagul danego gatunku. Dostepnos¢ ta
wyrazana jest przez rézne zmienne posrednie, np. odlegto$¢ od Zrédta nasion (Paironi in.
2006; Jagodzinski i in. 2015; Straigyté i in. 2015; Woziwoda i in. 2018), udziat gatunku
w polu powierzchni przekroju piersnicowego drzewostanu (Vanhellemont i in. 2009),
intensywnos$¢ uprawy (Krivanek i in. 2006; PySek i in. 2009) czy obecnos$¢ w poblizu

Zrddet propagul gatunkéw obcych (Pairon i in. 2006; Dyderski i in. 2015).

Przeglad dotychczas opublikowanych prac wskazuje, ze wiekszos¢ publikacji z zakresu
ekologii inwazji dotyczy zwykle analiz chorologicznych (np. Tokarska-Guzik 2005;
Richardson i PySek 2012; Donaldson i in. 2014; Vieira i in. 2014; Dyderski i Jagodzinski
2016) albo badan nad wptywem poszczegdlnych gatunkdéw na ekosystemy (Allison
i Vitousek 2004; Chmura 2013; Hulmeiin. 2013; Aertsiin. 2017; Essliin. 2017). Niewiele
prac dotyka tematu rozprzestrzeniania sie inwazyjnych gatunkéw roslin drzewiastych
(np. Danielewicz i Malinski 2003; Aslan i in. 2012; Straigyté i in. 2015; Woziwoda i in.
2018). Prace te zwykle dotycza dyspersji nasion, a niewiele z nich pochyla sie nad
sukcesem ekologicznym odnowienia naturalnego, ktdére ksztattuje przyszty sktad
gatunkowy drzewostanu (Baraloto i in. 2005). Czesto badania te wykonywane s3g
w trakcie jednego sezonu wegetacyjnego, co biorgc pod uwage sezonowo$¢ owocowania
niektérych gatunkéw (Burns i Honkala 1990) moze ogranicza¢ wnioskowanie na

podstawie uzyskiwanych wynikow. Co wiecej, wiekszo$¢ badan wykonywanych
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w ostatnich latach kwantyfikuje sukces ekologiczny gatunku za pomocga zageszczenia lub
estymowanego pokrycia w zdjeciu fitosocjologicznym (Knight i in. 2008; Halarewicz
2012; Major i in. 2013; Jagodzinski i in. 2015; Vitkovaiin. 2017). Niewiele prac dostarcza
informacji o biomasie (np. Annighofer i in. 2012; Jagodzinski i in. 2018c), ktéra moze by¢
pOZniej poréwnywana do wynikéw eksperymentéw prowadzonych w warunkach
kontrolowanych (np. Gorchov i Trisel 2003; Grotkopp i in. 2010; Gonzalez-Muiioz i in.
2014; Kawaletz i in. 2014).
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2. Cele i hipotezy

Celem rozprawy doktorskiej jest okreSlenie czynnikdbw Srodowiskowych
odpowiedzialnych za sukces ekologiczny trzech inwazyjnych gatunkéw roslin
drzewiastych: Prunus serotina, Quercus rubra oraz Robinia pseudoacacia. W badaniach

przyjeto nastepujace hipotezy:

(1) czynniki zwigzane z dostepnos$cig propagul bedg kluczowymi predyktorami sukcesu
ekologicznego badanych taksondéw. Hipoteza ta nawigzuje do propagule pressure
hypothesis zaproponowanej przez Lonsdale (1999) i wielokrotnie testowanej
w roznych warunkach (np. Davies i in. 2005; Lockwood i in. 2005; Vanhellemont i in.
2009; Woziwoda i in. 2018). Dotychczas w wiekszos$ci prac probowano ocenia¢ wptyw
dostepnosci propagul na sukces ekologiczny gatunkéw inwazyjnych w oderwaniu od
cech ekosystemu czy gatunku, a zastosowane metody nie pozwalaty doktadnie
okresli¢ hierarchii wazno$ci poszczegélnych zmiennych (PySek i in. 2009;
Vanhellemont i in. 2009; Terwei i in. 2013). Nasze wcze$niejsze prace wskazuja
réwniez na interakcje pomiedzy zmiennymi okreslajgcymi dostepnos$¢ propagul
i cechy sSrodowiska (Jagodzinski iin. 2015; Dyderskiiin. 2017; Jagodzinski i in. 2018c;
Woziwoda i in. 2018; Dyderski i Jagodzinski 2019a);

(2) wieksza czesto$¢ i natezenie zaburzen w ekosystemie leSnym sprzyja¢ bedzie
sukcesowi ekologicznemu badanych gatunkdéw, zgodnie z przewidywaniami hipotezy
umiarkowanych zaburzen, ktore chwilowo zwiekszajg mozliwosci kolonizacji przez
gatunki inwazyjne (Davis i in. 2000; Closset-Kopp i in. 2007; Chabrerie i in. 2008);

(3) alokacja biomasy oraz specyficzna powierzchnia lisSci odnowienia naturalnego
badanych gatunkéw wykaze odpowiedZ na cechy Srodowiskowe - Zyzno$¢ oraz
dostepnos$c¢ Swiatta (Grotkopp i in. 2010; Karolewski i in. 2013; Giertych i in. 2015;
Hale iin. 2016).
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3. Material i metody

3.1. Badane gatunki

W celu przeanalizowania wzorcéw inwazji biologicznych drzew i krzewow wybrano trzy
gatunki modelowe, o réznych cechach biologicznych: czeremche amerykanska Prunus
serotina Ehrh. dab czerwony Quercus rubra L. oraz robinie akacjowa Robinia
pseudoacacia L. Gatunki te byly wprowadzane do laséw jako domieszki biocenotyczne
oraz produkcyjne. S3 one rozpowszechnione zaréwno w lasach Polski (Gazda
i Augustynowicz 2012; Tokarska-Guzik i in. 2012), jak i Europy (Lambdon i in. 2008;
Wagner i in. 2017). Stanowig zagrozenie dla wielu typéw ekosystemoéw, miedzy innymi
dla siedlisk przyrodniczych Natura 2000 (Tokarska-Guzik i in. 2012; Carboneras i in.
2018). Gatunki te tgczy pochodzenie - wszystkie wystepuja naturalnie we wschodniej

czeSci Ameryki Pétnocnej (Burns i Honkala 1990).

3.2. Uklad powierzchni badawczych

Na miejsce badan w ramach pracy doktorskiej wybratem Wielkopolski Park Narodowy
(WPN) z uwagi na ograniczony zakres realizowanych tu dziatan gospodarczych oraz
obfito$¢ obcych gatunkéw drzew i krzew6w w nim odnotowanych. W WPN stwierdzono
najwiecej obcych taksonéw roslin drzewiastych sposrod wszystkich parkéw narodowych
w Polsce (Purcel 2009; Gazda i Szwagrzyk 2016). Na terenie WPN zatoZono 21 blokow
powierzchni badawczych po 18 poletek o wielkosci 100 m? kazde, z centrum bloku
w drzewostanie macierzystym (monokulturze Q. rubra lub R. pseudoacacia lub
drzewostanie sosnowym z owocujacym podszytem P. serotina). Poletka zostaty
rozmieszczone parami: jedna para w centrum drzewostanu macierzystego, cztery pary
poletek tuz za granicg drzewostanu macierzystego (kazda z czterech par zatozona w osi
gtownych kierunkéw swiata) i kolejne cztery pary poletek badawczych w odlegtosci 30 m
od nich (Ryc. 1). Poletka reprezentowaty peten zakres zmiennos$ci le§nych zbiorowisk
roslinnych wystepujacych na glebach mineralnych - od boréw sosnowych Leucobryo-
Pinetum po tegi zboczowe Querco-Ulmetum minoris violetosum odoratae. Wiekszos¢
poletek reprezentowata lesSne zbiorowiska zastepcze z sosng zwyczajng na siedliskach
gradow oraz pomiedzy acydofilnymi dgbrowami Calamagrostio arundinaceae-Quercetum
a gradami Galio sylvatici-Carpinetum. Z uwagi na silne zr6znicowanie terenowe, zaré6wno
zwigzane z geomorfologig, jak i roslinnoscig, powierzchnie zostaty usytuowane po dwie

obok siebie, aby zapewni¢ minimalng liczbe powtorzen.
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Ryc. 1. Schemat bloku z poletkami badawczymi

3.3. Zbior danych

Na kazdej z 378 powierzchni badawczych co roku wykonywano spis florystyczny
z okreSleniem pokrycia ro$lin w dziewieciostopniowej skali iloSciowo$ci Braun-
Blanqueta. Zmierzono réwniez wysoko$¢ oraz $rednice w szyi korzeniowej drzewek
wszystkich badanych gatunkéw wystepujacych w warstwie nalotu (do 50 cm wysokosci)
na powierzchniach badawczych. W lipcu 2017 roku pozyskano drzewa modelowe w celu
opracowania rownan allometrycznych pozwalajacych na estymacje biomasy odnowienia
naturalnego badanych neofitéw oraz okreslenie ich cech funkcjonalnych. L.acznie zebrano
647 roslin: 356 osobnikow P. serotina (195 siewek i 161 starszych nalotéw), 133 osobniki
Q. rubra (72 siewki i 61 starszych nalotow) i 158 osobnikoéw R. pseudoacacia (94 siewki
i 64 starszych nalotow). Dla por6wnania zebrano réwniez odnowienie naturalne czterech
najczesciej wspotwystepujacych gatunkéw rodzimych: 75 starszych nalotow i 48 siewek

Acer platanoides, 911341 A. pseudoplatanus, 23159 Fagus sylvatica oraz 29178 Q. petraea.
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Rosliny wybierano w sposéb losowy, a liczba zebranych osobnikéw zalezata od ich
zageszczenia na poletkach. Rosliny byly wybierane z obszaru o szerokos$ci 5 m wokoét

poletek badawczych, aby nie zaktdci¢ wynikéw dalszych obserwacji.

Drzewka rozdzielono na komponenty biomasy - korzenie, liscie oraz todyge. Rozdzielony
materiat roslinny suszono w temperaturze 65°C oraz wazono z doktadnoscig do 0,001 g.
Liscie z drzew modelowych zeskanowano w celu okreslenia ich powierzchni. Nastepnie
obliczono biomase catkowitg, udziat biomasy lisci, todygi i korzeni w biomasie catkowitej,
powierzchnie rzutu lisci, stosunek powierzchni liSci do biomasy catkowitej oraz
specyficzng powierzchnie lisci (SLA, stosunek powierzchni lisci do masy lisci). W celu
estymacji biomasy na poletkach badawczych opracowano réwnania allometryczne -
funkcje nieliniowe pozwalajgce na okreSlenie biomasy osobniczej na podstawie
wymiaréw drzew modelowych. Przetestowano 10 postaci funkcji stosowanych w innych

badaniach dotyczacych biomasy drzew i krzewo6w (Jagodzinski i in. 2018a,b,c).

Dla kazdej pary poletek okreslono strukture drzewostanu, dostepnos¢ swiatta (indeks
azurowosci koron drzew, diffusive non-interceptance; DIFN) wg metodyki Machado
i Reicha (1999). Pomiary DIFN wykonano za pomocg urzadzenia LAI-2200 (Li-Cor Inc.),
na kazdym poletku przeprowadzajac cztery serie po 10 pomiaréw. Dla kazdej pary
powierzchni badawczych w marcu 2017 r. zebrano po cztery préby $cioty z ramek
o powierzchni 0,2 m2. Sciote wysuszono w temperaturze 65°C oraz rozdzielono na cze$¢
rozpoznawalng (igty/liscie, galezie, szyszki/owoce, itp.) i nierozpoznawalng (szczatki
roslin w réznych stadiach rozktadu). Préoby $cioty poddano takze analizie pH oraz

zawartosci wegla i azotu.

3.4. Analiza danych

Wszystkie analizy wykonano przy uzyciu programu R (R Core Team 2018). Do
przetwarzania potokowego i wizualizacji danych wykorzystano pakiety z uniwersum
tidyverse: dplyr (Wickham i Francois 2015), ggplot2 (Wickham 2009) oraz reshape2
(Wickham 2007). Dla kazdego poletka badawczego zestawiono informacje ze spisow
florystycznych w celu obliczenia parametrow opisujacych roslinno$¢ runa. Obliczono
Srednie wazone iloSciowoscig dla trzech cech funkcjonalnych najlepiej opisujacych
strategie zyciowe roslin - wysokosci, SLA oraz masy nasion (Westoby 1998) oraz

wskaznikow Ellenberga, opisujacych wymagania siedliskowe gatunkéw roslin (Ellenberg
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i Leuschner 2010). Dodatkowo obliczono komponenty réznorodnosci funkcjonalnej -
dyspersje, dywergencje, bogactwo i réwnocenno$¢ (Laliberté i Legendre 2010; Laliberté
i in. 2014). Okreslono réwniez bogactwo i réznorodnos$¢ taksonomiczng, a takze

wskazniki zaburzen opracowane przez Herbena i in. (2016).

W celu weryfikacji hipotezy 1. dla grup odnowienia naturalnego (siewki i starszy nalot)
opracowano specyficzne dla gatunku modele random forest (Breiman 2001). Algorytm
ten sktada sie z duzej liczby drzew regresyjnych, ktére wskazuja na warto$¢ funkcji
odpowiedzi. Zastosowanie wielu drzew, ktérych odpowiedZ jest wazona btedem
poszczegb6lnych drzew, pozwala na stabilniejszg predykcje estymowanej zmienne;j.
Modele te pozwalaja na okreslenie waznoSci poszczegélnych predyktoréw oraz na
okreslenie przebiegu trajektorii funkcji odpowiedzi przy zatozeniu statego poziomu
pozostatych predyktoréw. Waznos$¢ predyktorow zostata okreslona za pomocg wartosci
przyrostu btedu Sredniokwadratowego (RMSE) przy losowym przetasowaniu danego
predyktora w bazie danych. Poniewaz gléwnym zadaniem badawczym byto okreslenie
hierarchii predyktoréw, wazno$¢ zostata wyrazona jako procent przyrostu RMSE modelu.

Modele wytrenowano za pomoca pakietu caret (Kuhn 2008).

W celu weryfikacji hipotezy 2. najpierw okres$lono, w jaki spos6b gradient zaburzen
determinuje kompozycje gatunkowa roslinnosci runa na badanych poletkach. W tym celu
wykonano nietendencyjng analize korespondencji (DCA; Hill i Gauch 1980) i za pomoca
pasywnej projekcji przedstawiono kierunki zréznicowania cech opisujacych roslinnosc¢.
Analizy wykonano za pomocg pakietu vegan (Oksanen i in. 2018). Do okreSlenia
zalezno$ci pomiedzy wskaznikami zaburzen a zageszczeniem i biomasg odnowienia
naturalnego badanych gatunkéw zastosowano modele liniowe oraz 95% przedziaty

ufnosci wielkosci efektu.

W celu weryfikacji hipotezy 3. poréwnano wartos$ci badanych cech funkcjonalnych
gatunkow obcych i ich rodzimych konkurentéw za pomoca analizy wariancji modelu
mieszanego, uwzgledniajgcego poletko badawcze jako efekt losowy. Pozwolilo to na
wylaczenie z wnioskowania efektow specyficznych dla poletek badawczych. Modele
opracowano za pomoca bibliotek ImeriImerTest (Bates i in. 2015; Kuznetsova i in. 2017).
W celu okreSlenia réznic w wielo$ci wspdéiczynnika zmiennosci dla par gatunkow
wykorzystano zmodyfikowany test Krishnamoorthy i Lee (2014) zaimplementowany

w bibliotece cvequality (Marwick i Krishnamoorthy 2016). Aby okresli¢ zmiennos$¢ cech
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funkcjonalnych w gradientach pH Scioty i dostepnosci §wiatta dla gatunkéw zastosowano
model random forest. W celu okreslenia waznos$ci cech wykorzystano nieskalowang
warto$¢ przyrostu RMSE przy przetasowaniu zmiennych, obliczong za pomocg pakietu
DALEX (Biecek 2018a). Do wizualizacji zmian wyestymowanych wartos$ci badanych cech
funkcjonalnych wzdtuz gradientéw i réznic pomiedzy gatunkami wykorzystano pakiet

ceterisParibus (Biecek 2018b).
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4. Gléwne wyniki pracy

4.1. Wplyw dostepnosci propagul na sukces ekologiczny odnowienia naturalnego
badanych neofitow

Publikacja 1. Drivers of invasive tree and shrub natural regeneration in temperate forests

Uzyskane wyniki wskazuja na wiekszg wazno$¢ predyktoréw dla zmiennych
objasnianych cech opisujacych dostepno$¢ propagul niz witasciwosci ekosystemu
(Dyderski i Jagodzinski 2018a). W przypadku zaréwno siewek, jak i starszych nalotéw,
zarOwno obecnos¢, jak i ilos¢ (wyrazona polem powierzchni przekroju piersnicowego)
drzew matecznych byta najwazniejszym predyktorem biomasy odnowienia naturalnego
badanych gatunkéw. Cechy zwigzane z witasciwosciami ekosystemdéw miaty mniejsze
znaczenie niz cechy opisujace dostepno$¢ propagul. W ten sposob potwierdzitem
hipoteze nr 1. Rownocze$nie w pracy wykazano réznice w krzywych odpowiedzi
pomiedzy siewkami i starszym nalotem. Najwieksze wymagania $wietlne ma P. serotina,
podczas gdy R. pseudoacacia wystepowata na poletkach o najmniejszej dostepnosci
Swiatta. Wynik ten jest jednak obcigzony wegetatywnym pochodzeniem 30% odnowienia
naturalnego tego gatunku, zaopatrywanego przez systemy Kkorzeniowe drzew
rodzicielskich. Najwieksze wymagania troficzne ma R. pseudoacacia, najmniejsze za$ - P.

serotind.

4.2. Wplyw zaburzen na sukces ekologiczny odnowienia naturalnego badanych
neofitow

Publikacja 2. Low impact of disturbance on ecological success of invasive tree and shrub
species in temperate forests

Wyniki analiz wykazaty istotny wplyw rezimu zaburzen na kompozycje gatunkowa
roslinnosci runa (Dyderski i Jagodzinski 2018b). Pomimo tego, analiza relacji pomiedzy
wskaznikami zaburzen wg Herbena i in. (2016) a biomasg i zageszczeniem odnowienia
naturalnego badanych gatunkéw wykazata, Ze zaburzenia majg niewielki wptyw na ich
sukces ekologiczny (Dyderski i Jagodzinski 2018b). Niewielka korelacja pomiedzy
wskaznikami zaburzen a cechami obrazujgcymi sukces ekologiczny badanych gatunkéw
byta istotna statystycznie, lecz nieistotna biologicznie z uwagi na matg wielko$¢ efektu.
Najwiekszy wptyw zaburzen na odnowienie naturalne stwierdzono w przypadku
wskaznika czesto$ci zaburzen w oparciu o cale zbiorowisko roslinne dla biomasy

P. serotina. Uzyskane w tej pracy wyniki potwierdzity hipoteze nr 2. Swiadcza one
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o niewielkim wptywie zaburzen na najmtodsze stadium zyciowe inwazyjnych gatunkow
drzew i krzewow. W Swietle wynikoéw wskazujacych na najwieksze znaczenie dostepnosci
propagul dla ksztattowania sie podatnosci ekosysteméw lesnych na inwazje (Dyderski
i Jagodzinski 2018a) mozna zatozy¢, ze sukces badanych neofitow jest bardziej zwigzany
ze stochastycznymi procesami ksztattujagcymi $miertelno$¢ siewek niz z uwolnieniem
siewek badanych gatunkéw przez zaburzenia. Ma to znaczenie dla monitoringu inwazji
biologicznych - wskazuje na zwiekszong potrzebe monitorowania tzw. krawedzi inwazji

(invasion edge), zwtaszcza pod katem dostepnosci propagul.

4.3. Czynniki determinujace sukces ekologiczny odnowienia naturalnego badanych
neofitow

Publikacja 3. Functional traits of acquisitive invasive woody species differ from
conservative invasive and native species

Porownanie badanych gatunkéw inwazyjnych z najczeSciej wspotwystepujacymi
gatunkami rodzimymi drzew wykazato, ze gatunki inwazyjne o strategii akwizycyjnej
(P. serotina oraz R. pseudoacacia) miaty wiekszy udziat lisci w biomasie osobniczej oraz
wieksze SLA niz pozostate gatunki (Dyderski i Jagodzinski 2019b). Gatunek inwazyjny
o strategii konserwatywnej (Q. rubra) miat najwyzsza osobniczg biomase catkowitg oraz
udziat korzeni w biomasie. Gatunki inwazyjne zwykle cechowat wiekszy wspoétczynnik
zmiennoS$ci badanych cech w poréwnaniu z gatunkami rodzimymi. Uzyskane wyniki
wskazujg, ze catkowita powierzchnia lisci, jako narzedzie konkurencji w warstwie nalotu,
moze by¢ rozbudowywane na dwa sposoby - przez wiekszg inwestycje w alokacje
biomasy i morfologie aparatu asymilacyjnego lub przez wieksze tempo wzrostu
(zwiekszanie catkowitej biomasy). Obydwie strategie pozwalaja badanym gatunkom
osiggna¢ sukces ekologiczny. Relacje pomiedzy pH Scioty lub dostepnoscig Swiatta
a warto$ciami cech funkcjonalnych badanych neofitéw oraz ich rodzimych konkurentéw
wykazaty, ze wieksze znaczenie w ksztattowaniu analizowanych cech ma gatunek niz
poziom dostepnosci zasobow. W ten sposdéb hipoteza nr 3 zostata potwierdzona. Nie
mniej jednak, zmienno$¢ miedzygatunkowa badanych cech funkcjonalnych byta wieksza
niz zmienno$¢ wewnatrzgatunkowa (wzdtuz gradientéw Srodowiskowych), co Swiadczy
o niewielkiej roli plastycznosci badanych gatunkéw w ksztattowaniu ich potencjatu

inwazyjnego.

20



5. Wnioski

Wyniki uzyskane w toku realizacji niniejszej pracy doktorskiej uzupetniajag wiedze na
temat mechanizméw dyspersji inwazyjnych gatunkéw drzew i krzewow. Dzieki
szerokiemu zakresowi analizowanych warunkéw Srodowiskowych, rezultaty
przeprowadzonych badan mozna ekstrapolowa¢ na inne uktady ekologiczne w lasach
strefy klimatu umiarkowanego. Pozwola one na lepsze zrozumienie czynnikow

odpowiedzialnych za sukces ekologiczny mtodego pokolenia badanych neofitéw.
W wyniku przeprowadzonych badan stwierdzono, Ze:

e dostepnos¢ propagul ma kluczowe znaczenie dla rozprzestrzeniania sie inwazyjnych
gatunkow drzew i krzewow,

e intensywnos$c i czestotliwo$¢ zaburzen w ekosystemie leSnym ma mate znaczenie dla
ksztattowania sie banku nalotéw badanych neofitow,

e gatunki te zyskujg réwniez przewage z uwagi na roéznice w strategii Zyciowe;j
w stosunku do rodzimych konkurentéw,

e reprezentujace strategie akwizycyjng P. serotina i R. pseudoacacia alokujg wiecej
biomasy do lisci i majg wieksza specyficzng powierzchnie lisci niz Q. rubra i gatunki
rodzime,

e (. rubra reprezentuje strategie konserwatywng i alokuje wiecej biomasy do korzeni
i ma wiekszg osobnicza biomase catkowitg niz pozostate gatunki,

e obie strategie prowadza do zamierzonego efektu - wzrostu powierzchni aparatu
asymilacyjnego, niezbednego do wykorzystywania energii stonecznej, ktora jest
deficytowym zasobem na dnie lasu,

e strategie te sg rOwniez zwigzane z wymaganiami ekologicznymi badanych gatunkow,

pozwalajacymi na kolonizacje szerokiego spektrum warunkéw siedliskowych.

Z tego wzgledu efektywne zarzadzanie inwazyjnymi gatunkami drzew i krzewéw wymaga
skupienia zar6wno na zrdédilach propagul, jak i witasciwosciach kolonizowanych
ekosysteméOw. Dziatania ograniczajgce rozprzestrzenianie sie badanych neofitow
powinny dotyczy¢ wczesnego usuwania osobnikow wytwarzajacych potomstwo (w tym
wegetatywne). Dziatania zwigzane z modyfikacja wtasciwosci kolonizowanych
ekosysteméw moga dotyczy¢ utrzymania gatunkéw konkurujacych z badanymi neofitami

- zaréwno w warstwie zielnej, jak i w drzewostanie, np. utrzymywanie wysokiego zwarcia
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koron drzew lub wprowadzanie/promowanie odnowienia naturalnego gatunkéw

o duzym indeksie powierzchni liSciowej (np. Acer platanoides, Fagus sylvatica).
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Oswiadczenia
Oswiadczenie kierujacego praca

Oswiadczam, ze niniejsza praca zostata przygotowana pod moim kierunkiem
i stwierdzam, ze spetnia ona warunki do przedstawienia jej w postepowaniu 0 nadanie

stopnia doktora nauk biologicznych.

Koérnik, 8 kwietnia 2019 r.

Oswiadczenie autora pracy

Swiadom odpowiedzialnoséci prawnej o$wiadczam, ze niniejsza rozprawa doktorska
zostata napisana przeze mnie samodzielnie i nie zawiera tresci uzyskanych w sposéb

niezgodny z obowigzujgcymi przepisami.

Oswiadczam rowniez, ze przedstawiona praca nie byta wczesniej przedmiotem procedur

zwigzanych z uzyskaniem stopnia doktora w innej jednostce.

Os$wiadczam ponadto, ze niniejsza wersja pracy jest identyczna z zatgczong wersjg

elektroniczna,.

Koérnik, 8 kwietnia 2019 r.
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OSWIADCZENIE
Oswiadczam, ze w pracy:

Dyderski M.K., Jagodzinski A.M. 2018. Drivers of invasive tree and shrub natural
regeneration in temperate forests. Biological Invasions, 20, 9, 2363-2379.

doi: 10.1007/S10530-018-1706-3

M6j wkiad polegat na udziale w opracowaniu koncepcji i metodyki badan, przegladzie
literatury zwigzanej z analizowanym zagadnieniem, zbiorze danych w terenie,
opracowaniu wynikéw i ich analizie statystycznej oraz na przygotowaniu manuskryptu
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Abstract We assessed drivers of ecological success
along resource availability gradients for three invasive
woody species: Prunus serotina Ehrh., Quercus rubra
L. and Robinia pseudoacacia L. We aimed to check
how much of invasion success, measured by invader
biomass, is explained by propagule pressure and plant
community invasibility. Using 3 years of observations
from 372 study plots (100 m* each) in temperate
forests of Wielkopolski National Park (Poland) we
investigated the hierarchy of predictors and partial
dependencies using the random forest method. Our
study indicated that propagule pressure explained
more variance in success of invaders than invasibil-
ity—describing availability of resources and competi-
tors in understory vegetation. We also found different
responses of seedlings and saplings, connected with
dependence on stored carbohydrates, which decreased
seedling responses to resource availability gradients.
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However, resource availability (light and leaf litter
predictors) had greater influence than predictors
describing understory vegetation. Based on impor-
tance and response strength the species studied may be
arranged by decreasing requirements for soil fertility
and acidity: P. serotina < Q. rubra < R. pseudoaca-
cia, whereas for light requirements and competition
vulnerability the order is: P. serotina > Q. rubra > R.
pseudoacacia. However, low light requirements of R.
pseudoacacia may be biased by high proportion of
sprouts supplied by parental trees. Results provide
guidelines for effective management of invasive
woody species in forest ecosystems and describe
complex interactions between factors studied on
ecological success of invaders.

Keywords Propagule pressure - Invasibility -
Prunus serotina - Quercus rubra - Robinia
pseudoacacia - Seedlings and saplings biomass

Introduction

Among functional groups of invasive plant species,
woody plants are distinguished by their long lifespan
(Richardson 1998; Richardson et al. 2000; Richardson
and Rejmanek 2011). For that reason their establish-
ment and first year of life is crucial for further
development and dispersal (Baraloto et al. 2005).
Thus, as dispersal is the key factor that allows

@ Springer


https://doi.org/10.1007/s10530-018-1706-3
http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-018-1706-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s10530-018-1706-3&amp;domain=pdf
https://doi.org/10.1007/s10530-018-1706-3

2364

M. K. Dyderski, A. M. Jagodziiski

naturalized species to become invasive (Richardson
et al. 2000; Chytry et al. 2008; Dyderski and
Jagodzinski 2016), ecological success of young
regeneration determines the ultimate success of
woody invaders. In comparison with short-lived
(herbaceous) taxa, assessment of woody species
requires more complex studies, also accounting for
more predictors and potential interactions (e.g.
Richardson 1998; Pysek et al. 2014; Brundu and
Richardson 2016).

Natural regeneration of both native and invasive
species faces numerous limiting factors. The abiotic
conditions most limiting to growth of young trees are
usually water, light and nutrient availability (Ni-
inemets and Valladares 2006; Ellenberg and Leusch-
ner 2010). However, levels of these factors are also
influenced by other species co-occurring within the
plant community (Tilman 1986). Competitive poten-
tial of a plant species is a derivate of its life strategy
(Westoby 1998; Grime 2006), which results from its
functional traits and their level of fitness to environ-
mental conditions, particularly expression of resource
acquisition strategies, e.g. specific leaf area, leaf
photosynthetic capacity or specific root length (Cor-
nelissen et al. 2003; Pierce et al. 2013; Diaz et al. 2016;
Kunstler et al. 2016). Natural regeneration of woody
species competes with different species and may
“win” and reach the next level of development only in
particular conditions. Thus, ecological success of
invasive species depends on characteristics of the
recipient plant community—habitat invasibility,
which is determined by level of resources (Davis
et al. 2000; Godefroid et al. 2005; Funk 2008; Paquette
et al. 2012; Gonzalez-Muiioz et al. 2014), and
potential competitors (Chmura 2004; Chmura and
Sierka 2005, 2007; Godefroid et al. 2005; Knight et al.
2008).

Biological invasions are driven by three connected
factors: habitat invasibility, alien species invasiveness
and propagule pressure—quantity and quality of
propagules able to establish in new sites (Richardson
et al. 2000; Davis et al. 2005; Jeschke 2014). Among
them, propagule pressure is the obligatory factor
determining invasion success (Lonsdale 1999; Lock-
wood et al. 2005; Vanhellemont et al. 2009). Numer-
ous studies have confirmed its importance at both large
(Ktivanek et al. 2006; Pysek et al. 2009, 2015;
Woziwoda et al. 2014) and small spatial scales (Pairon
et al. 2006; Deckers et al. 2008; Vanhellemont et al.
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2009; Jagodzinski et al. 2015; Bonilla and Pringle
2015). Propagule pressure seems to be a crucial driver
of relationships between habitat invasibility and
ecological success of invasive species. Although most
of these interactions were studied within relatively
short resource gradients, covering few habitat types
(Vanhellemont et al. 2009; Aslan et al. 2012; Terwei
etal. 2013; Jagodzinski et al. 2015), Davis et al. (2005)
conceptualized the relationship between invasibility
and propagule pressure as the concept of invasion
pressure, which provided a framework to merge both
groups of factors. Our previous study (Jagodzinski
et al. 2018a) also revealed the interactions between
propagule pressure and invasibility, but only for one
species and in an experimental system.

Despite existing knowledge of factors determining
success of biological invasions, it remains unknown
whether interactions between, and relative importance
of, propagule pressure and invasibility across a wide
range of forest types are similar to the limited types
reported on by previous studies. Comprehensive
review of the community ecology of invasive species
(Gallien and Carboni 2017) indicated a lack of clarity
on whether processes filtering species colonizing new
communities vary along environmental gradients.
Moreover, there is an insufficient number of studies
on invasive species spread conducted in protected
areas, which are especially threatened by biological
invasions (Hulme et al. 2014).

We aimed to assess drivers of biomass along
resource availability gradients for the three most
frequent invasive woody species in temperate Europe
(Wagner et al. 2017)—Prunus serotina Ehrh., Quer-
cus rubra L. and Robinia pseudoacacia L.—to assess
how much of invasion success (moving along an
introduction-naturalization-invasion continuum), mea-
sured by invader biomass, is explained by propagule
pressure and plant community invasibility. We hypoth-
esized that: (1) propagule pressure explains more
variance in ecological success of invaders than invasi-
bility, according to previous studies (e.g. Lonsdale
1999; Jagodzinski et al. 2015, 2018a), (2) total biomass
of seedlings depends more on propagule pressure than
for saplings, as seedlings are more dependent on
dispersal than older plants, which require suitable con-
ditions for survival (e.g. Beckage et al. 2005; Knight
et al. 2008; Rodriguez et al. 2017), and (3) understory
competition, expressed by functional diversity compo-
nents, have larger effects on ecological success of the
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invasive species studied than surrogates of resource
availability, as light competition limits occurrence of
the species studied (Cierjacks et al. 2013; Jagodzinski
et al. 2015, 2018a). Because the three species studied
differ in biology and ecology, we decided to character-
ize their invasiveness by comparing their responses to
propagule pressure and habitat predictors on the
background of their life history traits.

Materials and methods
Studied species

In European woodlands three alien woody species are
most frequent: Prunus serotina Ehrh., Quercus rubra
L. and Robinia pseudoacacia L. (Wagner et al. 2017).
These species have been broadly recorded as invasive
in Europe and all of them were widely introduced via
forestry, in the eighteenth, nineteenth and seventeenth
century, respectively (Muys et al. 1992; Woziwoda
et al. 2014; Vitkova et al. 2017). These species came
from eastern North America and are widely distributed
in Western and Central Europe, but their frequency
decreases eastwards. P. serotina in its native range is a
tree with valuable timber, but in Europe its introduc-
tion was not successful either in terms of timber
production or soil improvement (Muys et al. 1992;
Starfinger et al. 2003; Aerts et al. 2017). Its presence
strongly influences nutrient cycling (Aerts et al. 2017;
Horodecki and Jagodzinski 2017). P. serotina is
dispersed mainly by birds, up to 600 m from the
seed source (Pairon et al. 2006; Jagodzinski et al.
2015), however ca. 80% of fruits fall beneath the
crown of the mother tree (Pairon et al. 2006). Q.
rubra produces medium-value timber in Europe and
due to its long lag-time is considered a weakly
invasive species. Its dispersal is limited, as acorns
mainly fall close to the parents and are not preferred
by birds (Myczko et al. 2014; Bieberich et al. 2016),
which are the main long-distance vectors of this
species. R. pseudoacacia is a wind-dispersed pioneer
tree species, important for wood production and
providing nectar sources for pollinators, and is also
widely used as an ornamental tree (Cierjacks et al.
2013; Vitkova et al. 2017). This species transforms
soils, due to symbiosis with nitrogen-fixing organ-
isms (Rice et al. 2004). All these species invade
forest ecosystems of temperate Europe, ranging from

less fertile coniferous sites to the most fertile
riparian sites.

Study area

We conducted our study in Wielkopolski National
Park (WNP; W Poland; 52°16’N, 16°48’E). WNP
covers 7584 ha and conserves mostly forest ecosys-
tems and very diverse geomorphology connected with
the last glaciation. According to the nearest meteoro-
logical station in Poznan (c.a. 15 km from WNP)
mean annual temperature in 1951-2010 was 8.4 °C
and annual precipitation was 521 mm. Forests of
WNP were heavily transformed by human activity,
especially by former forest management, replacing
mixed and broadleaved forests with monocultures of
Scots pine. Moreover, before WNP establishment in
1957, the area was a place of numerous introductions
of alien trees and shrubs, thus WNP is the national
park in Poland with the highest number of alien woody
species (Purcel 2009; Gazda and Szwagrzyk 2016).
For that reason WNP provides a wide range of soil
fertility and tree species composition, as well as
variable propagule pressure of alien tree species,
which makes WNP a good area for invasion ecology
studies. All three species studied are abundant and are
present both as an admixture in the tree stands and as
monoculture tree stands (Purcel 2009). These advan-
tages, together with known history of forest manage-
ment and alien species introductions, make WNP a
valuable area, especially for studies on biological
invasions in forest ecosystems.

Study design

We used a set of 378 plots (squares 100 m? in area)
arranged in 21 blocks: nine for Q. rubra and six for P.
serotina and R. pseudoacacia. We established more
blocks for Q. rubra due to lower densities of this
species, resulting in lower detection rates. Moreover,
within blocks only the central part of each block is
located in a parental (monoculture) stand of invasive
species (for P. serotina, which occurs only as an
admixture in tree stands, these are tree stands with
high density of fruiting trees), and the remaining plots
are also invaded by the other two species. One pair of
plots was located within the invasive species mono-
culture (maternal stand). A second pair of experimen-
tal plots was located along each of four sides of the
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maternal stand (N, S, E, and W), nearly outside the
stand, at the invasion edge (Rodriguez et al. 2017), and
a third pair of experimental plots was located 30 m
further out from the second set of plot pairs (Fig. 1).
This design produced 18 experimental plots with
different distances from propagule sources—within
the maternal stands, outside maternal stand borders
and at a distance of 30 m from maternal stands. Due to
the high level of spatial heterogeneity in tree stands,
longer distances may result in biases in estimation of
the distance effects. Therefore, four classes of distance
from propagule source were distinguished: in the
propagule source, near the propagule source, 30 m
from the propagule source and further than 30 m (plots
without a propagule source of the considered species
in the nearest neighborhood). Despite concerns, this
did not generate pseudoreplications, due to high
spatial heterogeneity manifested in high variability
of natural regeneration within plots. Due to systematic

0

2

distribution of the plots, six of them were located in
non-forested vegetation paths and these plots were
excluded from analyses, thus the final number of plots
was n = 372. This number of plots covered almost
whole scale of plant communities typical to Central
European forest types—from coniferous forests with
Pinus sylvestris on podzols and acidophilous Quercus
petraea forests on brunic soil to Quercus robur-
Carpinus betulus-Acer pseudoplatanus-Tilia cordata,
Fagus sylvatica and Quercus robur-Ulmus minor-
Fraxinus excelsior forests on fertile haplic soils. Study
plots covered ten forest types: Acer platanoides-Tilia
cordata-Carpinus betulus, Fagus sylvatica, Pinus
sylvestris-Acer pseudoplatanus, Pinus sylvestris-Acer
platanoides-Tilia cordata-Carpinus betulus, Pinus
sylvestris-Prunus serotina, Pinus sylvestris-Quercus
petraea, Quercus petraea, Quercus rubra, and Robi-
nia pseudoacacia. Within plots leaf litter pH ranged
from 3.83 to 6.44 with an average of 5.20 4+ 0.01 and

10 20 30 40 50m

a9

Fig. 1 Scheme for a block of experimental plots in the field. Each block (n = 21) is a set of 18 square plots (100 m?), with a center in
the propagule source—an invasive species monoculture or for P. serotina a tree stand with a dense fruiting P. serotina layer
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light availability ranged from 0.007 to 0.251 with an
average of 0.044 4+ 0.001.

Data collection

In July of 2015, 2016 and 2017 we counted the number
of seedlings (defined as individuals germinated in a
particular year) and saplings (defined as individuals at
least one year old and with height < 0.5 m) within
each plot, and in 2015, 2016 and 2017 we also
measured root collar diameters (RCD) and heights
(H) of the seedlings and saplings. This data was used
for biomass calculation for each year. We treated
sprouts (i.e. specimens generated through vegetative
reproduction from root suckers) as saplings, due to
their usually larger dimensions and connectivity with
their parental organism. After measuring 28,703
seedlings, we found that height measurements of up
to 30 seedlings is enough to cover the range of
variance in seedling heights, and thus in 2017 for that
age class we measured up to 30 heights, due to high
seedling densities in some study plots (in cases of 50
plots with P. serotina and 23 with R. pseudoacacia).
For these plots we used mean dimensions of seedlings
to calculate individual biomass and multiplied by
seedling density to produce biomass of seedlings. This
did not affect calculated biomass, due to low SE of the
mean for seedling total biomass (TB). In total we
measured 39,664 plants. During these inventories we
also investigated vegetation species composition and
abundance using the Braun-Blanquet method: for each
plant species in the understory (forest layer up to
50 cm) we assigned one of nine cover degrees in an
alphanumeric scale. Moreover, in 2015 we assessed
tree stand structures for study plots within larger
(0.02-0.20 ha) plots, where diameter at breast height
was measured for all trees and basal area (BA) was
computed for each tree species.

In August 2016 we measured canopy openness
index (diffuse non-interceptance; DIFN) in each plot,
using an LAI-2200 plant canopy analyzer (Li-Cor Inc.,
Lincoln, NE, USA). For each plot we recorded four
series of ten samples, using the methodology of
Machado and Reich (1999). We chose August for the
measurement time, as our previous studies showed
that canopy openness was lowest during this month
due to maximal canopy foliage development (Knight
et al. 2008); thus, we accounted for the minimal light
availability within our model. Light was an important

predictor in previous invasion ecology studies (e.g.
Knight et al. 2008; Jagodzinski et al. 2018a). To
account for rates of nutrient cycling and acidity we
used litter mass and pH. We decided to use litter
predictors instead of soil, as litter is the main source of
nutrients for the uppermost soil horizons. However,
these predictors are only proxies for direct measure-
ments of soil predictors. Litter was sampled in March
2017, when its amount was stabilized after winter. For
each pair of plots we collected four samples from
circular plots (0.16 m?). Woody debris with diame-
ter > 1 cm was excluded from litter samples. Litter
samples were dried in an oven at 65 °C to constant
mass and visually divided into two parts: recognizable
and decomposed (unrecognizable) parts of litter. Next
we weighed both samples using a balance with an
accuracy of 1 g and determined proportion of the
decomposed part of litter, which is usually higher in
tree stands with low rates of organic matter cycling.
Litter pH was assessed using a pH-meter in distilled
water solution after 24 h.

To assess biomass of natural regeneration we
destructively sampled 647 trees in July 2017
(Table S1). We used biomass as a measure of
ecological success, because this predictor increases
with both increasing density and dimensions, reflect-
ing space filled by the species, and is also claimed to be
a good measure of plant fitness (Younginger et al.
2017). For each pair of plots we surveyed an area with
radius of 5 m around the plot borders and randomly
selected up to five specimens for each species,
according to available number of specimens and
species densities within plots. We excluded heavily
damaged and browsed plants, unless there were no
alternative specimens in the area examined. This
accounted for the joint effects of lower growth and
resistance to herbivory in suboptimal sites. This
approach also resulted in unequal numbers of sample
trees per species: 356 sample trees of P. serotina (195
seedlings and 161 saplings), 133 of Q. rubra (72
seedlings and 61 saplings) and 158 of R. pseudoacacia
(94 seedlings and 64 saplings). These unequal num-
bers resulted from unequal distributions of natural
regeneration of the species studied within the study
plots. Each sample tree was dug up, cleaned and
divided into roots, stems with branches and leaves. We
excluded acorns which were still attached to Q. rubra
and Q. petraea seedlings from the total biomass (TB).
For each sample tree we also measured RCD and H.
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Within the sampled tree dataset we found that 14 of
161 (8.7%) P. serotina and 23 of 64 (35.9%) R.
pseudoacacia saplings had root suckers, and for these
sample trees we did not include belowground biomass,
because their root system was part of the parental
plant. However, despite this belowground biomass
exclusion, we included them in the dataset because
their aboveground biomass also contributed to the
understory. We did not assess whether each of the
plants that were not destructively sampled were
vegetative or generative reproduction, to not influence
their survival probability, which would undermine
future usage of permanent plots.

Data analysis

All analyses were conducted using R software (R Core
Team 2017). Prior to modelling datasets were cen-
tered, scaled and processed using Yeo-Johnson power
transformations (Yeo and Johnson 2000) to stabilize
variance, increase normality of distributions and
overcome problems with different magnitudes of
variables. This preprocessing was carried out using
the caret::preProcess() function (Kuhn 2008). As our
data has hierarchical structure, which may influence
model outcomes (Roberts et al. 2017), we decided to
assess potential blocking effects of the plot layout in
the field. We checked whether the most important
predictors describing resource availability—DIFN,
litter mass and pH—showed clustering related to the
blocks. We performed k-means clustering using six
clusters (the optimal cluster number was estimated by
the elbow method) using the stats::kmeans() function.
Then we compared clusters with principal components
analysis of centered and scaled values of the analyzed
predictors and we visually inspected how the blocks
were arranged within the ordination space (Figure S1).
This analysis showed that potential blocking effects
were related to the availability of resources rather than
spatial proximity, and therefore for further analyses
we decided to use modelling methods that did not
account for the arrangement of blocks.

To predict TB of the species studied we used
allometric equations, following Jagodzinski et al.
(2018a, b). Because our sample trees were collected
within plots and blocks, they differed in dimensions and
plot design expressed different resource availabilities
rather than spatial structures (Figure S1). We quantified
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how much variance in TB was explained by dimensions
and by resource availability predictors (litter mass, pH
and DIFN) using boosted regression tree models (Elith
et al. 2008). Influence of the latter predictor explained
10.2, 9.0 and 0.0% for Q. rubra, P. serotina and R.
pseudoacacia, respectively, thus we decided to use the
simplest approach—Ilinear and non-linear allometric
models. From ten formulas of allometric relationships
used by Jagodzinski et al. (2018a, b) we chose the model
with the lowest AIC (Table S2). For P. serotina
TB = 0.03917 x DRC*"** x H**** (with mean
error of 0.059 and R? = 0.880), for Q. rubra TB =
0.004935 x DRCM7*8 » H'¥7115% (with mean error
of 0.067 and R* = 0.852) and for R. pseudoacacia
TB = 0.004002 x DRCHM78374 » H!293952 (with mean
error of 0.013 and R* = 0.955).

We analyzed vegetation patterns using functional
traits provided by BiolFlor (Klotz et al. 2002), BryoAtt
(Hill et al. 2007) and LEDA (Kleyer et al. 2008)
databases, as well as ecological indicator values (EIV;
Ellenberg and Leuschner 2010). For each plant species
we extracted EIV for light, fertility, soil reaction,
moisture, continentality and temperature, as well as
canopy height, leaf mass, size, dry matter content,
specific leaf area (SLA), growth form, seed mass and
number per shoot, reproduction mode and Grime’s
(Grime 2006) life strategy (Table S3). These traits
were used for calculation of functional diversity
components: functional dispersion (FDis), functional
divergence (FDiv), functional evenness (FEve) and
functional richness (FRic). These components
describe distribution of species’ functional traits for
each sampled plant community within a hypervolume
of traits (Mason et al. 2005; Laliberté and Legendre
2010; Pla et al. 2011), indicating prevalence of
processes shaping species composition of the com-
munity. High values of FDiv indicate numerous
functional ways of resource acquisition, which is
associated with higher competition, similar to high
FEve, indicating lack of one dominant type of resource
acquisition. High values of FRic and FDis indicate
numerous functional plant types and low level of
habitat filtering in the plant community (Kotowski
et al. 2010; Hedberg et al. 2014; Dyderski et al. 2016;
but see Kraft et al. 2015). Moreover, to characterize
dominant plant strategies, we used three community-
weighted mean (CWM) values of functional traits:
SLA, height and seed mass, according to the LHS
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concept (Westoby 1998) and global spectrum of plant
functions (Diaz et al. 2016). All functional diversity
components and CWMs used for analyses of particular
invasive species studied were calculated excluding
that species, to avoid circular reasoning and biased
variable importance, connected with different func-
tional traits (Thomsen et al. 2016), for example,
overestimated importance of seed mass CWM for Q.
rubra, with its high value of this trait. Usage of
functional diversity components allows conclusions
about impact of plant community on the species of
interest (Kurokawa et al. 2010; D’ Astous et al. 2013;
Jagodzinski et al. 2017; Czortek et al. 2018).

In our dataset some predictors were correlated,
because they reflect different aspects of phenomena
studied. For example, propagule source presence/
absence and basal area correlation coefficient r was
0.56 for P. serotina, but the former predictor reflected
mere presence of seed source and the latter predictor
reflected its quantity. For that reason and for better
ecological interpretation we decided not to exclude
them from analyses. Only three pairs of predictors had
correlation coefficients (r) > 0.6—species richness
and Shannon’s index (0.73), FRich and species
richness (0.65) and litter mass and proportion of
decomposed part of litter (0.6). To ensure that our
results were not biased by year-to-year dynamics, in
modelling we used averaged vegetation predictors and
biomasses for each plot. This averaging was also
necessary as some predictors, e.g. tree stand and litter
predictors as well as DIFN, were measured only once
and combining them with more variable predictors
would bias their importance. To assess influence of
factors describing resource availability, propagule
pressure and competitors we used the random forest
method (RF; Breiman 2001), trained using the
caret::train() function (Kuhn 2008). We chose RF
due to its good performance in cases of collinear
variables, non-normal distributions of predictors and
high predictive power. As an alternative, we also
tested boosted regression trees (Elith et al. 2008),
which showed lower fitness—lower coefficients of
determination and higher RMSE (Fig. S2). Due to
differences in survival, we assessed biomass of
seedlings, saplings and total natural regeneration of
each species separately. For each RF model we
produced two results/outputs —importance of variables
and partial dependence plots. Variable importance is
expressed by mean decrease in accuracy (%IncMSE),

which is a percentage increase of mean squared error
of the result when the considered variable was
permuted. Partial dependence plots express impact
of a single variable on a response when all remaining
predictors within a given model are constant.

Results
Biomass of natural regeneration

Natural regeneration of R. pseudoacacia, Q. rubra and
P. serotina, was found in 165, 194 and 239 plots,
respectively. Biomass of natural regeneration for these
three species within study plots ranged from 0.00 to
257.19 kg ha~!, with an average of 1.52 &+
0.36 kg ha~' (Fig. 2). However, medians for each
species seedlings and saplings did not exceed
1 kg ha™". For P. serotina total biomass ranged from
0 to 9.61 kg ha_l, with an average of 0.81 %+
0.09kgha™'; for Q. rubra from 0.00 to
257.19 kg ha™!, with an average of 1.04 &
0.69 kg ha~' and for R. pseudoacacia from 0.00 to
1.81 kgha™!, with an average of 0.07 %
0.01 kg ha~'. Mean proportions of total seedling
biomass within plots were 30.7 £ 2.3, 29.8 £ 2.7
and 48.7 £ 3.2% for P. serotina, Q. rubra and R.
pseudoacacia, respectively.

Hierarchy of predictors

RF models explained from 56.5% (R. pseudoacacia
seedlings) to 78.3% of variance (P. serotina total) in
the biomass of the species studied and included from 3
to 10 predictors (Table 1). Two of the most important
predictors for each species and biomass type were
presence of parental trees in the plot or in the nearest
neighborhood and basal area of parental trees in the
tree stand (Table 1). Exceptions were saplings and
total biomass of Q. rubra, for which the second most
important predictor was litter mass. Nevertheless,
%IncMSE connected with nearest presence of propag-
ule source ranged from 30.2 to 50.2%. Basal area of
parental trees had the highest importance for P.
serotina and the lowest for Q. rubra. This predictor
also was more important for seedlings than saplings.
The second group of predictors was connected with
leaf litter predictors. The most important of them was
litter mass, however its importance for R.
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Fig. 2 Distributions of sapling and seedling biomass for each
species within study plots (n = 372). Distributions are shown by
violin plots—the wider the shape is, the more frequent the

pseudoacacia was lower than for the other species.
Leaf litter predictors were the most important for P.
serotina, especially for seedlings. Litter pH usually
had lower importance than litter mass, with the
exception of total R. pseudoacacia biomass. Fraction
of decomposed material in litter was included only in
the model of total P. serotina biomass. Light avail-
ability, expressed by DIFN, had the highest impor-
tance for R. pseudoacacia and the lowest for Q. rubra.
Among predictors expressing tree stand features,
number of tree species had higher importance than
tree stand BA. Tree stand species richness was most
important for R. pseudoacacia, and least for Q. rubra.
Tree stand BA had the highest importance for R.
pseudoacacia. Among understory predictors the high-
est importance was species richness, which had the
highest importance for P. serotina and Q. rubra. Its
importance was higher for saplings and total biomass
than for seedlings. Understory species diversity,

@ Springer

particular value of the variable is. Dots inside the violins
indicate medians. Note log-transformation of y-axis

expressed by Shannon’s index had the highest impor-
tance for R. pseudoacacia. CWMs describing func-
tional traits of understory had the lowest importance
for Q. rubra and the highest for P. serotina. For an
average, the most important CWM was plant height.
For Q. rubra the most important was CWM of SLA.
Functional diversity indices was the group of predic-
tors with the lowest importance. However, among
species FRic, FDis and FEve were most important for
P. serotina and FDiv for Q. rubra. In most cases values
of importance of functional diversity components
were higher for saplings than seedlings.

Impact of predictors on studied species biomass

Partial dependence plots (Fig. 3) revealed that
response of saplings to presence of propagule source
in the vicinity was lower than response of seedlings.
All species biomasses increased with proportion of
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«Fig. 3 Partial dependence plots showing impacts of particular
variables (abbreviations and predictors importance in Table 1)
on response functions of biomass for biomass types and species
studied, when all remaining predictors were constant. Response
and variables were centered, scaled and processed by Yeo-
Johnson power transformation

parent trees in basal area, up to thresholds at which
response curves reached plateaus. This threshold was
reached first by Q. rubra, then by R. pseudoacacia and
finally by P. serotina. However, the response curve
was steepest for R. pseudoacacia total biomass.
Increasing litter mass was associated with increasing
biomass of P. serotina and Q. rubra and decreasing
biomass of R. pseudoacacia. Only seedlings of P.
serotina showed a steeper response curve at the higher
range of litter mass than saplings and total biomass.
Responses to DIFN differed among species studied:
biomasses of P. serotina and Q. rubra increased with
increasing DIFN, however biomass of P. serotina
seedlings in the highest fraction of DIFN range
decreased. Biomass of Q. rubra decreased with
increasing tree stand species richness and biomasses
of P. serotina and R. pseudoacacia increased. The
positive response of R. pseudoacacia was steeper in
the highest range of tree stand species richness,
especially for seedlings. This species showed a similar
response to tree stand BA. The biomasses of all species
studied increased with increasing understory species
richness, however in the case of seedlings the size
effect was minimal.

Discussion
Model limitations

Despite the high number of predictors studied, some of
them are only proxies for direct measurements. For
example, litter traits are surrogates for soil chemistry,
which is crucial for plant growth (e.g. Mueller et al.
2012; Aerts et al. 2017). We also did not divide
regeneration into generative and vegetative speci-
mens. Another potential drawback may result from
low variability of climatic conditions, which drive the
distributions of species studied at large spatial scales
(Dyderski et al. 2018). Resource availability gradients
do not account for water availability, as we did not
sample dry and wet habitat types, due to their

relatively low abundance, thus soil moisture effects
were not studied. Nevertheless, the large number of
study plots and temporal variation increased robust-
ness of the conclusions.

Impact of propagule pressure on species invasion
success

Almost all models showed that propagule pressure was
the most important influence on invasion success,
expressed by biomass of natural regeneration. Propag-
ule source presence and propagule quantity both
contribute to increasing propagule pressure, however,
they each account for a different aspect of propagule
availability. Different species reacted in a different
way to presence and quantity: Q. rubra depended more
on propagule vicinity than R. pseudoacacia and P.
serotina was the least dependent among species
studied. However, P. serotina had the highest impor-
tance of propagule quantity, similar to other studies
(e.g. Chabrerie et al. 2008; Vanhellemont et al. 2009;
Terwei et al. 2013). The important role of propagule
pressure has been confirmed for numerous woody
species (e.g. PySek et al. 2009; Sinclair and Arnott
2015; Rodriguez et al. 2017), and also for the species
studied (e.g. Vanhellemont et al. 2009; Woziwoda
et al. 2014; Jagodzinski et al. 2015). Ecological
success of P. serotina and Q. rubra, expressed either
as seedling density (Pairon et al. 2006; Riepsas and
Straigyté 2008; Jagodzinski et al. 2015) or biomass
(Jagodzinski et al. 2018a) decreased with distance
from propagule source. Although Q. rubra acorns are
not preferred by birds (Myczko et al. 2014; Bieberich
etal. 2016), its maximum dispersal distance referred to
in the literature is higher than that of P. serotina (1500
vs. 600 m), which is eaten by numerous bird species
(Bartkowiak 1970; Deckers et al. 2008). The high
importance of fruiting tree BA may also reflect the fact
that ca. 80% of fruits fall beneath the crowns of P.
serotina and birds may disperse only 20% of them
(Pairon et al. 2006). Lower importance of propagule
source BA for Q. rubra may suggest better dispersal of
this species, e.g. by rodents (Bieberich et al. 2016).
Another explanation may result from with high seed
mass and stored carbohydrates allowing growth in
unsuitable conditions (Ziegenhagen and Kausch
1995). Under this assumption, even a single tree in
the stand may produce an effective number of
seedlings, and due to their low densities, may result
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in biomass similar to the other species despite the low
contribution of Q. rubra to tree stand BA.

Propagule pressure increases the probability of
alien species establishment in the plant community
(Lonsdale 1999; Lockwood et al. 2005; Vanhellemont
et al. 2009). For that reason plots with lower
availability of seeds or sprouts are less invasible than
those with higher availability. Due to probability of
vegetative reproduction, effects of these variables may
be biased, as the species studied are able to sprout
(Closset-Kopp et al. 2007; Vitkova et al. 2017).
Although 10-50% of P. serotina natural regeneration
may result from vegetative reproduction (Closset-
Kopp et al. 2007), our study reports a fraction (8.7%)
similar to our previous study in Rogéw Arboretum
(Jagodzinski et al. 2015). For R. pseudoacacia it was
35.9%, but due to young age of fruiting (Burns and
Honkala 1990), there were no differences between
presence of fruiting and sprouting trees in the vicinity
of the plots. The high advantage of R. pseudoacacia in
plots with presence of propagule source may also
result from its capacity for nitrogen fixation, which
fertilizes the soil (Rice et al. 2004; Cierjacks et al.
2013).

Impact of resource availability on studied species
biomass

The most important factors related to availability of
resources were those connected with leaf litter. These
predictors were most important for P. serotina.
However, the highest %IncMSE in this study was for
litter mass as a predictor of Q. rubra saplings, and the
highest effect size was for seedlings. The presence of
Q. rubra in the overstory usually maintains a thick
layer of leaf litter, due to its low decomposition rate
(Horodecki and Jagodzinski 2017). Thus, in this
particular case its effect cannot be clearly separated.
Nevertheless, both species showed similar tendencies
for litter pH—their biomass decreased with increasing
litter pH, which is an indicator of higher fertility. Both
P. serotina and Q. rubra have been reported from
fertile deciduous forests (Chmura 2004, 2013; Wozi-
woda et al. 2014; Dyderski et al. 2015; Jagodzinski
et al. 2015). P. serotina was claimed to prefer the poor
and medium fertility sites of coniferous forests, and
the species was planted there as a soil improver (Muys
et al. 1992; Starfinger et al. 2003), but also reached
high densities on habitats of fertile deciduous forests

@ Springer

(Jagodzinski et al. 2015). Our study confirmed earlier
observations that P. serotina reaches higher ecological
success in less fertile and more acidic plots (Zerbe and
Wirth 2006; Chabrerie et al. 2008; Knight et al. 2008;
Halarewicz 2012; Terwei et al. 2016). In contrast, R.
pseudoacacia reached the highest biomass in plots
with low litter mass, low proportion of decomposed
material and high pH. This indicated that although R.
pseudoacacia may occur in less fertile sites, it has the
highest growth potential in the most fertile habitats.
For that reason this species effectively invades ripar-
ian forests (e.g. Terwei et al. 2013; Dyderski et al.
2015; Marozas et al. 2015).

One of the most surprising results was low impor-
tance of light availability for the majority of species
studied, in contrast with other studies indicating higher
importance of light availability on invasion success
(e.g. Knight et al. 2008; Paquette et al. 2012;
Rodriguez et al. 2017). The relatively low light
requirements shown by R. pseudoacacia were oppo-
site to other studies (Groninger et al. 1997; Cierjacks
et al. 2013). However, due to relatively high propor-
tion of seedlings in the biomass, which was highest in
the stands with lowest light availability, it may be an
effect of low competition within the understory.
Nevertheless, seedling survival is low (Dyderski
unpubl.). Another important factor is high proportion
of sprouts, which may be supplied with nutrients by
parental trees, and partially independent of light
availability. Groninger et al. (1997) used only trees
obtained from generative reproduction, thus our
results are not comparable. However, in plots with
high light availability R. pseudoacacia also reached
high biomass. Dominance of propagule pressure over
invasibility may be connected with their interaction,
conceptualized by Davis et al. (2005), who elaborated
a model showing how propagule pressure may modify
invasibility, with the two variables working together to
produce ‘invasion pressure’.

Impact of interactions with overstory
and understory on biomass

Interactions with other members of plant communities
have been claimed to be drivers of invasibility from
the beginning of invasion ecology, when Elton (1958)
formulated the hypothesis of biotic resistance. This
concept assumed that higher species richness in plant
communities may decrease invasibility. This concept
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was recently confirmed for small plots (Brown and
Peet 2003; Parker et al. 2010; Iannone et al. 2016),
however at larger spatial scales recent studies con-
firmed that relationships between species richness of
native and alien species or invader ecological success
(expressed as abundance or density) are positive
(Lonsdale 1999; Stohlgren et al. 1999, 2006; Knight
et al. 2008; Dyderski et al. 2015, but see Parker et al.
2010). Increasing ecological success of the invasive
species studied here in plots with higher species
richness confirms this theory. Understory species
richness was most important for P. serotina and Q.
rubra saplings and total biomass, but not for seedlings.
This may result from the effects of seed storage,
allowing supplies of carbohydrates to seedlings which
are independent of competition. The species with the
lowest seed mass—R. pseudoacacia—did not show a
similar response.

CWM of seed mass had the highest significance for
P. serotina and R. pseudoacacia saplings. The
biomass of P. serotina increased with increasing seed
mass CWM. This may be driven by frequently co-
occurring Quercus petraea and Q. rubra with high
seed mass at a similar ecological scale, but also may
reflect bird-mediated dispersal (Pairon et al. 2006;
Deckers et al. 2008; Kurek et al. 2015; Dylewski et al.
2017). Terwei et al. (2016) interpreted a similar
relationship obtained in floodplain forest as evidence
for P. serotina shade tolerance, which has not been
confirmed in our study. Biomass of R. pseudoacacia
decreased with increasing CWM of seed mass, which
may reflect its ruderal character and preference for
disturbed sites (Cierjacks et al. 2013; Vitkova et al.
2017), as low seed mass is connected with disturbance
tolerance (Westoby 1998). P. serotina responded
negatively to height CWM, which shows its negative
response to understory competition. Similarly Terwei
et al. (2013) found a negative relationship between
density of P. serotina and herb layer cover.

Differences between studied species
and management implications

According to our results, management of species
studied should primarily focus on removing propagule
sources. If these species are planted according to their
commercial value (Woziwoda et al. 2014) or ecosys-
tem services (Vitkova et al. 2017), invasion manage-
ment should be focused on plant communities in the

neighborhoods of plantations by shaping conditions
not supporting the spread of invaders, e.g. by limiting
light availability, planting competing native species or
removing emerging saplings or juvenile specimens.
Introduction of these best management practices for
invasive woody species into forestry is crucial for
limiting further invasion of these species (Brundu and
Richardson 2016).
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Abstract Disturbance is claimed to be one of the
most important triggers of biological invasions. There
is a lack of data about disturbance impacts on the
youngest life stage of invasive trees and shrubs. Thus,
we aimed to assess the role of disturbances in shaping
responses of natural regeneration of three model
invasive species—Prunus serotina Ehrh., Quercus
rubra L., and Robinia pseudoacacia L.—to distur-
bances in forest plant communities. Our study was
conducted over 3 years on 372 study plots (100 m?),
across nine types of temperate forests in Wielkopolski
National Park (Poland). Disturbance was assessed
using ecological indicator values for disturbance
severity and frequency. Our study revealed the high
importance of disturbance on species composition of
understory vegetation. We also found relationships
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between ecological success (density and biomass of
natural regeneration) of invaders and disturbance
indices. These models were statistically significant
but their effect sizes were low. Due to the low effect
sizes, we can state only limited conclusions about
impact of disturbance on ecological success of inva-
sive species natural regeneration. The results suggest
that for seedlings (up to 50 cm height—threshold
between understory and shrub layer) disturbance, a
leading factor in biological invasions of numerous
taxa, has a small role in this case. Thus, we may
assume that their ecological success is connected with
stochastic processes in populations of the invader’s
seedlings, rather than with stochastic release from
competition caused by disturbances.

Keywords Black cherry - Northern red oak - Black
locust - Intermediate-disturbance hypothesis -
Saplings

Introduction

Biological invasions are one of the major threats to
biodiversity (Mack et al. 2000; Davis 2003; Essl et al.
2017). Ecological success of invasive species is a
derivate of three groups of factors: species invasive-
ness, habitat invasibility, and propagule pressure.
Species invasiveness compromises life history traits
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providing advantages over native species, which allow
alien species to establish in their secondary range (e.g.,
Tecco et al. 2010; PysSek et al. 2014; Gallien et al.
2016). Habitat invasibility describes its vulnerability
to colonization by alien species (e.g., Lonsdale 1999;
Alpert et al. 2000; Richardson and Pysek 2000).
Propagule pressure reflects quantity, quality, and
availability of alien species’ dispersal units (e.g.,
Lockwood et al. 2005; Krivanek et al. 2006; Van-
hellemont et al. 2009). However, invasion success
depends not merely on these factors treated separately,
but rather on their interactions (e.g., Alpert et al. 2000;
Davis et al. 2005; Jagodzinski et al. 2015).

Disturbance is a catastrophic event removing part
of the ecosystem biomass, caused by biotic or abiotic
factors. Examples include biotic insect outbreaks
(Jonasova and Prach 2004; Kucerova et al. 2008;
Zeppenfeld et al. 2015) and abiotic wildfires (Clarke
et al. 2015; Benscoter et al. 2015; Frelich et al. 2017).
Human activity may also create disturbance events
(e.g., Prach et al. 2001, 2014; Dyderski et al. 2016).
Disturbance regimes differ in both frequency and
severity, i.e., length of interval between consecutive
disturbance events and in proportion of biomass
destroyed during single disturbance events (Herben
et al. 2016, 2018). Thus, some plant species are
adapted to disturbed habitats, which is manifested in
their life strategies (Grime 2001; Pierce et al. 2013;
Herben et al. 2018), reflecting their functional traits
(Baker 1974; Westoby 1998; Prach et al. 2001). For
that reason, disturbance is one of the major factors
shaping species composition of vegetation in some
biomes (Turetsky and Louis 2006; Johnstone et al.
2016; Frelich et al. 2017).

Disturbance dependency is an example of invasion
ecology concepts merging these aspects (Hobbs and
Huenneke 1992; Chabrerie et al. 2008; Jeschke 2014;
Rodriguez et al. 2017). This concept assumes that
invasive species reach higher ecological success in
disturbed sites (habitat parameter). As intermediate
disturbances lead to increase of species richness (Fox
1979), according to the biotic acceptance theory
(Stohlgren et al. 2006), this leads to the increase of
alien species richness. Moreover, changes in distur-
bance frequency and intensity (both increase and
decrease), as well as change of disturbance type may
alter the species composition and create the opportu-
nities for invasive species (Hobbs and Huenneke
1992). For that reason, species with functional traits
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favoring disturbance have higher spread availability in
the secondary range (invasiveness). Moreover, dis-
turbed sites may attract species that are vectors of
propagules, e.g., frugivorous birds, increasing propag-
ule availability (propagule pressure). Disturbance is
also claimed to be a reason for invasions in agroe-
cosystems (Baker 1974; Groves 2006), riparian land-
scapes (Pysek and Prach 1993; Richardson et al. 2007;
Dyderski and Jagodzinski 2016), or urban ecosystems
(Knapp et al. 2010; Jarosik et al. 2011; Obidzinski
et al. 2016), as well as in natural forests (Chmura and
Sierka 2007). Nevertheless, our literature review did
not find studies about disturbance impacts on the
youngest life stage of invasive trees and shrubs.

The aim of this study was to assess the role of
disturbances in shaping forest understory vegetation
and responses of invasive tree and shrub species to
disturbances in forest plant communities. Based on
earlier studies on invasion ecology we hypothesized
that (1) disturbances are more important factor shap-
ing species composition of vegetation than fertility
gradient, (2) invasive species perform better (i.e.,
reaching higher biomass and density of natural
regeneration) in plant communities with more fre-
quent and more severe disturbances, and (3) invasive
species will respond differently to disturbance
indices—competitive species responses will be nega-
tive and ruderal species responses positive.

Materials and methods
Species studied

As model species, we used the three most frequent
woody alien species invading forest ecosystems in
Europe (Wagner et al. 2017): Prunus serotina Ehrh.,
Quercus rubra L., and Robinia pseudoacacia L. All
these species come from the eastern part of North
America and were introduced for forest management
purposes (Starfinger et al. 2003; Cierjacks et al. 2013;
Woziwoda et al. 2014). P. serotina in its native range
is a tree but in Europe it is most frequently a tall shrub.
Due to high rate of leaf litter decomposition, P.
serotina was widely used as a soil improver (Muys
et al. 1992; Aerts et al. 2017; Horodecki and
Jagodzinski 2017). P. serotina is able to wait out
unfavorable environmental conditions (insufficient
light availability) by slow growth rates of seedlings
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(Closset-Kopp et al. 2007) and benefit from opportu-
nity windows in resource availability (Chabrerie et al.
2008). This species is mainly dispersed by birds
(Pairon et al. 2006). Q. rubra, due to large seed mass,
is a species strongly dependent on propagule pressure
(Riepsas and Straigyté 2008; Myczko et al. 2014;
Jagodziniski et al. 2018), but also able to use carbo-
hydrate reserves stored in the acorn (Ziegenhagen and
Kausch 1995). R. pseudoacacia is a wind-dispersed,
pioneer tree species, that usually colonizes disturbed
areas (Cierjacks et al. 2013; Vitkova et al. 2017; Sadlo
et al. 2017), especially due to its ability to fix nitrogen
(Boring and Swank 1984; Rice et al. 2004). Thus, the
species studied have differing responses to distur-
bance. In Poland, P. serotina prefers less-fertile sites
and R. pseudoacacia—those more fertile, while Q.
rubra—>both less-fertile and more fertile sites (Ch-
mura 2004; Halarewicz 2012; Gazda and Szwagrzyk
2016).

Study area

The study was conducted in the forests of Western
Poland, within Wielkopolski National Park (52°16'N,
16°48'E). This national park covers an area of 7584 ha
and its aim is to preserve a valuable post-glacial
landscape, including valleys, moraine hills, and lakes.
Climate of the study area is temperate, transitional
between oceanic and continental. In the years
1951-2010, mean annual temperature was 8.4 °C
and mean annual precipitation was 521 mm (Poznan
meteorological station, c.a. 15 km from the study
area). Main soil types are luvisols (47%) and brunic
and haplic soils (30%), podzols constitute 7% (Nowak
et al. 2000). Forests cover 61% of Wielkopolski
National Park, and the most frequent plant associa-
tions are Galio sylvatici-Carpinetum, Calamagrostio
arundinaceae-Quercetum, and Querco roboris-Pine-
tum. However, some patches are covered by fertile
riparian forests (Fraxino-Alnetum, Querco-Ulmetum
minoris) or poor coniferous forests (Leucobryo-Pine-
tum). Nevertheless, large areas of deciduous forests
were planted with Pinus sylvestris before the national
park was established in 1957 (Nowak et al. 2000). This
replacement caused transformation of both vegetation
and soil chemistry by nutrient leaching and acidifica-
tion (Binkley and Giardina 1998; Zerbe and Wirth
2006). Another negative aspect of human impacts was
introductions of alien woody species (Purcel 2009;

Gazda and Szwagrzyk 2016). This resulted in the
presence of pure stands of alien species surrounded by
large areas of forest ecosystems with different levels
of disturbances and human impacts. Therefore,
Wielkopolski National Park seems to be an excellent
place to test hypotheses about impacts of disturbances
on ecological success of invasive species.

Study design

In the study area, we established 21 block sites (nine
for Q. rubra, six for P. serotina, and six for R.
pseudoacacia), each with a central monoculture stand
of invasive species housing a total of 378 plots
(squares 100 m? in area). For study design details, see
Dyderski and Jagodzinski (2018). In the case of P.
serotina, occurring only as an admixture in tree stands,
these are tree stands with high densities of fruiting
trees. In the central part of each monoculture, we
established a pair of study plots. Along each of the four
sides (N, S, E, and W) of the central pair, we
established two pairs of plots: one nearly outside the
stand—at the invasion edge, and the second pair 30 m
from the invasion edge. The invasion edge was defined
as the border between crowns of the invasive species
monoculture and the surrounding trees. Thus, each
study block compromised 18 study plots. The study
design did not generate pseudoreplications, which
may be expected due to short distances between plots
in blocks, because of the high spatial heterogeneity.
This was manifested in high variability of natural
regeneration within plots, light availability, and
microsite occurrences. Because plots were distributed
systematically, six of them were located within forest
vegetation paths and were therefore excluded from
analyses, so that the final number of plots wasn = 372.
The plots were divided into nine categories according
to dominant tree species: Acer platanoides-Tilia
cordata-Carpinus betulus, Fagus sylvatica, Pinus
sylvestris-Acer pseudoplatanus, Pinus sylvestris-Acer
platanoides-Tilia cordata-Carpinus betulus, Pinus
sylvestris-Prunus serotina, Pinus sylvestris-Quercus
petraea, Quercus petraea, Quercus rubra, and Robi-
nia pseudoacacia (Online Resource 1). The variability
of light availability, different tree stand types, and
microsite presence, allowed us to assume that the
experimental design did not produce spatial clusters
connected with block arrangement, which would have
needed to be accounted for in the statistical design,
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e.g., by application of mixed models (Roberts et al.
2017).

During July of 2015-2017, we measured root collar
diameters and heights of all trees of the study species
on each plot shorter than 0.5 m (in total 39664 plants).
Using allometric equations developed on sample trees
(356 of P. serotina, 133 of Q. rubra and 158 of R.
pseudoacacia) harvested in a 5-m buffer zone around
the study plots (Online Resource 2; Dyderski and
Jagodzinski 2018), we estimated their total above- and
belowground biomass. In addition to natural regener-
ation of the study species, we assessed species
composition of understory vegetation, recording
species identities and abundances using the Braun-
Blanquet method. We also measured canopy openness
index (diffuse non-interceptance; DIFN) using an
LAI-2200 plant canopy analyzer (Li-Cor Inc., Lin-
coln, NE, USA). For each plot, we recorded four series
of ten samples. The measurements were conducted in
August 2016, as our previous studies indicated that
this month has maximal canopy foliage development
(Knight et al. 2008). In March 2017, we collected four
samples of leaf litter from circular plots (0.16 m?).
The samples were dried in the oven at 65 °C to
constant mass and weighed using a balance with an
accuracy of 1 g. Litter pH was assessed using an
electronic pH-meter in distilled water solution after
24 h. We used these variables as approximations of
nutrient cycling rates and soil acidity in forest
ecosystems.

Data analysis

Using data about vegetation species composition for
each study plot, we calculated community-weighted
means (CWM) of disturbance indices proposed by
Herben et al. (2016). These indices reflect disturbance
severity, expressed as fraction of community biomass
being destroyed, and disturbance frequency, expressed
as logarithm of mean time between disturbance events.
These indices were developed based on expert
assessment of vegetation typological units (phytoso-
ciological classes) and calibrated using a dataset of
vegetation samples. The indices are correlated with
functional traits reflecting disturbance responses—
height, seed mass, and clonality (Herben et al. 2016).
Because disturbances in forest ecosystems may affect
only the understory or the whole community, we
decided to analyze both types of disturbance measures.

@ Springer

To assess the factors shaping vegetation species
composition, we performed Detrended Correspon-
dence Analysis (DCA) using the vegan::decorana()
function (Oksanen et al. 2016). This type of multi-
variate analysis was chosen due to long environmental
gradients (> 3 SD units). As an unconstrained anal-
ysis, DCA reveals dispersion of points in ordination
space, reflecting particular species abundances within
study plots. To determine factors correlated with the
gradients revealed, we used the vegan::envfit() func-
tion (Oksanen et al. 2016) for passive projection of
environmental factors: DIFN, litter mass, disturbance
indices, and CWMs of specific leaf area (SLA),
canopy height, and seed mass—functional traits
describing plant life strategies, according to LHS
concept (leaf-height-seed; Westoby 1998). LHS traits
were obtained from the LEDA database (Kleyer et al.
2008). We also used proportion of species represent-
ing phytosociological classes (Ratynska et al. 2010)
and life strategies (Klotz et al. 2002). CWM compu-
tation was done using the FD::functcomp() function
(Laliberté et al. 2014).

We used ordinary least squares regression to check
the strength of relationships between the measures of
invasive species ecological success (density and
biomass of natural regeneration) and disturbance
indices. Prior to analyses, we log-transformed densi-
ties and biomasses, due to log-normal distributions.
Because high numbers of observations increase
statistical significance of low differences between
treatments as expressed by p values, for our case of
n=1116 (372 plots x 3 years), we resigned from
interpretation of p values, which could be biased by
reporting statistically significant results with little or
no biological meaning (the so-called ‘p value hack-
ing’), according to the American Statistical Associa-
tion (Wasserstein and Lazar 2016). Instead, we
focused on correlation coefficients and effect sizes.
To evaluate the latter, we compared 95% confidence
intervals (CI) of predicted measures of invasive
species ecological success. This was done by inputting
the 0.025, 0.5, and 0.975 quantiles of disturbance
indices into the regression equation and visualizing the
range of the values obtained. The wider the CI of
predicted values, the higher the effect of the consid-
ered factor on the dependent variable. Although only
R. pseudoacacia has assigned disturbance indices
values, in regressions, we used disturbance indices
calculated excluding the study species, to avoid
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circular reasoning (Thomsen et al. 2016). All analyses
were conducted using R software (R Core Team
2017).

Results
Impact of disturbance on understory vegetation

DCA (Fig. 1, Table 1) revealed two main gradients in
differentiation of vegetation species composition. The
first gradient (across DCA1 axis) was identified as
availability of light and soil nutrients: from poor P.
sylvestris sites with high light availability at the left to
fertile oak-hornbeam and R. pseudoacacia forests at the
right. This gradient also reflected functional traits
connected with competition—life strategy ‘c’ (com-
petitors) and high SLA CWM. The differentiation along
DCA1 axis was reflected both at the tree stand and
understory species composition levels, which was

reflected by opposite proportions of Vaccinio-Piceetea
and Querco-Fagetea species cover. The second distinct
gradient (along DCA2 axis) described disturbance
intensity. Low values of DCA?2 indicated the presence
of stress-tolerant species and ancient forest indicator
species, whereas high values—presence of ‘r’ strategy
species—were an indicator of frequent and severe
disturbances. This was also correlated with proportion
of meadow species (Molinio-Arrhenatheretea). The
range of whole community disturbance frequency index
ranged from — 1.986 to — 1.107, with an average of
— 1.761 £ 0.004, which indicated a mean turnover
interval of c.a. 58 years. The analogous index for the
herb layer ranged from — 1.252 to — 0.526, with an
average of — 0.781 £ 0.002, which indicated a mean
turnover interval of c.a. 16 years. Whole community
disturbance severity index ranged from 0.224 to 0.447,
with an average of 0.296 4+ 0.001 and herb layer
severity index ranged from 0.042 to 0.381, with an
average of 0.172 £ 0.002.
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Fig. 1 DCA results conducted on understory vegetation of
sample plots in three growing seasons (n = 1116). Labels

sylvatica; Ps-Ap, Pinus sylvestris-Acer pseudoplatanus; Ps-
Ap-Tc-Cb, Pinus sylvestris-Acer platanoides-Tilia cordata-

represent passively projected environmental variables Carpinus betulus; Ps-Pse, Pinus sylvestris-Prunus serotina;
(Table 1), colors represent tree stand types: Ap-Tc-Cb, Acer Ps-Qp, Pinus sylvestris-Quercus petraea; Qp, Quercus petraea,
platanoides-Tilia  cordata-Carpinus  betulus; Fs, Fagus Qr, Quercus rubra; Rp, Robinia pseudoacacia (Table S1)
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Table 1 Parameters of environmental variables fitted to the DCA analysis results

Parameter Abbreviation DCAL DCA2 R? p
Light availability (diffuse non-interceptance) DIFN — 0.7295 0.6840 0.431 0.001
Litter mass Litter mass — 0.9877 0.1561 0.478 0.001
Litter pH pH 0.9999 0.0156 0.593 0.001
Cover of species from class Molinio-Arrhenatheretea Mol-Arr 0.0699 0.9976 0.281 0.001
Querco-Fagetea Que-Fag 0.8269 — 0.5623 0.572 0.001
Vaccinio-Piceetea Vac-Pic — 0.9567 0.2910 0.553 0.001
Cover of ancient forest indicator species AFIS — 0.0276 — 0.9996 0.134 0.001
Whole community disturbance frequency index Wh_freq — 0.0378 0.9993 0.518 0.001
Whole community disturbance severity index Wh_sev 0.1345 0.9909 0.226 0.001
Herb layer disturbance frequency index Herb_freq — 0.0487 0.9988 0.167 0.001
Herb layer disturbance severity index Herb_sev 0.0327 0.9995 0.361 0.001
CWM of canopy height Height CWM 0.3097 — 0.9508 0.152 0.001
CWM of specific leaf area SLA CWM 0.9998 0.0208 0.209 0.001
CWM of seed mass Seed mass CWM — 0.6126 — 0.7904 0.131 0.001
Proportion of ‘c’ strategy species (competitors) Strategy_c 0.8313 — 0.5559 0.066 0.001
Proportion of ‘r’ strategy species (ruderals) Strategy_r — 0.1115 0.9938 0.023 0.002
Proportion of ‘s’ strategy species (stress-tolerant) Strategy_s — 0.0415 — 0.9991 0.071 0.001

Determination coefficient R and p value were obtained based on permutation test with 999 iterations

CWM community-weighted mean

Impact of disturbance on invasive species
ecological success

Analysis of correlations between disturbance indices
and measures of success of invasive species natural
regeneration (density and biomass) revealed low
values of correlation coefficients. However, strength
of correlations and size effects varied among species,
disturbance indices, and life stages (Fig. 2, Table 2,
Online Resource 3). The highest correlation coeffi-
cients were found for P. serotina seedling density and
total P. serotina density and biomass, and effect of
herb layer disturbance frequency index on R. pseu-
doacacia density and biomass (both seedlings and
total). P. serotina density and biomass had the highest
correlation coefficients in relationships with whole
community frequency index and herb layer severity
index, and the lowest—with herb layer frequency
index. R. pseudoacacia biomass and density were
most closely correlated with herb layer frequency
index. Q. rubra did not show any relationships with
the disturbance indices studied. Regarding direction of
correlation (positive or negative), we found that most
of the correlations with r > 0.2 were positive. An

@ Springer

exception was response of R. pseudoacacia density to
herb layer frequency index. However, response of R.
pseudoacacia biomass to the same index was positive.
The best fit predictor for P. serotina total density—
whole community frequency index—predicted CI of
9.6-670.2 ind. ha™', with median of 33.5 ind. ha™',
whereas real CI was 0.0-19812.5 ind. ha~' and a
median of 100 ind. ha~'. The best predictor for R.
pseudoacacia seedling density—herb layer frequency
index—predicted CI of 0.9-26.3 ind. ha™!, with
median of 6.2 ind. hafl, whereas real CI was
0.0-13550.0 ind. ha™', with median of 0 ind. ha™".

Discussion

Impact of disturbance on vegetation species
composition

Our study revealed that disturbance was the second
factor characterizing vegetation species composition.
Due to the extent of the fertility gradient, determining
dominant tree species, this group of factors shaped the
first gradient. Different tree species have different soil
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Fig. 2 Effect sizes for invasive species biomass and density
prediction based on disturbance indices, modeled using simple
regression (Online Resource 3). Points represent biomass or
density predicted for median value of each disturbance indices,

requirements (Ellenberg 1988; Kozlowski and Pal-
lardy 1997), but their presence also shapes soil
properties by altering biogeochemical cycles (e.g.,
Reich et al. 2005; Hobbie et al. 2006; Mueller et al.
2012). For that reason, the fertility gradient was
superior over the disturbance gradient. Our previous
study conducted in the same set of study plots
(Dyderski and Jagodzinski 2018) revealed that soil
fertility proxies influenced biomass of natural regen-
eration of the species studied. Patterns of invasive
species abundance along fertility gradient would be
related to the biotic acceptance theory, which states
that plant communities richer in native species are
richer in alien species (Stohlgren et al. 2006). This
pattern was also confirmed in relationship between

.
5

10 15 20 250 10 20 30 40

Density [ind. 100 m2]

whiskers—range of 95% CI (i.e., values of 0.025 and 0.975
quantiles). Length of CI reflects relative size effect of each
disturbance index within a panel

native species richness and invasive species abun-
dance (Knight et al. 2008). Species richness is related
with soil fertility (Tilman 1986), which also may limit
some alien species (e.g., PySek and Prach 1993;
Chmura 2004; Halarewicz 2012). However, the
importance of soil fertility proxies in our previous
study (Dyderski and Jagodzinski 2018) was lower than
importance of propagule pressure.

The disturbance gradient was connected with the
presence of ruderals and species typical to meadows
and pastures (Molinio-Arrhenatheretea) and nega-
tively correlated with cover of ancient forest species
indicators. The latter is a group of forest specialists,
connected with undisturbed, long-lasting forests
(Peterken 1974; Hermy et al. 1999; Dyderski et al.

@ Springer



1376

Plant Ecol (2018) 219:1369-1380

Table 2 Pearson’s
correlation coefficients
(r) between quantity of

Dependent variable

Whole community index Herb layer index

invasive species studied
(rows, biomasses, and
densities of seedlings) and
all plants in regeneration
layers up to 0.5 m height
(total) and disturbance
indices (columns; Herben
et al. 2016). For regression
parameters see Online
Resource 3

frequency severity frequency severity

Biomass
P. serotina seedlings 0.083 0.107 — 0.017 0.110
P. serotina total 0.361 0.186 0.105 0.300
Q. rubra seedlings — 0.109 — 0.040 — 0.068 — 0.075
Q. rubra total 0.361 0.186 0.105 0.300
R. pseudoacacia seedlings 0.031 0.121 — 0.204 0.117
R. pseudoacacia total 0.048 0.103 — 0.066 0.097

Density
P. serotina seedlings 0.249 0.226 0.065 0.265
P. serotina total 0.329 0.222 0.128 0.297
Q. rubra seedlings 0.013 0.028 0.027 0.015
Q. rubra total 0.048 0.011 0.004 0.036
R. pseudoacacia seedlings 0.079 0.089 — 0.238 0.096
R. pseudoacacia total 0.099 0.102 —0.235 0.111

2017). These correlations provide convincing evi-
dence that disturbance indicators elaborated by Her-
ben et al. (2016) allow for good assessment of
vegetation response to disturbances.

Impact of disturbance on studied species responses

Our study revealed that although disturbances (repre-
sented here by indices) are important factors shaping
understory vegetation species composition, they have
low importance in shaping ecological success of the
invasive species studied. This result may seem to
contradict previous studies (e.g., Chmura and Sierka
2007; Chabrerie et al. 2008; Rodriguez et al. 2017).
However, the difference is connected with the life
stage that we studied—natural regeneration. Seedlings
of the invasive woody species reflect only one of the
stages of the invasion process (Sebert-Cuvillier et al.
2007). Although this stage is crucial for further growth
of invaders and their reproduction, our results show
that seedling performance is shaped to only a low
degree by disturbance. For that reason, our results do
not contradict the previous findings, but show the
exception to the general rule. Nevertheless, another
study we conducted revealed that the most important
predictors of biomasses of the species studied were
factors describing propagule pressure (Dyderski and
Jagodzinski 2018). Invasion success is usually con-
trolled by interaction of propagule pressure and
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invasibility (Davis et al. 2005). Thus, disturbance
regime, as only one aspect of invasibility, cannot be
the crucial predictor for ecological success of the
species studied.

One of the possible reasons influencing the low
impact of disturbance could be the relatively short
gradient of disturbances within our dataset. We
assumed this to be a limitation of our approach.
However, Hobbs and Huenneke (1992) claim that any
change of disturbance regime may create opportunity
for invasive species. Herben et al. (2016) elaborated
their indices for the whole range of vegetation types,
from pleuston communities to the most stable forests.
The highest disturbance turnover, typical to pleuston
vegetation or crops, cannot possibly occur in forest
ecosystems, given the high proportion of biomass
destroyed annually. Values of the disturbance fre-
quency indicators for the whole community were
higher than proposed for forest plant communities
(Herben et al. 2016), whereas values of herb layer
disturbance frequency indicators were lower. Accord-
ing to the bimodal distribution of indicator values
presented by Herben et al. (2016), the range of values
obtained by us cover the range of the first distribution
peak around — 2. Similarly, values of severity index
from our study covered the peak between 0.1 and 0.4.
For that reason, we can assume that our study covered
the sustainable proportion of disturbance gradients
that occur in forest plant communities. This is also
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supported by the important role in shaping the species
composition of vegetation shown by DCA (Fig. 1).

Different responses of disturbance of particular
species studied

Despite the low importance and effect sizes of the
patterns studied, we expected differences in responses
of the invasive species studied to disturbance indices,
connected with species biology. However, these
conclusions are limited, due to low effect sizes of
the relationships studied. The species most expected to
be prone to disturbance, Q. rubra did not exhibit any
relationship to the parameters studied, likely as a result
of seedling dependence on carbohydrates stored in
acorns (Sork 1984; Ziegenhagen and Kausch 1995).
However, this effect should be lower for the case of the
total regeneration layer. One possible explanation may
be the ability of persistence in unsuitable conditions
for one or two growing seasons, similar to the Oskar
strategy of P. serotina (Closset-Kopp et al. 2007).
Nevertheless, P. serotina showed positive responses to
disturbances, supporting results of earlier studies
(Closset-Kopp et al. 2007; Chabrerie et al. 2008;
Jagodzinski et al. in prep.).

For R. pseudoacacia, the highest correlation coef-
ficient was found in a negative relationship between its
ecological success and understory disturbance fre-
quency index. This species is known for acting as
ruderal—occupation of disturbed areas, wind disper-
sal, and production of large number of seeds (Cier-
jacks et al. 2013; Vitkova et al. 2017). For that reason,
we assume that this pattern may be an effect of
presence of numerous R. pseudoacacia in plots with
low light availability, thus favoring forest specialists
(Dzwonko 1993; Hermy et al. 1999). In contrast, plots
with abundant open habitat species did not host
abundant natural regeneration of R. pseudoacacia.

Our study revealed that although disturbance
indices are important factors shaping understory
vegetation species composition, it has low importance
in shaping ecological success of the invasive species
studied. Due to the low effect sizes, we can state only
limited conclusions about impacts of disturbance on
ecological success of natural regeneration of the
invasive species studied. The results suggest that for
seedlings (up to 50 cm height) disturbance, a leading
factor in biological invasions for numerous taxa, has a
small role in this case. Our previous study (Dyderski

and Jagodzinski 2018) revealed the crucial role of
propagule pressure in shaping ecological success of
natural regeneration for these species. Thus, we may
assume that their ecological success is more connected
with stochastic processes in the invader’s seedling
populations than with stochastic release from compe-
tition caused by disturbances. This possibility would
lead to two management implications. Firstly, risk
assessments should account not for disturbed sites, but
rather for propagule sources. Secondly, the regener-
ation layer needs monitoring as random processes, not
predictable using data about disturbances, may lead to
quick release of invaders (Hobbs and Huenneke 1992).
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Abstract

One of the most important sources of invasiveness is species’ functional traits and their variability. How-
ever, there are still few studies on invasive tree species traits conducted along resource gradients that allow
for a comparison of acquisitive and conservative strategies. We aimed to assess the differences in trait varia-
tion among native, alien conservative and alien acquisitive tree species along resource availability gradients
(soil fertility and light availability) and to assess the traits variability of the species studied along resources
availability gradients. Our study compared invasive tree species in Europe (Prunus serotina Ehrh., Quercus
rubra L. and Robinia pseudoacacia L.) with their native competitors (Acer pseudoplatanus L., A. platanoides
L., Quercus petraca (Matt.) Liebl. and Fagus sylvatica L.). The study was conducted on 1329 seedlings and
saplings collected in a system of 372 study plots in W Poland. For each individual we assessed leaf, stem
and root mass ratios, total biomass, leaf area ratio, specific leaf area and projected leaf area. Two invasive
species (P serotina and R. pseudoacacia) represented a more acquisitive strategy than native species — along
litter pH and light availability gradients these species had higher leaf mass fraction, specific leaf area and
leaf area ratio. In contrast, Q. rubra had the highest total biomass and root mass fraction. Alien species
usually had higher coeflicients of variation of studied traits. This suggests that relatively high projected
leaf area, as a way of filling space and outcompeting native species, may be reached in two ways — biomass
allocation to leaves and control of leaf morphology or by overall growth rate. High variability of invasive
species traits also suggests randomness in seedling survival, which similarly to the neutral theory of inva-
sion, highlights the necessity of including randomness in modelling biological invasions.
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Introduction

The success of invasive plant species is connected to three main groups of factors:
propagule pressure, habitat invasibility and species invasiveness. Interactions among
them determine the successful spread of alien species in their exotic ranges (Davis et
al. 2005; Jeschke 2014; Ricciardi et al. 2017). Propagule pressure shapes the arrival of
new specimens and depends on distance to the propagule source (e.g. Jagodziriski et al.
2015), propagule quantity and quality (Sinclair and Arnott 2015). Habitat invasibility
expresses ecosystem vulnerability to invasion (Alpert et al. 2000; Davis et al. 2005).
Species invasiveness is defined by life history traits determining ability to colonize new
areas (Alpert et al. 2000; Grotkopp et al. 2010; Pysek et al. 2014).

Most studies highlight several traits responsible for effective reproduction and
spread (Pysek et al. 2015; Capinha et al. 2015; Bonilla and Pringle 2015), as well as
growth rate or traits connected with resource acquisition (Grotkopp et al. 2010; Tecco
et al. 2010; te Beest et al. 2015). One of the most important features of invasive spe-
cies concerns adaptation to new habitat conditions — enemies or levels of resources
(Funk 2008; Jeschke 2014).

Species fitness is the ability to reach ecological success (survive, grow and repro-
duce) in a particular type of environment (Davidson et al. 2011). One measure of ad-
aptation is phenotypic plasticity. This index reflects the difference in particular species
traits within two levels of resources, related to the maximum trait value (Valladares et al.
2000). Studies of invasive species usually reported higher phenotypic plasticity of alien
species in comparison with their native relatives (e.g. Davidson et al. 2011; Godoy et al.
2011; Paquette et al. 2012), which is claimed to be responsible for the effective spread
of invasive species (Richards et al. 2006). Experimental design allows for a reduction of
the number of factors studied and unbiased estimation of their influence, but does not
reflect interactions of real factors in the field. However, field trials in natural conditions
do not allow for determination of phenotypic plasticity, but only level of trait variabili-
ty, which depends on both phenotype and genotype. Although few studies have assessed
functional traits in the field (e.g. Kuehne et al. 2014; Lieurance and Landsbergen 2016;
Heberling and Mason 2018) most of them covered few habitat types and treated re-
source levels discretely. For that reason there is a lack of gradient studies examining trait
responses in multiple comparable sites along major environmental gradients (Hulme
and Bernard-Verdier 2018). Moreover, studies based on phylogenetically-related pairs
of species do not reflect real relationships between species in ecosystems (Hulme 2008).

Invasive species usually represent higher values of traits connected with size, growth
rate, leaf-area allocation and shoot allocation (van Kleunen et al. 2010). Tecco et al.
(2010) found two general trends of variation in trait syndromes: acquisitive (high SLA)
and conservative (low SLA). In the case of woody species, alien species had a more ac-
quisitive growth strategy in comparison with native species. This strategy was called ‘try
harder’ — alien plants exhibited higher values of traits responsible for resource acquisition
than their native competitors. For example, higher SLA than those of native savannah
species is responsible for the success of invasive Chromolaena odorata (te Beest et al. 2015).
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In contrast, Grotkopp et al. (2010) found lack of differences in acquisitive traits between
invasive and non-invasive species, but instead found differences in growth and assimila-
tion rates. However, there are still few studies on invasive tree species conducted along
resource gradients that allow for a comparison of acquisitive and conservative strategies.

We aimed to assess the differences in trait variation among native alien tree species
and traits variability along resource availability gradients (i.e. soil fertility, approxi-
mated by litter pH, and light availability). We hypothesized that: (1) similarly to the
observations of Tecco et al. (2010), invasive species will express a more acquisitive set
of functional traits than their native competitors; (2) according to previous studies
(e.g. Richards et al. 2006; Davidson et al. 2011; Godoy et al. 2011) invasive species
will exhibit higher variation of the traits studied and (3) according to ‘try hard’ strat-
egy typical of alien species (Tecco et al. 2010), alien species will be more responsive to
environmental gradients of resources availability.

Methods

Species studied

We studied the three alien tree species that are most frequent in European wood-
lands: Prunus serotina Ehrh., Quercus rubra L. and Robinia pseudoacacia L. (Wagner
et al. 2017). These species came from eastern North America and have been intro-
duced via forestry, in the 18%, 19 and 17" centuries, respectively (Muys et al. 1992;
Cierjacks et al. 2013; Woziwoda et al. 2014). All the species strongly modify invaded
habitats by influencing leaf litter decomposition (Dobrylovskd 2001; Horodecki and
Jagodziriski 2017), nutrient cycling (Rice et al. 2004; Aerts et al. 2017) and light avail-
ability (Knight et al. 2008; Chmura 2013; Jagodzinski et al. 2018). R. pseudoacacia
is dispersed by wind (Cierjacks et al. 2013; Vitkovd et al. 2017), P serotina by birds
(Pairon et al. 2006; Jagodziniski et al. 2015; Dylewski et al. 2017) and Q. rubra by birds
and rodents (Myczko et al. 2014; Bieberich et al. 2016). P serotina and R. pseudoacacia
are mid-successional species while Q. rubra — late-successional, which is manifested in
their abundance and disturbance responses (Dyderski et al. 2018). For comparison we
chose the four native species most frequent within study plots: Acer pseudoplatanus L.,
A. platanoides L., Quercus petraea (Matt.) Liebl. and Fagus sylvatica L. In a preliminary
inventory of natural regeneration in 2015 these species were found in 80.1%, 46.5%,
68.5% and 34.9% of 372 study plots, respectively, in comparison with P serotina
(59.9%), Q. rubra (44.6%) and R. pseudoacacia (23.6%). The native species chosen
were not phylogenetically related to the invasive species, but are their most frequent
competitors in the regeneration layer. A. platanoides and A. pseudoplatanus are mid-
successional species dispersed by wind while £ sylvatica and Q. petraea are late-suc-
cessional species dispersed by birds and rodents. Despite the affiliation of the species
being studied in successional stages, the pattern of species co-occurrence did not follow
the division into early-, mid- and late-successional species (Suppl. material 1: Fig. S1).
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Study area

We conducted our study in the Wielkopolski National Park (WNP; W Poland; 52°16'N,
16°48'E; 7584 ha). The main aim of conservation in WNP is to preserve a valuable
post-glacial landscape, including valleys, moraine hills and lakes. The climate in WPN
is temperate, transitional between oceanic and continental. Mean annual temperature
in Poznan (c.a. 15 km from WNP) was 8.4 °C and mean annual precipitation was
521 mm for the years 1951-2010. Dominant soil types in the study area are luvisols
(47%) and brunic and haplic soils (30%), while podzols constitute only 7% (Nowak
etal. 2000). The most frequent plant associations are Galio sylvatici-Carpinetum (fertile
broadleaved forest dominated by Quercus, Carpinus and Tilia), Calamagrostio arundi-
naceae-Quercetum (acidophilous forest with Q. petraea) and Querco roboris-Pinetum
(mixed Quercus-Pinus forest). However, there are small vegetation patches of both fer-
tile riparian forests (Fraxino-Alnetum, Querco-Ulmetum minoris) and poor coniferous
forests (Leucobryo-Pinetum). Most of the fertile sites were planted with Pinus sylvestris
before the national park establishment in 1957 (Nowak et al. 2000). Moreover, WNP
is the national park with the highest richness of alien woody taxa in Poland (158;
Purcel 2009; Gazda and Szwagrzyk 2016). There are pure stands of alien species sur-
rounded by large areas of forest ecosystems with different levels of disturbances and hu-
man impacts. This makes WNP an excellent place to test hypotheses about the impact
of disturbances on the ecological success of invasive species.

Study design

The study design covers a set of 378 plots (100 m?) arranged in 21 blocks: nine for
Q. rubra and six for P serotina and R. pseudoacacia with the central part of each block
located in a monoculture stand of invasive species (Dyderski and Jagodzinski 2018a,
b). Because P serotina occurs only as an admixture in tree stands, as central parts we
used tree stands with high densities of fruiting 2 serotina trees in the shrub layer. In
the center of each block we established a pair of study plots. Then, we established ad-
ditional pairs of study plots along each of the four sides (N, S, E, and W) nearly out-
side the stand, at the invasion edge (the border between crowns of the invasive species
monoculture and the surrounding trees; Rodriguez et al. 2017). The next four pairs
were located 30 m from the invasion edge. This design generated 18 study plots within
each block. Six study plots were excluded, as due to their systematic distribution, these
plots were located outside the forest vegetation. Thus, the final number of plots was
n=372. Study plots represented most of the vegetation types occurring in Wielkopolski
National Park and wide gradients of resource availability: litter pH ranging from 3.83
to 6.44 and light availability ranging from 0.7 to 25.1% of the open sky (see details of
measurements below). The variability of microsites conditions within the plot system
(Dyderski and Jagodziriski 2018a, b), was accounted for in the study design by includ-
ing the ‘plot’ term as a random effect in mixed models (Roberts et al. 2017).
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Data collection

In July 2017 we destructively harvested sample trees: seedlings (defined as individuals ger-
minated in a particular year) and saplings (defined as individuals at least one year old and
with height < 0.5 m). We divided natural regeneration into seedlings and saplings due to
low seedlings survival (Beckage and Clark 2003; Knight et al. 2008; Canham and Murphy
2016), supply of carbohydrates stored in seed (Curt et al. 2005; Ziegenhagen and Kausch
1995) and differences in morphology affecting the functional traits studied (Cierjacks et al.
2013; Annighéfer et al. 2016). We surveyed an area within a 5 m wide buffer around each
plot pair and we randomly selected up to five specimens for each species. The number of
harvested plants was proportional to the available number of specimens and species densi-
ties within plots. We did not collect heavily damaged and browsed plants, unless there
were no alternative specimens in the area examined. This accounted for the joint effects
of lower growth and resistance to herbivory in suboptimal sites (Dyderski and Jagodziriski
2018Db). Field study within uncontrolled growth conditions resulted in unequal numbers
of sample trees per species: 75 saplings and 48 seedlings of A. platanoides, 91 and 341 of
A. pseudoplatanus, 23 and 59 of E sylvatica, 141 and 191 of P serotina, 29 and 78 of Q.
petraea, 56 and 71 of Q. rubra and 37 and 89 of R. pseudoacacia. This inequality was an
effect of unequal distributions of natural regeneration of the species within the study plots
(Dyderski and Jagodziriski 2018a, b). We dug each sample tree, and then carefully cleaned
and divided it into roots, stems with branches and leaves. We did not include acorns which
were still attached to Q. rubra and Q. petraea seedlings in the total biomass. We excluded
from the dataset 14 P serotina and 23 R. pseudoacacia saplings which had root suckers.
After separation, all sample tree biomass components were packed into envelopes,
unfolded and transported into the laboratory. Leaves which were suitable for scanning,
according to Cornelissen et al. (2003), were dried separately in a special press. All mate-
rial was dried in an oven with forced air circulation at 65 °C (UN 750 and ULE 600,
Memmert GmbH+Co.KG, Germany), to a constant mass. All biomass components were
weighed using a BP 210 S (Sartorius, Géttingen, Germany) with an accuracy of 0.001
g. Leaves were scanned using WinFOLIA 2013 PRO software (Regent Instruments
Inc., Quebec, Canada) to measure their leaf area. From the area and leaf dry biomass of
scanned leaves, specific leaf area (SLA) was calculated, as leaf area divided by leaf mass.
We also calculated leaf area ratio (LAR) as a ratio of projected leaf area (PLA; SLA mul-
tiplied by total leaf biomass) and TB (total biomass), as well as leaf mass fraction (Imf),
stem mass fraction (smf) and root mass fraction (rmf). We analyzed traits of biomass
allocation (Imf, smf, rmf) expressed as plant investment in particular organs — acquisi-
tion of limiting resources (Jagodziriski and Oleksyn 2009; Poorter et al. 2015; Lieurance
and Landsbergen 2016). TB was used as an overall plant fitness measure reflecting space
filled by the species, and is also claimed to be a good measure of plant fitness (Youngin-
ger et al. 2017). We chose three leaf traits: SLA reflecting resource use efficiency within
foliage (Wright et al. 2004; Diaz et al. 2016), PLA reflecting filling of space by foliage
(Jagodziniski et al. 2016) and LAR as a measure of whole plant investment in foliage efhi-
ciency. These factors are known to vary across soil fertility and light availability gradients.



96 M.K. Dyderski & A.M. Jagodziriski / NeoBiota 41: 31-113 (2019)

Figure 1. Study design: a scheme for a block of experimental plots in the field (each of 21 blocks is a set
of 18 100 m? square plots; Dyderski and Jagodziriski 2018a, b) b scheme for litter collection (circles with
numbers 1—4 are 0.16 m? litter samples, collected in March 2017).

To characterize environmental gradients we used light availability and litter pH.
We measured light availability as canopy openness index (diffuse non-interceptance;
DIFN) using an LAI-2200 plant canopy analyzer (Li-Cor Inc., Lincoln, NE, USA).
For each plot pair we recorded eight series of ten samples (four for each single plot) in
August 2016. Although light availability was not measured in the year of harvest, we
found low differences in light availability expressed by Ellenberg’s ecological indicator
community-weighted mean values between 2016 and 2017. The differences ranged
from 0.00 to 1.37, with an average of 0.23+0.02, in nine-degree scale, which is within
the range of interannual species turnover, as the highest changes we found in plots
with low number of species. Thus, we assumed that light availability did not change
between 2016 and 2017 significantly. In March 2017 we collected four samples of leaf
litter from circular plots (0.16 m? Fig 1b). Litter pH was assessed using an electronic
pH-meter in distilled water solution after 24 hours. We used litter pH as a proxy
for nutrient cycling rates and soil acidity in forest ecosystems (Bigelow and Canham
2002). However, as this variable explains only part of the variability in soil fertility, we
encourage caution in interpretation, as one component of soil fertility may be masked
by another, not related to litter pH, e.g. nitrogen:phosphorus ratio.
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Data analysis

Our study design covered three invasive species with different biologies and we did not
choose native species as phylogenetically-related pairs, but rather the most frequent
competitors. For that reason we did not test specific alien-native species pairs but we
compared each alien species to each native. For comparison of mean trait values of
species we used one-way mixed-effects ANOVA followed by a Tukey post hoc test,
implemented in the multcomp::glh#() function. In this model we treated species as a
fixed effect and plot as a random effect, to account for plot-specific effects, such as
microsite variability and other unknown effects. Mixed models were developed using
the lmerTest::Imer() function (Bates et al. 2015; Kuznetsova et al. 2017). To assess dif-
ferences between saplings and seedlings within each species-trait combinations we used
t-tests implemented in szts::t.test() function. Due to multi-species comparisons we
decided not to apply any restrictions on p-values following Moran (2003).

To compare variability of the traits studied we assessed differences in trait coef-
ficients of variation (CV) between two species using Krishnamoorthy and Lee’s (2014)
modified signed-likelihood ratio test (M-SLR test) implemented in the cvequality::mslr_
test() function (Marwick and Krishnamoorthy 2016). This test has lower rates of type
I error and more power across a range of conditions than the widely used (e.g. Funk
2008; Paquette et al. 2012) asymptotic test of Feltz and Miller (1996). Moreover, the
M-SLR test allows for uneven sample numbers, which is necessary for our study design.

To assess the differences among species across resources availability gradients we
used random forest algorithm (Breiman 2001). This method has a good performance
in case of non-normal distributions of studied parameters, accounts for interaction
between correlated predictors and has also a high predictive power. Its potential draw-
back might be an overfitting, which limits potential model transferability. To stabilize
variance and avoid the influence of different units of predictors, prior to analyses we
centered and scaled predictors, i.e. we subtracted mean values and divided by SD. To
decrease overfitting we used repeated cross-validation by randomly splitting a dataset
into training and validation sets within each iteration of model building (10 repeats
10 times) in the caret::train() function (Kuhn 2008). Within each iteration 75% of the
dataset was used as training set and 25% — as validation set. To conclude about models
output we provided information about variable importance, expressed as drop-out loss,
i.e. loss in model RMSE when a particular variable is perturbed within the data table.
Drop-out loss, similarly to RMSE, is expressed in the units of dependent variable. To
show differences between species studied and interactions between species and resource
availability we used partial dependence plots. These plots show output predicted for
each observation, assuming constant value of other variables. As a constant value algo-
rithm inputs mean values of parameters. These analyses were conducted using DALEX
and ceterisParibus packages (Biecek 2018a, b). All analyses were conducted using R
software (R Core Team 2018).
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Results

Differences in trait values among species

Analysis of mean values of traits revealed statistically significant differences among
the species studied (p<0.001; Fig. 2, Suppl. material 1: Table S1). Two species (Q.
rubra and Q. petraea) had the highest TB and Q. rubra had the highest PLA. Two
invasive species (P serotina and R. pseudoacacia) had the highest SLA, LAR and leaf
mass fraction and the lowest root mass fraction. Comparing seedlings and saplings we
found statistically significant (p<0.05) differences in 38 of 47 species-trait pairs studied
(Fig. 2, Suppl. material 1: Table S2). We did not find statistically significant differences
(p>0.05) in the case of Q. petraea and R. pseudoacacia leaf mass fraction, E sylvatica and
Q. rubra PLA, Q. petraea and Q. rubra root mass fraction, A. platanoides and E sylvatica
seedlings SLA and R. pseudoacacia TB.

Coefhicients of variation of traits

Analysis of trait CVs within species pairs in most cases revealed statistically signifi-
cant differences in CVs between species (Fig. 3). Within native species £ sylvatica
usually had higher CVs of functional traits than other native species and did not,
statistically, differ significantly in any CV with A. platanoides. P serotina and R. pseu-
doacacia had significantly higher CVs statistically of most traits studied than native
species. The exceptions were higher CV of smf in A. pseudoplatanus saplings and
LAR in A. pseudoplatanus seedlings than P serotina, and higher TB CVs for Acer spp.
than R. pseudoacacia. Moreover, all native species saplings had higher CVs of PLA
than R. pseudoacacia saplings.

Trait variability among species and along resource availability gradients

Random forest models revealed that in all traits except SLA in case of seedlings spe-
cies identity was the most important factor shaping trait values (Table 1). In general,
SLA, LAR and Imf decreased with increasing DIFN, however differences among spe-
cies studied were higher than differences along resource availability gradients (Figs 4,
5). We noted similar traits reaction to soil pH, while in the highest range of pH (over
6.0), SLA, LAR and Imf decrease was higher than in pH up to 6.0. Root mass frac-
tion increased with increasing DIFN but decreased with increasing pH. TB increased
with both increasing DIFN and pH. In terms of leaf investment (SLA, LAR, Imf)
R. pseudoacacia presented the highest values across both DIFN and pH gradients, P
serotina had intermediate SLA and LAR, in comparison with native species. Q. ru-
bra had the lowest values, while it had the highest total biomass and PLA, as well as
similar rmf as native Q. petraea.
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Figure 2. Mean (+SE) values of species traits of natural regeneration: SLA — specific leaf area (cm?® g'),
TB - total biomass [g], rmf — root mass fraction, Imf — leaf mass fraction, smf — stem mass fraction, PLA
— projected leaf area [cm?], LAR — leaf area ratio [cm? g']. Differences were assessed using one-way mixed
effects ANOVA and Tukey post hoc tests — species marked by the same letter (lower-case letters for saplings
and upper-case letters for seedlings) did not differ significantly statistically (p<0.05). ANOVA details are

provided in Suppl. material 1: Table S1. Species are ordered according to successional stages.
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Figure 3. Coefficients of variation for age stages and parameters: SLA — specific leaf area (cm? g'), TB
— total biomass [g], rmf — root mass fraction, Imf — leaf mass fraction, smf — stem mass fraction, PLA
— projected leaf area [cm?*], LAR — leaf area ratio [cm? g']. The same letters species which did not differ
statistically significantly (p>0.05) in pairwise comparisons by modified signed-likelihood ratio (M-SLR)
tests of differences. Tests revealed the same division into species groups for both saplings and seedlings.
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Figure 4. Saplings traits variability of the species studied across predictors explained by a random forest
model. Partial dependence plots (ceteris paribus plots) show changes of predicted values when a particular
predictor is changed while all remaining predictors are constant (i.e. mean value) — in the middle (B) and
right (C) column we showed interactions between species and DIFN and litter pH. In the left column (A)
we showed partial group predictions — predicted trait values assuming constant levels of other predictors,
boxes represent interquartile range and median, whiskers represent minimum-maximum range, abbrevia-
tions of species: Apla — Acer platanoides, Apse — A. pseudoplatanus, Fsyl— Fagus sylvatica, Pser — Prunus serotina,
Qpet — Quercus petraea, Qrub — Q. rubra, Rpse — Robinia pseudoacacia; traits: SLA — specific leaf area, Imf —
leaf mass fraction, PLA — projected leaf area, LAR — leaf area ratio, rmf — root mass fraction, smf — stem mass
fraction, TB — total biomass. For further details see Table 1. Species marked by the same letter did not exhibit
significant statistical difference in predicted trait values, according to the Tukey posteriori test at p=0.05.
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Figure 5. Seedlings traits variability of the species studied across predictors explained by a random forest
model. For explanations see Fig. 4.
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Table . Parameters of random forest models for traits and age classes and predictors importance ex-
pressed by drop-out loss of RMSE. Abbreviations: SLA — specific leaf area, Imf — leaf mass fraction, PLA
— projected leaf area, LAR — leaf area ratio, rmf — root mass fraction, smf — stem mass fraction, TB — total
biomass. Bold value indicate predictor with the highest importance.

Age Trait Unit R? RMSE Drop-outloss of  Drop-outloss of  Drop-out loss of
RMSE - pH RMSE — DIFN RMSE — species
saplings SLA cm’ g 0.585 95.040 106.517 94.999 181.012
Lmf — 0.431 0.095 0.104 0.094 0.121
PLA cm? 0.212 60.257 60.768 61.505 66.031
LAR cm’g!  0.696 46.944 50.947 53.637 85.165
Rmf - 0.405 0.113 0.108 0.126 0.131
Smf - 0.147 0.095 0.088 0.094 0.096
TB g 0.279 1.603 1.618 1.893 1.912
seedlings SLA cm’g'  0.129 99.242 92.906 89.672 90.265
Lmf — 0.436 0.094 0.091 0.102 0.146
PLA cm? 0.552 14.887 15.474 15.687 27.284
LAR cm’g?  0.408 53.011 55.492 55.876 71.275
Rmf - 0.468 0.109 0.105 0.111 0.172
Smf - 0.178 0.072 0.073 0.074 0.084
TB g 0.662 0.161 0.160 0.163 0.329
Discussion
Trait values

Our study revealed that alien and native species differed the most in SLA, rmf, Imf and
LAR; however the variability was usually not related to the resource gradients. This is
connected with high inter-specific variability of functional traits, which results from dif-
ferent morphology and phylogeny of species studied (e.g. Poorter et al. 2015). For exam-
ple, analysis of seasonal variability of 12 herbaceous species SLA, biomass and TLA(i.e.
along DIFN temporal gradient) growing in the same locality also revealed a higher range
of interspecific differences than during ontogeny within species (Jagodzinski et al. 2016).
For that reason previous studies focused on phylogenetically-related pairs of species (e.g.
Grotkopp et al. 2010), to reduce phylogenetic structures from analyses (Roberts et al.
2017). However, in natural conditions species are co-occurring regardless of phyloge-
netic relativity. Thus, the success of some invasive species is claimed to be connected to
being different from native species in terms of functional traits, e.g. by colonizing empty
niches or by ability to break habitat filtering (Melbourne et al. 2007; Hierro et al. 2005).

The differences among species reflect higher investment in leaves and a more ac-
quisitive strategy of alien species, especially in the cases of P serotina and R. pseudoaca-
cia. These species used higher investment in foliage and higher SLA as ways of increas-
ing PLA. SLA is a strongly acquisitive trait, correlated with photosynthetic capacity
(Wright et al. 2004), as well as with ruderal and competitive life strategies (Westoby
1998). Q. rubra did not differ in these traits from native species but revealed higher
biomass allocation to root systems. This is in line with previous observations indicating
higher root:shoot ratio of Q. rubra (Kuehne et al. 2014). The investment in leaves and
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roots is a predictor of total biomass (Enquist and Niklas 2002; Poorter et al. 2015) —
the higher these parameters are, the lower the total biomass. However, this assessment
covered the whole spectrum of plants. At the stage of saplings higher investment in
leaves resulted in higher total leaf area and competitive advantage over native species
in limited light availability (te Beest et al. 2015). Nevertheless, previous studies are
equivocal in assessing differences in Imf and rmf between alien and native species.
Some of these studies indicated a lack of differences in rmf (Grotkopp et al. 2010;
Matzek 2011) while some showed higher rmf (Kuehne et al. 2014) and some lower rmf
(Paquette et al. 2012; Gonzdlez-Munoz et al. 2014) of alien species. Biomass allocation
to the root systems also depends on root competition (Kawaletz et al. 2014). Invest-
ment in acquisitive traits causes a competitive advantage over native species (Blossey
and Notzold 1995; te Beest et al. 2015).

Odur study revealed differences between seedlings and saplings in case of most traits
and species. These differences are mostly connected with different leaves morphology
(Cierjacks et al., 2013; Annighéfer et al., 2016). The youngest leaves are usually thin-
ner than older ones, which results in higher SLA and PLA. This may influence low
survival of seedlings (Beckage and Clark 2003; Canham and Murphy 2016; Knight et
al. 2008). For TB and PLA, seedlings of alien species had lower values than native spe-
cies, while saplings had higher values. This may show that alien species do not have a
biomass advantage in the first year of life. This comparison of alien and native species is
biased by the outstandingly high biomass of Q. rubra. However, this species also differs
from the other alien species studied in leaf-root allocation. This may indicate that the
alien species studied had two ways to achieve the same goal — high leaf area. In the case
of smaller plants the goal was realized by changes in biomass allocation and in the case
of Q. rubra — by high biomass. Similar differentiation of alien species into acquisitive
and conservative was found by Tecco et al. (2013). Higher biomass production and
PLA was also mentioned as a factor connected with invasiveness (Grotkopp et al. 2010;
Kuehne et al. 2014; Jo et al. 2015).

Trait variability

Our results revealed that 2 serotina and R. pseudoacacia mostly had higher CV than
native species. However, this was not always connected with higher variability of alien
species traits along resources availability gradients, which may indicate high variability
of trait values within young generations of invasive species. Most previous studies re-
vealed differences in phenotypic plasticity between alien and native species (Paquette
etal. 2012; Lamarque et al. 2013; Hou et al. 2014). Kuehne et al. (2014) did not find
differences in phenotypic plasticity of Q. rubra and three co-occurring native species.
Our study indicated that for acquisitive traits, variability of Q. rubra traits, expressed
by interaction with environmental gradients, also did not differ from native species.
Assuming high propagule pressure, observed high variation in trait values may be
the reason for their ecological success. However, most of the previous studies found
that this variability was connected to phenotypic plasticity (e.g. Davidson et al. 2011;
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Paquette et al. 2012; Lamarque et al. 2013). Nevertheless, in our study we cannot
distinguish which part of variability is driven by phenotypic plasticity, due to lack of
data about each individual provenance. Neutral theory assumes similar probability
of mortality, speciation and reproduction within the same functional guild (Hubbell
2001). Application of this theory to invasion ecology highlights the need of account-
ing for the randomness in modeling community structure and functioning (Daleo
et al. 2009). This randomness may be reflected in high variation of traits and high
density of alien species seedlings and saplings, which allow for survival of the best fit
individuals. This interpretation is strongly in line with previous studies highlighting
the role of propagule pressure in ecological success of invasive species (Lockwood et al.
2005; Vanhellemont et al. 2009; Pysek et al. 2015; Dyderski and Jagodziniski 2018a).
This speculation may be solved by testing whether survival of alien species seedlings
depends on resource availability per plot, or shows a random pattern.

Trait responses to resource gradients

Our study revealed that alien species had a more acquisitive strategy of light acquisi-
tion, expressed by higher LAR than native species. The effects of resource availability
on the leaf traits studied — Imf, LAR and SLA — were lower than differences between
alien and native species. Also Robakowski et al. (2018) found high importance of light
availability on Imf, rmf and photosynthesis efficiency in P serotina and Q. petraea.
Previous studies usually considered the effects of resource availability on particular
species (Funk 2008; Lamarque et al. 2013; Kuehne et al. 2014) or phylogenetically
related pairs of alien and native species (Allison and Vitousek 2004; Grotkopp et al.
2010; Matzek 2011). Only a few studies accounted for ecologically related alien and
native species — i.e. co-occurring in one ecosystem type (Gonzdlez-Mufoz et al. 2014;
Kuehne et al. 2014; te Beest et al. 2015). This lack of real relationship was raised as an
important concern by Hulme (2008). Moreover in our study alien species occur and
regenerate spontaneously in the study plot system.

Comparing litter pH and light availability gradients, differences between alien and
native species traits were usually clearer along the DIFN gradient. The exception was
PLA and (for saplings only), SLA and TB. We would expect that SLA will differ mostly
due to light availability, as this factor drives SLA variability (Jagodzinski et al. 2016).
However, as SLA is nitrogen-dependent (Wright et al. 2004; Diaz et al. 2016), this trait
also differed with litter pH, which is a proxy for general soil fertility and nitrogen con-
tent. For that reason SLA increases with litter pH and decreases with DIFN (Table 1).
In the cases of Imf and LAR effect sizes of pH were lower. This indicates that general
investment in foliage — both based on higher allocation and on leaf morphology (SLA)
— is a reaction to light availability. Thus, as invasive species studied strongly modify
environment, especially light availability and litter chemistry (e.g. Allison and Vitousek
2004; Knight et al. 2008; Horodecki and Jagodzinski 2017), traits of natural regen-
eration might be influenced by invasive species presence in overstory. This feedback
may be more important in case of alien species studied, as their abundance is strongly
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related to the presence of parental trees (Dyderski and Jagodzinski 2018a). However,
native species are also able to strongly decrease light availability (e.g. Acer spp., Fagus
sylvatica) or rate of nutrients cycling by low decomposition rate of leaf litter (Dobry-
lovskd 2001; Horodecki and Jagodziriski 2017). Thus, in our study we investigated ef-
fect of resources availability rather than alien-native species-specific effects of overstory.

Consequences for ecological success of invasive species

Invasive species studied revealed three different patterns of biomass investment differen-
tiating them from the native species. R. pseudoacacia realized strategy ‘try hard’ in terms
of investment in foliage, supporting the suggestion of Tecco et al. (2010) that invasive
species invest more in acquisitive traits. In contrast, Q. rubra represents rather conserva-
tive strategy (Tecco etal. 2013) — invests in traits connected with persistence — low SLA,
and in belowground resources competition. However, this strategy seems to be effective,
as this species reaches higher individual biomass and high projected leaf area. Although
P serotina has higher Imf; its SLA and LAR places this species among native ones. This
would suggest that P serotina rather ‘joins the locals’ — represents similar life strategy
to its most frequent competitors. All of these strategies lead to high total leaf area,
which allows for out-shading native vegetation and reducing competitors (te Beest et al.
2015). The three species studied are the most frequent alien woody species in European
forests (Wagner et al. 2017). Therefore, we conclude that both strategies are effective
ways to reach ecological success, in contrast to Tecco et al. (2010; 2013), who claimed
that an acquisitive strategy is more efficient. However, we found very limited support
for variability of traits across interactions of species and resource gradients. Despite high
variability and differences among species, this suggest that invasive species success is not
related to the species traits variability. Thus, all three species are rather limited by prop-
agule pressure, which is the main factor driving their biomass in the plant communities
studied (Dyderski and Jagodziniski 2018a). High variability of invasive species traits also
suggests randomness in seedling survival, which similarly to neutral theory of invasion,
highlights the necessity of including randomness in modelling biological invasions.
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