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Streszczenie w jezyku angielskim

Wild cucumber (Echinocystis lobata (Michx.) Torr. & A. Gray) is an annual vine native
to North America, reported as invasive in Europe, particularly in riparian habitats. This
study aimed to comprehensively investigate selected aspects of the species’ biology and
ecology, from shoot growth dynamics to the biomechanical and hydrodynamic
mechanisms of seed dispersal, providing a better understanding of its invasive strategies.
The research included a set of published results covering shoot morphology and growth,
as well as the biomechanical and hydrodynamic analyses of seeds. The analysis of shoot
growth dynamics under different support spacing variants revealed a significant effect on
growth rate, nutation amplitude, and shoot apex deviation. These differences may reflect
the species’ adaptive ability to climb efficiently on various structures in its environment.
Anatomical studies of shoots showed well-developed strengthening tissues and a hollow
pith, which may contribute to their mechanical adaptation to variable wind and load
conditions. In the seed-focused part of the study, detailed biometric analyses, buoyancy
tests, micro-CT imaging, and hydrodynamic measurements under laboratory conditions
were conducted. Seasonal differences in seed morphology were recorded (spring seeds
were larger and heavier than autumn seeds), along with varied buoyancy, approximately
20-30% of all tested seeds being buoyant. Micro-CT imaging revealed that buoyant seeds
had larger internal air cavities and a thicker seed coat compared to non-buoyant seeds.
Hydrodynamic experiments confirmed that buoyant seeds exhibited lower drag and
longer waterborne transport times. A phenomenon of passive drift at oscillations of ~1
Hz, more pronounced in buoyant seeds, was also observed, and may represent an
additional mechanism enhancing hydrochory efficiency. The results confirm that wild
cucumber employs a complex invasive strategy, combining rapid shoot growth and the
ability to adapt to different supports with diversified seed dispersal mechanisms, from
local recruitment to long-distance water transport. By integrating biomechanical and
hydrodynamic analyses, it was possible to identify functional traits essential to the
species’ invasive success, which may be relevant for developing effective strategies for

its control and limitation in riparian ecosystems.






Wstep

W obliczu gwattownych zmian $rodowiskowych, coraz bardziej odczuwalnych
rowniez w strefie umiarkowanej, zagadnienia zwigzane z inwazyjnos$cig ro$lin nabierajg
znaczenia nie tylko w konteks$cie badan podstawowych, lecz takze praktyki ochrony
przyrody, gospodarki lesnej i planowania przestrzennego (Funk i in., 2020; Pysek i
Richardson, 2010; Simberloff 1 in., 2013). Rosnaca liczba obcych gatunkéw roslin
zadomawiajagcych si¢ na siedliskach o wysokiej wartos$ci przyrodniczej prowadzi do
istotnych przeksztalcen strukturalnych i funkcjonalnych ekosystemow, wptywa na
przebieg proceséw sukcesyjnych, a niekiedy calkowicie wypiera rodzima ro$linnosc,
szczegblnie na obrzezach lasow tegowych i w strefach nadrzecznych (Hejda 1 in., 2009;
Vila 1 in., 2011). Siedliska te charakteryzuja si¢ wysoka dynamika warunkow
srodowiskowych, wynikajaca ze zmiennosci hydrologicznej, lokalnych przeswietlen oraz
czestych zaburzen, co sprzyja ekspansji gatunkéw obcych (Catford i in., 2011; Zedler i
Kercher, 2004). W tej sytuacji kluczowego znaczenia nabiera glgbsze zrozumienie
mechanizmow umozliwiajacych skuteczne rozprzestrzenianie si¢ takich roslin. Potrzebne
sa badania, ktore wykraczaja poza klasyczne opisy florystyczne, oparte na analizie cech
funkcjonalnych, strategii rozwojowych oraz proces6w propagacji. Podejscie integrujace
dane morfologiczne, ekologiczne i funkcjonalne pozwala lepiej ocenia¢ ryzyko inwazji
oraz opracowywac¢ bardziej precyzyjne i skuteczne metody zarzadzania siedliskami
cennymi przyrodniczo. W kontekscie poglebiajacych si¢ zmian Srodowiskowych, tego
rodzaju dane stajg si¢ nie tylko cennym zasobem naukowym, ale i praktycznym

narzedziem wspierajagcym ochrone réznorodnos$ci biologiczne;j.

Jednym =z kluczowych czynnikéw intensyfikujacych procesy inwazji
biologicznych s3 postepujace zmiany klimatyczne, obejmujace wzrost $rednich
temperatur oraz zwigkszong czgsto$¢ ekstremalnych zjawisk pogodowych (Clarke 1 in.,
2022). Scenariusze klimatyczne dla Europy przewiduja, ze do 2100 roku temperatura
wzros$nie o okoto 1,5-2 °C globalnie, cho¢ regionalnie wartosci te moga by¢ wyzsze,
szczegolnie w potnocnej Europie zimg oraz w potudniowej Europie 1 czg$ciach basenu
Morza Srodziemnego latem (Kjellstrom i in., 2018). Zmiany te modyfikuja relacje
migdzy gatunkami, sprzyjajac ekspansji roslin obcego pochodzenia (Walther i in., 2009).
Szybkie rozprzestrzenianie si¢ tych gatunkow, wynikajace z ich wysokiej zdolnosci
adaptacyjnej 1 tempa kolonizacji, sprzyja wyktadniczemu wzrostowi liczebnosci,

rozszerzaniu zasi¢gu oraz wypieraniu gatunkéw rodzimych (Clements i Ditommaso,
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2011; Ziska, 2022), co w konsekwencji prowadzi do zaburzen sieci troficznych i
szerokich przeksztatcen ekosystemow (Falinski, 2004; Hejda i in., 2009; Richardson i in.,
2000). Wiele z tych gatunkow wykazuje wysoka plastycznos$¢ fenotypowa, co pozwala
im skutecznie dostosowywac si¢ do zmiennych warunkéw i zyskiwaé przewage nad
gatunkami rodzimymi (Bradley i in., 2010; Davidson i in., 2011). Problem ten jest
szczegolnie widoczny w ekosystemach le$nych, ktore w ostatnich dekadach ulegaja
dynamicznym przemianom, zaréwno gospodarczym, jak i1 klimatycznym (Dukes i in.,
2009). Przebudowa drzewostanow, zwigzana z intensywnymi zabiegami hodowlanymi,
takimi jak trzebieze, przeswietlanie drzewostanow czy zmiana sktadu gatunkowego,
czesto prowadzona z mys$la o zwigkszeniu odpornosci na zmiany klimatu, moze jednak
sprzyjac¢ ekspansji gatunkow inwazyjnych (Ciccarese 1 in., 2012; Kelloméki i in., 2005).
Szczegolnie niepokojacy jest wzrost liczebnosci gatunkoéw introdukowanych lub
spontanicznie rozprzestrzeniajacych si¢ z terenéw zurbanizowanych, co dokumentuja

m.in. Dyderski i Jagodzinski (2018), Sikorska i in. (2019) oraz Motti i in. (2021).

Réznorodne typy siedlisk na obszarach podmoktych i w dolinach rzecznych sg w
znacznym stopniu narazone na obecno$¢ obcych gatunkéw (DeFerrari i Naiman, 1994;
Zedler i Kercher, 2004). Dotyczy to migdzy innymi laséw tegowych, ktore sg szczegdlnie
podatne na kolonizacje przez gatunki obce (Richardson i in., 2007). Lasy te stanowia
wazne siedliska dla wielu roslin i zwierzat, w tym licznych ptakéw wedrownych, ptazow
1 organizmoéw wodnych (Naiman i1 Décamps, 1997). Strefy nadrzeczne odgrywaja
rowniez kluczowg role w regulowaniu jakos$ci wody, przeciwdzialaniu erozji i stanowig
wazne korytarze dla przemieszczania si¢ fauny (Fischer 1 Fischenich, 2000; Khan i in.,
2022). Gatunki inwazyjne wkraczajace do laséw tggowych moga powodowaé istotne
zmiany w roznorodnosci biologicznej 1 funkcjonowaniu ekosystemow (Ehrenfeld, 2010;
Richardson 1 in., 2007). Ros$liny inwazyjne zwykle wykazuja szybki wzrost oraz duzg
zdolnos$¢ do rozprzestrzeniania si¢, co pozwala im skutecznie dominowaé w siedliskach
nadrzecznych. W rezultacie struktura i sklad gatunkowy tych lasow ulega znacznym
zmianom, prowadzac do spadku réznorodnosci (Kominoski i in., 2013), co dodatkowo
przektada si¢ na zmniejszenie jakosci dostepnych siedlisk 1 zasobow oraz wptywa na
rozmieszczenie i liczebnos$¢ gatunkow zwierzat zaleznych od tych ekosystemow (Catling,
2005; Pysek i in., 2013). Gatunki inwazyjne moga takze zaburza¢ procesy i funkcje
ekosystemoéw, wptywajac m.in. na wilasciwosci gleby, obieg pierwiastkow i procesy

hydrologiczne (Charles 1 Dukes, 2007; Houlahan 1 Findlay, 2004; Poland 1 in., 2021).
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Wiele gatunkéw allochtonicznych na terenach podmoktych tworzy monokultury,
zmieniajac strukture siedlisk i obnizajac ich bior6znorodno$¢ (Gebauer i in., 2016).
Szczegdlng role w tym procesie odgrywaja obszary zurbanizowane, stanowigce stale
zrodto diaspor gatunkow obcych, w tym inwazyjnych pnaczy, ktore z tatwoscig wkraczaja
do przyleglych zbiorowisk lesnych i siedlisk wilgotnych (Dylewski i in., 2018; Tarabon
iin., 2018).

Do takich gatunkéw o wysokiej inwazyjnosci mozemy zaliczy¢ kolczurke
klapowana (Echinocystis lobata (Michx.) Torr. & A. Gray). Do Europy zostata
introdukowana z Ameryki Potnocnej najprawdopodobniej jako roslina ozdobna na
przetomie XIX 1 XX wieku (Bagi 1 Boszorményi, 2008). Ze wzgledu na swoje walory
dekoracyjne, atrakcyjne liScie, pnacy pokrdj, a takze kolczaste owoce, byla czgsto
sadzona w ogrodach i parkach (Jociené i in., 2023; Sierakowski i Hebda, 2024). Jednak
juz w drugiej potowie XX wieku zaczeto obserwowac jej dziczenie oraz pojawianie si¢
w siedliskach naturalnych (Dylewski 1 in., 2018; Zajac 1 in., 2011). Szczeg6lnie
dynamiczny wzrost jej populacji notuje si¢ od lat 90. XX wieku, co pokrywa si¢ z
obserwowanym ociepleniem klimatu i intensyfikacjg antropopresji (Bagi i Boszorményi,
2008). Aktualnie gatunek ten zostat stwierdzony w wielu krajach Europy Srodkowej i
Wschodniej: w Polsce, na Stowacji, Wegrzech, Litwie, Ukrainie, Rumunii oraz w Rosji
(Kostrakiewicz-Gieratt 1 in., 2022; Zajac i1 in.,, 2011). W Polsce pojawil sie
najprawdopodobniej w latach 50. XX wieku (Dylewski 1 in., 2018). Kolczurka czgsto
tworzy zwarte wielopowierzchniowe pokrywy, dominujac nad cala warstwa zielng i1
krzewiastg (Stankovi€ 1 in., 2022). Obserwuje si¢ takze przypadki jej wystepowania w
rezerwatach przyrody oraz na obszarach Natura 2000, co stanowi istotne zagrozenie dla
zachowania siedlisk przyrodniczych o wysokiej wartosci ekologicznej (Kopec 1 in., 2023;

Stankovi¢ 1 in., 2022).

Zrédtem tej przewagi sa liczne przystosowania morfologiczne i ekologiczne,
ktore utatwiaja szybki wzrost i1 kolonizacj¢ nowych siedlisk. Gatunek ten, bedac
jednorocznym pnaczem z rodziny dyniowatych (Cucurbitaceae), osigga dlugosc¢ kilku lub
nawet kilkunastu metréw (Bagi i1 Boszorményi, 2008; Dylewski i in., 2018;
Kostrakiewicz-Gieratt 1 in., 2022). Lodyga jest owlosiona, wyposazona w liczne
rozgalezione wasy czepne, osiggajgce dlugos¢ okoto 20 cm (Gerrath 1 in., 2008). Dzieki
nim ro$lina wspina si¢ na inne rosliny zielne, krzewy 1 drzewa, tworzac geste pokrywy

(Jocien¢ 1 in., 2023). Roslina intensywnie rozwija si¢ w warunkach silnego
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nastonecznienia i wysokiej wilgotnosci, co czyni doliny rzeczne oraz obrzeza lasow
fegowych idealnym siedliskiem dla jej rozwoju (Kostrakiewicz-Gieratt i in., 2022).
Szybkos¢ wzrostu oraz zdolnos¢ do catkowitego pokrywania roslinnosci sprawiaja, ze
kolczurka klapowana skutecznie wypiera gatunki rodzime poprzez ograniczanie dostgpu
do $wiatla, przestrzeni i zasobow (Silvertown, 1985). Cechuje si¢ bardzo szybkim
wzrostem w okresie wegetacyjnym i rozmnaza si¢ wytgcznie za pomocg nasion, ktore
charakteryzuja si¢ dlugg zywotnoscig (Jociené i in., 2023). Nasiona uwalniane sg z
kulistych, kolczystych torebek, ktore pekaja jesienig po dojrzeniu i wysypywane sg w
okolicach ro$liny matecznej (Bagi i Boszorményi, 2008; Jociené i in., 2023). Cze$¢
nasion pozostaje w torebkach az do wiosny, gdzie uwigzione w suchym owocu moga by¢

transportowane prgdami wodnymi (Bagi 1 Boszérményi, 2008).

Mimo udokumentowanego negatywnego wplywu kolczurki klapowanej na
ekosystemy, dotychczasowe badania koncentrowaty si¢ gldéwnie na rejestrowaniu zasiegu
wystepowania, natomiast brakuje wcigz poglebionej wiedzy o jej biologii funkcjonalnej,
strategiach wzrostu 1 przede wszystkim, mechanizmach rozprzestrzeniania. Rozprawa
doktorska ma na celu wypeknienie tej luki. Oparta zostata na cyklu trzech publikacji
naukowych obejmujacych najwazniejsze aspekty biologii i ekologii gatunku, ktore w
sposob komplementarny analizujg problem inwazyjnos$ci kolczurki z trzech perspektyw:
(1) oceny zagrozen dla ekosystemow i przegladu metod kontroli pnaczy inwazyjnych, (2)
biologii wzrostu 1 strategii wspinania si¢ kolczurki, oraz (3) strategii rozsiewania nasion
z uwzglednieniem ich struktury, plywalnoSci 1 zachowania w warunkach
hydrodynamicznych. Zestawienie wynikow tych badan pokazuje, Zze architektura i
mechanika pedu oraz strategie rozsiewania nasion, nie funkcjonuja w oderwaniu, lecz
stanowig dwa wzajemnie uzupetniajace si¢ elementy jednej strategii inwazji. Taki
wielowymiarowy, interdyscyplinarny model badan, laczacy ekologie, morfologie,
fizjologi¢ oraz fizyke roslin, proponuje kompleksowe ujecie funkcjonowania jednego z
najbardziej problematycznych gatunkéw inwazyjnych pnaczy w Europie, jakim jest

kolczurka klapowana.

Cel i hipotezy

Celem niniejszej pracy byto zidentyfikowanie 1 scharakteryzowanie kluczowych

cech morfologicznych, biomechanicznych 1 hydrodynamicznych kolczurki klapowane;,
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warunkujacych jej inwazyjno$¢ w ekosystemach nadrzecznych strefy umiarkowane;.

Realizacja tego celu obejmowata trzy wzajemnie uzupetniajace si¢ etapy badawcze.

Pierwszy z nich mial charakter przegladowy, a jego celem byta analiza literatury
dotyczacej zagrozen, jakie stwarzaja inwazyjne pnacza strefy umiarkowanej dla
réznorodnos$ci biologicznej i stabilno$ci ekosystemow, ze szczegdlnym uwzglednieniem
srodowisk nadrzecznych a takze ocena skutecznosci dostepnych metod kontroli takich
gatunkoéw. Kolejny etap mial charakter badawczy, a jego celem bylo poznanie biologii
wzrostu kolczurki klapowanej, w tym jej strategii wspinania si¢ oraz ocena zdolnosci do
zajmowania przestrzeni $rodowiskach nadrzecznych. Ostatni etap badan dotyczyt
mechanizmow rozsiewania nasion. Celem tego etapu byto okreslenie cech sprzyjajacych
ptywalnosci oraz zrozumienie roli czynnika hydrologicznego w kolonizacji nowych

terenow przez ten gatunek.

W zwiazku z powyzszymi celami zatozono, ze kolczurka klapowana osiaga
sukces inwazyjny w ekosystemach nadrzecznych dzigki potaczeniu réznych strategii
ekologicznych. Obejmujg one jej mechanizmy wzrostu zalezne od dostepnosci podpor do

wspinaczki oraz mechanizmy rozsiewania nasion.
W oparciu o t¢ hipoteze gldowng sformutowano trzy hipotezy szczegdlowe:

1. W literaturze dotyczacej kontroli kolczurki klapowanej 1 innych
inwazyjnych pnaczy przewazaja dziatania zarzadcze, ktdére w niewystarczajagcym
stopniu uwzgledniajg ich cechy ekologiczne 1 strategi¢ wzrostu, przez co moga
by¢ mniej skuteczne w siedliskach nadrzecznych i wilgotnych lasach.

2. Kolczurka charakteryzuje si¢ wysokim tempem wzrostu pedow, ktore
zwigksza si¢ wraz z gestoscia dostepnych podpor, co wynika z obecnos$ci adaptacji
anatomicznych i1 funkcjonalnych umozliwiajacych efektywne wspinanie sie.

3. Kolczurka klapowana wykazuje zaro6wno zrdéznicowanie czasowe, jak i
przestrzenne w uwalnianiu 1 transporcie nasion. Jest to zalezne od cech
biometrycznych i morfologicznych, ktore wplywaja na ich ptywalnos¢, a tym
samym mogag zwieksza¢ szanse na kolonizacj¢ nowych siedlisk oraz zachowanie

juz istniejacej populacji.
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Material i metody

1. Material badawczy

Nasiona kolczurki klapowanej wykorzystane w eksperymencie zostaty zebrane z
naturalnych stanowisk w poblizu wsi Gassy, polozonej niedaleko Warszawy, w dwoch
okresach: jesienig (wrzesien i pazdziernik 2020) oraz wczesng wiosng (marzec 2021).
Drugie miejsce zbioru nasion stanowity obrzeza cieku w Konstancinie-Jeziornie, réwniez
niedaleko Warszawy, jesienig (wrzesien 2024). Oba stanowiska polozone sg w tej samej
dolinie zalewowej Wisty, w odlegtosci okoto 6—7 km od siebie, 1 charakteryzujg si¢

poréwnywalng roslinnosciag nadrzeczng oraz warunkami hydrologicznymi.

2. Przeglqd literatury i ocena metod kontroli pngczy inwazyjnych

Na pierwszym etapie pracy przeprowadzitam systematyczny przeglad literatury
dotyczacej pnaczy inwazyjnych wystepujacych w strefie umiarkowanej, ze szczegdélnym
uwzglednieniem siedlisk nadrzecznych. Analizie poddatam publikacje naukowe w jezyku
polskim i angielskim, a takze raporty organizacji zajmujacych si¢ ochrong przyrody oraz
opracowania dotyczace gatunkow inwazyjnych. Wyszukiwanie przeprowadzilam w
bazach Web of Science, Scopus, Google Scholar i zasobach krajowych, wykorzystujac
zestaw slow kluczowych zwigzanych z inwazjami biologicznymi, ekologia pnaczy,
metodami zwalczania gatunkdw obcych oraz zarzadzaniem siedliskami nadrzecznymi, a
proces selekcji literatury obejmowatl analize tytutow i1 stow kluczowych, nastepnie
abstraktow, a w koncowym etapie pelnych tekstow publikacji speniajacych zatozone
kryteria tematyczne. Na podstawie zebranej literatury przeprowadzono jakosciowg
analiz¢ zakresu opisywanych w literaturze oddzialywan pngczy inwazyjnych na
biordéznorodno$¢ i funkcjonowanie ekosystemow nadrzecznych. Zidentyfikowano takze
opisywane w literaturze metody zwalczania tych gatunkow (mechaniczne, chemiczne 1
biologiczne), uwzgledniajac ich charakter, zakres stosowania oraz kontekst siedliskowy
opisywany przez autorow. SzczegOlnie istotne okazaly si¢ obszary niedostatecznie
rozpoznane w dotychczasowych badaniach, ktore wskazuja na potrzebe dalszych analiz.
Wskazano wciaz stabo poznane aspekty biologii kolczurki klapowanej, ktore staty sie

podstawa do zaplanowania kolejnych etapow badan.
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3. Anatomia pedu i analiza wzrostu

3.1. Rejestracja ruchow roslin metodq filmow poklatkowych

Do przeprowadzenia eksperymentdw dotyczacych ruchu i wzrostu kolczurki
klapowanej, rosliny uprawiano w okraglych doniczkach o $rednicy 12 cm. W
doswiadczeniu zastosowano trzy warianty rozmieszczenia podpor: co 5 cm, co 20 cm i
co 50 cm (Artykut 2, rycina 3). Drewniane podpory umieszczono poziomo wzgledem
kierunku wzrostu roslin. Najnizsza podpore poziomg zamocowano na wysokosci 30 cm
ponad powierzchnig ziemi we wszystkich wariantach do§wiadczenia. Dane zbierano w
latach 2020-2023. Wszystkie ro$liny uprawiano w warunkach kontrolowanego
oSwietlenia oraz statej temperatury (21 °C). Nawadnianie odbywato si¢ automatycznie
za pomocg systemu kroplujacego. Po wyksztatceniu pierwszej pary dojrzatych lisci i
osiggnigciu dtugosci 20-35 cm rosliny fotografowano aparatami Ricoh GX100 i Ricoh
GX200, wyposazonymi we wbudowany interwatometr. Zdjecia wykonywano z jednego
kierunku, ustawiajac obiektyw prostopadle do osi rosliny. Migawke uruchamiano co 15
minut. Uzyskane zdjecia taczono nastgpnie w film o predkosci 10 klatek/s.
Do analizy wykorzystano: 13 nagran wariantu 5 cm oraz po 12 nagran wariantéw 20 i 50
cm. Nastepnie przeprowadzono analiz¢ uzyskanych materialdw wideo w programie
Tracker, aplikacji przeznaczonej do analizy ruchu na nagraniach. Na podstawie nagran
mierzono parametry wzrostu ro$lin oraz okreslano dltugo$¢ pedoéw i zmiany potozenia
wierzchotka w czasie wzgledem osi X 1 Y na zarejestrowanych obrazach. Punktem

odniesienia uktadu wspotrzednych byla podstawa rosliny.

3.2. Geometria pedow

W celu uzupehlienia badan wykonano skany przekrojow poprzecznych pedow
dziesigciu ro$lin. Probki pobierano co 5 cm, zaczynajac od podstawy pedu,
odpowiadajagcemu poziomowi gleby w doniczce, a konczac bezposrednio pod
wierzchotkiem pedu. Za pomocg programu ImagelJ, mierzono nastg¢pujace parametry:
pole przekroju poprzecznego pedu, pole tkanek (z wytaczeniem pustego obszaru pedu),
obwdd oraz stopien kolistos$ci. Ze wzgledu na zréznicowang wysoko$¢ roslin, pomiary
wykonywano na pigciu okre$lonych odcinkach pedu: przy nasadzie, na wysokos$ci 1/4,

1/2 1 3/4 jego dlugosci oraz w cze¢sci wierzchotkowe;.
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3.3. Obserwacje mikroskopowe

W celu zbadania anatomicznych przystosowan pobrano przekroje z trzech réznych
wariantow pedow w ramach badan wstepnych. Poniewaz nie stwierdzono istotnych
réznic anatomicznych mi¢dzy wariantami, wlasciwa analiz¢ ograniczono do odcinka
pedu w miejscu przyczepiania si¢ waséw czepnych do podpory (najczesciej migdzy 50—
80 cm, w zaleznosci od wysokosci punktu zaczepienia). Rosliny uprawiano w warunkach
kontrolowanych z podporami rozmieszczonymi co 5 cm, aby zapewni¢ prawidtowe
przyczepianie si¢ waséw. Do badan anatomicznych pobierano $wieze fragmenty, ktore
nastepnie natychmiast ci¢to. Fragmenty mocowano do uchwytu mikrotomu przy uzyciu
komercyjnego kleju i cigto seryjnie na skrawki o grubosci 60 um za pomocg wibratomu
VT1000 S. Niebarwione skrawki obserwowano pod mikroskopem §wietlnym w §wietle
przechodzacym (BF). Nastepnie umieszczano je w kropli biekitu anilinowego na 5 minut,
po czym obserwowano w $wietle UV, wykorzystujac autofluorescencj¢ (NU). Kolejny
skrawek tego samego materiatu traktowano odczynnikiem Herzberga, aby odr6znié
sciany komorkowe zdrewniate od niezmodyfikowanych oraz roztworem barwnikéw
mucykarminu Mayera z dodatkiem roztworu Lugola, co umozliwiato potwierdzenie
og6lnych wnioskow anatomicznych 1 zlokalizowanie ziaren skrobi. Obserwacje
prowadzono przy uzyciu mikroskopu $wietlnego Provis AX70 wyposazonego w kamerg

cyfrowag UC90.

3.4. Ilosciowe analizy wzrostu i analiza statystyczna

Wszystkie analizy statystyczne przeprowadzono przy poziomie istotnosci o = 0,05.
Do oceny dynamiki wzrostu zastosowano liniowe modele mieszane (LMM), estymowane
metoda REML. Przed modelowaniem sprawdzono wspotliniowo$¢ predyktorow (VIF)
oraz normalno$¢ rozktadow (test Shapiro—Wilka). Dane dotyczace wzrostu analizowano
w $§rodowisku R. Tempo wzrostu pedow obliczano na podstawie rdznic dtugosci
pomigdzy kolejnymi pomiarami wykonywanymi co 15 minut, po wcze$niejszej korekcji
dlugos$ci wzgledem nachylenia i ustawienia rosliny wzgledem kamery. Zaleznosci migdzy
tempem wzrostu a wariantami rozmieszczenia podpor okreslano na podstawie
oszacowanych srednich marginalnych (EMMs) oraz analiz kontrastow. Zmiany potozenia
wierzchotka analizowano jako sume¢ odchylen wzgledem osi X 1 Y pomigedzy kolejnymi
pomiarami. Czgstotliwo$¢ ruchow nutacyjnych okreslano na podstawie calodobowych
rejestracji, analizujac zakres zmian odchylenia wierzchotka dla kazdej rosliny. Dane z

przekrojow poprzecznych pedow analizowano w programie PAST. Z uwagi na
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zréznicowang dlugo$¢ peddéw, porownywano przekroje pochodzace z tych samych
odcinkow pedu. Réznice pomigdzy przekrojami oceniano za pomoca jednoczynnikowej

analizy wariancji (ANOVA) oraz testu post-hoc Tukeya.

4. Wiasciwosci nasion i mechanizmy ich rozsiewania

4.1. Charakterystyka biometryczna i ptywalnos¢ nasion

Aby zbada¢ cechy biometryczne nasion, analizowano trzy grupy: 50 suchych nasion
zebranych jesienig 2020, 50 suchych nasion, ktore przez zim¢ pozostawaty w torebkach
zebranych wiosng 2021 oraz 50 $wiezo zebranych nasion z jesieni 2024. Jesienig nasiona
kolczurki klapowanej uwalniane sg z owocoéw, gdy znajdujg si¢ jeszcze w wilgotnym
srodowisku wewnatrz torebki. Czg$¢ nasion moze jednak pozostawaé w torebkach az do
wiosny, gdzie z czasem dochodzi do ich stopniowego wysychania wraz z catym owocem.
Uwzglednienie suchych nasion jesiennych pozwolito na bezposrednie pordwnanie z
naturalnie wysuszonymi nasionami wiosennymi. Kazde nasiono bylo wazone na wadze
Kern ADB 200-4 z doktadno$cig do czterech miejsc po przecinku oraz skanowane za
pomoca skanera o wysokiej rozdzielczosci Epson Perfection V700. Zdjecia
zeskanowanych nasion byly podstawa do pomiaru cech biometrycznych (dlugos¢,
szeroko$¢, kolistos¢, powierzchnia, obwdd). Parametry te mierzone byly za pomoca
programu ImageJ. Dodatkowo sprawdzano ptywalnos¢ kazdego nasiona. W tym celu
kazde nasiono umieszczano w naczyniu z wodg. Nasiona unoszace si¢ na powierzchni
byly usuwane i umieszczane w probéwce z woda, gdzie mierzono ich czas opadania przez
24 godziny, z doktadno$cia co 1 minutg. Aby wykluczy¢ mozliwosé, ze ptywajace
nasiona byly uszkodzone lub puste 1 niezdolne do kietkowania, przeprowadzono
eksperyment oceniajacy zdolnos¢ kietkowania nasion plywajacych i1 nieptywajacych
zebranych w latach 2020/21. Wybrano 10 nasion ptywajacych i 10 nieptywajacych z obu
okresow. Nasiona umieszczono na wilgotnej ligninie, a nastgpnie przez 14 dni
przechowywano je w lodowce, w celu przelamania uspienia. Po tym czasie umieszczono
je ponownie na wilgotnym ligninie, w kontrolowanych warunkach o$wietleniowych 1
temperaturowych. Aby zweryfikowaé Zywotno$¢ nasion z obu grup, przeprowadzono
test TTC na wigkszej probie, korzystajac z metody opisanej przez Ciacka i in. (2022), z
drobnymi modyfikacjami. tacznie wykorzystano 50 §wiezo zebranych jesienig nasion
ptywajacych i1 50 nieplywajacych. Jako kontrole negatywng zastosowano po jednym
nasionie z kazdej grupy, ktore wczesniej gotowano przez 10 minut, aby potwierdzi¢ brak

barwienia martwych tkanek. Barwienie prowadzono przez 90 minut w temperaturze
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pokojowej, w ciemno$ci. Po inkubacji zarodki plukano woda destylowang i
fotografowano za pomoca mikroskopu cyfrowego TAGARNO FHD TREND. Czerwone
zabarwienie osi zarodka interpretowano jako oznak¢ aktywnosci dehydrogenaz, a tym
samym zywotnosci. Nasiona stanowigce kontrole negatywng pozostaty niezabarwione,

co potwierdzito poprawnos¢ testu.

Nastepnie za pomocg oprogramowania STATISTICA 13.1 poréwnano zmierzone
parametry nasion z ré6znych okreséw zbioru i warunkoéw (suche/swieze). Te same nasiona
zostaty takze skategoryzowane pod wzgledem zdolnosci do ptywania. W tym celu
przeprowadzono testy statystyczne na poziomie istotnosci 5%. Zalezno$ci migdzy
cechami biometrycznymi nasion a okresem zbioru i warunkami badano za pomoca
nieparametrycznej analizy wariancji Kruskala-Wallis’a, a jednorodne grupy
identyfikowano testem poréwnan wielokrotnych. Zaleznosci mi¢dzy ptywalnos$cia nasion
a cechami biometrycznymi analizowano testem nieparametrycznym U Manna-

Whitney’a.

4.2. Zmiany struktury nasion podczas pecznienia

Do zbadania deformacji tkanek podczas pgcznienia wykorzystano metode cyfrowe;j
korelacji obrazéw (DIC), ktéra pozwala $ledzi¢ mikroskopijne odksztalcenia powierzchni
W sposOb nieinwazyjny i1 precyzyjny. Dzigki tej technice mozliwe bylo odtworzenie
trojwymiarowego obrazu i okreslenie, jak rozne typy nasion reaguja podczas kontaktu z
woda 1 jakie wzory deformacji temu towarzyszg. Kazda z dwoch kamer dostarczata obraz
2D, a oprogramowanie za pomocg algorytmu korelacji tworzylo obraz 3D, taczac obrazy
pod roznymi katami. Pomiar deformacji okrywy nasiennej kolczurki klapowanej
przeprowadzony zostat za pomocg systemu Dantec Q-400. W celu przygotowania probki
1 stworzenia wzoru na powierzchni nasiona, zostaly naniesione biate kropki farba
akrylowa 1 matym pedzelkiem. Nasiono umieszczono na szkietku zegarkowym pokrym
wilgotng ligning, ktore; konce pozostawaly w kontakcie z wodg przez caly czas
obserwacji, by zapobiec wysychaniu materiatu. Zmiany wzoru na okrywie nasiennej
spowodowane deformacja i p¢cznieniem byly rejestrowane przez kamery i automatycznie
analizowane. W efekcie wygenerowano zestaw danych zawierajacy poczatkowy kontur
obiektu na poczatku pomiaru oraz catkowity wektor przemieszczenia kazdego punktu
obiektu wynikajacy z odksztatcenia. W eksperymencie analizowano wzory deformacji u

10 losowo wybranych suchych nasion. Dla wizualizacji reprezentatywnych wzorcow
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pecznienia wybrano i przedstawiono po jednym przyktadzie dla kazdego rozpoznanego

typu reakcji.

4.3. Analiza struktury wewnetrznej nasion

Analize wewngtrznej budowy nasion kolczurki klapowanej wykonano metoda
mikrotomografii  komputerowej (Micro-CT), umozliwiajacg zobrazowanie 1
rekonstrukcje ich tréjwymiarowej struktury. Dzigki temu mozliwe byto wskazanie, ktore
cechy strukturalne odpowiadajg za roznice w ptywalnosci nasion. Analiza koncentrowata
si¢ na réznicach w rozmieszczeniu przestrzeni powietrznych oraz grubosci okrywy
nasiennej migdzy nasionami ptywajacymi a nieptywajacymi. Wybrano po trzy nasiona z
kazdej grupy, a ich cechy biometryczne, takie jak dlugo$¢, szerokos$¢ 1 masa, zmierzono
przed skanowaniem. Skany Micro-CT wykonano systemem MICRO XCT-400. Dla
kazdej probki pozyskano 1200 obrazoéw projekcyjnych z czasem ekspozycji 4 sekund na
obraz, uzywajac kamery LFOV. Uzyskano izotropowy rozmiar wokseli 19,8 pm,
umozliwiajacy szczegdlowa analize struktury. Rekonstrukcje skanowanej objetosci
przeprowadzono za pomocg oprogramowania systemowego. Odtworzone dane
eksportowano do Avizo Fire do zaawansowanej analizy 3D, co umozliwilo szczegotowa
wizualizacj¢ 1 ilo§ciowa ocene mikrostruktury probek. Analiza skupita si¢ na segmentacji
1 pomiarze kluczowych komponentdw nasion, w tym okrywy nasiennej w celu okreslenia
jej grubosci i integralno$ci strukturalnej, wewnetrznych przestrzeni powietrznych
oceniajacych ich role w ptywalnosci oraz tkanek wewnetrznych nasion, obejmujacych

liscienie 1 zarodek.

4.4. Sity hydrodynamiczne nasion

Sity hydrodynamiczne dzialajace na nasiona oszacowano posrednio, analizujac ich
trajektorie podczas przemieszczania si¢ w wodzie, co pozwolito odtworzy¢ dziatanie tych
sit w warunkach kontrolowanych, zblizonych do naturalnych. Takie podej$cie umozliwito
powigzanie cech morfologicznych nasion z ich rzeczywistym zachowaniem w wodzie.
Zgodnie z drugg zasada dynamiki Newtona, efektywna sila byla wywnioskowana z
przyspieszenia nasion, obliczanego jako druga pochodna zarejestrowanej trajektorii.
Rozwazono dwa rozne scenariusze przeptywu, aby oceni¢ ruch nasion w réznych
warunkach hydrodynamicznych (dalej zwane odpowiednio eksperymentem tunelowym i

eksperymentem oscylacyjnym).
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W pierwszym scenariuszu (eksperyment tunelowy) nasiona zostaty wprowadzone
do tunelu o stalym przeptywie wody. W kazdym eksperymencie uzyto 20 suchych nasion
ptywajacych oraz 20 suchych nasion nieptywajacych. Kazde nasiono byto przywigzane
za pomoca nylonowej zytki wedkarskiej (o $rednicy 0,06 mm), przymocowanej z jednej
strony do nasiona, a z drugiej do statego punktu, ktory nastepnie nagle zwalniano. Ruch
nasiona byt sledzony az do osiagnigcia predkosci strumienia U, = 0,24 m/s. Dla nasion
ptywajacych punkt przywigzania wybrano tak, aby zylka pozostawala pozioma,
minimalizujac sity pionowe. Zylka byta wystarczajaco elastyczna i zatozono, Ze przenosi
tylko sily rozciagajace. Punkt mocowania dobrano tak, by zachowa¢ naturalng orientacje
nasiona. Pomiary prowadzono w tunelu wodnym o obiegu zamknigtym, o przekroju
poprzecznym 260 mm x 35 mm. Trajektorie rejestrowano kamerg o czestotliwosci 70 Hz
wyposazong w obiektyw 70 mm. Kalibracje¢ przeprowadzono w celu przeliczenia pikseli

na jednostki fizyczne.

W drugim scenariuszu (eksperyment oscylacyjny) nasiona umieszczono na srodku
ptytkiego naczynia (165 mm x 80 mm, gleboko§¢ 15 mm), zamontowanego na stole
wykonujacym ruch sinusoidalny wzdluz krotkiej osi (osi x). Czestotliwosci oscylacji
wynosilty od 0,5 Hz do 3 Hz, z krokiem co 0,5 Hz. Przeplyw powierzchniowy
wizualizowano za pomocg czastek korkowego pytu ($rednica 0,2 mm), przyjmujac, ze
wiernie odwzorowuja ruch wody. Trajektorie rejestrowano przez co najmniej 25 okresow
oscylacji, z minimum 20 klatkami na okres. Nagrania, na ktorych nasiona przyklejaty si¢

do $cian naczynia, byly odrzucane i powtarzane.

W analizie eksperymentow wyznaczano wspotczynnik oporu, bioragc pod uwage
przyspieszenie 1 predkos¢ nasiona, jego mase oraz charakterystyczng dlugos$¢ obliczong
na podstawie jego powierzchni, a takze gestos¢ wody. Obliczano réwniez liczbe
Reynoldsa, zalezng od réznicy miedzy predkoscia przeptywu a predkoscig nasiona oraz
uwzgledniajaca lepko$¢ kinematyczng wody. W  przypadku eksperymentow
prowadzonych w naczyniu analizowano trajektorie ruchu nasion, usredniajac je
wzgledem fazy oscylacji stotu. Na tej podstawie wyznaczano $redni przebieg predkosci
w czasie, ktory nastgpnie rozkladano na sktadowe harmoniczne przy uzyciu analizy
Fouriera. Pozwalato to opisa¢ ruch w postaci amplitud i odpowiadajacych im przesunigé

fazowych, osobno dla kazdej sktadowej predkosci.
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Wyniki i Dyskusja

1. Przeglqd literatury i ocena metod kontroli pngczy inwazyjnych (Artykut 1)

W ramach przegladu literatury dotyczacego inwazyjnych pnaczy, w tym kolczurki
klapowanej (Echinocystis lobata), zidentyfikowano gléwne mechanizmy, ktore
pozwalaja tym ros$linom na skuteczng kolonizacj¢ nowych siedlisk i dalszy rozwdj w
ekosystemach nadrzecznych. Kolczurka charakteryzuje si¢ wysoka plastyczno$cia
ekologiczna, co umozliwia jej szybkie zaadaptowanie si¢ do r6znych warunkéw. Gatunek
ten skutecznie konkuruje z rodzima roslinnoscig o przestrzen i zasoby (Grasic i in., 2019;
Klotz, 2009). Mechanizm wspinania si¢ po ro$linach jest mozliwy dzigki wasom
czepnym 1 stanowi wazny element sukcesu inwazyjnego tego gatunku (Gerrath i in.,
2008). Dodatkowo, nasiona kolczurki klapowanej sg skutecznie transportowane przez
wode, co sprzyja jej szerokiemu rozprzestrzenianiu si¢ wzdhuz brzegdw rzek i innych
zbiornikow wodnych (Klotz, 2009). Zrozumienie tych mechanizméw, w tym sposobow
wspinania si¢ po innych roslinach i rozprzestrzeniania nasion, jest kluczowe dla
opracowania efektywnych metod kontroli pnaczy inwazyjnych. Jak wskazano w
badaniach, wiedza o tym, jak pnacza radza sobie w nowych srodowiskach, stanowi istotng
wskazowke do tworzenia dziatan ochronnych, ktoére beda lepiej dopasowane do
specyficznych cech ekologicznych tych gatunkéw (Davis i Shaw, 2001; Thuiller i in.,
2005).

Inwazyjne pnacza, takie jak omawiana kolczurka, ale takze dtawisz okraglolistny
(Celastrus orbiculatus), powojnik pnacy (Clematis vitalba) czy winobluszcz zaroslowy
(Parthenocissus inserta), wykazuja podobne strategie w nowych srodowiskach, ktore
umozliwiaja im szybkie rozprzestrzenianie si¢ i dominacj¢ w ekosystemach. Wspdlne
cechy tych roslin to m.in. wysoka plastyczno$¢ ekologiczna, zdolno$¢ do wspinania si¢
po innych roslinach, co pozwala im uzyska¢ dostgp do $wiatla w trudnych warunkach
oraz efektywne mechanizmy rozsiewania nasion — cz¢sto za pomocg wody, zwierzat czy
wiatru. Strategie te sprzyjaja ich szybkiemu rozprzestrzenianiu si¢, co czyni je
szczegolnie konkurencyjnymi w ekosystemach nadrzecznych, gdzie moga zdominowac
przestrzen 1 zasoby, wypierajac rodzima roslinno$¢ (Kozlovskiy 1 in., 2020; Redmond i

Stout, 2018).

W zwigzku z tym, w artykule zebrano informacje na temat tych czterech

inwazyjnych gatunkéw pnaczy pochodzacych ze strefy umiarkowanej. Zebrane dane
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obejmuja informacje dotyczace ich pochodzenia, obszar6w wystepowania i
preferowanych siedlisk, wplywu na ekosystemy oraz stosowanych metod kontroli tych
(Artykut 1, Tabela 1 1 2). Przedstawione zestawienie pozwala na syntetyczne poréwnanie
analizowanych gatunkow oraz identyfikacj¢ kluczowych obszarow wymagajacych

dalszych badan.

Zrozumienie tych mechanizmow jest kluczowe nie tylko dla skutecznego
zarzadzania jednym gatunkiem, ale takze dla ochrony réznorodnosci biologicznej w
szerszym kontek$cie. Pnacza stanowig grupe ro$lin, ktéore w wyniku swoich
specyficznych strategii kolonizacyjnych maja duzy potencjal do przeksztatcania
srodowisk naturalnych, dlatego poznanie 1 opracowanie odpowiednich metod kontroli
powinno by¢ priorytetem w zarzadzaniu ekosystemami, zwlaszcza w obszarach o
szczegolnych wartosciach przyrodniczych (Gerrath i in., 2008; Tokarska-Guzik i in.,

2015).

Wyniki przegladu literatury wskazuja, ze trudno$ci w skutecznej kontroli
kolczurki klapowanej moga wynika¢é z niedostosowania obecnych metod do
specyficznych cech ekologicznych tego gatunku. Cho¢ istniejg rozne metody, takie jak
mechaniczne usuwanie ro$lin, stosowanie herbicyddw czy proby biologicznego
zwalczania, ich zastosowanie jest czasochlonne 1 trudne do realizacji na duzych
obszarach. Z tego powodu wciaz napotykamy trudnosci w skutecznym zarzadzaniu
populacjami tego gatunku. Niemniej jednak, poznanie bardziej szczegétowych aspektow
biologii tych ro$lin, zwlaszcza ich biofizycznych mechanizmow wzrostu i
rozprzestrzeniania nasion, moze stanowi¢ klucz do opracowania bardziej efektywnych

metod zarzadzania 1 kontroli w przysztosci (Falinski, 2004; Hejda 1 in., 2009).

2. Anatomia pedu i analiza wzrostu (Artykut 2)

2.1.  Rejestracja ruchow roslin metodq filmow poklatkowych

Analiza zdje¢ poklatkowych wykazata wyrazny wplyw gestosci podpor na tempo
wzrostu 1 sposob poruszania si¢ pedow kolczurki klapowanej (Artykut 2, Ryc.l).
Najszybszy wzrost odnotowano w wariancie 5 cm (0,78 mm/15 min), nieco wolniejszy
przy 20 cm (0,75 mm/15 min), natomiast najnizszy przy 50 cm (0,57 mm/15 min).

Estymowane S$rednie marginalne potwierdzity, ze rosliny rosng istotnie wolniej, gdy
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dostep do podpor jest ograniczony. Co istotne, przyrosty w wariancie 20 cm byty podobne
do wariantu 5 cm, sugerujac, ze roslina efektywnie wykorzystuje dostepne podpory nawet
przy umiarkowanej ich gestosci. Spadek tempa wzrostu migdzy wariantami 5 1 50 cm byt
statystycznie istotny, co wskazuje, ze zmniejszenie dostgpnosci podpor wpltywa na
mechanike wzrostu rosliny w sposob nieliniowy. Wyniki te koresponduja z obserwacjami
den Dubbelden i Oosterbeek (den Dubbelden i Oosterbeek, 1995), ktorzy wykazali, ze
pnacza rosng szybciej, gdy majg dostep do podpor. Wykonane eksperymenty dodatkowo
pokazaty, ze kolczurka klapowana utrzymuje stosunkowo wysokie tempo wzrostu takze
w warunkach braku podpdr, co nie byto dotychczas ilosciowo dobrze udokumentowane i
moze czg¢sciowo thumaczy¢ jej wysoka ekspansywnos$¢. Podobne wzorce zachowan

opisano takze u innych pnaczy (Paul i Yavitt, 2011).

Odchylenie wierzchotkdw pedow od osi uktadu wspotrzednych rowniez zalezato
od gestosci podpdr (Artykut 2, Ryc.2). W wariancie 5 cm wartosci te byly najbardziej
zrdéznicowane, co wynikalo z czgstych zmian kierunku wzrostu podczas poszukiwania
kolejnych punktéw zaczepienia. W wariancie 50 cm zakres odchylen byt najmniejszy, co
sugeruje ograniczong mozliwos¢ eksploracji przestrzeni, gdy podpora znajduje si¢ zbyt
daleko. Jednoczes$nie czynnik czasu istotnie zwigkszal odchylenie wierzchotka we
wszystkich wariantach, co wskazuje, Ze roslina wraz z uplywem czasu intensyfikuje
ruchy poszukujace. Zjawisko te jest typowe dla pnaczy, u ktérych intensywnos¢ ruchow

nutacyjnych wzrasta przy utrudnionym dostepie do podpor (Kiss, 2009).

Czestotliwo$¢ nutacji w ciggu doby nie rdznila si¢ istotnie miedzy wariantami,
mimo ze $rednie wartos$ci byly nieco wyzsze w wariancie 50 cm (Artykut 2, Ryc. 2).
Sugeruje to, ze sama czestotliwos¢ ruchow nutacyjnych pozostaje wzglednie stata,
natomiast zmienia si¢ ich amplituda oraz zasi¢g, co potwierdzaja rosngce wartosci
odchylen wierzchotka. Mechanizm ten jest spdjny z wcze$niejszymi obserwacjami
innych pnaczy (French, 1977), u ktérych pedy o mniejszej masie, pozbawione
rozwinigtych lisci, moga wykonywaé ruchy o szerszym zasiegu, zwigkszajac szanse

odnalezienia podpory.

Dokumentacja fotograficzna (Artykul 2, Ryc. 3) pokazala, ze geste (5 cm) i
srednio geste (20 cm) rozmieszczenie podpor umozliwialo utrzymanie wzrostu
wertykalnego dzigki szybkiemu zaczepieniu si¢ wasow czepnych. Po znalezieniu

podpory ruchy nutacyjne zwalniaty, a ped stabilizowal swoje potozenie. W wariancie 50
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cm ro$liny poczatkowo rosly wertykalnie, lecz po utracie mozliwosci zaczepienia
przechodzity do wzrostu horyzontalnego, czesto poprzez gwaltowne przemieszczenie
wierzchotka spowodowane przecigzeniem stabszej czegsci pedu. Strategia ta umozliwia
dalsze wykorzystanie jednej dostepnej podpory, co jest istotnym mechanizmem

adaptacyjnym pnaczy.

Zdolnos¢ do szybkiego wzrostu, efektywnego wspinania 1 adaptacji do braku
podpor czyni kolczurke klapowang gatunkiem wyjatkowo konkurencyjnym. Nasze
wyniki sg spojne z doniesieniami wskazujacymi, ze gatunek ten wypiera rodzime pnacza,
m.in. Humulus lupulus 1 Calystegia sepium (Stankovi¢ i in., 2022), szczegélnie w
ekosystemach nadrzecznych. Kostrakiewicz-Gieratt 1 in. (2022) podkreslajg, ze preferuje
ona siedliska zyzne, co w polaczeniu z wysokim tempem wzrostu utatwia szybkie
zajmowanie przestrzeni. Ekspansywno$¢ kolczurki moze przyczynia¢ si¢ do
dlugoterminowych zmian w strukturze i funkcjonowaniu zbiorowisk roslinnych,
podobnie jak obserwuje si¢ to w przypadku innych inwazyjnych pnaczy (Harris 1 in.,

2007).

2.2.  Geometria pedow

Analiza geometrii pedu ujawnita istotne réznice pomigdzy poszczegdlnymi jego
odcinkami (Artykut 2, Ryc. 4). W przekroju poprzecznym kolczurki klapowanej
wyrozniono dwie gtowne grupy jednorodne dla pola przekroju, powierzchni tkanek oraz
kolistosci. Pierwsza tworzyla podstawa pedu, a druga wszystkie wyzsze odcinki.
U podstawy zanotowano najwyzsze wartosci pola przekroju poprzecznego ($rednio 12,72
mm?), podczas gdy wartosci na wyzszych cz¢sciach pedu stopniowo malaty, osiggajac
srednio od 3,29 do 1,28 mm? Podobny wzorzec wystapil dla powierzchni tkanek.
U podstawy byla ona istotnie wigksza (§rednio 9,07 mm?) niz w pozostatych odcinkach
(1,11-2,16 mm?). Wskaznik kolisto$ci rowniez wyrdznit podstawe pedu od pozostatych
czesci. Najnizszy odcinek charakteryzowat sie¢ wartoscig 0,94, wskazujaca na przekroj
zblizony do kota, natomiast wyzsze odcinki miaty ksztatt coraz bardziej odbiegajacy od
idealnego okregu (0,81-0,74). Oznacza to, ze geometria pedu stopniowo zmienia si¢ wraz
z jego wysokoscia. W przypadku obwodu wyodrebniono trzy grupy jednorodne.
Najwigksze wartosci dotyczyly podstawy pedu, odcinka 1/4 oraz 1/2 jego dhugosci.
Srodkowe odcinki (1/4, 1/2 i 3/4) tworzyly kolejna grupe o wartosciach posrednich,
natomiast wierzchotek charakteryzowat si¢ wyraznie najmniejszym obwodem (4,48 mm)

w poréwnaniu z podstawg (12,96 mm).
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Geometria pedu kolczurki klapowanej odzwierciedla jej strategi¢ wspinania i
sposob funkcjonowania w $rodowisku. Pogrubiona podstawa zapewnia stabilno$¢ w
poczatkowe] fazie rozwoju, natomiast cienka cze¢$¢ wierzchotkowa umozliwia
wykonywanie szerokiego zakresu ruchow nutacyjnych. Opo6zniony rozwdj lisci,
charakterystyczny dla Cucurbitaceae (Liu i in., 2021) dodatkowo zmniejsza mas¢ pedu,
co sprzyja intensywnej nutacji. Istotnym elementem budowy pedu kolczurki klapowane;j
jest brak rdzenia. Lekka, ,,pusta” konstrukcja wewnetrzna zmniejsza koszty materiatowe
1 utatwia wspinanie, co czyni gatunek wysoce konkurencyjnym. Brak rdzenia jest cecha
znang rowniez z innych przedstawicieli Cucurbitaceae (Aguoru i Okoli, 2012; Corredor i
in., 2009). Podobne przystosowania opisano u Ranunculus repens, gdzie stabilno$¢
mechaniczng zapewnia jedynie wzmocniony obwdd todygi, natomiast pusty rdzen
umozliwia ograniczenie wagi bez utraty funkcjonalnosci (Shtein i in., 2018). U Galium
aparine, zielnego pnacza o prostokatnym przekroju pedu, analogiczna redukcja rdzenia

réwniez wspiera wspinanie si¢ po otaczajacych podporach.

2.3.  Obserwacje mikroskopowe

Struktura pedu kolczurki klapowanej jest typowa dla roslin jednorocznych z
rodziny dyniowatych (Cucurbitaceae) (Artykut 2, Ryc. 5). Lodyga tej ro$liny jest
pigciokatna, z wyraznymi bruzdami, w ktérych znajduja si¢ wigzki przewodzace. Wiazki
te sktadajg si¢ z dobrze rozwinigtego ksylemu oraz floemu. Zgodnie z wynikami badan,
silnie rozwinigty ksylem wspomaga szybki transport wody, co jest kluczowe dla jej
intensywnego wzrostu (Putz i Mooney, 1991). Pedy rosliny zawieraja rowniez tkanke
migkiszowa, ktora wypelnia wewnetrzng czes$¢ todygi 1 zapewnia jej elastyczno$é. W
parenchymie znajduja si¢ liczne ziarna skrobi, ktore stanowig zrodto energii niezbgdne;j
do szybkiego wzrostu (Hebeler i in., 2000). Obecnos¢ skrobi w parenchymie pozwala na
magazynowanie energii, co przyspiesza procesy wzrostu, zwlaszcza w poczatkowych
fazach zycia ro$liny. Jak zauwazyli Chen i in. (2025), ziarna skrobi w parenchymie
pomagaja roslinie rozwijac¢ si¢ w dynamicznych warunkach, umozliwiajac szybki wzrost.
Badania anatomiczne pgdoéw kolczurki klapowanej ujawnily obecnos¢ dobrze
rozwinigtych tkanek wzmacniajacych, w tym sklerenchymy 1 kolenchymy, ktore
odgrywaja kluczowa role w mechanicznym wsparciu pedow. Ich obecno$é¢ zwigksza
odporno$¢ todyg na zginanie i uszkodzenia mechaniczne, co sprzyja utrzymaniu
stabilnos$ci podczas wspinania si¢ po roslinach lub innych strukturach w $rodowisku

(Fisher 1 Ewers, 1995). Dodatkowo pusty rdzen w pedzie rosliny przyczynia si¢ do
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stworzenia lekkiej konstrukcji. Taka struktura pedu sprzyja adaptacji kolczurki do
zmieniajacych si¢ warunkow $rodowiskowych utatwiajac jej wspinaczke (Aguoru i

Okoli, 2012; Corredor i in., 2009).

Zestawienie wynikow morfometrycznych oraz obserwacji eksperymentalnych
wskazuje, ze ped kolczurki klapowanej stanowi konstrukcje wysoce wyspecjalizowang:
stabilng u podstawy, elastyczng i lekka w odcinkach wierzchotkowych, zdolng do
wykonywania ruchow poszukujacych oraz szybkiego zajmowania przestrzeni. To
wlasnie polaczenie whasciwosci geometrycznych i biomechanicznych pedu umozliwia
efektywne wspinanie i przyczynia si¢ do inwazyjnego charakteru gatunku. Model ten

zostal schematycznie przedstawiony na rycinie 1.

Wzorce trajektorii wzrostu

YVQSV czepne Podpory co 5 cm Podpory co 50 cm
jako punkty (wzrost wertykalny) (wzrost horyzontalny)
podparcia __

Ryc. 1. Model wzrostu i wzorcow trajektorii wzrostu pedu kolczurki klapowanej

(Echinocystis lobata).

3. Wiasciwosci nasion i mechanizmy ich rozsiewania

3.1.  Charakterystyka biometryczna i ptywalnos¢ nasion

Analiza biometryczna nasion kolczurki klapowanej zebranych w r6znych porach
roku (jesienig 1 wiosng) oraz w rdéznych stanach uwodnienia (suche 1 $wieze) ujawnita
istotne zroznicowanie morfologii nasion 1 ich wypornosci (Artykut 3, Tabela 2 1 3).
Nasiona zebrane jesienig byty na ogdt mniejsze w pordwnaniu z nasionami wiosennymi
(w obu przypadkach suchymi). Podobnie nasiona jesienne charakteryzowaty si¢ mniejsza
szeroko$cia i masa, podczas gdy nasiona wiosenne byly szersze i cigzsze. Swieze nasiona

jesienne nie roznily si¢ istotnie statystycznie od nasion wiosennych. Jedynymi
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odmienno$ciami byly wskaznik kolistoéci. Swieze nasiona jesienne przypominaty pod
tym wzgledem nasiona suche, oraz szeroko$¢, w ktorej odnotowano istotne roznice
wzgledem pozostatych grup. Nasiona jesienne byly bardziej okragle, natomiast nasiona
wiosenne bardziej wydluzone. Zmiany te wynikajg prawdopodobnie z dluzszego
dojrzewania nasion pozostajacych w torebkach az do wiosny i/lub zréznicowanych
warunkéw rozwoju (Baskin i Baskin, 2000; Fenner, 2012). Swiezo zebrane nasiona
jesienne wykazywaty cechy zblizone do suchych nasion wiosennych, co potwierdza
hipoteze, ze zawartos¢ wody i1 stan uwodnienia wplywaja na postrzegany ksztatt nasion
(Erb i in., 2013; Harper i in., 1970; Meyer i in., 2007). Rozbieznosci pomi¢dzy naszymi
wynikami a obserwacjami Dylewskiego i in. (2018), ktorzy stwierdzili, Zze nasiona
uwolnione byty wigksze od pozostajacych w torebce, moga wynika¢ z rdznic
srodowiskowych, zmienno$ci migdzyrocznej lub procesow dojrzewania nasion
specyficznych dla danej lokalizacji. Takie roznice w wielko$ci 1 masie nasion czgsto sg
ksztattowane przez czynniki takie jak alokacja zasoboéw czy pozycja nasion w owocu
(Dylewski 1 in., 2018; Jakobsson 1 Eriksson, 2000; D. Khan i in., 2011). Zdolno$¢
unoszenia si¢ na wodzie oceniono na podstawie analizy 150 nasion kolczurki klapowane;,
obejmujacych nasiona jesienne i wiosenne w stanie suchym i §wiezym. Byty to te same
nasiona, ktore poddano analizie biometrycznej. Sposréd wszystkich badanych nasion 34
(ok. 23%) utrzymywaty si¢ na powierzchni wody, a 116 tongto. Zdolno$¢ unoszenia si¢
na wodzie rdéznita si¢ pomiedzy grupami nasion, przy czym najwyzszy odsetek
stwierdzono wsrod §wiezych nasion jesiennych (32% nasion byto wypornych). Sugeruje
to, ze wyporno$¢ nie jest cechg zalezng wylacznie do momentu uwalniania 1
prawdopodobnie w wigkszym stopniu zalezy od budowy wewng¢trznej.

Nasiona wyporne roznily si¢ istotnie od niewypornych pod wzgledem niemal
wszystkich parametrow morfologicznych, takich jak dlugos¢, szerokos¢ czy
powierzchnia, z wyjatkiem masy, ktora nie wykazata istotnych réznic. Skutkowalo to
wyzszym stosunkiem powierzchni do masy, cecha znang jako sprzyjajacg wypornosci u
wielu gatunkéw nadrzecznych (Nilsson 1 in., 2010). Podobnie Carthey i1 in. (2016)
wykazali, Ze nasiona o niskim stosunku objetosci do powierzchni utrzymujg si¢ na wodzie
dtuzej, zwigkszajac potencjat do dlugodystansowego rozsiewania hydrochorycznego.
Wyniki te sg spdjne z koncepcja cech funkcjonalnych sprzyjajacych hydrochorii u

inwazyjnych gatunkow roslin stref nadrzecznych (Stromberg i in., 2008).
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3.2.  Zmiany struktury nasion podczas pecznienia

Analiza deformacji tupiny nasiennej podczas pecznienia, wykonana metoda
cyfrowej korelacji obrazu (DIC), wykazala postepujace zmiany strukturalne w
odpowiedzi na absorpcje wody (Artykut 3 Ryc. 1). Poczatkowa faza pecznienia
charakteryzowata si¢ stopniowym powigkszaniem si¢ okrywy nasiennej, szczegolnie w
obszarach o cienszych warstwach zewnetrznych. Z czasem lokalne deformacje
wskazywaly na zr6znicowane tempo pobierania wody w obrebie tkanek (niektore obszary
absorbowaly wilgo¢ szybciej niz inne). Zaobserwowane wzorce pecznienia nasion
kolczurki klapowanej mozna byto podzieli¢ na dwa gtowne typy strukturalne. W
pierwszym typie (Artykut 3 Ryc. 1A) pecznienie koncentrowalo si¢ glownie w
centralnym rejonie nasiona, gdzie zlokalizowane sg liScienie, co prowadzito do wyraznej
deformacji ku gorze. W drugim typie (Artykut 3 Ryc. 1B) pecznienie byto najbardziej
widoczne na zewngetrznych koncach nasiona. Zaobserwowane roznice we wzorcach
pecznienia moga by¢ zwigzane z iloscig wolnej przestrzeni w obrgbie okrywy nasienne;j.
Nasiona o wigkszych wewngtrznych przestrzeniach powietrznych peczniejg gtéwnie w
strefach przylegajacych do tych przestrzeni lub w obszarach o ciefiszej okrywie,
natomiast nasiona o jednorodnej budowie wewngtrznej rozszerzajg si¢ rOwnomiernie.
Ostabienie okrywy nasiennej jest dobrze udokumentowane u ros$lin straczkowych
(Smykal 1 in., 2014; Souza i Marcos-Filho, 2001). Metoda DIC okazuje si¢ zatem
cennym, nieinwazyjnym narzedziem do wizualizacji zachowania mechanicznego nasion
podczas imbibicji, szczegdlnie u taksondéw, w ktorych mechanizmy przetamywania

spoczynku nasion nie s3 jeszcze w pelni poznane.

3.3.  Analiza struktury wewnetrznej nasion

Obrazowanie metoda mikro-CT dostarczylo szczegdétowych informacji o
wewnetrznej budowie nasion wypornych 1 niewypornych, ujawniajac rodznice w
strukturze tkanek oraz rozmieszczeniu przestrzeni powietrznych (Artykul 3 Ryc. 2).
Nasiona wyporne wykazywaty wigksze wewnetrzne przestrzenie powietrzne 1 grubsza
okrywe nasienng w porownaniu z nasionami niewypornymi, ktore charakteryzowaly si¢
wicksza wartoscia objetosci tkanek. Objeto$¢ pustych przestrzeni powietrznych w
nasionach niewypornych byla mniejsza niz w nasionach wypornych. Objetos¢ tkanek
wewnetrznych byla wyraznie wigksza w nasionach niewypornych i miescita si¢ w
zakresie od 163,2 mm?® do 230,8 mm?, podczas gdy nasiona wyporne miaty warto$ci

podobne lub nizsze. Objetos¢ okrywy nasiennej byta wigksza w nasionach wypornych
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niz niewypornych (Artykul 3, Tabela 4). Analiza pojedynczych nasion potwierdzita te
réznice strukturalne. Zaréwno w nasionach kolczurki klapowanej, jak 1 u innych
gatunkéw hydrochorycznych, np. Impatiens glandulifera, stwierdzono, ze wigksze
wewnetrzne komory powietrzne oraz grubsza okrywa nasienna sprzyjaja dluzszemu
unoszeniu si¢ na powierzchni wody, m.in. poprzez ograniczenie ucieczki powietrza i
spowolnienie absorpcji wody (Najberek i in., 2020). Catford i Jansson (2014) podkreslaja
rolg takich cech jak gesto$¢ nasion, ksztalt czy obecno$¢ wewnetrznych przestrzeni
powietrznych w determinowaniu zdolnosci do hydrochorii, co znajduje potwierdzenie w
naszych wynikach 1 sugeruje, Zze obserwowane cechy morfologiczne kolczurki
klapowane] stanowig istotny element jej strategii przystosowawczej do Srodowisk

nadrzecznych.

3.4.  Sily hydrodynamiczne nasion

Wyniki eksperymentu w tunelu wodnym, wyrazone w postaci bezwymiarowe;j
przy uzyciu Us 1 £ jako charakterystycznych predkosci 1 dlugosci (Artykut 3 Rye. 3).
Sktadowa predkosci w kierunku przeplywu oraz przyspieszenie wyznaczono na
podstawie danych trajektorii. Wspotczynniki oporu zestawiono z liczbg Reynoldsa (Re),
ujawniajagc wyrazne réznice mi¢dzy nasionami wypornymi a niewypornymi. Czas
osiggniecia 95% Us, wynosit 9,94/Ux (0,48 s) dla nasion wypornych i 3,9¢/Us (0,18 s)
dla nasion niewypornych. Maksymalne przyspieszenie byto okoto dwukrotnie wigksze w
przypadku nasion niewypornych. Wspotczynniki oporu opisano zaleznosciami:

Cp ~ 110 Re™%8%¢ (wyporne), Cp ~ 5820 Re~12°8 (niewyporne)

przy stosunku oporéw mieszczacym si¢ w zakresie od 2 do 5 w zaleznosci od wartosci
Re. Dla poroéwnania, kula przy Re = 1000 ma Cp = 0,44. Oznacza to, Ze nasiona wyporne
doswiadczaja wartosci okoto polowe mniejszej, a niewyporne — niemal dwukrotnie
wigkszej. Nasiona wyporne charakteryzuja si¢ nizszym oporem hydrodynamicznym, co
czyni je mniej podatnymi na oddziatywanie ruchow wody o wysokiej czestotliwosci, a
tym samym sprzyja dlugodystansowemu transportowi (Murray, 2012) Dzigki
utrzymywaniu stabilnej, horyzontalnej pozycji na powierzchni wody nasiona wyporne
minimalizuja powierzchni¢ czotowa wzgledem kierunku przeptywu, zmniejszajac opor i
umozliwiajgc dhluzszy dryf w dot rzeki (Carthey 1 in., 2016; Murray, 2012). Natomiast
nasiona niewyporne szybko przyspieszajg 1 czg¢sto ustawiajg si¢ prostopadle do
przeplywu, co zwigksza opor i1 przyspiesza ich sedymentacj¢ oraz lokalne osadzanie.
Zjawisko to zaobserwowano rowniez u Hymenocallis coronaria (Markwith 1 Leigh,
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2008). Takie zr6znicowanie wskazuje, Ze nasiona wyporne prawdopodobnie korzystaja z
pradéw powierzchniowych podczas wezbran, aby osiggna¢ dtugodystansowy transport,
natomiast nasiona niewyporne sprzyjaja lokalnemu zasiedlaniu.

Przy czestotliwosci 1 Hz nasiona wyporne wykazywaty liniowg translacje netto
prostopadta do ruchu stotu (tj. wzdtuz osi y), co wskazuje na pasywne przemieszczanie
(Artykut 3 Ryc. 4). Towarzyszyla temu rotacja o zerowej wartosci $redniej w czasie oraz
oscylacje w obu kierunkach. Podobne efekty wystepowaty przy czestotliwosciach 0,5 1
1,5 Hz u niektérych z badanych przez nas nasion. Nasiona niewyporne wykazywatly
stabsze i mniej powtarzalne zachowania. Skladowa predkosci translacji netto uyy
wykazywata wyrazne maksimum przy 1 Hz zaréwno dla nasion wypornych, jak i
niewypornych, przy czym nasiona wyporne osiggaly okolo dwukrotnie wigksze
przemieszczenie niz niewyporne (Artykut 3 Ryc. 5). Maksymalna warto$¢ uy,0 wynosita
okoto 2,2% maksymalnej predkosci stolu 2nfA. Z kolei pierwsza harmoniczna sktadowej
uy,1, odpowiadajaca oscylacyjnemu ruchowi o zerowej wartosci $redniej, wykazywata
znacznie stabsza zalezno$¢ od czestotliwo$ci wymuszania f. Oznacza to, ze cho¢ ruch
oscylacyjny utrzymuje si¢ przy wszystkich czestotliwosciach, to translacja netto jest
selektywnie wzmacniana w poblizu 1 Hz. Opdznienie fazowe 0y,1 pozostawato bliskie 90°
w wigkszosci analizowanego zakresu czestotliwosci wskazuje, ze przyspieszenie nasion
jest niemal synchroniczne z predkoscig stotu. Przy 1 Hz, zwlaszcza dla nasion
wypornych, obserwowano odstepstwo od tej tendencji, wskazujace na silniejsza korelacje
predkosci nasiona 1 stolu. Prawdopodobnie dopasowanie o charakterze rezonansowym
odpowiada za translacj¢ netto przy tej czestotliwosci. Zjawisko to jest zblizone do
mechanizmow opisanych w systemach biomimetycznych, ktoére wykorzystuja fale
powierzchniowe do uzyskania ruchu kierunkowego bez aktywnego napedu (Rhee i in.,
2022), oraz do efektéw przewidzianych teoretycznie w hydrodynamice, gdzie ciala
pasywne moga osiggac ruch netto w oscylujacych polach przeptywu (Beal 1 in., 2006;
Benham 1 in., 2024).

Wyniki wskazuja, ze kolczurka klapowana realizuje podwdjng strategie
rozsiewania w czasie 1 przestrzeni, opartg na zréznicowaniu wtasciwosci diaspor. Nasiona
niewyporne, opadajace gtownie jesienig, sprzyjaja lokalnej rekrutacji 1 stabilnosci
populacji w poblizu rosliny macierzystej, natomiast nasiona wyporne, uwalniane
zardwno jesienig, jak i wiosng, moga by¢ transportowane przez wode¢ na znaczne
odlegtosci, umozliwiajac kolonizacj¢ nowych siedlisk. Taki rozdziat strategii zmniejsza

ryzyko reprodukcyjne w warunkach zmiennych zaburzen hydrologicznych 1 sprzyja
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ekspansji gatunku. ZaleznoS$ci te zostaly syntetycznie przedstawione na rycinie 2 jako
model czasowo-przestrzennej strategii rozsiewania kolczurki klapowanej (wersja
polskojezyczna opracowana na podstawie Ryc. 6 w Artykule 3). Wyniki te podkreslajg
znaczenie interakcji miedzy morfologia nasion a rezimem przeptywu w ksztaltowaniu
efektywnosci rozsiewania, wskazujac hydrochori¢ jako kluczowy czynnik dynamiki
ro$linnosci nadrzecznej i rozprzestrzeniania si¢ gatunkow inwazyjnych (Catford i
Jansson, 2014; Sédumel 1 Kowarik, 2013). Uwzglednienie szczegdtowych parametrow
hydrodynamicznych w modelach rozsiewania moze zwickszy¢ trafno$¢ prognoz
transportu 1 depozycji nasion, wspierajac planowanie dziatan ochronnych i
renaturyzacyjnych w ekosystemach przybrzeznych.

Uzyskane wyniki potwierdzaja, ze sukces inwazyjny kolczurki klapowanej nie
wynika z jednej cechy, lecz z komplementarnego dziatania mechanizméw wzrostu pedow
oraz cech diaspor. Intensywne tempo elongacji i efektywne wspinanie si¢ pedow
umozliwiaja szybkie zajmowanie przestrzeni, natomiast wlasciwosci biometryczne i
hydrodynamiczne nasion sprzyjaja kolonizacji nowych siedlisk oraz rozszerzaniu zasiegu
populacji. Polaczenie tych dwoch procesdéw moze wyjasnia¢ wyjatkowy potencjat
ekspansywny wielu gatunkow pnaczy inwazyjnych. Takie ujgcie pozwala wyj$¢ poza opis
jednego gatunku i lepiej zrozumie¢ ogdlne mechanizmy inwazyjnosci tej grupy roslin.
Kolczurka, ze wzgledu na charakterystyczne przystosowania, moze by¢ traktowana jako

cenny punkt odniesienia i gatunek modelowy w badaniach nad inwazyjnos$cia pnaczy.

Trudnosci badawcze, ograniczenia metodyczne oraz perspektywy dalszych badan

Jednym z gtéwnych wyzwan napotkanych podczas realizacji badan nad dynamika
wzrostu roslin byly trudnosci zwigzane z rejestracja materiatu wideo w postaci nagran
poklatkowych. Pomimo zachowania statych warunkow eksperymentalnych, znaczna
czg$¢ zarejestrowanych sekwencji musiata zosta¢ odrzucona z powodu problemdéw
technicznych 1 biologicznych, takich jak wzrost rosliny poza polem widzenia kamery. W
takich przypadkach dalsza analiza wzrostu byla niemozliwa, co prowadzito do
zmniejszenia liczby prob uwzglednionych w analizach iloSciowych. Dodatkowym
ograniczeniem byla rejestracja wzrostu jedynie w dwoch plaszczyznach, co w przypadku
wystepowania ruchéw nutacyjnych skutkowato pozornym skracaniem si¢ pedu w trakcie
pomiarow. Efekt ten nie wynikat z rzeczywistych zmian dlugosci organu, lecz z jego
wychylania si¢ w kierunku kamery, co wymusilo zastosowanie procedur wyréwnywania

danych przed dalsza analiza. Cho¢ takie podejscie pozwolito na zachowanie ogolnych
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trendow wzrostowych, nalezy podkresli¢, ze moglo ono prowadzi¢ do czg¢sciowej utraty

doktadno$ci pomiarow.

ZROZNICOWANIE
CZASOWE

_ Nasiona
Nasiona ‘ zostajace
uwalniane < > w torebce
jesienig do wiosny

ZROZNICOWANIE
PRZESTRZENNE

/ N\

Nasiona niewyporne Nasiona wyporne
e wWieksza masa e Mni€jsza masa
* mniejsze wymiary * wieksze wymiary
Lokalna rekrutacja Kolonizacja nowych
terenow

Ryc. 2 Model czasowo-przestrzennej strategii rozsiewania kolczurki klapowanej —

opracowanie wiasne na podstawie ryc. 6 w artykule 3.

Z perspektywy metodologicznej, potencjalnym rozwigzaniem opisanych
ograniczen byloby zastosowanie trojwymiarowe] analizy wzrostu, opartej na
jednoczesnej rejestracji obrazu z co najmniej dwodch kamer (np. z przodu oraz z gory), co
umozliwitoby rekonstrukcj¢ przestrzennego modelu wzrostu rosliny. Tego typu podejscie
pozwolitoby na precyzyjne uwzglednienie ruchow nutacyjnych oraz eliminacje bledow
wynikajacych z projekcji dwuwymiarowej. Jednakze na etapie realizacji badan

rozwigzanie to nie bylo mozliwe do wdrozenia ze wzgledu na ograniczenia techniczne,
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czasowe oraz zakres dostgpnych umiej¢tnosci analitycznych. Niemniej jednak, w
przysztych badaniach zastosowanie metod trojwymiarowych mogloby znaczaco
zwiekszy¢ doktadnos¢ analiz 1 stanowic istotne rozwini¢cie zaprezentowanego podejscia.

Kolejnym ograniczeniem badan byt zakres analiz anatomicznych, ktore zostaty
skoncentrowane wylacznie na pedzie rosliny. Decyzja ta byla bezposrednio zwigzana z
tematyka drugiego artykulu, skupiajacego si¢ na szybkoSci wzrostu oraz zmianach
strukturalnych pedu w tym procesie. Jednoczesnie w pracy podkreslono, ze istotnym,
cho¢ nie w peini zbadanym elementem wzrostu i stabilizacji rosliny sa wasy czepne.
Struktury te odgrywaja kluczowa role w utrzymaniu pozycji rosliny, a ich mechanika oraz
dynamika skrecania stanowig interesujacy, lecz ztozony obiekt badan. W trakcie realizacji
doktoratu wykonano pilotazowe nagrania koncentrujace si¢ na zaczepianiu wasoOw
czepnych oraz procesie ich skregcania (Ryc. 3), jednak temat ten nie zostat rozwinigty w
ramach rozprawy ze wzgledu na wysoka pracochlonno$¢ oraz ograniczenia czasowe.

Zardéwno obserwacje wilasne, jak i doniesienia literaturowe wskazuja, ze wasy
czepne moga stanowi¢ wyjatkowy model badawczy, szczegdlnie w kontek$cie zmian
anatomicznych zachodzacych po ich skreceniu. W literaturze pojawiaja si¢ informacje
sugerujace, ze tkanki wzmacniajace rozwijaja si¢ dopiero po zakonczeniu procesu
skrecania, co czyni wasy czepne interesujacym przykladem struktur adaptacyjnych
reagujacych na bodzce mechaniczne (Gerbode 1 in., 2012). Przyszte badania moglyby
obejmowac szczegdtowe analizy anatomiczne wasow przed i po skreceniu, a takze testy
wytrzymalosciowe pozwalajgce oceni¢ ich wlasciwosci mechaniczne. Uzyskane w ten
sposOb dane moglyby stanowi¢ podstawe do badan biomimetycznych, w ktorych wasy
czepne moglyby postuzy¢ jako inspiracja do projektowania nowych materiatow
konstrukecyjnych lub systemow stabilizujacych.

Istotnym kierunkiem dalszych badan jest rowniez poglebienie wiedzy dotyczacej
biologii nasion. W przeprowadzonych badaniach skupiono si¢ na samych nasionach oraz
ich zdolnos$ci do rozsiewania drogg wodng, co stanowi nowe ujecie tego zagadnienia,
odmienne od dominujacego w literaturze pogladu, zgodnie z ktorym transportowi
podlegaja gtownie torebki nasienne (Bagi i Boszorményi, 2008). Wyniki te wskazuja na
koniecznos¢ dalszych analiz, obejmujacych zarowno pordéwnanie transportu nasion
luzem, jak 1 w obrgbie torebek, a takze oceng efektywnosci obu strategii rozsiewania.
Pojawiaja si¢ rowniez pytania dotyczace potencjalnych réznic genetycznych pomigdzy
nasionami ptywajacymi, ktore moga kietkowaé w poblizu brzegéw rzek, a nasionami

opadajacymi bezposrednio na podioze. Nie mozna wykluczy¢, ze pojedyncze osobniki
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produkuja dwa typy nasion, réznigce si¢ zdolno$cig unoszenia si¢ na wodzie, przy czym
ich proporcje moga by¢ zmienne. Zagadnienia te wymagaja dalszych, poglebionych
badan z zakresu genetyki i ekologii populacyjne;.

W konteks$cie perspektyw aplikacyjnych, szczegdlnie interesujagcym kierunkiem
dalszych badan wydaje si¢ poszukiwanie metod ograniczania transportu nasion droga
wodng. Opracowanie selektywnych putapek, ktére zatrzymywalyby duze nasiona
gatunkow inwazyjnych, takich jak kolczurka, przy jednoczesnym przepuszczaniu
mniejszych nasion gatunkdéw rodzimych, mogtoby stanowi¢ innowacyjne rozwigzanie w
zakresie ochrony przyrody. Tego typu podejscie, taczace wiedze¢ z zakresu biologii ro$lin,

hydrologii 1 inzynierii $rodowiska, mogloby przyczyni¢ si¢ do ograniczenia

rozprzestrzeniania si¢ gatunkow inwazyjnych w ekosystemach rzecznych.

Ryc. 3 Kadr z pilotazowych badan nad zaczepianiem i skrgcaniem si¢ wasow czepnych

kolczurki klapowane;.

Whioski

1. Zroznicowanie wielko$ci, masy 1 wyporno$ci nasion pomig¢dzy sezonami oraz w

obregbie jednej populacji minimalizuje ryzyko niepowodzenia rozsiewania w warunkach
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nieprzewidywalnych wahan hydrologicznych. To strategia roztozenia ryzyka znana z
gatunkow dobrze przystosowanych do dynamicznie zmieniajacych si¢ $rodowisk
nadrzecznych.

2. Wyporne nasiona mogg by¢ transportowane na znaczne odlegltosci dzigki niskim
oporom hydrodynamicznym 1 stabilnej pozycji na powierzchni wody. W warunkach
wezbran rzecznych zwigksza to szans¢ na zasiedlenie nowych siedlisk, w tym
odizolowanych fragmentow dolin rzecznych.

3. Szybka sedymentacja 1 wickszy opor w nurcie ulatwiajg osadzanie si¢ nasion w
poblizu rosliny macierzystej, co w polaczeniu z intensywnym wzrostem pedow pozwala
na szybkie zageszczanie populacji i monopolizacj¢ zasobow na zajetym terenie.

4. Zaobserwowany pasywny dryf przy oscylacjach ~1 Hz sugeruje, Ze nasiona moga
korzysta¢ z naturalnych pulsacji pradu wodnego do zwigkszania zasiggu transportu. Jest
to cecha rzadko dokumentowana w badaniach nad diasporami roslinnymi, a mogaca mie¢
istotne znaczenie w aktywnych hydrologicznie rzekach.

5. Potaczenie szybkiego tempa wzrostu pedéw z elastycznymi mechanizmami
rozsiewania nasion daje kolczurce klapowanej przewage nad gatunkami rodzimymi.
Takie zestawienie pozwala zar6wno na szybkie zajmowanie przestrzeni w jednym
sezonie, jak 1 zapewnianie odnowy populacji w kolejnych latach.

6. Zlokalizowanie luk w wiedzy na temat inwazyjnych pnaczy (artykut 1) oraz
analiza dynamiki wzrostu pedow kolczurki klapowanej, (artykut 2), dostarcza
kluczowych informacji o zdolnosci gatunku do szybkiego zajmowania dostgpnych nisz.
W potaczeniu z badaniami nad mechanizmami rozsiewania nasion (artykut 3), pozwala
to oceni¢ peten cykl strategii inwazyjnych tej rosliny, oraz moze stanowi¢ podstawe do
stworzenia modelu dla innych pnaczy inwazyjnych.

7. Skuteczna kontrola kolczurki klapowanej wymaga podejscia taczacego
ograniczanie wzrostu pedow oraz przeciwdziatanie transportowi nasion woda. Modele
prognozujace rozprzestrzenianie si¢ gatunku powinny uwzgledniaé nie tylko parametry

biologiczne, ale tez lokalne rezimy hydrologiczne.

Wykaz dolaczonych artykulow

Artykut 1: Dolkin-Lewko A., Zajaczkowska U. 2022, Threats to ecosystems and methods

for controlling invasive vines in temperate forests. Sylwan, 166 (4): 267-282.

https://doi.org/10.26202/sylwan.2022012

37



10.

11.

12.

Artykut 2: Dolkin-Lewko A., Zajaczkowska U. 2025, Growth strategies and climbing

behawior of the invasive vine wild cucumber (Echinocystis lobata). Acta Biologica

Cracoviensia Series Botanica, 66/2. https://doi.org/10.24425/abcsb.2024.150384

Artykut 3: Dolkin-Lewko, A., Baj, P., Giedrowicz, A., Jaroszewicz, J., Zajaczkowska,

U. 2025. Wild cucumber invasiveness: Impact of seasonal changes on biometric seed
traits and dispersal strategy. Journal of  Experimental  Botany,

https://doi.org/10.1093/jxb/eraf526

Spis literatury

. Aguoru, C. U., Okoli, B. E. (2012). Comparative stem and petiole anatomy of West

African species of Momordica L (Cucurbitaceae). African Journal of Plant Science,
6(15), 403—409.

Bagi, I., Boszorményi, A. (2008). The most important invasive plants in Hungary. Wild
cucumber. Institute of Ecology and Botany Hungarian Academy of Sciences.

Baskin, C. C., Baskin, J. M. (2000). Seeds: Ecology, Biogeography, and, Evolution of
Dormancy and Germination. Academic Press.

Beal, D. N., Hover, F. S., Triantafyllou, M. S., Liao, J. C., Lauder, G. V. (2006).
Passive propulsion in vortex wakes. Journal of Fluid Mechanics, 549, 385—402.
https://doi.org/10.1017/S0022112005007925

Benham, G. P., Devauchelle, O., Thomson, S. J. (2024). On wave-driven propulsion.
Journal of Fluid Mechanics, 987, A44. https://doi.org/10.1017/jfm.2024.352

Bradley, B. A., Blumenthal, D. M., Wilcove, D. S., Ziska, L. H. (2010). Predicting
plant invasions in an era of global change. Trends in Ecology & Evolution, 25(5), 310—
318. https://doi.org/10.1016/j.tree.2009.12.003

Carthey, A. J. R., Fryirs, K. A., Ralph, T. J., Bu, H., & Leishman, M. R. (2016). How
seed traits predict floating times: A biophysical process model for hydrochorous seed
transport behaviour in fluvial systems. Freshwater Biology, 61(1), 19-31.
https://doi.org/10.1111/fwb.12672

Catford, J. A., Downes, B. J., Gippel, C. J., Vesk, P. A. (2011). Flow regulation
reduces native plant cover and facilitates exotic invasion in riparian wetlands. Journal
of Applied Ecology, 48(2), 432—442. https://doi.org/10.1111/j.1365-2664.2010.01945.x
Catford, J. A., Jansson, R. (2014). Drowned, buried and carried away: Effects of plant
traits on the distribution of native and alien species in riparian ecosystems. New
Phytologist, 204(1), 19-36. https://doi.org/10.1111/nph.12951

Catling, P. M. (2005). Effects of invasive alien plants on birds: Some examples from
North America. Biodiversity, 6(3), 30-39.
https://doi.org/10.1080/14888386.2005.9712772

Charles, H., Dukes, J. S. (2007). Impacts of Invasive Species on Ecosystem Services.
W W. Nentwig (Red.), Biological Invasions (s. 217-237). Springer.
https://doi.org/10.1007/978-3-540-36920-2 13

Chen, Y., Tang, M., Song, Y.-C., Zargar, M., Chen, M.-X., Lin, S.-Y., Zhu, F.-Y .,
Song, T. (2025). Unlocking bamboo’s fast growth: Exploring the vital role of non-
structural carbohydrates (NSCs). The Plant Journal, 122(1), €70147.
https://doi.org/10.1111/tpj.70147

38



13.

14.

15.

16.

17.

18

19.

20.

21.

22.

23.

24.

25.

26.

Ciacka, K., Tyminski, M., Gniazdowska, A., Krasuska, U. (2022). Nitric Oxide as a
Remedy against Oxidative Damages in Apple Seeds Undergoing Accelerated Ageing.
Antioxidants, 11(1), 70. https://doi.org/10.3390/antiox11010070

Ciccarese, L., Mattsson, A., Pettenella, D. (2012). Ecosystem services from forest
restoration: Thinking ahead. New Forests, 43(5), 543-560.
https://doi.org/10.1007/s11056-012-9350-8

Clarke, B., Otto, F., Stuart-Smith, R., Harrington, L. (2022). Extreme weather impacts
of climate change: An attribution perspective. Environmental Research: Climate, 1(1),
012001. https://doi.org/10.1088/2752-5295/ac6e7d

Clements, D. R., Ditommaso, A. (2011). Climate change and weed adaptation: Can
evolution of invasive plants lead to greater range expansion than forecasted? Weed
Research, 51(3), 227-240. https://doi.org/10.1111/j.1365-3180.2011.00850.x
Corredor, E., Testillano, P. S., Coronado, M.-J., Gonzalez-Melendi, P., Fernandez-
Pacheco, R., Marquina, C., Ibarra, M. R., de la Fuente, J. M., Rubiales, D., Pérez-de-
Luque, A., Risuefio, M.-C. (2009). Nanoparticle penetration and transport in living
pumpkin plants: In situsubcellular identification. BMC Plant Biology, 9(1), 45.
https://doi.org/10.1186/1471-2229-9-45

. Davidson, A. M., Jennions, M., Nicotra, A. B. (2011). Do invasive species show higher

phenotypic plasticity than native species and, if so, is it adaptive? A meta-analysis.
Ecology Letters, 14(4), 419—431. https://doi.org/10.1111/j.1461-0248.2011.01596.x
Davis, M. B., Shaw, R. G. (2001). Range Shifts and Adaptive Responses to Quaternary
Climate Change. Science, 292(5517), 673—679.
https://doi.org/10.1126/science.292.5517.673

DeFerrari, C. M., Naiman, R. J. (1994). A multi-scale assessment of the occurrence of
exotic plants on the Olympic Peninsula, Washington. Journal of Vegetation Science,
5(2), 247-258. https://doi.org/10.2307/3236157

den Dubbelden, K. C., Oosterbeek, B. (1995). The Availability of External Support
Affects Allocation Patterns and Morphology of Herbaceous Climbing Plants.
Functional Ecology, 9(4), 628—634. https://doi.org/10.2307/2390154

Dukes, J. S., Pontius, J., Orwig, D., Garnas, J. R., Rodgers, V. L., Brazee, N., Cooke,
B., Theoharides, K. A., Stange, E. E., Harrington, R., Ehrenfeld, J., Gurevitch, J.,
Lerdau, M., Stinson, K., Wick, R., Ayres, M. (2009). Responses of insect pests,
pathogens, and invasive plant species to climate change in the forests of northeastern
North America: What can we predict?This article is one of a selection of papers from
NE Forests 2100: A Synthesis of Climate Change Impacts on Forests of the
Northeastern US and Eastern Canada. Canadian Journal of Forest Research, 39(2),
231-248. https://doi.org/10.1139/X08-171

Dyderski, M. K., Jagodzinski, A. M. (2018). Drivers of invasive tree and shrub natural
regeneration in temperate forests. Biological Invasions, 20(9), 2363-2379.
https://doi.org/10.1007/s10530-018-1706-3

Dylewski, L., Mackowiak, .., Myczko, L. (2018). Physical defence of the wild
cucumber Echinocystis lobata in an invasive range changing seed removal by rodents.
Plant Ecology, 219(7), 863—873. https://doi.org/10.1007/s11258-018-0842-2
Ehrenfeld, J. G. (2010). Ecosystem Consequences of Biological Invasions. Annual
Review of Ecology, Evolution, and Systematics, 41(Volume 41, 2010), 59-80.
https://doi.org/10.1146/annurev-ecolsys-102209-144650

Erb, R. M., Sander, J. S., Grisch, R., Studart, A. R. (2013). Self-shaping composites
with programmable bioinspired microstructures. Nature Communications, 4(1), 1712.
https://doi.org/10.1038/ncomms2666

39



27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Falinski, J. B. (2004). Inwazje w swiecie roslin: Mechanizmy, zagrozenia, projekt
badan. Biatowieska Stacja Geobotaniczna. Wydawnictwo Uniwersytetu
Warszawskiego.

Fenner, M. W. (2012). Seed Ecology. Springer Science & Business Media.

Fischer, R. A., Fischenich, J. C. (2000). Design Recommendations for Riparian
Corridors and Vegetated Buffer Strips (Nt ERDCTNEMRRPSR24). Artykut
ERDCTNEMRRPSR24. https://apps.dtic.mil/sti/html/tr/ADA378426/

Fisher, J. B., Ewers, F. W. (1995). Vessel dimensions in liana and tree species of
Gnetum (Gnetales). American Journal of Botany, 82(11), 1350—1357.
https://doi.org/10.1002/j.1537-2197.1995.tb12671.x

French, J. C. (1977). Growth Relationships of Leaves and Internodes in Viny
Angiosperms with Different Modes of Attachment. American Journal of Botany, 64(3),
292-304. https://doi.org/10.1002/1.1537-2197.1977.tb15730.x

Funk, J. L., Parker, I. M., Matzek, V., Flory, S. L., Aschehoug, E. T., D’ Antonio, C. M.,
Dawson, W., Thomson, D. M., Valliere, J. (2020). Keys to enhancing the value of
invasion ecology research for management. Biological Invasions, 22(8), 2431-2445.
https://doi.org/10.1007/s10530-020-02267-9

Gebauer, A. D., Brown, R., Schwab, S., Nezat, C., McNeely, C. (2016). Effects of an
Invasive Grass (Phalaris Arundinacea) on Water Availability in Semi-Arid Riparian
Zones. Wetlands, 36(1), 59-72. https://doi.org/10.1007/s13157-015-0716-5

Gerbode, S. J., Puzey, J. R., McCormick, A. G., Mahadevan, L. (2012). How the
Cucumber Tendril Coils and Overwinds. Science, 337(6098), 1087-1091.
https://doi.org/10.1126/science.1223304

Gerrath, J. M., Guthrie, T. B., Zitnak, T. A., Posluszny, U. (2008). Development of the
axillary bud complex in Echinocystis lobata (Cucurbitaceae): Interpreting the
cucurbitaceous tendril. American Journal of Botany, 95(7), 773-781.
https://doi.org/10.3732/ajb.2007362

Grasi¢, M., Piber¢nik, M., Zelnik, 1., Abram, D., Gaberscik, A. (2019). Invasive Alien
Vines Affect Leaf Traits of Riparian Woody Vegetation. Water, 11(11), 2395.
https://doi.org/10.3390/w11112395

Harper, J. L., Lovell, P. H., Moore, K. G. (1970). The Shapes and Sizes of Seeds.
Annual Review of Ecology and Systematics, 1,327-356.

Harris, C. J., Murray, B. R., Hose, G. C., Hamilton, M. A. (2007). Introduction history
and invasion success in exotic vines introduced to Australia. Diversity and
Distributions, 13(4), 467—475. https://doi.org/10.1111/j.1472-4642.2007.00375.x
Hebeler, F., van Bel, A., Botha, C. (2000). Structural and ecophysiological shoot
features of the leafless cucurbit Acanthosicyos horridus, a keystone endemic of the
Namib desert. PhD thesis,, Justus-Liebig- Universitdit Giessen, Germany.

Hejda, M., Pysek, P., Jarosik, V. (2009). Impact of invasive plants on the species
richness, diversity and composition of invaded communities. Journal of Ecology, 97(3),
393-403. https://doi.org/10.1111/5.1365-2745.2009.01480.x

Houlahan, J. E., Findlay, C. S. (2004). Effect of Invasive Plant Species on Temperate
Wetland Plant Diversity. Conservation Biology, 18(4), 1132—1138.
https://doi.org/10.1111/j.1523-1739.2004.00391.x

Jakobsson, A., Eriksson, O. (2000). A comparative study of seed number, seed size,
seedling size and recruitment in grassland plants. Oikos, 88(3), 494-502.
https://doi.org/10.1034/j.1600-0706.2000.880304.x

Jocieng, L., Krokaité, E., Rekasius, T., JuSkaityte, E., Ielciu, 1., Galanina, O.,
Kupcinskiene, E. (2023). The Molecular Evidence for Invasive Climber Echinocystis

40



44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

lobata (Michx.) Torr. & A. Gray in Eastern and Central Europe. Diversity, 15(10),
Artykut 10. https://doi.org/10.3390/d15101084

Kellomaiki, S., Strandman, H., Nuutinen, T., Peltola, H., Korhonen, K. T., Viisdnen, H.
(2005). Adaptation of forest ecosystems, forests and forestry to climate change.
FINADAPT Working Paper 4. Finnish Environment Institute.
http://hdl.handle.net/10138/41042

Khan, D., Anis, M., Zaki, M. J. (2011). Seed mass variation in seed lots of nine
cultivars of sunflower (Helianthus annuus L.). International Journal of Biology and
Biotechnology, 8(2), 263-273.

Khan, K., Shah, G. M., Saqib, Z., Rahman, I. U., Haq, S. M., Khan, M. A., Ali, N.,
Sakhi, S., Aziz-ud-Din, Nawaz, G., Rahim, F., Rasheed, R. A., Al Farraj, D. A,
Elshikh, M. S. (2022). Species Diversity and Distribution of Macrophytes in Different
Wetland Ecosystems. Applied Sciences, 12(9), Artykut 9.

https://doi.org/10.3390/app 12094467

Kiss, J. Z. (2009). Plants Circling in Outer Space. The New Phytologist, 182(3), 555—
557.

Kjellstrom, E., Nikulin, G., Strandberg, G., Christensen, O. B., Jacob, D., Keuler, K.,
Lenderink, G., van Meijgaard, E., Schér, C., Somot, S., Serland, S. L., Teichmann, C.,
Vautard, R. (2018). European climate change at global mean temperature increases of
1.5 and 2 °C above pre-industrial conditions as simulated by the EURO-CORDEX
regional climate models. Earth System Dynamics, 9(2), 459—478.
https://doi.org/10.5194/esd-9-459-2018

Klotz, S. (2009). Echinocystis lobata (Michx.) Torr. & Gray, wild cucumber
(Cucurbitaceae, Magnoliophyta). W Handbook of Alien Species in Europe (s. 347).
Springer.

Kominoski, J. S., Shah, J. J. F., Canhoto, C., Fischer, D. G., Giling, D. P., Gonzélez, E.,
Griffiths, N. A., Larrafiaga, A., LeRoy, C. J., Mineau, M. M., McElarney, Y. R.,
Shirley, S. M., Swan, C. M., Tiegs, S. D. (2013). Forecasting functional implications of
global changes in riparian plant communities. Frontiers in Ecology and the
Environment, 11(8), 423-432. https://doi.org/10.1890/120056

Kope¢, D., Zakrzewska, A., Halladin-Dabrowska, A., Wylaztowska, J., Stawik, L.
(2023). The essence of acquisition time of airborne hyperspectral and on-ground
reference data for classification of highly invasive annual vine Echinocystis lobata
(Michx.) Torr. & A. Gray. GIScience & Remote Sensing, 60(1), 2204682.
https://doi.org/10.1080/15481603.2023.2204682

Kostrakiewicz-Gieralt, K., Pliszko, A., Barabasz-Krasny, B., Bomanowska, A., Dajdok,
Z., Gudzinskas, Z., Kucharczyk, M., Mac¢kowiak, L., Majk, J., Mozdzen, K., Podgorska,
M., Rasimavicius, M., Rewicz, A., Szczes$niak, E., Wojcik, T., Stachurska-Swakon, A.
(2022). The Relationships of Habitat Conditions, Height Level, and Geographical
Position with Fruit and Seed Traits in Populations of Invasive Vine Echinocystis lobata
(Cucurbitaceae) in Central and Eastern Europe. Forests, 13(2), Artykut 2.
https://doi.org/10.3390/f13020256

Kozlovskiy, B. L., Fedorinova, O. L., Kuropyatnikov, M. V. (2020). Invasion of the
Parthenocissus inserta (Kern.) K. Fritsch. In Floodplain Forests of Rostov Oblast.
Russian Journal of Biological Invasions, 11(1), 41-46.
https://doi.org/10.1134/S2075111720010075

Liu, X., Chen, J., Zhang, X. (2021). Genetic regulation of shoot architecture in
cucumber. Horticulture Research, 8. https://doi.org/10.1038/s41438-021-00577-0

41



55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Markwith, S. H., Leigh, D. S. (2008). Subaqueous hydrochory: Open-channel hydraulic
modelling of non-buoyant seed movement. Freshwater Biology, 53(11), 2274-2286.
https://doi.org/10.1111/j.1365-2427.2008.02054.x

Meyer, C. J., Steudle, E., Peterson, C. A. (2007). Patterns and kinetics of water uptake
by soybean seeds. Journal of Experimental Botany, 58(3), 717-732.
https://doi.org/10.1093/jxb/erl244

Motti, R., Zotti, M., Bonanomi, G., Cozzolino, A., Stinca, A., Migliozzi, A. (2021).
Climatic and anthropogenic factors affect Ailanthus altissima invasion in a
Mediterranean region. Plant Ecology, 222(12), 1347—-1359.
https://doi.org/10.1007/s11258-021-01183-9

Murray, D. R. (2012). Seed Dispersal. Academic Press.

Naiman, R. J., Décamps, H. (1997). The Ecology of Interfaces: Riparian Zones. Annual
Review of Ecology, Evolution, and Systematics, 28(Volume 28, 1997), 621-658.
https://doi.org/10.1146/annurev.ecolsys.28.1.621

Najberek, K., Olejniczak, P., Berent, K., Gasienica-Staszeczek, M., Solarz, W. (2020).
The ability of seeds to float with water currents contributes to the invasion success of
Impatiens balfourii and 1. glandulifera. Journal of Plant Research, 133(5), 649—664.
https://doi.org/10.1007/s10265-020-01212-0

Nilsson, C., Brown, R. L., Jansson, R., Merritt, D. M. (2010). The role of hydrochory
in structuring riparian and wetland vegetation. Biological Reviews, 85(4), 837-858.
https://doi.org/10.1111/j.1469-185X.2010.00129.x

Paul, G. S., Yavitt, J. B. (2011). Tropical Vine Growth and the Effects on Forest
Succession: A Review of the Ecology and Management of Tropical Climbing Plants.
The Botanical Review, 77(1), 11-30. https://doi.org/10.1007/s12229-010-9059-3
Poland, T. M., Patel-Weynand, T., Finch, D. M., Miniat, C. F., Hayes, D. C., Lopez, V.
M. (2021). Invasive Species in Forests and Rangelands of the United States: A
Comprehensive Science Synthesis for the United States Forest Sector. Springer Nature.
Putz, F. E., Mooney, H. A. (1991). The Biology of Vines. Cambridge University Press.
Pysek, P., Genovesi, P., Pergl, J., Monaco, A., Wild, J. (2013). Plant Invasions of
Protected Areas in Europe: An Old Continent Facing New Problems. W L. C. Foxcroft,
P. Pysek, D. M. Richardson, P. Genovesi (Red.), Plant Invasions in Protected Areas:
Patterns, Problems and Challenges (s. 209-240). Springer Netherlands.
https://doi.org/10.1007/978-94-007-7750-7 11

Pysek, P., Richardson, D. M. (2010). Invasive Species, Environmental Change and
Management, and Health. Annual Review of Environment and Resources, 35(Volume
35, 2010), 25-55. https://doi.org/10.1146/annurev-environ-033009-095548

Redmond, C. M., Stout, J. C. (2018). Breeding system and pollination ecology of a
potentially invasive alien Clematis vitalba L. in Ireland. Journal of Plant Ecology,
11(1), 56-63. https://doi.org/10.1093/jpe/rtw137

Rhee, E., Hunt, R., Thomson, S. J., Harris, D. M. (2022). SurferBot: A wave-propelled
aquatic vibrobot. Bioinspiration & Biomimetics, 17(5), 055001.
https://doi.org/10.1088/1748-3190/ac78b6

Richardson, D. M., Holmes, P. M., Esler, K. J., Galatowitsch, S. M., Stromberg, J. C.,
Kirkman, S. P., PySek, P., Hobbs, R. J. (2007). Riparian vegetation: Degradation, alien
plant invasions, and restoration prospects. Diversity and Distributions, 13(1), 126—139.
https://doi.org/10.1111/j.1366-9516.2006.00314.x

Richardson, D. M., Pysek, P., Rejmanek, M., Barbour, M. G., Panetta, F. D., West, C.
J. (2000). Naturalization and invasion of alien plants: Concepts and definitions.
Diversity and Distributions, 6(2), 93—107. https://doi.org/10.1046/j.1472-
4642.2000.00083.x

42



71. Sdumel, 1., Kowarik, I. (2013). Propagule morphology and river characteristics shape
secondary water dispersal in tree species. Plant Ecology, 214(10), 1257-1272.
https://doi.org/10.1007/s11258-013-0249-z

72. Shtein, 1., Bar-On, B., Popper, Z. A. (2018). Plant and algal structure: From cell walls
to biomechanical function. Physiologia Plantarum, 164(1), 56—66.
https://doi.org/10.1111/ppl.12727

73. Sierakowski, M., Hebda, G. (2024). Stobrawski Park Krajobrazowy. Monografia
przyrodnicza. Uniwersytet Opolski.
https://repo.uni.opole.pl/info/book/UO7099deatd7c¢744c5a8042677aa06b036/

74. Sikorska, D., Sikorski, P., Archicinski, P., Chormanski, J., Hopkins, R. J. (2019). You
Can’t See the Woods for the Trees: Invasive Acer negundo L. in Urban Riparian Forests
Harms Biodiversity and Limits Recreation Activity. Sustainability, 11(20), Artykut 20.
https://doi.org/10.3390/sul1205838

75. Silvertown, J. (1985). Survival, Fecundity and Growth of Wild Cucumber, Echinocystis
Lobata. Journal of Ecology, 73(3), 841-849. https://doi.org/10.2307/2260151

76. Simberloff, D., Martin, J.-L., Genovesi, P., Maris, V., Wardle, D. A., Aronson, J.,
Courchamp, F., Galil, B., Garcia-Berthou, E., Pascal, M., Pysek, P., Sousa, R.,
Tabacchi, E., Vila, M. (2013). Impacts of biological invasions: What’s what and the
way forward. Trends in Ecology & Evolution, 28(1), 58—66.
https://doi.org/10.1016/j.tree.2012.07.013

77. Smykal, P., Vernoud, V., Blair, M. W., Soukup, A., Thompson, R. D. (2014). The role
of the testa during development and in establishment of dormancy of the legume seed.
Frontiers in Plant Science, 5. https://doi.org/10.3389/fpls.2014.00351

78. Souza, F. H. D. D., Marcos-Filho, J. (2001). The seed coat as a modulator of seed-
environment relationships in Fabaceae. Brazilian Journal of Botany, 24, 365-375.
https://doi.org/10.1590/S0100-84042001000400002

79. Stankovi¢, V., Kuzmanovié, N., Kabas, E., Vukoji¢i¢, S., Lakusi¢, D., Jovanovié, S.
(2022). Established stands of the highly invasive Echinocystis lobata on the Ramsar
sites of the southern part of the Pannonian Plain. Botanica Serbica, 46(2), Artykut 2.
https://doi.org/10.2298/BOTSERB2202197S

80. Stromberg, J. C., Boudell, J. A., Hazelton, A. F. (2008). Differences in seed mass
between hydric and xeric plants influence seed bank dynamics in a dryland riparian
ecosystem. Functional Ecology, 22(2), 205-212. https://doi.org/10.1111/5.1365-
2435.2007.01375.x

81. Tarabon, S., Bertrand, R., Lavoie, C., Vigouroux, T., Isselin-Nondedeu, F. (2018). The
effects of climate warming and urbanised areas on the future distribution of Cortaderia
selloana, pampas grass, in France. Weed Research, 58(6), 413-423.
https://doi.org/10.1111/wre.12330

82. Thuiller, W., Lavorel, S., Aratjo, M. B., Sykes, M. T., Prentice, I. C. (2005). Climate
change threats to plant diversity in Europe. Proceedings of the National Academy of
Sciences, 102(23), 8245-8250. https://doi.org/10.1073/pnas.0409902102

83. Tokarska-Guzik, B., Bzdega, K., Nowak, T., Urbisz, A., Wegrzynek, B., Dajdok, Z.
(2015). Propozycja listy roslin gatunkow obcych, ktore mogq stanowic¢ zagrozenie dla
przyrody Polski i Unii Europejskiej.

84. Vila, M., Espinar, J. L., Hejda, M., Hulme, P. E., Jaros$ik, V., Maron, J. L., Pergl, J.,
Schaftner, U., Sun, Y., Pysek, P. (2011). Ecological impacts of invasive alien plants: A
meta-analysis of their effects on species, communities and ecosystems. Ecology Letters,
14(7), 702-708. https://doi.org/10.1111/j.1461-0248.2011.01628.x

85. Walther, G.-R., Roques, A., Hulme, P. E., Sykes, M. T., Pysek, P., Kiihn, 1., Zobel, M.,
Bacher, S., Botta-Dukat, Z., Bugmann, H., Czicz, B., Dauber, J., Hickler, T., Jarosik,

43



86.

87.

88.

V., Kenis, M., Klotz, S., Minchin, D., Moora, M., Nentwig, W., ... Settele, J. (2009).
Alien species in a warmer world: Risks and opportunities. Trends in Ecology &
Evolution, 24(12), 686—693. https://doi.org/10.1016/j.tree.2009.06.008

Zajac, A., Tokarska-Guzik, B., Zajac, M. (2011). The role of rivers and streams in the
migration of alien plants into the Polish Carpathians. Biodiversity Research and
Conservation, 23, 43-56. https://doi.org/10.2478/v10119-011-0012-z

Zedler, J. B., Kercher, S. (2004). Causes and Consequences of Invasive Plants in
Wetlands: Opportunities, Opportunists, and Outcomes. Critical Reviews in Plant
Sciences, 23(5), 431-452. https://doi.org/10.1080/07352680490514673

Ziska, L. H. (2022). Plant Invasions, Rising CO2, and Global Climate Change. W D. R.
Clements, M. K. Upadhyaya, S. Joshi, A. Shrestha (Red.), Global Plant Invasions (s.
71-87). Springer International Publishing. https://doi.org/10.1007/978-3-030-89684-
34

44



Oswiadczenia wspélautoréow

Alicja Dofkin-Lewko
alicja_dolkin@sggw.edu.pl
Rada Dyscypliny Nauk Lesnych
Szkoty Gléwnej Gospodarstwa Wiejskiego

w Warszawie

Oswiadczenie o wspoélautorstwie

Niniejszym o$wiadczam, ze w pracy Dolkin-Lewko A., Zajaczkowska U. 2022, Threats
to ecosystems and methods for controlling invasive vines in temperate forests. Sylwan,
166 (4): 267-282 indywidualny udzial w jej powstaniu polegat na napisaniu samodzielnym
przeprowadzeniu kompleksowego przegladu literatury, opracowaniu koncepcji artykutu,
przygotowaniu i napisaniu caloSci manuskryptu, pelieniu funkcji autora

korespondencyjnego, wprowadzeniu poprawek na podstawie uwag wspdtautora i
recenzentow.

Podpis

el 4o EN VY Y






Warszawa, 0.0\ 20
Urszula Zajaczkowska
urszula_zajaczkowska@sggw.edu.pl
Rada Dyscypliny Nauk Le$nych
Szkoty Gtéwnej Gospodarstwa Wiejskiego

w Warszawie

Oswiadczenie o wspolautorstwie

Niniejszym oswiadczam, ze w pracy Dolkin-Lewko A., Zajaczkowska U. 2022, Threats
to ecosystems and methods for controlling invasive vines in temperate forests. Sylwan,
166 (4): 267-282 moj indywidualny udzial w jej powstaniu polegal na konsultacjach
merytorycznych w zakresie tematyki pracy, zgloszeniu uwag i sugestii dotyczacych tresci
manuskryptu, akceptacji ostatecznej wersji artykutu przed ztozeniem do druku.

Uyl






SYLWAN 166 (4): 267-282, April 2022
heeps://doi.org/10.26202/sylwan.2022012
Journal homepage: https://sylwan-journal.pl

REVIEW PAPER

Threats to ecosystems and methods for controlling
invasive vines in temperate forests

Alicja Dotkin-Lewko™, Urszula Zajaczkowska

Warsaw University of Life Sciences — SGGW, Faculty of Forestry, Department of Forest Botany,
ul. Nowoursynowska 159, 02-776 Warszawa, Poland

ABSTRACT

Climate change, attributable to anthropogenic greenhouse gas emissions, is widely believed to
be one of Earth’s greatest environmental threats. Forecasts from the literature indicate that the
growing greenhouse effect will have a serious impact on the migrations of organisms, causing
especial danger to forest ecosystems. Thus, better understanding of the biology of invasive plants,
which pose the risk of significantly reduced biodiversity in forest ecosystems, becomes of special
importance. Wetlands and river valleys, a significant part of which belong to Natura 2000 habitats,
are particularly vulnerable to such invasions. In the case of forests, this situation occurs in riparian
and alder carrs, where vines play an important role. This paper presents a review of the research
on invasive species of vines that pose a threat to ecosystems in the temperate zone. Celastrus
orbiculatus, Clematis vitalba, Echinocystis lobata and Parthenocissus inserta are climbers of impor-
tance for forestry and forest ecosystems. This paper also discusses current methods of controlling
these species when they occur in forest communities. Some strategies these species use to spread
and the threats they cause to forest communities are also described; the role of seeds and how
they spread have been given special attention. An outline of a research strategy for the invasive
species of wild climbing plants, the genomes of which, unlike the Arabidopsis model plant, are
poorly known, is also presented. In such a situation the most effective approach seems to be to
focus on Kinetics and biomechanics of shoots and tendrils, the movements of which determine
the potential for competition with autochthonic species.

KEY WORDS

Celastrus orbiculatus, Clematis vitalba, Echinocystis lobata, measures to limit spread, Parthenocissus inserta,
threats of native forest communities

Introduction

Climate change is one of the greatest environmental threats on Earth in the 21st century, which
results primarily from greenhouse gas emissions. Forecasts from the world literature predict that
the intensifying greenhouse effect will lead to serious migrations of organisms, causing particu-
lar danger to forest ecosystems (Thuiller ez a/., 2005). Thus, the problem of understanding the
biology of growth and development of allochthonous invasive plants, which compete with native
species and cause the risk of a significant reduction in biodiversity in forest ecosystems, acquires
special importance (Huntley, 1991).
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For thousands of years man has contributed to changes in the natural environment. However,
the beginning of these changes is usually considered to be the turn of the 15% to the 16% century,
when intense geographical discoveries took place, and the period of great human migrations
began. Plants migrated together with humans, settling new continents. Initially, foreign species
were considered harmless and were widely introduced to crops. Currently, most woody invasive
plants in the United States are believed to have been introduced for horticultural purposes
(Reichard and White, 2001). Favourable growing conditions and lack of natural enemies caused
these plants to spontancously occupy new areas and limit the growth of native species (Kotacz-
kowska, 2008). Nowadays, invasive alien species are one of the main threats to biodiversity
(Genovesi, 2005; Tokarska-Guzik ez al., 2015).

Kowarik (1995) distinguished two phases of land occupation by alien species. The first
consists of the slow colonization of new areas and the subsequent phase of rapid invasion. The
length of these phases depends on the life cycle of a given plant. In recent decades, significant
environmental changes have been observed around the world. Not only are parameters such as
temperature and increasing carbon dioxide emissions being monitored, but increasing attention
is also being paid to changes in native flora and fauna (Araujo and Rahbek, 2006). The most
important factor in the establishment of alien species in a new site is the prevailing climate. Some
of the plants brought to a new area are killed by drought or frost (Bradley ez /., 2009). Others,
that originate from areas with similar conditions, become established and begin to colonize new
areas. It is now thought that plant species may be harbingers of coming climate change due to their
high potential to colonize new areas and damage native species (Clements and Ditommaso,
2011). Non-native plants often respond positively to disturbances associated with climate
change, and some are more competitive due to increased carbon dioxide (Smith ez @/., 2000; Ziska
et al., 2005; Thuiller ez al., 2006). Therefore, in the face of climate change, many invasive plant
species will be in the process of developing appropriate adaptations (Davis and Shaw, 2001,
Christmas ez al., 2016). This could lead to exponential population growth of alien species in the
near future. Consequently, when assessing the threat of invasive species, their evolutionary
potential must be considered (Clements and Ditommaso, 2011). For this assessment, species
distribution models are used which suggest that the proportion of alien species, including invasive
species, will increase with climate change. Appropriate management and protection planning
are often crucial in conserving areas of special natural value (Vicente ef a/., 2013). It is believed
that alien species can lead to a complete disruption of the network of ecological relationships in
an existing ecosystem (Falifiski, 2004). The decrease in the number of native species, due to the
appearance of alien newcomers, has its consequences in terms of ecology, but also poses a threat
to the existing landscape (Hejda ez a/., 2009).

Different types of wetlands, such as marshes, swamps, floodplain communities, and river
valleys are particularly vulnerable to similar invasions. These provide favourable conditions for
colonization due to the availability of water, light, and nutrients (DeFerrari and Naiman, 1994).
A number of non-native wetland species form monotypes that alter plant community structure,
reducing diversity and modifying nutrient cycles (Zedler and Kerche, 2004). This process is
amplified near urban areas, where access to alien diaspores is virtually unlimited (Knapp e a/.,
2010; Dyderski and Jagodziriski, 2016). In the case of forest areas, a similar situation also arises
in riparian communities, where plants from the vine group are common. This is related to dis-
turbances in coastal zones, where coastal vegetation has been removed as a result of periodic
flooding or anthropogenic disturbances. Invasive plants affect ecosystems through changes in
the flow of energy and the cycling of matter, changes in habitat characteristics, and the use of
available resources (Grasi¢ e a/., 2019).
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In Europe, the problem of invasive vine species is becoming increasingly important
(Drake, 2009). Forecasts from the literature predict that the migration of organisms may pose
a threat to forest ecosystems. Therefore, the problem of understanding the biology of growth
and development of allochthonous invasive plants, which are competition for native species, is
of special importance, causing the risk of a significant reduction in biodiversity in forest ecosys-
tems. Currently, alien vines are found in many countries of Central and South-Eastern Europe,
where they pose a threat and where effective methods of their control are sought
(Sundarapandian ez a/., 2015).

Invasive vines in temperate forests

One of the most important roles among invasive vines in forest ecosystems is assigned to the
oriental bittersweet Celastrus orbiculatus Thunb., which is a naturally occurring vine in East Asia.
It was brought to the U.S. in the 18th century as a decorative plant, but after some time it became
a weed. Currently, it is an invasive species in the U.S. (Pande ez a/., 2007) and New Zealand
(Williams and Timmins, 2003). So far, this species has not posed a serious threat to European
forests, but similar environmental conditions for plant growth in the temperate zone indicate
that the risk of its appearance in Central Europe may occur relatively soon. Oriental bittersweet
can damage trees by girdling or interfere with forest regeneration by shading smaller native
seedlings and young trees. This plant remains in a dim place under the canopy for a very long
time, and responds to canopy disturbance with rapid growth, often overtopping trees (Greenberg
et al., 2001; Leicht-Young ez al., 2009). It grows up to 12 m in height. The diameter of the trunk
of this plant is about 5 cm, although specimens with DBH of 14 cm have been found. The flow-
ers are set on short stalks in one or more inflorescences. Fruits are round, 6-8 mm in diameter.
The seeds and fruits provide food for birds and mammals which could be the seed dispersal
vector (Lafleur ez a/., 2007). This vine is a threat to native flora and can often be found along
roadsides and forest gaps (Dreyer ¢# al., 1987). This species has the ability to modify habitats.
The presence of C. orbiculatus leads to higher soil pH and potassium, calcium and magnesium
levels. It also exhibits a high range of tolerance to habitat fertility levels and light availability
(Leicht-Young e al., 2009). The rapid growth of this vine leads to problems in silviculture by
arresting natural regeneration and seedling growth (McNab and Meeker, 1987). In addition, ori-
ental bittersweet damages young hardwood stands by stem girdling, increasing the risk of damage,
and eventually causing death (Putz, 1991).

In Central Europe, Echinocystis lobata (Michx.) Torr. & Gray, also known as wild cucumber,
is considered one of the most dangerous invasive vines in forest ecosystems. It is a North American
species, shown to be invasive in many countries (Tokarska-Guzik ez /., 2015; Ielciu ez al., 2017).
[t appeared in Europe at the turn of the 20th century. It was imported intentionally as a decora-
tive plant and, at the same time, brought in with cotton shipments (Bagiand Boszorményi, 2008).
The spontancous appearance of this plant in Europe was found in the early 20™ century. Currently,
it is found in many central and southeastern European countries such as Lithuania (Gudzhinskas,
1989), Latvia (Rutkovska e a/., 2011), Ukraine (Konishchuk ez a/., 2020), Russia (Vinogradova
et al., 2018), Romania (Ielciu ez a/., 2017), Hungary (Bagi and Boszorményi, 2008), and Slovenia
(Grasic ez al., 2019). It came to Poland around 1950, probably from Germany and Ukraine. The first
records of this vine in the wild came from areas near Krakéw and Lublin (Tokarska-Guzik,
2005). Currently, it is also on the list of Europe’s 100 most invasive alien species (Drake, 2009;
Vila ez al., 2009). Over the past few decades, this species has significantly increased its area of dis-
tribution. Wild cucumber is an annual vine in the Cucurbitaceae family (Barber, 1909; Silvertown,
1985). It is a very light-demanding species. It severely limits the availability of light to native
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species, preventing them from further growth. As it grows it climbs the surrounding herbaceous
plants, shrubs, and trees. It is characterized by very rapid growth during the growing season
(Klotz, 2009; Adamowski ez /., 2014). The stem grows to about 6-8 meters in length. The shoot
is sparsely hairy with numerous branching tendrils. The tendrils, located at the angles of the
leaves. grow to about 20 cm in length (Gerrath ¢z a/., 2008) and 4 of them are gathered at a node.
They constitute the primary climbing mechanism of this plant. When in contact with a support
or another plant, it hooks onto it with its tendrils, which then take the form of a spring (Bagi
and Boszorményi, 2008). Wild cucumber is a monoecious plant. It usually blooms from mid-
June to August (Gerrath ez al., 2008). The plant reproduces solely by seeds, which mature in the
fall and are released irregularly (Klotz, 2009). Most of them fall out of the fruit immediately after
opening, the rest only after it dries (Dylewski ez a/., 2018). Fresh, mature seeds are dormant and
must undergo stratification for successful germination (Choate, 1940; Bagi and Boszorményi,
2008; Grasi¢ e al., 2019). The weight of one thousand seeds is between 256.8-293.0 g, the spe-
cific gravity is 1.0847-1.0979 g/cm?® (Bagi and Boszorményi, 2008). Seeds usually germinate near
the mother plant (Dylewski ez /., 2018). They can also be carried by water currents, which
allows for rapid colonization of successive shoreline sections (Dajdok and Kacki, 2009; Klotz,
2009; Adamowski ez al., 2014; Grasic ef al., 2019). The seed lifespan is more than one year (Klotz,
2009). E. lobata prefers riverine woodland and anthropogenic habitats. Despite its wide range
of occurrence, the greatest threat to native biodiversity occurs in riverside herbaceous areas and
riparian edges (Priede, 2008; Kotaczkowska, 2010, 2012), of which a significant portion is included
in Natura 2000 habitats (Kotaczkowska, 2016).

The old man’s beard Clematis vitalba L. is a vine in the Ranunculaceae family, native to
Britain, Central and Southern Europe, and the Caucasus (Hill ez 4/., 2001). It is a woody, peren-
nial, deciduous vine and has been introduced as an ornamental plant in gardens worldwide
(Redmond and Stout, 2018). This plant produces bright flowers that bloom between July and
September (Hill e a/., 2001). Stems can grow an average of 2.3 m in 1 year, producing 20 new
nodes. The plant spreads by seed and adventitious roots. The average seed-fall is 65 seeds/m?
in 1 year and the estimated life of seed in the soil is 8-10 years (Gourlay ez a/., 2000). Its seeds
are dispersed by the wind; thus it is possible to spread diasporas from gardens and establish new
populations in the wild. It is considered an invasive species in many countries (Hill e7 4/., 2001).
It has become a well-known invasive plant threatening the existence of many New Zealand
native forest remnants. The old man’s beard is responsible for causing structural changes to for-
est canopies and facilitates the establishment of other invasive plants (Ogle ¢z /., 2000). The
vine climbs forest trees, forming a dense canopy, which can reduce healthy forest to a low thicket
of vines (Gourlay ¢ a/., 2000). The seeds of this species show a high degree of embryo dormancy,
which is a common feature of many invasive species occupying new areas. The main factors reg-
ulating the awakening of the embryos are light and temperature. Requiring coolness for germina-
tion has obvious potential ecological benefits for species growing in seasonal climates, delaying
germination until after winter when temperatures are more suitable for seedling growth and sur-
vival (Bungard e al., 1997). It seems that the ecological importance of the light requirement for
germination is primarily related to the avoidance of too deep germination in the soil, which could
be an important mechanism for detecting crown gaps, allowing seeds to grow in a more favourable
environment for plants (Grime ¢ 4/., 1981; Bungard e /., 1997). The plant colonizes forest edges
where there is plenty of light, and moves towards the center of the forest as the outer trees fall
over. [t accesses forests along roads, waterways, and other gaps. It can also be found along river-
banks and in gardens and shelterbelts. The development of seedlings under the canopy of the
stand is also observed, which may suggest the dispersal of seeds by animals (Bungard ez @/., 1997).
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The old man’s beard prefers the habitats of natural and plantation forests, riverbanks, agricultural
areas, coastland, grasslands, riparian zones, disturbed sites, shrublands, and urban areas (Gourlay
et al., 2000; Sundarapandian ez a/., 2015).

Parthenocissus inserta (A.Kern.) Fritsch, also known as thicket creeper, false Virginia creeper,
woodbine, or grape woodbine, is a woody vine native to North America. It was introduced to
Europe as an ornamental climber, where it then spread to neighboring areas and is now seen in
many European countries (Vegh ¢ al., 2015). It occurs mainly in deciduous forests, where it
climbs adjacent trees or covers the vegetation of the forest floor. It is also found as a shrub plant
in urban areas in less intensively developed places (Zielinski ez al., 2012). P, inserta penetrates
natural, semi-natural, and disturbed communities (Kozlovskiy ez a/., 2020). It is a sprawling
woody vine, which usually climbs to the height of 15-20 m (Zieliniski e7 a/., 2012; Kozlovskiy
et al., 2020). It is characterized by rapid growth of 1-2 m per year (Sottys-Lelek and Barabasz-
-Krasny, 2010). In riparian forests the vine creates a vast patch where it dominates, displacing
other species from the native plant layer. On the riverbanks, it forms dense thickets to occupy
a vacant niche. In the riparian forest, being the only representative of understory vegetation,
it climbs along the tree trunks of the first and second stracum. In the lower part, the shoots branch
little and lack leaves. In the crowns at illuminated places, they intensely branch, forming a dense
leaf mosaic. This vine is a competitor for light with the tallest trees (Kozlovskiy ez a/., 2020).
It employs small, branched tendrils with twining tips to latch on to existing supports and other
plants. The leaves are compound, with five leaflets. The flowers are small and greenish, pro-
duced in clusters in late spring, and mature in late summer or early fall into small blue-black
berries (Zieliniski ez al., 2012). P. inserta is closely related and often confused with P, quinquefolia (1..)
Planch (Virginia creeper). They differ in the way of climbing and the construction of the tendrils.
P, inserta, unlike P. quinquefolia, lacks tendrils, terminating in an adhesive disc. Consequently,
it only climbs bushes and trees, avoiding smooth surfaces (Gerrath and Posluszny, 1989; Kozlovskiy
et al., 2020). P inserta is a very temperature-resistant species — it tolerates temperatures to —30°C.
It is also drought tolerant. It grows well and develops without watering, tolerates drought with-
out damaging the aboveground organs. Reversible wilting of some leaves is observed. Buds and
seeds develop normally the following year after the drought. Self-seeding is recorded only in damp,
shaded places (floodplains, ravines, and gullies, ditches, shrubbery). P, inserta seeds collected in
the oak forest have the following characteristics: the weight of 1000 seeds was 28.1 £1.1 g, labo-
ratory germination 62%. Studies have shown that the duration of cold stratification (temperature
0-5°C) for seed germination should be at least 75 days, although seeds stored for 100 days are
most effective. (Kozlovskiy 7 a/., 2020). The species reproduces by seeds and rooting shoots.
The dispersion of seeds occurs with the participation of wind (anemochory), with water (hydro-
chory), spontaneously (autochory), or with the participation of animals (zoochory) (Sottys-Lelek
and Barabasz-Krasny, 2010; Kozlovskiy ez a/. 2020). However, in the presence of other fruits,
P, inserta berries are not readily eaten by birds. Most of the berries fall off the crowns of trees dur-
ing the winter, forming temporary seed banks from which new plants germinate in the spring
(Tomson and Grime, 1979; Kozlovskiy ez al., 2020).

Measures to limit spread in forests

Oriental bittersweet is highly competitive with native vegetation and potentially difficult to
manage in forests; therefore, various control methods are being examined (McNab and Loftis,
2002). Biological enemies of this plant include sac fungi: Microsphaera celastri YN. Yu & Y.Q. Lai,
Uncinula sengokui Salm., Amazonia celastri YX.Hu & B.Song) and insects: Hypothenemus eruditus
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Westw., Plinachtus bicoloripes Scott, Unaspis euonymi (Comstock), Trioza celastrae Li, Yponomeuta
sociatus Moriuti (Lynch, 2009). Methods of controlling this vine include mechanical and chemical
treatments. Young populations are controlled treated by cutting and applying triclopyr herbicide
to the regrowth about a month later. Larger vines can be pruned, and the stump treated with
the herbicide triclopyr (Dreyer, 1994; Mervosh and Gumbart, 2015).

Due to the high risk of E. /obata in Poland, there are treatments aimed at limiting its occur-
rence, primarily in forest areas, especially those under protection. Control treatments include
mechanical and chemical methods. Mechanical methods involve pulling and mowing plants
before they produce seeds. The best results are obtained by pulling out young seedlings in the
spring. During this period they are easy to locate and remove. These treatments should be
repeated annually, and the removed plants burned outside protected areas to reduce the risk of
further spread. Chemical methods involve applying substances containing glyphosate to the
plant, preferably in early spring (Kotaczkowska, 2016). However, the use of chemical methods,
especially in forested areas and near water, is highly controversial and prohibited in many
European countries (Starfinger ¢ a/., 2003). In the U.S., natural enemies of the plant such as the
beetle Acalymma vittata (F.) (Coleoptera: Chrysomelidae) have been reported to limit its spread
(Silvertown, 1985). In Europe, no insect species have yet been known to be effective as a bio-
logical method for the control and reduction of E. /obata (Buszko, 2015). However, it has been
noted that rodents and birds may be involved in the reduction of seeds that are their potential
food, but on the other hand, contributing to their dispersal by carrying and collecting them
(Dylewski ez al., 2019).

Old man’s beard C. vitalba has an adverse effect in lowland forests that can be attributed
to the high biomass accumulation of the vine in the treetops. Controlling the impact of such an
expansive plant using classical biological control is difficult because of the plant’s ability to pro-
duce so many wind-born seeds. Known effective biological control agents include Phytomyza
vitalbae Kaltenbach. Studies have shown that development of a P. vitalbae population can effec-
tively limit the growth of old man’s beard. Flies are abundant in early spring when plant growth
is fastest and can therefore have a greater effect on plant growth (Gourlay ez /., 2000; Hill ez al.,
2001; Paynter ¢z al., 2008). Other potential species, such as Xylocleptes bispinus (Duftschm.) and
Colletotrichum gloeosporioides (Penz.) Penz. & Sacc., have been effective in reducing the occur-
rence of old man’s beard, but since it is not the sole host, they may have negative effects on
other Clematis spp. (Gourlay ez al., 2000). Mechanical methods consist of cutting the vine shoot
at a height from the ground of 1 m and then painting the stumps with a combination of 2,4,5-T
and Multi-film penetrant (Smith, 1984). Old man’s beard regrowth should be controlled by
hand and/or by spot-spraying by substances containing 1% glyphosate (Ogle ez /., 2001).

Parthenocissus inserta is a competitor for native vegetation and hinders its development by
entangling with meandering shoots and shading the forest floor. Elimination of P. inserta should
be done mechanically by mowing and uprooting, especially of young specimens. Due to fre-
quent coexistence with other species, chemical methods are not recommended. The cultivation
of P, inserta should be avoided in the vicinity of commercial and natural forests, protected areas
and their surroundings, and watercourses. It is recommended that acoustic screens, openwork
structures, and buildings should not be planted with this vine (Stalmachovi ez @/., 2019). The
mechanical method involves cutting the shoots just above the ground surface (e.g., with a brush
cutter), and then removing the drying mass from the supports (e.g., trees and shrubs) and the
ground surface. Then all rooted parts of the species should be pulled out along with any new
individuals that appear in order to prevent the seed bank from remaining in the soil. This
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species should be controlled for at least 3-4 seasons. Another measure to limit the spread of the
plant is the removal of seedlings and weeding of the regrown plants by hand (Krzysztofiak ez al.,
2018).

Discussion

Opver the past few decades, ecologists have been interested in how invasive plants affect ecosys-
tems. Negative interactions between non-native and native species in forests are an important
topic in ecosystem research (Mack ez a/., 2000). It is believed that mature and old forests do not
contain numerous invasive vines, because their development is limited by the low level of light
reaching the forest floor (Brothers and Spingarn, 1992). In studies by Pavlovic and Leicht-Young

Table 2.

List of invasive vines species with a description of the different methods of controlling them in various
studies

Species  Mechanical method Chemical method Biological method

sac fungi (Lynch, 2009):
— Microsphaera celastri,

— Uncinula sengokui

— Amazonia celastri
insects (Lynch, 2009):

Celastrus ) applying triclopyr herbicide — Hypothenenmus eruditus,

. cutting down plants : . .
orbiculatus (Drever, 1994) (Dreyer, 1994; Mervosh — Plinachtus bicoloripes
Thunb. yen and Gumbart, 2015) = Unaspis ewonymi

— Trioza celastrae

— Yponomeuta sociatus
birds (Lafleur ez a/., 2007):
— Sturnus vulgaris

— Turdus migratorius

. . insects (Silvertown, 1985):

Echinocystis . . .
Iobata pulling and mowing plants — Acalymma vittata
((Michx.) before they produce seeds  applying glyphosate herbicide ~mammals (Dylewski ez a/., 2019):
Torr ’ pulling out young seedlings  (Kotaczkowska, 2016) - rodents
& G.ra ) (Kotaczkowska, 2016) virus (Rist and Lorbeer, 1989)
v — Cucumber Mosaic Virus
insects (Gourlay ez al., 2000):
spraying or painting the stumps Phytomyza vitalbac
cutting the vine shoot at with' a combination of 2,4,5-T = Monop ﬁaﬂ’nu.s I‘{) inolae
o . = Xylocleptes bispinus
) a height between the ground and Multi-film penetrant )
Clematis . ) — Thyris fenestrella
. level and 1 m (Smith, 1984) (Smith, 1984) ) )
vitalba 1. ) . . — Horisme vitalbata
pulling out young seedlings spot-spraying by substances Velanthia procellata
by hands (Ogle ¢z a/., 2001)  containing 1% glyphosate e ’
(Ogle et al., 2001) fungi (Gourlay ez al., 2000):
g v — Phoma clematidina
— Colletotrichum gloeosporioides
mowing and uprooting,
Partheno- especially of young specimens
cissus inserta  (Stalmachovd ez al., 2019) not recommended no data
(A.Kern.)  cutting the shoots just (Stalmachovd ez al., 2019)
Fritsch above the ground surface

(Krzysztofiak ez al., 2018)
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(2011) on the vines of the southern region of Lake Michigan in mature and old forests, Celastrus
orbiculatus was present in 30% of the research areas. This species was observed on tree trunks and
in a few cases reached the canopy. It was mainly a component of the ground layer. C. orbiculatus
is considered a serious threat to mature forests as it will persist in the ground layer until a canopy
gap or other disturbance provides light. It will then rise to the canopy level and damage mature
trees in the stand. As a result, forests in which this vine is present should be monitored by land
managers so that the vine can be effectively controlled in times of low density and limited
range.

The old man’s beard C. vitalba is one of the most problematic invasive species in New
Zealand’s forests. Many ecological and governmental communities are looking for effective
ways to control this vine using mainly mechanical and chemical methods (Ogle ¢z /., 2001).
In the studies of Bungard ¢7 4/. (2012), no old man’s beard was observed in the preserved fragments
of the natural forest. On the other hand, this creeper appeared in disturbed parts, most often in
gaps in the stand, where the light level exceeded 5%. Many species of invasive vines use the
gaps in the stand to grow and, consequently, expand their range and drown out the existing veg-
etation.

Riparian zones of forest vegetation play an important role in the structure and functions of
aquatic ecosystems as the most fertile and productive parts of the landscape (Naiman 7 4/., 1993).
Disturbances to riparian zones increase their vulnerability to invasion by alien plant species,
through transport of propagules by water currents (Richardson ez a/., 2007). The wild cucumber
E. lobata has significantly increased its range in recent years, as a result of the transmission of
seeds by water currents. In studies by Dyderski and Jagodzirski (2016), over a period of 30 years
wild cucumber appeared on more than 80% of the studied areas, in places where it had not been
recorded before. In studies by Kopeé ¢z a/. (2014) on the response of floodplain vegetation to
hydroengineering and climatic pressure, an increase in wild cucumber in the alder carrs Ribeso
nigri-Alnetum was demonstrated; the species was maintained in the disturbed vegetation of riparian
forest Poo trivialis-Alnetum. In research by Borisova (2011) on invasive species of the Upper Volga
River, it was found that wild cucumber is one of the most aggressive plants and plays the role
of a transformer. It has established itself in various natural ecotypes and is abundant in damaged
habitats. This species shows a wide spectrum of adaptive responses, high ecological plasticity,
high seed productivity, and stability to adverse environmental factors. Research by Protopopova
et al. (2015) has shown that wild cucumber belongs to the group of transformer plants and
changes plant phytocoenoses, floristic composition, and structure of such communities as river-
bank willow thickets, alder forests, and floodplain meadows, suppressing the aboriginal species
and preventing initial plant communities from recovery.

Parthenocissus inserta is present in natural and semi-natural habitats, especially the outskirts
of populated areas, abandoned parks, and old plantings (Panasenko and Anishchenko, 2018).
Research by Kozlovskiy ez a/. (2020) showed that this species of vines is a sub-edificator in ripar-
ian forests in the herbaceous layer. It is the dominant element and creates a stable plant com-
munity. [t is often the only component of the undergrowth layer from where it grows into other
trees with which it competes for light. This species changes the nature of forest biocoenoses
over large areas. According to research by Panasenko and Anishchenko (2018), an indicator of
a successful invasion by this vine in forest communities is the formation of syn-taxonomically
valid plant variants of Corylo avellanae-Pinetum sylvestris.

The seeds of many invasive species require periodic cooling. For example, seeds of old
man’s beard germinate best with periodic cooling and more than 5% light availability (Bungard
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et al., 2012), and the seeds of wild cucumber need at least 3-6 weeks to germinate effectively
(Bagi and Boszorményi, 2008). Likewise, P, inserta only sprouts after 75 days of coolness (Kozlovskiy
et al., 2020). The dormancy of the embryos is of great evolutionary importance, especially if it
concerns species from a temperate climate, where there is seasonality. This allows these seeds
to overwinter through an unfavorable period, then germinate in optimal conditions, ahead of
native species. Another feature of the seeds of invasive species is the long viability of the seeds,
8-10 years for old man’s beard (Gourlay ez /., 2000), and more than one year for wild cucumber
(Klotz, 2009). A high level of wild cucumber seed production, where one plant is able to pro-
duce 40-160 seeds, and a high germination capacity of about 70% favours the spread of the
species and its rapid growth, which, together with the simple provision of conditions necessary
for growth, leads to the displacement of other species (Protopopova ez al., 2015). This allows it
to survive unfavourable periods of drought or cold and to germinate in the next growing season.

There is a lot of research into methods of controlling invasive vine species. Most of the
research has been focused on mechanical methods, which are mainly limited to cutting whole
plants or uprooting young seedlings (Smith, 1984; Dreyer, 1994; Ogle ez al., 2001; Kotaczkowska,
2016; Krzysztofiak ez al., 2018; Stalmachovd ez a/., 2019). However, these methods are not very
effective and to a large extent limited, seeing that these invasive climbing plants persist in for-
est ecosystems. Many of these vines are associated with aquatic and naturally valuable habitats,
where the possibility of using chemical methods is significantly limited (Starfinger ez /., 2003).
The current known biological methods are not always applicable, and it is necessary to conduct
a detailed examination of the organisms intended to fight a given species in terms of potential
damage to the natural environment (Lynch, 2009). Uncontrolled expansion of invasive species,
especially in areas with strong anthropogenic pressure, may result in unfavourable natural suc-
cession and, consequently, destabilization of the ecological system in a given area (Fortuna-
-Antoszkiewicz ez al., 2008). Many invasive vines pose a threat to native plant species. Therefore,
it is essential to develop effective control methods to limit the expansion of these species.
In recent decades, in the literature on plant biology, attention has been directed mainly to molec-
ular and biochemical studies, conducted primarily on taxa with a fairly well-studied genome, 7.e.,
numerous mutants of the model plant Arabidopsis, as well as various varieties of cultivated plant
species of fundamental importance for agriculture. In the case of work on wild climbing species,
with the character of invasive plants, whose genome is usually very poorly understood, it seems
more expedient to apply a different strategy. In this situation, it seems most effective to focus
on problems related to kinetics and biomechanics, shoots and tendrils, whose movements deter-
mine the possibility of competition with indigenous species (unpublished data of the Department
of Forest Botany of the Warsaw University of Life Science — SGGW). They provide an oppor-
tunity for a detailed study of the mechanisms of growth of these vines and analysis of the geometry
of its movements, which in the future may be used to develop effective methods of control, espe-
cially when vines invade areas of particular natural value.
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STRESZCZENIE

Zagrozenia dla ekosysteméw i metody zwalczania inwazyjnych
pngczy w lasach klimatu umiarkowanego

Od wielu setek lat cztowiek przyczynia si¢ do zmian w Srodowisku przyrodniczym. Uznaje si¢
jednak, Ze to ostatnie dziesi¢ciolecia jego dzialalnosci najbardziej wpltynely na obecny ksztale
flory na Ziemi. Przelom XV i XVI wiceku to czas intensywnych odkryé geograficznych oraz
migracji ludnosci. Wraz z cztowiekiem migrowaty réwniez rosliny, zasiedlajac nowe kontynenty.
Dobre warunki wzrostu i brak naturalnych wrogéw sprawity, Ze rosliny te spontanicznie zajmo-
waly nowe tereny, ograniczajgc przy tym rozwéj rodzimych gatunkéw. Znane z literatury $wia-
towej prognozy przewidujg, ze nasilajacy si¢ efekt cieplarniany skutkowa¢ bedzie powaznymi
migracjami organizméw, powodujgc szczegdlne niebezpieczeristwo dla ekosysteméw lesnych.
Uwaza si¢, ze najwazniejszym czynnikiem dla zadomowienia si¢ obcych gatunkéw w nowym
miejscu jest panujgey tam klimat. Czgsé przywleczonych na nowy teren roslin ginie na skutek
panujgcych w tym miejscu susz lub mrozéw. Inne, pochodzace z terenéw o podobnych warun-
kach, zadomowig si¢ i zaczng zajmowac nowe terytoria. Uwaza si¢, ze obce gatunki roslin mogg
by¢ zwiastunami nadchodzacych zmian klimatycznych, ze wzglgdu na ich duzy potencjat zasie-
dlania nowych terenéw oraz powodowania szkéd wsréd gatunkéw rodzimych. Rosliny obcego
pochodzenia pozytywnie reagujg na zaburzenia zwigzane ze zmiang klimatu, a nicktdre sg bardzicj
konkurencyjne z powodu zwickszonej ilosci dwutlenku wegla. W zwigzku z tym, w obliczu zmian
klimatycznych, wiele inwazyjnych gatunkéw roslin bedzie w trakcie tworzenia odpowiednich
adaptacji. Moze to prowadzi¢ do wykladniczego wzrostu populaciji obcych gatunkéw w najblizszej
przysztosci. Ocena zagrozenia inwazyjnych gatunkéw musi wiee uwzgledniad ich potencjat ewolu-
cyjny. W tym aspekcie specjalnego znaczenia nabiera problematyka poznania biologii wzrostu
i rozwoju allochtonicznych roslin inwazyjnych, stanowigcych konkurencj¢ dla gatunkéw rodzi-
mych i stwarzajacych ryzyko istotnego obnizenia réznorodnosci biologicznej w ekosystemach
lesnych. Szczegdlnie narazone na tego typu inwazje sg szuwary, tereny podmokle i doliny rzeczne,
ktérych znaczna czg¢sé nalezy do siedlisk Natura 2000. W przypadku obszaréw lesnych taka
sytuacja wystepuje w zbiorowiskach tegowych i olszowych, gdzie istotng rol¢ odgrywaja rosliny
z grupy pngczy. Do tej pory biologia inwazyjnych gatunkéw pnaczy nie byta przedmiotem zbyt
intensywnych badari w Europie, a literatura w tej dziedzinie zwykle odnosi si¢ do badari
prowadzonych na innych kontynentach. W artykule przedstawiono przeglad badari nad inwa-
zyjnymi gatunkami pnaczy, ktére stanowig zagrozenie dla ekosysteméw na innych kontynentach
(Ameryka Pétnocna, Oceania i Europa). Gelastrus orbiculatus, Clematis vitalba, Echinocystis lobata
i Parthenocissus inserfa sa pngczami waznymi dla lesnictwa i ekosysteméw lesnych (tab. 1). W ciggu
kilku ostatnich dekad ekolodzy interesowali si¢ tym, jak obce inwazje wpltywajg na ekosystemy.
Negatywne interakcje migdzy gatunkami nierodzimymi i rodzimymi w lasach s3 waznym tema-
tem w badaniach ekosysteméw. Uwaza si¢, ze w dojrzatych i starych lasach nie ma licznych inwa-
zyjnych pnagczy, gdyz ich rozwdj jest ograniczony przez niski poziom nat¢zenia Swiatta
docierajgcego do dna lasu. Badania nad pngczami wykazujg ich przewage nad rodzimymi gatun-
kami ze wzglgdu na wiele adaptacji, takich jak dluga Zywotnosé nasion oraz wysoki zakres tole-
rancji na wiele czynnikéw, co pozwala im wygrywaé konkurencj¢ o zasoby. W pracy oméwiono
réwniez stosowane obecnie metody zwalczania tych gatunkéw w przypadkach, gdy wystgpuja
one na siedliskach szczegélnie cennych przyrodniczo oraz w zbiorowiskach lesnych (tab. 2).
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Istnieje wiele badari dotyczacych metod zwalczania inwazyjnych gatunkéw z grupy pngczy.
Wigkszos¢ z nich skupia si¢ na metodach mechanicznych, ktére ograniczajg si¢ gtéwnie do cie-
cia catych roslin lub wyrywania mtodych. Metody te sg jednak mato skuteczne i w duzym stopniu
ograniczone, ze wzgledu na szybkg kolonizacj¢ nowych przylegajacych terenéw oraz wykorzy-
stywanie pragdéw wodnych do kolonizacji linii brzegowej. Wiele z tych roslin jest zwigzanych
z siedliskami wodnymi i cennymi przyrodniczo, gdzie mozliwosci stosowania metod chemicznych
sg znacznie ograniczone. Dotychczas znane metody biologiczne nie zawsze majg zastosowanie
i konieczne jest przeprowadzenie szczegétowych badani organizméw przeznaczonych do walki
z danym gatunkiem pod katem potencjalnych szk6d w srodowisku naturalnym. Opisano réwniez
nicktdre strategie rozprzestrzeniania si¢ tych gatunkGéw oraz zagrozenia, jakie stanowig dla drzewo-
stanéw. Zwrécono szczegblng uwage na rolg nasion i sposoby ich rozprzestrzeniania. Przedsta-
wiono réwniez zarys strategii badawczej nad inwazyjnymi gatunkami dzikich roslin pnacych,
ktérych genom, w przeciwieristwie do rosliny modelowej Arabidopsis, jest bardzo mato poznany.
Zwrécono uwage, ze w takiej sytuacji najskuteczniejsze wydaje si¢ skoncentrowanie si¢ na za-
gadnieniach zwigzanych z kinetykg i biomechanikg pedéw i waséw, ktérych ruchy decyduja o poten-
cjale konkurowania z gatunkami autochtonicznymi.
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One of the significant challenges related to climate change is the migration of invasive plant species,
particularly in vulnerable habitats like wetlands and river valleys. Wild cucumber (Echinocystis lobata), an
invasive vine, has rapidly expanded across Europe, disrupting native vegetation and altering ecosystems. This
study investigated the growth dynamics, climbing behavior, and plant anatomy of wild cucumber in relation
to support density (5 cm, 20 cm, and 50 cm spacing). Using time-lapse imaging and biometric analysis, we
observed the highest growth rates in the densest support variant (5 cm), where the mean growth rate reached
0.78 mm/min, compared to 0.57 mm/min in the 50 cm variant. Nutation movements were more intense
during early growth stages and stabilized upon attachment to supports. Anatomical studies revealed
a lightweight structure with a hollow pith, reinforced sclerenchyma and collenchyma, facilitating efficient
climbing and mechanical stability. These findings highlight the adaptive mechanisms of wild cucumber and
provide insights into its competitive advantage as an invasive species. Future research should explore its
growth on natural supports to inform management strategies in ecologically vulnerable areas.

Keywords: alien species, climbing mechanism, growth rate, invasive plant, shoot anatomy

INTRODUCTION

Rapid changes in the natural environment due to
climate change are reflected in the migration of
organisms. Various habitat types in wetlands
and river valleys are particularly vulnerable to
alien species. Riparian forests, found along the
banks of rivers and streams, are susceptible eco-
systems, greatly impacted by invasive alien spe-
cies (Richardson et al., 2007).

In these environments, invasive species signif-
icantly disrupt biodiversity and ecosystem func-
tions by outcompeting native vegetation and alter-
ing habitat structure (Richardson et al., 2007;
Kominoski et al., 2013). These species often have
aggressive growth habits, leading to reduced spe-
cies diversity, altered community dynamics, and
degraded habitats for wildlife (Pysek et al., 2013;
Catling, 2005). Additionally, invasive plants can
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modify ecosystem processes, including soil proper-
ties, nutrient cycling, and hydrology, further threa-
tening ecological integrity (Charles and Dukes,
2007; Miniat et al., 2021). This issue is particularly
pronounced near urban areas, where seed avail-
ability from parks and home gardens facilitates
the introduction of invasive species (Tarabon et al.,
2018). Invasive vines from urban areas, such as
wild cucumber further exacerbate biodiversity loss
by forming dense monocultures that displace na-
tive plants (Dylewski et al., 2018; Dotkin-Lewko
and Zajaczkowska, 2022). Invasive species in wet-
lands also tend to form monotypes, which intensi-
fies biodiversity loss (Gebauer et al., 2016).

In Europe, this problem is becoming increas-
ingly critical, as one of the invasive species of
vines, wild cucumber (Echinocystis lobata (Michx.)
Torr. & Gray), has recently been included in the list
of 100 of the most invasive alien species on the
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continent (Vila et al., 2009). Wild cucumber is
a North American species that became invasive in
Europe at the turn of the 20th century (Bagi and
Boszorményi, 2008) and is found in many Central
and Southeastern European countries such as
Latvia, Lithuania, Poland, Slovakia (Kostrakie-
wicz-Gieralt et al., 2022), Croatia (Hulina, 1998),
Ukraine, Hungary (Bagi and B6szérményi, 2008),
Russia (Borisova, 2011), Romania (Curtean-Bana-
duc et al., 2011), and Slovenia (Zelnik, 2012). Over
the last few decades, the distribution area of this
species has significantly increased (Hulina, 1998).
Wild cucumber is recognized for its rapid
growth and its ability to colonize new habitats by
climbing onto surrounding vegetation using ten-
drils (Bagi and Bo6szérményi, 2008; Kostrakie-
wicz-Gieralt et al., 2022). The plant’s tendrils form
spring-like structures upon contact with supports,
enabling attachment to the surrounding vegeta-
tion. This mechanism allows the plant to grow ra-
pidly, reaching lengths of 6-8 meters (Silvertown,
1985; Bagi and B6szérményi, 2008). While re-
search has focused on its ecological impacts, such
as forming dense monocultures and outcompeting
native species (Kostrakiewicz-Gieralt et al., 2022),
there is a notable lack of detailed anatomical and
biomechanical studies on the wild cucumber
growth, which are crucial for understanding of
the process of colonizing new areas. The anatomi-
cal structure of wild cucumber shoots is largely
unexplored, and the cross-sectional images pre-
sented in this study address this gap, contributing
new knowledge to the literature on Cucurbitaceae
species. While the anatomy of more well-known
Cucurbitaceae species has been studied (Mo-
hammed and Guma, 2015; Luchian and Teodosiu,
2019), wild cucumber remains under-researched
in this context. Although plant growth Kkinetics is
increasingly used to study various species (Ker-
ckhoffs et al., 1997; Yazdanbakhsh and Fisahn,
2010; Michaletz, 2018), its application to invasive
plants is still limited. Studying the growth kinetics
of invasive plants, such as wild cucumber, pro-
vides valuable insights into their population dy-
namics, spread patterns, and ecological impacts.
In this context, it seems most effective to start
research by focusing on the kinetics and biome-
chanics of the shoots and tendrils, whose move-
ments determine their ability to compete with na-
tive species. Research on the kinetics of wild
cucumber growth will facilitate a deeper under-
standing of this vine’s growth mechanisms, which
can, in turn, aid development of effective control

methods, especially in ecologically sensitive areas.

This research is especially important given that

managing the spread and abundance of this vine

is a growing challenge across many European
countries, a problem likely to intensify with cli-

mate change (Sundarapandian et al., 2015).

The purpose of this research is to investigate
the growth dynamics, climbing behavior, and
anatomical adaptations of wild cucumber (Echino-
cystis lobata) in relation to varying support densi-
ties. By analyzing the plant's growth rates, nuta-
tion movements, and shoot structure, the study
aims to uncover how these factors contribute to
its invasive success in riparian habitats.

Such knowledge is essential for devising ef-
fective management strategies to mitigate the ne-
gative impacts of invasive species on biodiversity
and ecosystem function.

Therefore, we put forward the following hy-
potheses:

1. The growth rate and climbing efficiency of wild
cucumber are enhanced by denser supports
(5 cm), promoting faster vertical growth com-
pared to sparser supports (50 cm).

2. The anatomical structure of the wild cucumber
shoot is adapted to form a lightweight yet dur-
able construction, supporting its rapid growth
and climbing ability.

MATERIALS AND METHODS
RESEARCH MATERIAL

The seeds of plants used in the experiment
were collected from a natural site near the vil-
lage of Gassy, located near Warsaw, Masovian
Voivodeship, Poland (52.07887291095115,
21.207374837430606). The site is located in
the floodplain areas of the Vistula River and
is similar to the habitat of Populetum albae
Br.-Bl. 1931. The seeds were obtained at the
end of the growing season (end of September
and beginning of October) in 2020 and 2021.

TIME-LAPSE IMAGING

Observations were carried out at the Department
of Forest Botany, Warsaw University of Life
Sciences, Poland. Wild cucumber plants (Echino-
cystis lobata (Michx.) Torr. & Gray) were planted
in pots with a diameter of 12 cm for the movement
and growth experiments. The experiment involved
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three variants of support distribution: every 5 cm,
every 20 cm, and every 50 cm (Fig. 3). The wooden
supports were placed horizontally in relation to
the plant growth direction. The lowest horizontal
support was placed 30 cm above the soil surface
in all experimental variants. The data was col-
lected in the years 2020-2023. All plants were
grown under controlled lighting (HPS Phytolite
600 W lamp, photon flux 1045 pmol m™2 s™*, lu-
minous flux 100 klm) and temperature (21°C).
The plants were watered automatically using
a drip irrigation system (Gardena, Ulm, Germa-
ny). After developing their first pair of mature
leaves, when they were about 20-35 cm in length,
the plants were photographed with the Ricoh GR
and Ricoh GX200 cameras (Ricoh, Tokyo, Japan)
with a built-in intervalometer. The images were
captured from one direction, with the camera
lenses set perpendicular to the plant's axis. The
shutter was released every 15 minutes. The re-
sulting images were combined into a 10 fps video.
The following were used for the analysis: 13 re-
cordings of the 5 cm variant and 12 recordings
of the 20 and 50 cm variants.

Next, an analysis was performed based on the
resulting video using Tracker (https://www.cabril-
lo.edu/~dbrown /tracker/), an application based
on the Open Source Physics (OSP) Java framework
and designed for kinetic analysis of video objects.
The recordings were used to measure the plant
growth parameters. The tape measure and point
mass tools were used to determine the length of
the shoots and to change the position of the apex
relative to the areas of the X- and Y-axis photo-
graphed over time. The center of the coordinate sys-
tem is the base of the plant. The plant length after
alignment refers to the length measured from the
base of the plant to the apex, accounting for any
distortions or deviations due to the plant's lean or
position relative to the camera. To address these
artifacts, a trend line was drawn (polynomial
of the 2”9 degree, due to the very good fit,
R2? = 0.975-0.995) to correct for the plant's tilt,
and the corrected plant length parameters were
calculated. Quantitative measurements of the in-
crease in shoot length were complemented by ob-
servations regarding the movement of tendrils.

SHOOT GEOMETRY

To complement the research, cross-sections of
the shoots of ten plants were scanned. Samples
were collected at 5 cm intervals, starting from the

base of the plant, in the place where the shoot
emerges from the soil, which corresponds to the
soil level in the pot, and finishing the last mea-
surement directly under the top of the shoot.
Using Imaged (https://imagej.nih.gov/ij/), a pro-
gram based on the OSP Java framework, the fol-
lowing parameters were measured: shoot cross-
sectional area, tissue area (the area constituting
the hollow pith was not included in the measure-
ments), perimeter, and circularity. The circularity
of the shoot cross-sections was quantified using
the formula:

. . 47 - Area
Circularity = Perimeter?
Due to variations in plant height, measurements
were taken from the scanned cross-sections at five
specific points along the shoot: the base, 1/4, 1/2,
3/4 shoot height, and the top.

MICROSCOPIC OBSERVATIONS

To investigate the anatomical adaptations of
climbing stems, cross-sections were taken from
three different stem variants during the prelimin-
ary study. However, no significant anatomical dif-
ferences were observed between these variants.
Based on this finding, the anatomical analysis
was focused exclusively on the shoot region where
tendrils attach to the support (mostly between
50-80 cm, depending on the attachment point of
the tendrils). The plants were grown under con-
trolled conditions with supports spaced every
5 cm to ensure tendril attachment. For anatomi-
cal studies, fresh fragments of shoots were
sampled from the places where the tendrils were
attached to the support and cut immediately after
collection. Shoot fragments were attached to the
microtome holder with commercial glue and seri-
al-sectioned at 60 um using a VT1000 S vibratome
(Leica). Unstained sections were examined under
a light microscope in a bright field (BF). The sec-
tions were then immersed in a drop of aniline blue
and incubated for 5 min. They were then viewed
using UV-excited autofluorescence (NU). Another
section of the same sample was treated with com-
mercial Herzberg reagent to distinguish the ligni-
fied cell walls from non-modified ones, and with
Mayer's Mucicarmine stain solution with Lugol
solution (Lotocka, 2023) to confirm general ana-
tomical conclusions and detect starch grains. Ob-
servations were carried out using a Provis AX70
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light microscope (Olympus Corporation) equipped
with a UC90 digital camera (Olympus Corpora-
tion). Images were saved at 3384 x 2708 pixel re-
solution as tiff files using the OLYMPUS cellSens
Standard 1.18 software (Olympus Corporation).
For publication purposes, selected representative
images were adjusted using nondestructive tools
of Photoshop CS6 Extended (Adobe Systems Inc.).
Images of uneven sections were prepared using
focus-stitching of several optical “sections”; (Auto-
Blend Layers tool), and images of large areas were
obtained by combining several images using the
Automate-Photomerge tool.

GROWTH QUANTIFICATION
AND STATISTICAL ANALYSIS

The analysis adopted a significance level (a) of
0.05 for all statistical tests. A linear mixed model
(LMM) was used for all analyses of plant growth,
estimated using Restricted Maximum Likelihood
(REML) with the nloptwrap optimizer. Multicolli-
nearity among predictors was assessed using the
Variance Inflation Factor (VIF), with a VIF below
3.0 indicating a low correlation (Zuur et al., 2010).
The Shapiro-Wilk test was used to assess the nor-
mality of the variable distributions. Plant growth
data were analyzed using the R Statistical lan-
guage (version 4.1.1; R Core Team, 2021). The
plant growth rate was quantified as the aggregate
of differences in plant length after alignment be-
tween two successive measurements (at times t+1
and t), separated by 15-minute intervals. This was
calculated using the formula:

plantgrowthrate; 1 = lengtha fteralignment,
— lengtha fteralignment,

The term "length after alignment" refers to the ad-
justed length of the plant, accounting for any de-
viations from the camera's perspective. This ad-
justment is necessary to correct for any artifacts
or distortions caused by the plant’s lean or tilt
relative to the camera during image capture.
Reporting of the regression coefficients for in-
teraction effects was based on evaluation of esti-
mated marginal means (EMMs) and contrast ana-
lyses to decipher the relationship between plant
growth rate and different levels of support, while
maintaining the normalized plant length after
alignment constant at 0 mm (corresponding to
a non-normalized value of 508 mm). The devia-

tion of a plant's apex from the X- and Y-axes was
quantified as the aggregate of absolute differ-
ences in position deviations between two succes-
sive measurements (at times t+1 and t), separated
by 15-minute intervals. This was calculated
using the formula:

Azpy + Ay = |1 — @] + Y1 — Wl

The frequency of the nutation movement was es-
timated for each plant based on full-day observa-
tions. Due to the varying number of measurement
points for individual plants, this approach was
adopted to maintain consistency. Nutation move-
ment was characterized as the range between the
two minimum deviation values along the x-axis,
as defined by the following equation:

Nutation movement = minAx; 11 — minAx;, wherei=1,....k

Here, Ax; represents the difference between two
successive measurements, defined as
Axi =X+1- X, Where t =1, ..., T. In these equations,
k represents the daily frequency of nutation move-
ments for the plant under observation and T de-
notes the number of measurement points per day,
which is a fixed value specific to each plant. Ana-
lyses of shoot cross-section data were conducted
using the PAST (https://past.en.lo4d.com/),
a program based on the OSP Java framework.
Due to the different lengths of plant shoots, and
thus the variable number of cross-sections, frag-
ments from shoots of different heights were se-
lected for the statistical analysis. The data were
subjected to statistical analysis to determine the
differences between particular cross-sections.
One-way ANOVA tests were performed, and Tu-
key’s post-hoc test was used to determine the dif-
ferences between the groups.

RESULTS

TIME-LAPSE IMAGING

Each measurement provided a detailed account of
the plant's length and the deviation values of the
shoot tips along both the X- and Y-axes, categor-
ized by support conditions (Supp. table 1).

The study of plant movements showed signif-
icant differences in growth rates depending on
the density of supports. Plants with 5 cm sup-
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ports exhibited the highest mean growth rate
(0.78 mm/15 min), followed by those with 20 cm
supports (0.75 mm/ 15 min), and lastly, those with
50 cm supports (0.57 mm/15 min) (Fig. 1a). The
variability in growth rates was the highest for the
20 cm support (0.30 mm/ 15 min), followed by the
5 cm support (0.25 mm/15 min), and the 50 cm
support (0.16 mm/ 15 min). Over time, the changes
in growth rates of individual shoots were slightly
skewed in the 20 cm support group, as suggested
by the median (0.77 mm/15 min) being higher
than the mean. Shapiro-Wilk tests confirmed
normality for most distributions, except for slight
skewness in the 20 cm support group. Plants
with unlimited access to supports (5 cm) grew
faster than those that could not attach them-
selves to a support and had to explore the space
horizontally (50 cm) (Fig. 1a). The EMMs con-
firmed these growth trends (Fig. 1b). For 5 cm
supports, the estimated growth rate was
0.78 mm/15 min (95% CI: [0.664, 0.891]). In-
creasing support spacing to 20 cm resulted in
a slight and statistically insignificant increase to
0.80 mm/15 min (95% CI: [0.685, 0.921]), due to
overlapping confidence intervals. For 50 cm sup-
ports, the growth rate significantly decreased to
0.55 mm/15 min (95% CI: [0.432, 0.668]), con-
firmed by non-overlapping confidence intervals.
A significant decrease in the growth rate was ob-
served as the support height increased from 5 cm
to 50 cm (p = 0.019). These results indicate a non-
linear relationship between the plant growth rate
and the support height. Similarly, in the case of
supports with a 20 cm step size, the growth rate
was significantly higher than that of plants grown
on supports with a 50 cm step size.

The analyses also showed that support den-
sity significantly influenced the deviation of the
plant’s apex from the X- and Y-axes (Fig. 2a).
The 5 cm support variant exhibited the highest
variability in nutation movements, which is re-
flected in the larger difference between the mean
and median of X-axis deviations. This suggests
that shoots in this variant changed their growth
direction more frequently while searching for
a stable support. For plants grown with 5 cm sup-
ports, the mean deviation was 24.93 mm
(SD = 33.73 mm), with a median of 20.07 mm.
The range (0-1,775.06 mm) and skewness
(24.27) indicated frequent extreme values. For
20 cm supports, the mean deviation was
28.78 mm (SD = 32.87 mm), with a range of
0-1,116.36 mm. The distribution was more uni-

form, with skewness (15.29) and kurtosis
(410.69) lower than in the 5 cm group. For
50 cm supports, the mean deviation was
25.77 mm (SD = 27.29 mm), with the narrowest
range (0-677.66 mm) and the lowest skewness
(7.96) and kurtosis (127.47), indicating the least
variability. The time covariate had a significant
positive effect on apex deviation (B1 = 0.16, 95%
CI: 0.15 to 0.17, p < 0.001), suggesting that the
plant apex deviation from the X- and Y-axes
tended to increase with time (Fig. 2b).

Nutation frequency per day tended to in-
crease with support density, peaking in the
50 cm support group (Fig. 2c). The mean nutation
frequencies were 24.25 (SD = 4.32) for the 5 cm
support, 24.72 (SD = 3.58) for the 20 cm support,
and 26.01 (SD = 4.49) for the 50 cm support
(Suppl. Table 2). Despite this trend, statistical
tests revealed no significant differences in nuta-
tion frequency across the different support densi-
ties (p > 0.05). The EMMs for the nutation move-
ment frequency per day on day 5.44 were 23.1,
24.2, and 22.9 for the 5 cm, 20 cm, and 50 cm
support groups, respectively, with small standard
errors (SE = 0.78, 0.81, and 0.88). This suggests
no significant variability in nutation frequency
across the support heights. Figure 2c illustrates
the predicted nutation frequency as a function of
observation day and support variant, emphasiz-
ing that while support density influenced the
trend, it did not have a statistically significant im-
pact on nutation frequency per day.

As shown in the photos of individual plants
(Fig. 3), supports placed at high (5 cm) and med-
ium (20 cm) densities promoted vertical growth of
the plant. Tendrils can attach to a support, fix,
and stabilize plants. First, the plant is attached
to the support and then can continue to grow
and search for the next support. As the plant
grew, the nutation movements became more in-
tense and they stopped after attaching another
tendril or in the presence of a support. While
searching for a place to get attached to, the plant
increases its range of nutation movements. Plants
growing with limited access to supports (50 cm) at
the beginning also grow in a vertical plane but
when they have no chance to attach themselves
to another support, they begin to explore the
space horizontally. This is usually accompanied
by a rapid displacement of the apex, caused by
the plant tipping over, due to excessive weight.
Under these conditions, the plants continue to
grow by catching hold of the current support.
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Fig. 1. (a) Temporal heterogeneity of the growth rate parameter for individual plants, categorized by support
group (5 cm, 20 cm, and 50 cm), over 0-10,000 min. Each plant is represented by a distinct gray line, that
illustrates a unique growth trajectory. The blue lines depict the linear fit for each support group, providing
a generalized representation of the growth trends in each group. (b) Predicted growth rate as a function of plant
length after alignment and support variant, based on the fitted regression model (the opaque line indicates the
midpoint of the interval, providing a central estimate of the growth rate. The 95% CI offered a range of plausible
values for the growth rate, indicating the uncertainty associated with the estimate).
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al heterogeneity in plant apex
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time interval. The plant devia-
tion trajectories are shown with
the grey lines, emphasizing their
unique growth patterns. The
overarching deviation trends in
each support group are cap-
tured by the blue lines, which
represent the linear fit for each
group, offering a simplified yet
comprehensive view of the over-
all deviation tendencies. (b) Pre-
dicted plant apex deviation from
the x and y axes as a function
of time and supports variant,
based on the fitted regression
model (¢) Predicted frequency of
nutation movements as a func-
tion of the day of observation
and support variants, based on
the fitted regression model. (b)
and (c) the opaque line indicates
the midpoint of the interval,
providing a central estimate of
the growth rate. The 95% CI
offered a range of plausible va-
lues for the frequency of nuta-
tion movements, indicating the
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estimate.
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Fig. 3. Photos of the growth of wild cucumber in three observation time points: initial, middle, and final, in
three variants of supports: 5 cm, 20 cm, 50 cm. The red arrowhead shows the horizontal growth of the plant.
Photos taken in 2023.
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SHOOT GEOMETRY

Significant differences between individual plant
parts were found in the shoot geometry of wild
cucumber (Fig. 4). In the case of shoot cross-sec-
tional area, tissue area, and circularity, two
homogeneous groups were distinguished (Fig. 4
a, b, d). The first included the base of the shoot
and the second included values from the other
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heights. The shoot base had a higher cross-sec-
tional area value, on average 12.72 mm?. As for
the other values, they decreased with height and
ranged from 3.29 mm? to 1.28 mm? on average.
The tissue area at the shoot base averaged
9.07 mm? and differed significantly from the va-
lues for the other heights, which on average ran-
ged from 2.16 mm? to 1.11 mm?. In terms of cir-
cularity, the shoot base had the highest value
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Fig. 4. Changes in biometric features of wild cucumber shoot cross-sections at different heights: (a) cross-
sectional area, (b) tissue area, (c) perimeter, and (d) circularity. The uppercase letters A and B in charts (a), (b),
and (d) represent two homogeneous groups, while A, B, and C in chart (c) represent three homogeneous

groups.
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(0.94), so it was largely similar in shape to a circle
and significantly different from the other cross-
sections from other heights. As the height in-
creased, this shape changed, and the circularity
values decreased. They ranged from 0.81 to 0.74.
The most significant differences were observed in
the perimeter, where three homogeneous groups
were identified (Fig. 4c). The base, 1/4, and 1/2 of
the shoot formed one group, 1/4, 1/2, and 3/4
formed another, while the top section had the
smallest perimeter (average 4.48 mm), compared
to the base (12.96 mm). All results are available in
Table 3 in Supplementary Material.

MICROSCOPIC OBSERVATIONS

Wild cucumber is an annual species and has the
typical structure of a dicotyledonous plant and, as
a member of Cucurbitaceae, exhibits a stem struc-
ture with bicollateral vascular bundles, a common
trait in this family. While dicots typically undergo
secondary growth, wild cucumber exhibits only
limited secondary thickening, due to its annual life
cycle (Fig. 5). The stem was five-ridged and char-
acterized by distinct ridges and furrows with vas-
cular bundles at two locations. Five or six smaller
vascular bundles were located at the ridges, and
three or four larger bundles were located at the
furrows (Fig. 5a). The usually uniseriate and cuti-
nized epidermis contained occasional stomata.
The cortex consisted of two or three layers and
was widened at the ridges and narrowed at the
furrows (Fig. 5 b-e). The outermost hypodermis
varied in thickness, consisting of a few layers of
collenchyma at the stem ridges that tapered into
photosynthetic chlorenchyma at the furrows
(Fig. 5d-e). The middle cortical layer consisted of
several layers of loosely arranged parenchyma
cells. Numerous starch grains were present in the
parenchyma cells (Fig. 5f-g). A ring of sclerenchy-
ma overlayed parenchyma that followed the outer
contour of the vascular bundles (Fig. 5a). The vas-
cular bundles were bi-collateral (Fig. 5d-f). The
central xylem is bound by an inner and outer cam-
bium and topped by a larger outer and smaller in-
ner phloem. Sieve tubes, companion cells, and
phloem parenchyma were evident in the phloem.
The xylem was well-developed, with numerous
protoxylem visible toward the inside and a very
large metaxylem to the outside of the bundles.
The xylem consisted primarily of large vessels
and xylem parenchyma. The vascular bundles
were separated by zones of internal parenchyma.

Dotkin-Lewko and Zajaczkowska

Probably, the variability in the vascular bundle
structure reflects the plant’s rapid growth
(Fig. 5d,e). The central pith disintegrated early,
forming a pith cavity (Fig. 5a).

DISCUSSION

In this study, the growth of wild cucumbers was
strongly influenced by the density of support spa-
cing. Initially, the plant grew vertically, but in the
absence of support, it bent under its weight and
explored the space horizontally (Fig. 3). The unlim-
ited availability of supports stimulated faster plant
growth than in their absence. Den Dubbelden and
Oosterbeek (1995) found that herbaceous vines
held by supports grew better than those unsup-
ported. However, these studies lacked specific
growth speed data for comparison, unlike our
study, where the growth rate ranged around
0.21 mm/15 min between extreme variants of
the support step size. Our research results indi-
cate that wild cucumber exhibits a very fast growth
rate not only when supports are available
(0.78 mm/15 min), but also when growing hori-
zontally (0.57 mm/15 min), especially in condi-
tions where there is a lack of support for vertical
growth. This ability to grow in any plane favors the
spread of this species. Similar growth behaviors
were observed in other vines (Paul and Yavitt,
2011). Typically, vines use external structures as
support for vertical growth. Since such plants are
unable to maintain an upright position, their func-
tioning in natural vegetation is limited by the avail-
ability of appropriate support structures and the
climbing efficiency of the plants (den Dubbelden
and Oosterbeek, 1995; Paul and Yavitt, 2011).
Rapid growth and appropriate climbing me-
chanisms allow vines to compete for resources
and cause mechanical damage to plants (Schnit-
zer and Bongers, 2002). Lambers and Poorter
(1992) reported that plant species from fertile
and productive habitats tend to have higher rela-
tive growth rates and nutrient uptake than spe-
cies from less favorable environments. This is of
particular importance in the context of the spread
of wild cucumber, which has a rapid growth rate
and prefers nutrient-rich habitats (Kostrakiewicz-
Gieralt et al., 2022). Harris et al. (2007) also in-
dicate that invasive vine species can become
a threat to native species, disturbing the balance
of ecosystems, including forests. Wild cucumber’s
growth allows it to dominate natural plant com-
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,
(f)

Fig. 5. Cross-sections of wild cucumber shoots. Anatomical structures are labeled as follows:ep — epidermis,
pc — pith cavity, vb - vascular bundle, pa — parenchyma, xy — xylem, ph — phloem, sc — sclerenchyma,
co — collenchyma, sg - starch grains, chl - chlorophyll. (a) Unstained, BF; (b) Herzberg reagent, BF;
(c, f, g) Mayer's mucicarmine stain solution with Lugol solution, BF; (d, e) Aniline blue, NU.
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munities, particularly in riparian zones, where
it has been observed to displace native vine spe-
cies such as Humulus lupulus and Calystegia se-
pium (Celka et al., 2022; Stankovic¢ et al., 2022).
Its ability to colonize habitats rapidly and outcom-
pete local flora may contribute to long-term shifts
in plant community composition, particularly in
areas where support structures are abundant
(Celka et al., 2022). The presence of wild cucum-
ber in riparian zones, alongside other invasive
species such as Amorpha fruticosa and Bidens
Jrondosa (Stankovi¢ et al., 2022), suggests that
its spread could contribute to habitat degrada-
tion. This invasion may lead to reduced structural
diversity in vegetation, affecting native species
and altering ecosystem services, particularly in
protected habitats such as alluvial forests and ox-
bow lakes (Celka et al., 2022).

Many vines are often observed to have delayed
leaf development (French, 1977). French's (1977)
research on 37 species of vines showed that the
lateness of leaf development allows shoots to seek
support to remain light, and nutation movements
can be more intense and deviate over longer dis-
tances than in the case of shoots that addition-
ally have to bear the weight of developed leaves
and all plant structures. Similar behaviors were
observed in wild cucumber, which first developed
a searching shoot, and only during elongation did
it develop leaves, which is characteristic of the Cu-
curbitaceae family (Liu et al. 2021). Additionally, it
exhibits circular movements during shoot elonga-
tion, a phenomenon previously observed in other
plants (Kiss, 2009). Nutation movements did not
significantly differ between the variants with 5,
20, and 50 cm step supports. However, the devia-
tion of the apex of the plant from the axis increased
significantly over the observation period. The key
to plant stabilization and continued growth was
the attachment of tendrils to the supports, aiding
the plants in maintaining an upright position. This
was evident in the 5 and 20 cm variants. In the
50 cm variant, the plant could grow vertically only
up to a certain point; when it was unable to hook
onto anything, it fell and utilized the current sup-
port for further climbing. Adaptation to climbing
was also evident in the shoot structure of wild cu-
cumbers. The base is significantly larger and
rounder than the climbing stem part. This makes
the plant stable and allows it to grow vertically so it
can attach itself to a potential support. The upper
parts of the stem were much smaller and less able
to withstand loads during climbing.

As observed in the anatomical structure, the
stem is mostly filled with parenchyma, making it
more flexible. In the study of Hebeler et al. (2000)
on the species Acanthosicyos horridus (Cucurbi-
taceae), the parenchyma also constituted most of
the interior of the stem. Fisher and Ewers (1995)
highlighted the potential role of the parenchyma
in dicotyledonous vines in initiating regeneration
after injury. Starch grains were visible near the
vascular bundles in the parenchymal cells of wild
cucumbers. The presence of starch in the par-
enchyma can be an energy source for plants with
fast growth dynamics. Carlquist (1985) drew at-
tention to the presence of starch grains in the
parenchyma adhering to vessels in many dicoty-
ledonous plants. Wild cucumber exhibits a typi-
cal Cucurbitaceae family vascular bundle ar-
rangement, characterized by well-developed
metaxylem cells supporting rapid water trans-
port, which is also typical of other species of clim-
bers (Putz and Mooney, 1991; Carlquist, 1996;
Tamaio et al., 2010). The lack of a pith contri-
butes to a lightweight structure that allows the
plant to climb up the surrounding supports and
makes it extremely competitive. The lack of
a pith has also been observed in other species
of the Cucurbitaceae family (Corredor et al.,
2009; Aguoru and Okoli, 2012; Mohammed and
Guma, 2015). Shtein et al. (2018) indicate mod-
ifications of shoots, e.g., in buttercup (Ranuncu-
lus repens), where the mechanical stability of this
plant requires only a reinforced stem circumfer-
ence, while the empty pith allows to save matter
and does not cause mechanical destabilization,
and in Galium aparine, a climbing herbaceous
plant characterized by a rectangular stem struc-
ture with collenchyma at the corners and an
empty pith. In anatomical studies on the struc-
ture of wild cucumbers, both sclerenchyma and
collenchyma, have been observed to strengthen
the stem, which is of great importance in the case
of invasive vines, characterized by rapid growth
(Crang et al., 2018). Hebeler et al. (2000) also
identified the presence of sclerenchyma cells that
formed a continuous ring along the entire dia-
meter of the stem. In adult plants, the band of
sclerenchyma consisted of up to 10 cells. In the
vines of the Lardizabalaceae family, a ring of
sclerenchyma lies between the phloem and peri-
derm (Putz and Mooney, 1991).

Wild cucumber is very invasive, and keeping
it under control poses a problem. Understanding
of the climbing and growth mechanisms of this
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plant may contribute to finding ways to limit its
expansion. Mechanical removal is the primary
control strategy for wild cucumber, with early up-
rooting being most effective (Kotaczkowska, 2016).
However, its rapid growth necessitates repeated
efforts. Chemical control is rarely used due to en-
vironmental risks (Starfinger et al., 2003), and no
effective biological regulators have been identified
in Europe. While some animals consume its
seeds, they may also contribute to its spread (Dy-
lewski et al., 2019). It is therefore advisable to
deepen our understanding of the climbing me-
chanisms of this plant and extend the research
to include studies that would assume the growth
of this plant on natural supports, such as herbac-
eous plants and trees, which may help develop
strategies to limit this species.

CONCLUSIONS

The results of our research have shown that wild
cucumbers have a very fast growth rate, not only
when support is available, but also when growing
horizontally, especially in conditions where there
is no support for vertical growth. This suggests
that its growth strategy is highly adaptable, al-
lowing it to persist in various conditions. During
the initial growth phase of wild cucumbers, both
the intensity of nutation movements and elonga-
tion were lower than those of mature plants. We
also observed that nutation movements and elon-
gation were less intense during the initial growth
phase but increased as the plant matured and
engaged with support structures. These findings
highlight the importance of tendril attachment
in maintaining vertical growth and enhancing
climbing efficiency. A better understanding of
the climbing and growth mechanisms of this
plant may contribute to identifying ways to limit
its expansion. Continued research should be con-
ducted to better understand the climbing me-
chanism of this plant and to expand the research
to include studies that would assume the growth
of this plant on natural supports such as herbac-
eous plants and trees.
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SUPPLEMENTARY MATERIAL

The supplementary material provides detailed de-
scriptive statistics that support the investigation
of wild cucumber (Echinocystis lobata) growth dy-
namics in relation to different support densities,
and biometric features from different parts of the
plant shoot. Table 1 summarizes the sample vari-
ables across three support densities (5 cm, 20 cm,
and 50 cm), offering insights into how these den-
sities influence growth rates and other plant
characteristics. Table 2 presents data on the ob-
servation duration and frequency of nutation
movements, highlighting how the proximity of
supports affects the intensity and timing of these
movements. Table 3 includes the mean biometric
measurements of wild cucumber shoot cross-sec-
tions at different heights (base, 1/4 shoot, half
shoot, 3/4 shoot, and top). It provides valuable
information about the plant's structure and how
it adapts to varying environmental conditions.

The data presented in these tables contribute to
understanding of the plant's adaptive mechan-
isms, particularly its ability to climb efficiently
and establish itself in different habitats, which is
critical in assessing its competitive advantage as
an invasive species in vulnerable ecosystems like
wetlands and river valleys.

SYMBOLS

N - sample size;

M — mean;

SD - standard deviation;
Mdn — median;

Min — minimum value;
Max — maximum value;
Skew. — skewness;

Kurt. — kurtosis;

Table 1 Descriptive statistics of sample variables for support groups.

Variable Support N M SD Mdn Min Max Skew. Kurt.
5 cm 10931  565.28 199.50 550.63 162.16 1045.83  0.17 -0.97
Length after align- oy ' 19091 56540 235.84 543.68 11452 124502  0.38 -0.66
ment, mm
50 cm 7592  445.46  141.94 44356  120.68  767.73 0.08 -0.66
5 cm 10931 5.88 17522  -40.86 -240.76 981.54 3.23 11.76
Deviation of shoot oy " 19091 7400 12178  51.28 -273.66 417.37  0.36 0.19
tips from x axis, mm
50 cm 7592 5.31 156.88 571  -445.65 415.37 0.17 -0.03
5 cm 10931 53835 190.09 521.72 160.30  998.07 0.21 -0.90
Deviation of shoot oy 19097 48821 19843 459.58 15320 1090.63  0.63 0.24
tips from y axis, mm
50 cm 7592  340.78 113.39 350.61 -66.52 572.30  -0.75 0.82

Table 2 Descriptive statistics for the duration of observation (in full days) along with the frequency of nutation

movements in relation to support density.

Variable Support N M SD Mdn Min Max Skew. Kurt.

5 cm 106 24.25 4.32 24.00 14.00 33.00 -0.58 0.42
Rate of nutation 20 cm 119 24.72 3.58 2400  17.00 3100  -0.10 -1.04
movement per day

50 cm 73 26.01 4.49 27.00 14.00 35.00 -0.38 -0.86

5 cm 13 9.15 1.77 9.00 6.00 13.00 0.37 -0.35
Duration of 20 cm 12 10.92 3.34 10.00 7.00 19.00 1.02 0.30
observation, days

50 cm 12 7.00 1.71 7.00 4.00 9.00 -0.20 -1.50
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Table 3 Mean values of biometric features of wild cucumber shoot cross-sections at different heights.

loc};fiizg:::tion Cross-s[e:l :_‘i:);]lal area Tissue area [mm?] Perimeter [mm] Circularity
Base 12.72 9.07 12.96 0.94
1/4 shoot 3.29 2.16 6.97 0.81
half shoot 2.14 1.66 5.83 0.80
3/4 shoot 2.18 1.58 5.75 0.78
Top 1.28 1.11 4.48 0.74
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Abstract

Wild cucumber (Echinocystis lobata) is an invasive annual vine rapidly spreading across Central European riparian zones.
Its success is linked to seed dispersal, with hydrochory expected to play a major role, but the specific mechanisms are
not fully understood. This study examines whether E. Jobata uses a dual dispersal strategy by seed morphological differ-
ences and hydrodynamic behavior, supporting both short-distance and long-distance dispersal. Seeds were collected in
autumn and early spring, and analysed for morphology, buoyancy, and hydrodynamic properties. Over 150 seeds under-
went biometric measurements: digital image correlation for swelling deformation, micro-computed tomography for in-
ternal structure, and hydrodynamic properties. Approximately 23% of seeds were buoyant, with buoyant ones present in
both autumn and spring seed groups. Buoyant seeds had larger surface areas and internal air cavities, contributing to
lower drag and enhanced passive transport in water. Using digital image correlation and micro-computed tomography
imaging, we visualized seed coat swelling patterns and quantified internal structures. Hydrodynamic experiments re-
vealed that buoyant seeds experienced lower drag and slower acceleration. Under oscillatory flow, buoyant seeds ex-
hibited passive propulsion at 1 Hz, indicating a resonance effect facilitating dispersal during fluctuating water flow.
These findings support a dual dispersal strategy: temporal seed release and buoyancy enable both local recruitment
and long-distance dispersal, likely contributing to invasive success in riparian habitats.

Keywords: Bet-hedging, digital image correlation, hydrochory, invasion, seed buoyancy, seed transport, temporal dispersal.

Introduction

Rush habitats, wetlands, and river valleys are particularly vulner-  to urban areas, further enhance invasion risk (Knapp et al., 2010;
able to invasion by alien species because they create favorable con-  Dyderski and Jagodzinski, 2016). Climate change may additional-
ditions for their colonization (DeFerrari and Naiman, 1994). ly influence the spread of invasive alien species by altering habitat
Anthropogenic effects, such as habitat modification and proximity  conditions and disturbance dynamics (Hellmann et al., 2008).
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Uncontrolled expansion of invasive species, especially in areas
with strong anthropogenic pressure, may result in unfavorable
natural succession and, consequently, destabilization of the eco-
logical system in a given area (Fortuna-Antoszkiewicz et dl.,
2018). Alien species can completely disrupt the network of eco-
logical connections in current ecosystems (Falinski, 2004) or cre-
ate monotypes, which leads to a change in the structure of habitats
and a decrease in biodiversity (Zedler and Kercher, 2004). The re-
duction in the number of native species due to the arrival of alien
species has ecological consequences, but also poses a threat to the
dominant landscape (Hejda et al., 2009).

Similar phenomena are observed in forest areas, especially
in riparian and alder communities, where plants from the
vine group play an important role. An example is the wild cu-
cumber (Echinocystis lobata (F. Michx.) Torr. & A. Gray),
which has significantly increased its area of occurrence over
the last few decades (Zajac et al., 2011). Native to North
America, this species was introduced to Europe in the 19th
century as an ornamental plant and has since become invasive
in Central and Eastern Europe, including Poland, Lithuania,
Latvia, and the Czech Republic, and is now spreading to oth-
er parts of Europe such as Germany, Austria, and Hungary
(Bagi and Boszérményi, 2008; Tokarska-Guzik et al., 2015;
Jociené et al., 2023). It thrives in temperate climates and tol-
erates periodic flooding, benefiting from warm growing sea-
sons and nutrient-rich alluvial soils (Kostrakiewicz-Gieratt
et al., 2022). For this reason, it has been included by the
Polish Ministery of the Environment on the list of species
threatening native flora or natural habitats, as well as on the
list of 100 most invasive species of plants, animals, and fungi
in Europe (Vila ef al., 2009); therefore, appropriate manage-
ment and planning of conservation measures are often crucial
in preserving particularly valuable natural areas (Vicente ef al.,
2013).

Wild cucumber prefers rushes, scrubs, and river forest hab-
itats, and is also present in anthropogenic habitats such as
homesteads and roadsides. Despite its wide range, it poses
the greatest threat to native biodiversity in riverside herb-
aceous areas and the edges of riparian forests, a significant
part of which belong to Natura 2000 habitats. Such habitats
include hydrophilous tall herb fringe communities, rivers
with muddy banks, and riparian forests (Priede, 2008;
Kotaczkowska, 2010). The range of wild cucumber increases
along river banks, due to seed transfer by running water, fa-
cilitating rapid colonization of subsequent sections of the
shoreline (Bagi and Boszérményi, 2008). In the context of
dispersal ecology, these processes can be classified both as
short-distance dispersal, supporting local population persist-
ence, and long-distance dispersal, enabling colonization of
new areas (Nathan ef al., 2008; Marco et al., 2011). Wild cu-
cumber is a very light-demanding species that reduces light
availability for native plants, inhibiting their growth and con-
tributing to a decline in biodiversity. As it grows, it climbs
onto surrounding herbaceous plants, shrubs, and trees using

tendrils. It is characterized by very rapid growth during the
vegetative period and reproduces exclusively by seeds with
a long lifespan (Jociené et al., 2023).

Despite the growing threat that wild cucumber poses to na-
tive ecosystems, there is still a lack of research on the mecha-
nisms of its spread, especially in the context of seed transfer
by running water. An important goal of research on this species
is to determine the temporal and spatial patterns in the dispersal
of'its seeds. This research focused on seeds collected during two
distinct periods—autumn and early spring—to analyse difter-
ences in their biometric features. Their buoyancy and ability
to move in water were also examined. Furthermore, we ana-
lysed internal structural changes during swelling, including
seed coat deformation. Such a comprehensive approach will al-
low for a better understanding of the biology of wild cucumber
spread and may contribute to the development of effective
control strategies.

In this study, we aim to answer the question of whether wild
cucumber seeds exhibit both temporal and spatial variation in
dispersal, allowing them to establish stable populations while
colonizing new areas.

‘We hypothesize that (i) seeds collected in autumn and after
winter (spring) differ in morphology and buoyancy, reflecting
different fates during the dispersal season, and (ii) variation in
seed traits affects their floating ability and hydrodynamic be-
havior, which may determine the potential distance of water-
mediated dispersal.

Materials and methods

Study species

Wild cucumber (Echinocystis lobata (F. Michx.) Torr. & A. Gray) is an an-
nual, fast-growing climbing vine from the Cucurbitaceae family. It repro-
duces exclusively by seeds, which mature in autumn and are released
gradually: most fall soon after the fruit opens, while some are shed later
as the capsule dries (Klotz, 2009). Fruits are spiny, 2.5-5 cm long capsules
usually containing four flattened seeds (Silvertown, 1985; Dylewski et al.,
2018). Seeds are brown, about 1.5-2.0 cm long and 0.5—-1 cm wide, with
a hard, water-impermeable coat and long viability (Klotz, 2009). Fresh
seeds are dormant and require cold stratification to germinate (Choate,
1940; Bagi and Boszorményi, 2008; Grasic et al., 2019). Reported
thousand-seed weight is 256.8-293.0 g, with specific gravity around
1.08-1.10 g cm™ (Bagi and Boszérményi, 2008).

Research material

The seeds of wild cucumber used in the experiment were collected from a
natural site near the village of Gassy, located near Warsaw, Masovian
Voivodeship, Poland (52.078872, 21.207374) in two periods, autumn
(September and October 2020) and early spring (March in 2021), and
from a second location on the river bank in Konstancin-Jeziorna near
Warsaw, Masovian Voivodeship, Poland (52.101174, 21.127691) in au-
tumn (September 2024). The sites were located in the floodplain areas of
the Vistula River and were similar to the Populetum albae Br.-Bl. 1931
habitat. Both sites are located within the same river valley and are ~6—
7 km apart, with comparable riparian vegetation and hydrological condi-
tions. Seeds collected in 2020/2021 were measured directly after natural
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drying, and seeds collected in 2024 were analysed fresh to avoid any po-
tential effects of long-term storage.

Biometric characteristic and buoyancy of seeds

To examine the biometric characteristics of seeds, three groups were
analysed: 50 dry seeds collected in autumn 2020, 50 dry seeds collected
in spring 2021 (which had remained inside fruit capsules over the win-
ter), and 50 freshly collected (hydrated) seeds from autumn 2024. In
natural conditions, wild cucumber seeds are released from the fruit
in autumn while still moist, whereas those that remain enclosed in
the capsules until spring gradually dry out over winter. Including dry
autumn seeds enabled a direct comparison with naturally dried spring
seeds. Each seed was weighed on a Kern ADB 200-4 scale (Kern &
Sohn, Balingen, Germany) to four decimal places and scanned using
a high-resolution scanner (Epson Perfection V700, Epson, Suwa,
Japan). The scans were used to measure biometric characteristics
(length, width, circularity, area, perimeter). The parameters were
measured using the Image] program (Schneider et al, 2012).
Circularity was calculated as:

4mtArea

Circularity = Perimeter?

Additionally, the buoyancy of each seed was checked. For this purpose,
each seed was placed in a container with water. The seeds that were float-
ing were removed and placed back in a vial with water, where their fall
time was measured for 24 h. To exclude the possibility that the buoyant
seeds were damaged or empty and unable to germinate, an experiment
was carried out to study the germination ability of both buoyant (float-
ing) and non-buoyant (sinking) seeds collected in 2020/21. For this pur-
pose, 10 buoyant seeds and 10 non-buoyant seeds were selected from
both periods. These seeds were placed on a plate with moist lignin and
then placed in a refrigerator for 14 d. After this time, the seeds were
placed on wet lignin, under controlled lighting (HPS Phytolite 600 W
lamp, photon flux 1045 pmol m™2 s™", luminous flux 100 klm) and tem-
perature (21 °C). To verify the viability of seeds from both groups, we
performed a 2,3,5-triphenyltetrazolium chloride (TTC) test on a larger
sample, following the method of Ciacka ef al. (2022) with minor mod-
ifications. A total of 50 buoyant and 50 non-buoyant seeds, freshly col-
lected in autumn, were used. As a control, one seed from each group was
boiled in water for 10 min before staining to confirm that dead tissue
would not become colored. The isolated embryos were briefly rinsed
twice in distilled water and then placed in a solution of 2% (w/v)
TTC (Sigma-Aldrich, St Louis, MO, USA) prepared in 0.9% (w/v) so-
dium chloride (Sigma-Aldrich) with the addition of 2 mM dimethyl sulf-
oxide (Sigma-Aldrich). Staining was performed for 90 min at room
temperature in darkness. After incubation, embryos were washed with
distilled water and photographed using a digital microscope (Tagarno
FHD Trend). Red coloration of the embryo axis was interpreted as de-
hydrogenase activity and therefore viability. The boiled negative con-
trols remained unstained, confirming the validity of the test. The
photographic documentation of both the germination and TTC tests is
provided in Supplementary Figs S1-S3.

Then, using STATISTICA 13.1 software (TIBCO Software Inc.,
2017), the measured parameters were compared for seeds from different
harvest periods and conditions (dry/fresh). The same seeds were also cate-
gorized based on their ability to float. For this purpose, statistical tests
were performed at a significance level of 5%. The relationships between
seed biometric traits and the harvest period and conditions were assessed
using the non-parametric Kruskal-Wallis analysis of variance, and homo-
geneous groupings were identified with a multiple comparison test. The
relationships between seed buoyancy and biometric traits were analysed
using the non-parametric Mann—Whitney U-test.
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Changes in seed structure during swelling

Tissue deformations during seed swelling were studied using the digital
image correlation (DIC) method based on two cameras in a stereoscopic
system connected to a stereoscopic microscope. This technique allowed
for 3D deformation and strain measurements of specimens. Each camera
provided a 2D view, and the software, using a correlation algorithm, cre-
ated a 3D image by combining both camera views from different angles
(Rusin and Kopernik, 2016). Deformation measurements of the seed
coat of wild cucumber were performed using the Dantec Q-400 system,
based on the Istra 4D software module with 5 MPix optics, connected to a
Leica M 125 stereoscopic microscope (Leica, Wetzlar, Germany). To pre-
pare the sample for research and create a pattern on the surface, white dots
were applied to the seed coat using acrylic paint and a small brush. The
seed was placed on a watch glass covered with moist lignin, the ends of
which remained in contact with water throughout the observation period
to prevent the material from drying out. The changes in the pattern
formed on the seed coat due to deformation and swelling were recorded
by cameras. These images were automatically analysed. As a result, a data-
set was generated, containing the initial contour of the object at the be-
ginning of the measurement and the three-dimensional displacement
vector of each point of the object due to its deformation. In this experi-
ment, deformation patterns were analysed in 10 randomly selected dry
seeds. For the purpose of visualizing representative swelling patterns,
one example was selected and presented for each identified type of
response.

Analysis of the internal structure of seeds

Micro-computed tomography (micro-CT) analysis was conducted to
examine the internal structure of wild cucumber seeds, focusing on differ-
ences in tissue organization, air cavity distribution, and seed coat thickness
between buoyant and non-buoyant seeds. Three seeds from each group,
freshly collected in autumn 2024, were selected, and their biometric char-
acteristics, including length, width, and mass, were measured prior to
scanning. Micro-CT scanning was performed using a MICRO
XCT-400 system (Xradia, Zeiss, Oberkochen, Germany) at a voltage
of 40 kV and a current of 250 pA. For each sample, 1200 projection im-
ages were acquired with an exposure time of 4 s per image using an LFOV
camera. The scans achieved an isotropic voxel size of 19.8 um, enabling
detailed structural analysis. The reconstruction of the scanned volume was
carried out using the instrument’s proprietary software. The recon-
structed datasets were then exported to Avizo Fire (FEI Visualization
Sciences Group) for advanced 3D image analysis, allowing for detailed
visualization and quantitative evaluation of the sample’s microstructure.
The analysis focused on segmenting and measuring key seed components,
including the seed coat to determine its thickness and structural integrity,
internal air spaces to assess their role in buoyancy, and the internal seed
tissues comprising the cotyledons and embryo. Data from three inde-
pendent measurements per seed type were compiled into a summary
table.

Hydrodynamic forces of seeds

Hydrodynamic forces acting on the seeds were estimated indirectly by
analysing their trajectories while being advected by water. According to
Newton’s second law of motion, the effective force was inferred from
the seed’s acceleration, computed as the second derivative of its recorded
trajectory. Two distinct flow scenarios were considered to assess seed mo-
tion under different hydrodynamic conditions (referred to as channel and
vessel experiments hereafter). In the first scenario (channel experiment),
seeds initially at rest were introduced into a steady water stream. In each
experiment, 20 buoyant and 20 non-buoyant dry seeds were used. Each
seed was tethered using a nylon fishing line (0.06 mm in diameter), glued
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Table 1. Parameters of motion of the linear translation table

Frequency (Hz)
0.5 1.0 15 2.0 25 3.0

MaX Xigie=A (MM) 492 374 113 31 19 6.8

max Uggple=2nfA (Mm 155 233 107 39 30 128
s

max ape=4n2f A (mm 485
s79)

1464 1005 488 473 2404

A, oscillation amplitude; 7, frequency.

to the seed at one end and fixed at the other, which was then suddenly
released. The seed’s motion was tracked until it reached the free-stream
velocity Uy, =0.24 m s™". For floating seeds, the tethering point was se-
lected to keep the fishing line horizontal, minimizing vertical forces.
The line was sufficiently flexible and assumed to transmit only tensile
forces. The attachment point was chosen to preserve the natural orienta-
tion of the seed. Measurements were carried out in a closed-loop water
tunnel with a cross-sectional area of 260 mmX35 mm. Trajectories
were recorded with a 70 Hz camera (Imager E-Lite, LaVision) fitted
with a 70 mm lens (Sigma 24-70/2.8 Ex Dg Macro), with calibration
performed to convert pixels to physical units. In the second scenario (ves-
sel experiment), seeds were placed at the center of a shallow vessel
(165 mmx80 mm, 15 mm depth), mounted on a linear translation table
oscillating sinusoidally along its short axis (i.e. x-axis). The table’s motion
followed:

xtable(t) = ASin(QZﬂ)v ”tuble(t) = 27[f X ACOS(Zn-ﬂ): atable(t) = _47[2f2
X Asin(2xft),

where A is the oscillation amplitude and f the frequency. Frequencies
ranged from 0.5 to 3 Hz in 0.5 Hz steps. Table 1 summarizes the param-
eters of table motion. The surface flow was visualized using cork dust par-
ticles (diameter of 0.2 mm), assumed to follow the surface flow with
negligible slip. Trajectories were recorded over at least 25 oscillation pe-
riods with a minimum of 20 frames per period. Recordings affected by
wall-seed adhesion were discarded and repeated.

The drag coefficient Cp, was calculated using:

2al  m
D=—F% "=
W2 p 3
where a and u are the seed’s acceleration and velocity, m is the seed mass,
¢ is the seed characteristic length (evaluated as square root of the platform
area), and p,, is the water density. The Reynolds number (Re) was de-
fined as:

Re = (Uy —u)l/v

where v is the kinematic viscosity of water.

To analyse vessel experiments, trajectories were phase-averaged with
respect to the table oscillation phase ¢ = 2xft. The phase-averaged vel-
ocity # = [ily, it,] was obtained via differentiation of the averaged trajec-
tories and expanded as a Fourier series:

it =" i cos (kh + O)
k=0

where diy = [l p,fly,] are amplitudes of Fourier coefficients and 0 =
[0k, ©,,] their corresponding phase lags.

Results
Biometric characteristic and buoyancy of seeds

The biometric analysis of wild cucumber seeds collected in
different seasons (autumn and spring) and at different mois-
ture states (dry and fresh) revealed significant variations in
seed morphology and buoyancy (Tables 2, 3). Seeds col-
lected in autumn were generally smaller compared with
seeds collected in spring (both dry). Similarly, autumn seeds
exhibited a smaller width and mass, while spring seeds were
wider and heavier. Fresh autumn seeds did not differ statis-
tically from spring seeds. The only differences were visible
in circularity, where fresh autumn seeds resembled those in
a dry state, and width, where they differed significantly
from the other groups. Autumn seeds were rounder, and
spring seeds were elongated. Seed viability and germination
potential of both buoyant and non-buoyant seeds were veri-
fied by a preliminary germination test and a TTC test, pro-
viding the basis to also analyse their biometric traits
separately (Supplementary Figs S1-S3). A total of 150 wild
cucumber seeds were tested for buoyancy, including seeds
collected in both autumn and spring, in both dry and fresh
states. These were the same seeds used in the biometric ana-
lyses. Of all the seeds tested, 34 (approximately 23%) re-
mained afloat, while 116 sank. The ability to float varied
between seed groups, with the highest proportion observed
among freshly collected autumn seeds (32%, where only 10%
of dry autumn seeds and 26% of dry spring seeds were buoy-
ant). Buoyant seeds differed significantly from non-buoyant
ones in nearly all morphological parameters, such as length,
width, and surface area, except for mass, which showed no
significant difference.

Changes in seed structure during swelling

DIC analysis of seed coat deformation during swelling revealed
progressive structural changes in response to moisture absorp-
tion (Fig. 1; Videos 1, 2). The initial phase of swelling was char-
acterized by a gradual increase in seed coat expansion,
particularly in regions with thinner outer layers. Over time, lo-
cal deformations indicated differential water uptake across seed
tissues, with some areas absorbing moisture faster than others.
Swelling patterns of wild cucumber seeds followed two pre-
dominant structural responses. In the first pattern (Fig. 1A;
Video 1), swelling was primarily concentrated in the central re-
gion of the seed, where the cotyledons are located, leading to a
noticeable upward deformation. In the second pattern (Fig. 1B;
Video 2), swelling was most evident at the outer ends of the
seed.

Analysis of the internal structure of seeds

Micro-CT imaging provided detailed insights into the internal
structure of buoyant and non-buoyant seeds, revealing key
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Table 2. Comparison of seed traits across harvest seasons and moisture states (n=50 per group)

Seed group Homogenous groups Mean Median Minimum Maximum Standard deviation Coefficient of variation
Mass (9)

Autumn (dry) A 0.27 0.26 0.21 0.33 0.03 1117

Spring (dry) B 0.35 0.36 0.27 0.43 0.04 9.88

Autumn (fresh) B 0.34 0.34 0.21 0.49 0.06 16.80
Length (mm)

Autumn (dry) A 15.83 15.89 13.77 18.46 1.14 7.21

Spring (dry) B 18.65 18.64 16.66 20.99 0.84 452

Autumn (fresh) B 18.92 18.61 16.20 22.20 1.56 8.25
Width (mm)

Autumn (dry) A 8.43 8.54 6.89 9.30 0.57 6.78

Spring (dry) B 9.18 9.18 7.81 10.32 0.65 7.09

Autumn (fresh) ¢} 9.73 9.85 8.14 10.85 0.72 7.39
Surface area (mm?)

Autumn (dry) A 98.93 98.67 75.49 122.34 10.25 10.36

Spring (dry) B 12741 12551 106.29 157.69 11.44 8.98

Autumn (fresh) B 137.06 134.00 102.90 170.97 18.67 13.62
Perimeter (mm)

Autumn (dry) A 39.40 39.34 35.13 44.23 2.18 5.54

Spring (dry) B 45.28 44.94 41.56 50.15 1.90 4.20

Autumn (fresh) B 46.23 45.70 41.07 53.24 3.42 7.40
Circularity

Autumn (dry) A 0.80 0.80 0.73 0.88 0.038 4.30

Spring (dry) B 0.78 0.78 0.73 0.84 0.03 3.62

Autumn (fresh) A 0.80 0.81 0.74 0.86 0.03 3.95

Statistical differences were evaluated using the Kruskal-Wallis test; P<0.05.

Table 3. Comparison of seed traits between buoyant and non-buoyant seeds (n=34 for buoyant seeds, n=116 for non-buoyant seeds)

Seed group Homogenous groups Mean Median Minimum Maximum Standard deviation Coefficient of variation
Mass (9)

Non-buoyant A 0.32 0.32 0.21 0.49 0.06 17.71

Buoyant A 0.32 0.33 0.21 0.41 0.06 18.19
Length (mm)

Non-buoyant A 17.41 17.71 18.77 21.87 1.68 9.63

Buoyant B 19.11 19.03 15.54 22.20 1.84 9.63
Width (mm)

Non-buoyant A 9.01 9.01 6.89 10.85 0.79 8.74

Buoyant B 9.49 9.75 7.28 10.82 0.90 9.53
Surface area (mm?)

Non-buoyant A 11719 117.01 75.49 169.98 19.18 16.36

Buoyant B 134.59 136.36 87.73 170.97 23.16 17.21
Perimeter (mm)

Non-buoyant A 42.84 43.38 35.13 51.80 3.56 8.31

Buoyant B 46.34 46.82 38.47 53.24 417 9.00
Circularity

Non-buoyant A 0.80 0.80 0.73 0.88 0.03 414

Buoyant B 0.78 0.78 0.73 0.85 0.03 3.93

Statistical differences were evaluated using the Mann-Whitney U-test; P<0.05.
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Fig. 1. Deformation patterns in wild cucumber seeds during swelling, visualized using digital image correlation (DIC). (A) Central deformation pattern: de-
formation concentrated in the middle part of the seed. (B) Peripheral deformation pattern: deformation observed at the outer ends of the seed. For each case,
four DIC images illustrate deformation distribution at O h (start), 6, 12, and 24 h of swelling. Color-coded deformation maps are accompanied by line plots
showing deformation profiles along the longitudinal (seed length) and transverse (seed width) axes, derived from intersecting line sections marked on the seed

surface.
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Video 1. Central deformation patterns in wild cucumber seeds during swelling, visualized using Digital Image Correlation (DIC). A playable video of this

content is available in the HTML version.

differences in tissue organization and air cavity distribution
(Fig. 2). Buoyant seeds contained visibly larger and more con-
tinuous internal air spaces and had a thicker seed coat than non-
buoyant seeds. In contrast, non-buoyant seeds showed denser

internal tissue with only small, fragmented cavities and a gen-
erally higher total tissue volume. Quantitative measurements
confirmed these trends: buoyant seeds had greater seed coat
volume, whereas non-buoyant seeds had higher values of

20z Joquisoaq o€ uo 1senb Aq 00779€8/9254eI8/aXl/E601 01/10p/ajoIE-80UBADE/GX]/ WO dNO"DIUSPEO.//:SARY WO} POPEO|UMOC]



E
3
o
f
T
@
E
8
=
&
a

0.2400 1
0.2200
10,1800
10,1400
10,1200
10,1000

Dual dispersal in wild cucumber seeds | 7

Displacement Total/m

HEAAAAAAARAEDR

Video 2. Peripheral deformation patterns in wild cucumber seeds during swelling, visualized using Digital Image Correlation (DIC). A playable video of this

content is available in the HTML version.

internal tissue volume and tissue surface area. Detailed values
for individual seeds are provided in Table 4.

Hydrodynamic forces of seeds

The results of the channel experiment, expressed in non-
dimensional form using Uy and ¢ as characteristic velocity
and length scales, are presented in Fig. 3. The streamwise vel-
ocity and acceleration were computed from trajectory data.
Drag coefficients were plotted against Reynolds number
(Re), showing distinct differences between buoyant and non-
buoyant seeds.

The time to reach 95% of U, was 9.9¢/U,, (0.48s) for
buoyant seeds and 3.9¢/U,, (0.18s) for non-buoyant ones.
Peak acceleration was roughly twice as high for non-buoyant
seeds. Drag coefficients followed:

Cpr110xRe™ 8¢ (buoyant), Cpr5820xRe™ "2 (non-
buoyant)

with drag ratios between 2 and 5 depending on Re. For refer-
ence, a sphere at Re=1000 has Cp=0.44. Hence, buoyant
seeds experience about half this value, and non-buoyant seeds
nearly double.

At 1 Hz, buoyant seeds showed net linear translation perpen-
dicular to table motion (i.e. along the y-axis), indicative of pas-
sive propulsion (Fig. 4; Video 3). This was combined with
zero-mean rotations and bidirectional oscillations. Similar effects
occurred at 0.5 or 1.5 Hz for some seeds. Non-buoyant seeds
showed weaker and less consistent behavior.

The net translational velocity component u,, exhibited a
clear peak at 1 Hz for both buoyant and non-buoyant seeds,
with the former achieving approximately twice the displace-
ment of the latter (Fig. 5). The peak magnitude of u,,, reached
roughly 2.2% of the table’s maximum velocity, 2nfA. In

contrast, the first harmonic component u, ;, which represents
the zero-mean oscillatory motion, showed a much weaker de-
pendence on the forcing frequency f. This indicates that while
oscillatory motion persists across all frequencies, net translation
is selectively amplified near 1 Hz. The phase lag 0, ; remained
close to 90° across most frequencies, implying that the seed ac-
celeration is approximately in phase with the table’s velocity.
Notably, a deviation from this trend occurred at 1 Hz, especial-
ly for buoyant seeds, suggesting enhanced correlation between
seed and table velocities. This resonance-like alignment likely
underlies the emergence of net translation at this specific
frequency.

Discussion

Our findings demonstrate that functional divergence in seed
anatomy and hydrodynamic behavior underpins a dual disper-
sal strategy in Echinocystis lobata, providing a clear mechanistic
basis for adaptive bet-hedging in dynamic riparian environ-
ments. Biometric analysis (Tables 2, 3) revealed significant sea-
sonal variation in morphology, with spring-collected seeds
generally larger and heavier—likely a result of prolonged mat-
uration within fruit capsules and/or variable developmental
environments (Baskin and Baskin, 2000; Fenner, 2012).
Freshly collected autumn seeds showed similar features to dry
spring seeds. This supports the hypothesis that moisture con-
tent and hydration state influence perceived seed shape
(Harper et al., 1970; Meyer et al., 2007; Erb et al., 2013).
Contradictory findings between our results and those of
Dylewski ef al. (2018), who observed that released seeds were
larger than those remaining in the capsule, may stem from en-
vironmental variability, interannual differences, or even
site-specific seed maturation processes. Such differences in
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Fig. 2. Micro-computed tomography (CT) of internal seed structure in wild
cucumber. (A) Schematic representation of seed organization showing the
three main components: internal tissues (yellow), air cavities (blue), and seed
coat (red). (B, C) Longitudinal micro-CT sections of non-buoyant (B) and
buoyant (C) seeds. (D, E) Transverse micro-CT sections of non-buoyant (D)
and buoyant (E) seeds.

seed size and mass are frequently influenced by factors such as
resource allocation or the position of seeds within the fruit
(Jakobsson and Eriksson, 2000; Khan et al.,, 2011; Dylewski
et al., 2018). In our study, retained seeds were on average lar-
ger, but both retained and released seeds contained individuals
capable of floating as well as sinking, indicating that buoyancy
is not exclusive to either group and is likely influenced more
by internal structure than by release timing. Approximately
20-30% of the seeds used in the experiment were buoyant, in-
dicating that dispersal by water may play a role as a support
mechanism in the invasion of this species. Additionally, obser-
vations suggested that freshly collected seeds exhibited a higher
floating ability compared with dry seeds, implying that the
potential for buoyancy may be greater than indicated by these
results. However, this aspect was not deeply examined in the
current study and warrants further investigation. The buoyant

Table 4. Micro-computed tomography analysis of wild cucumber
seeds

Volume (mm?)

Coat Internal seed tissues Air cavities
Buoyant seeds 113.8 165.4 25.6
89.0 1724 24.9
78.6 167.0 18.6
Non-buoyant seeds 98.4 230.8 151
77.8 163.2 11.2
62.3 187.5 13.6

The table presents the volumes (mm3) of three structures—internal tissues, air
cavities, and seed coat—in three buoyant and three non-buoyant seeds.

seeds did not differ significantly in mass from non-buoyant
ones, but they exhibited a significantly larger surface area, re-
sulting in a higher surface-to-mass ratio—a trait known to en-
hance buoyancy in many riparian species (Nilsson et al., 2010).
Similarly, Carthey et al. (2016) found that seeds with a low
volume-to-surface area ratio remained buoyant for longer, en-
hancing their potential for long-distance hydrochorous disper-
sal. These results resonate with the concept of functional traits
facilitating hydrochory in riparian invasive plant species
(Stromberg et al., 2008). In addition to single-seed transport,
previous studies have documented that the entire dry fruit of
wild cucumber can act as a dispersal unit and can be readily
transported by running water (Bagi and Boszérményi, 2008).
Fruits are lightweight, spiny capsules with substantially higher
buoyancy than individual seeds, which may facilitate long-
distance hydrochory, especially during high-flow events
(Nilsson er al., 2010; Hyslop and Trowsdale, 2012). At the
same time, buoyancy alone may not fully predict dispersal suc-
cess in riparian habitats. Several studies have shown that many
species without clear floating adaptations are present in water-
borne seed banks and can be transported over considerable dis-
tances (Boedeltje et al., 2004; Nilsson et al., 2010). Other
functional traits, such as fruit or seed shape, surface roughness,
and the ability to trap air or adhere to drifting material, can con-
tribute to buoyancy and aftect the potential for water-mediated
dispersal (Catford and Jansson, 2014; Carthey et al., 2016).
Wild cucumber lacks specialized morphological adaptations
for hydrochory (e.g. wings, persistent pappus) and appears to
rely instead on the partial buoyancy of its diaspores and the ac-
tion of hydrological events.

The DIC results (Fig. 1) indicate that moisture absorption indu-
ces structural changes in the seed coat, leading to localized defor-
mations. The observed differences in swelling patterns may be
related to the amount of available space within the seed coat, as
well as the distribution of air cavities, as also observed in
micro-CT imaging. Seeds with larger internal air cavities may ex-
perience more localized swelling in specific regions, whereas seeds
with a more uniform internal structure might expand in a more
even manner. The seed coat weakening and its control over water
entry and dormancy release have been well documented in

G20z Jaquiada( 0g uo Jsenb Aq 007 ¥9E8/9ZSGHEIS/AXI/EE0L 0 |/10P/a[0IE-00UBADE/GX]/W0D dNOdlWepeo.//:SA)Y WOy Papeojumod



Dual dispersal in wild cucumber seeds | 9

A /U B s oUsH C . ol
1 .. :
0.8
0. °
Y | X
10
® | ' & :
0.4 & :
0.2
0 . 107! _
0 5 10 0 5 10 10? 10° 10*
tUso /£ [ tUso /£ [] Re [

Fig. 3. Velocity (A), acceleration (B), and drag evolution (C) in the channel experiment for buoyant (bright blue) and non-buoyant (dark blue) seeds. tU./¢=0
marks the seed release time. Dashed lines in the drag evolution plot designate power-law fits to the datapoints.
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Fig. 4. Sample trajectories of buoyant (A) and non-buoyant (B) seeds from the vessel experiment at different forcing frequencies f. Plot area is 120x60 mm.

physically dormant species, includinglegumes (Collis-Georgeand  common adaptation among riparian annuals in temperate-
Melville, 1975; Souza and Marcos-Filho, 2001; Smykal et al., continental climates (Baskin and Baskin, 2000). The observed
2014) Such structural traits may also interact with germination variability in seed coat thickness and internal air cavities may
ecology. Non-buoyant seeds that sink and become incorporated  therefore influence not only buoyancy but also water uptake
into sediments are likely to persist in the soil seed bank, where and the timing of dormancy release, shaping both persistence
burial can protect them from predation and desiccation and pro-  and recruitment dynamics. DIC thus proves to be a valuable non-
vide stable moisture for later germination (Leck and Brock, invasive method for visualizing the mechanical behavior of seeds
2000). Autumn-released seeds require cold stratification to break  during imbibition, especially in taxa where dormancy-breaking
dormancy and avoid premature germination before winter, a mechanisms are not yet fully understood.

G20z Jaquiadaq 0 Uo 1sanb Aq 001 Y9E8/9ZSHeI8/GXI/EE0L 0 L/10P/aI01E-80UBAPE/AXI/W0o"dNO"olWapEo.//:SdNY WOy papeojumoq



10 | Dotkin-Lewko et al.

Video 3. Movement of a buoyant seed at a frequency of 1 Hz. A playable video of this content is available in the HTML version.
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Fig. 5. Parameters of the Fourier expansion of phase-averaged velocity along y-axis for buoyant (bright blue) and non-buoyant (dark blue) seeds at different
frequencies in the vessel experiment. (A) Net translation velocity u, . (B) Oscillatory velocity component vy, 1. (C) Phase lag 6, ;.

The micro-CT imaging results (Fig. 2) show that the presence
of internal air cavities in buoyant seeds likely contributes to their
buoyancy, enhancing their ability to remain suspended in water
for extended periods. Additionally, a thicker coat may restrict air
escape and slow down the seed’s water absorption. Similar traits
have been noted in other species dispersed by water currents. For
example, Impatiens glandulifera produces both buoyant and non-
buoyant seeds, with the buoyant ones having larger air cavities
and a thicker seed coat than the non-buoyant ones (Najberek
et al., 2020). Catford and Jansson (2014) emphasized the role
of traits like seed density, shape, and internal air space in deter-
mining water-mediated dispersal ability. This suggests that wild
cucumber may employ a dual dispersal strategy, where both
autumn-released and spring-released seeds contribute to popula-
tion persistence and expansion. Viability tests confirmed that
both buoyant and non-buoyant seeds are viable and capable of
germination, supporting their potential to establish after disper-
sal. Seeds that fall immediately upon fruit dehiscence may remain
close to the maternal plant, facilitating close-range generational

turnover, which is particularly advantageous for short-lived an-
nual species. In addition, seed release in E. lobata appears to be
temporally staggered not only through variation in dispersal
mode but also through physical retention. Approximately
34% of fruits retain viable seeds that are not immediately re-
leased at dehiscence (Dylewski ef al., 2018). Such dual timing
of dispersal potentially ensures both local regeneration and
broader colonization during hydrological events. This type of
within-species variation in buoyancy is not unique to wild cu-
cumber. Similar variation in seed buoyancy has been observed
in other species. For instance, Sparganium emersum produces
both long-floating and short-floating seeds, and certain
Amazonian riparian plants generate a mix of buoyant and sink-
ing seeds, supporting diversified hydrochorous dispersal strat-
egies (Williamson et al., 1999; Pollux et al., 2009).

Our results reveal two difterent hydrodynamic strategies
(Fig. 3) between buoyant and non-buoyant seeds, reflecting
distinct ecological adaptations. Buoyant seeds are characterized
by lower drag, making them less responsive to high-frequency
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Fig. 6. Conceptual model of seed dispersal strategies in wild cucumber.
The diagram illustrates two interacting strategies of dispersal: temporal dif-
ferentiation (autumn and spring released seeds) and spatial differentiation
based on buoyancy (buoyant and non-buoyant seeds).

water motions and thus supporting long-distance dispersal
(Murray, 2012). By floating in a stable, horizontal posture,
they present minimal surface area to the current, minimizing
drag and facilitating extended downstream movement (Murray,
2012; Carthey et al., 2016). In contrast, non-buoyant seeds accel-
erate rapidly and often orient perpendicularly to flow, increasing
drag and promoting quicker sedimentation and localized depos-
ition, consistent with observations in species such as Hymenocallis
coronaria (Markwith and Leigh, 2008). Such dynamics suggest that
buoyant seeds are more likely to exploit surface currents during
high-flow events for long-distance dispersal, while non-buoyant
seeds favor local recruitment. This dispersal duality has been
documented in other species like Impatiens glandulifera or
Mimulus guttatus, where this strategy directly influences coloniza-
tion patterns (Truscott et al., 2006; Najberek et al., 2020).
Importantly, the observed passive propulsion at ~1 Hz oscilla-
tions (Figs 4, 5), more pronounced in buoyant seeds, points to
a mechanism by which seeds may harness ambient flow oscilla-
tions to enhance transport. This phenomenon resembles mecha-
nisms described in biomimetic systems that use surface waves to
achieve directional motion without active propulsion (Rhee
et al., 2022). Similarly, theoretical work in fluid dynamics has
shown that passive bodies can achieve net movement in oscillat-
ing flow fields (Beal ef al., 2006; Benham et al., 2024). These find-
ings underscore the importance of seed morphology and flow
regime interactions in shaping dispersal efficiency, highlighting
hydrochory as a key driver of riparian plant community dynamics
and invasive species spread (Siumel and Kowarik, 2013; Catford
and Jansson, 2014). Incorporating such detailed hydrodynamic
parameters into dispersal models can improve predictions of
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seed transport and deposition, thus informing conservation and
restoration efforts in coastal ecosystems.

Dual strategy in buoyancy suggests a functional adaptation to
varying dispersal environments and hydrological conditions
(Beerling and Perrins, 1993; Brindel, 2004). Moreover, retain-
ing part of the seed within the fruit may act as a passive defense
mechanism against seed predation, as trapped seeds are less likely
to be removed by rodents (Dylewski et al., 2018). However,
seeds that remain buoyant for long periods and are deposited
in the drift line can also be more vulnerable to predation and
fungal or microbial attack, as this exposed zone is frequently
colonized by rodents and pathogens (Fenner and Thompson,
2005). In such cases, floating dispersal may represent
an ecological sink rather than a successful colonization pathway
(Danvind and Nilsson, 1997; Boedeltje et al., 2004).
Conversely, seeds with low or transient buoyancy that sink earl-
ier and become incorporated into sediments may escape these
risks and find more favorable conditions for germination
(Leck and Brock, 2000). This temporal and functional variabil-
ity supports the concept of dispersal bet-hedging, where seeds
are split across time and ecological opportunities to maximize
reproductive success in unpredictable environments (Childs
et al., 2010; Tielborger et al., 2012; Pausas et al., 2022). This
may be particularly beneficial in riparian habitats subject
to episodic flooding and disturbance. The presence of multiple
dispersal vectors, including hydrochory and zoochory,
further illustrates the ecological flexibility of wild cucumber,
potentially enhancing its colonization capacity (Bagi and
Boszérményi, 2008; Dylewski ef al., 2019). Moreover, such a
strategy aligns with broader patterns observed in riparian and in-
vasive plants, where mixed dispersal modes (i.e. local retention
and long-distance transport) enhance both colonization of new
habitats and resilience of existing populations (Beerling and
Perrins, 1993; Gallego-Fernandez et al., 2021; Brindel, 2004).
Ecological models have shown that splitting seed between early
and delayed germination, or between high and low dispersibil-
ity, can maximize success under fluctuating conditions—this
has been demonstrated in species such as Blepharis sindica and
desert annuals (Venable and Lawlor, 1980; Narita, 1998).

Synthesizing these findings, we propose a conceptual model
of seed dispersal in Echinocystis lobata, structured along two
main axes: temporal release (early and delayed) and buoyancy-
mediated spatial mobility (buoyant and non-buoyant). Wild
cucumber staggers seed release over time, with some seeds dis-
persed in autumn and others remaining within the fruit capsu-
les until spring. This temporal variation may enhance survival
under fluctuating environmental conditions and reduce preda-
tion risk, particularly for seeds retained over winter. In
temperate-continental regions where wild cucumber occurs,
both in its native North American range and in much of
Central and Eastern Europe, winter snow cover followed by
spring snowmelt often generates major flooding events that
act as key dispersal pulses for riparian plants (Nilsson ef al.,
2013). Releasing part of the seed in spring appears particularly
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adaptive to this hydrological regime, as it allows buoyant dia-
spores to enter high-flow waters during peak flood events,
maximizing downstream transport and colonization potential
(Merritt and Wohl, 2002). Importantly, seeds dispersed in
both autumn and spring show potential for buoyancy, enabling
a spatial diversification of dispersal strategies. Non-buoyant
seeds are more likely to remain near the maternal plant, pro-
moting local recruitment and population persistence, whereas
buoyant seeds can undergo hydrochorous transport, facilitating
the colonization of new habitats (Fig. 6). This model aligns
with broader concepts of evolutionarily stable strategies in an-
nual species, where combining difterent timings and spatial dis-
persal modes reduces reproductive risk under unpredictable
disturbance regimes (Venable and Lawlor, 1980; Childs et al.,
2010). It highlights the significance of intraspecific variability
in dispersal-related traits as a key factor contributing to inva-
siveness. The proposed framework offers a mechanistic explan-
ation for how wild cucumber balances local persistence with
range expansion and may provide a useful reference point for
exploring dispersal strategies in other invasive species.

From a management perspective, these insights into the dual
temporal—spatial dispersal strategy of wild cucumber can inform
more effective control actions along invaded river ecosystems.
Existing management recommendations for wild cucumber pri-
marily focus on pulling or mowing entire plants before they pro-
duce seeds and on removing young seedlings in the spring
(Koniakin et al., 2024). Our findings suggest that removing
whole fruits in late summer or early autumn, before capsule de-
hiscence, could markedly reduce autumn seed rain and the seeds
retained until spring. Because seeds require cold stratification,
follow-up removal of spring seedlings remains essential to deplete
the seed bank. For buoyant propagules, floating barriers or seed
traps could help intercept diaspores during high-flow events.
Although these devices have mainly been used for studying hy-
drochorous dispersal (Stevenson and Vargas, 2008; Londe ef al.,
2017), their demonstrated ability to capture drifting seeds suggests
potential for reducing downstream spread in management appli-
cations. Prioritizing upstream populations and highly connected
river sections would further reduce colonization pressure
downstream.

Supplementary data

The following supplementary data are available at JXB online.

Fig. S1. Photographic documentation of buoyant and non-buoyant
seeds before cold treatment and after 14 d of stratification followed by
germination under controlled conditions.

Fig. S2. TTC viability test of buoyant seeds

Fig. S3. TTC viability test of non-buoyant seeds
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Supplementary Material 1— Seed viability and germination tests

This supplementary file provides additional data supporting the ecological interpretation of the
dual seed dispersal strategy in wild cucumber (Echinocystis lobata). It includes photographic
documentation of seed viability and germination tests that complement the main text. These
additional materials allow readers to verify and better understand the viability and germination
potential of both buoyant and non-buoyant seeds discussed in the article.

The preliminary germination test showed that both buoyant and non-buoyant seeds were able
to germinate after cold stratification. Out of the 10 seeds tested in each group, eight floating
and seven sinking seeds germinated (Fig. S1). To verify seed viability on a larger sample, a
tetrazolium chloride (TTC) viability test was performed on 50 seeds from each group. In all
cases the embryo axis stained red, indicating 100 % viability for both buoyant and non-buoyant
seeds (Fig. S2, S3).

Fig. S1. (A) Buoyant and non-buoyant seeds at the beginning of the preliminary germination
experiment, before cold treatment. (B) The same seeds after 14 days of cold stratification and
subsequent germination under controlled conditions.



Fig. S2. Tetrazolium chloride (TTC) viability test of buoyant seeds. The seed shown in the black
frame represents the negative control (boiled seed), which remained unstained, confirming that
dead tissue does not take up the TTC dye. All other images show embryos from the tested
sample (50 seeds) with a clearly red-stained embryo axis, indicating metabolic activity and
viability.



Fig. S3. Tetrazolium chloride (TTC) viability test of non-buoyant seeds. The seed shown in the
black frame represents the negative control (boiled seed), which remained unstained,
confirming that dead tissue does not take up the TTC dye. All other images show embryos from
the tested sample (50 seeds) with a clearly red-stained embryo axis, indicating metabolic
activity and viability.
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