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1. ELOZMENYEK ES CELKITUZESEK

1.1 A vizi makrofitonok kozotti kolesonhatasok

Az EU Viz Keretiranyelv (VKI) jogszabaly megszabja, hogy az EU orszagok felszini
vizeinek jo mindségilinek kell lennie adott fizikai, kémiai és bioldgiai mutatdk alapjan. Ennek
megvaldsitasa komoly kihivasok elé allitja a hidrobioldégus szakembereket, mivel hazankban
szamos alloviz van, melynek mindsége nem ¢éri el az unids elvarasokat. Felszini vizeink a
tarsadalom szdmara szdmos fontos szolgaltatdst nyujtanak (ivoviz, ontdzés, fiirdézés, vizi
sportok, halaszat stb.). Ezeket kozdsen Okoszisztéma szolgaltatdsoknak nevezziik, melyet
alapvetden két tényez0 veszélyeztet: a novényi tapanyag tulkinalat (eutrofizacid) és a globalis
klimavaltozas. Ezen kornyezeti valtozasok egylittes hatasara Magyarorszag vizes ¢lohelyeinek
¢lolénykozosségei is jelentds atalakulasokon mennek keresztiil: egyes fajok populacidi gyorsan
eléretdrnek, mig masoké hirtelen eltlinnek. A klimavaltozas és az eutrofizacid egymads hatasat
felerdsitve fokozza a planktonikus algak (SCHEFFER & VAN NES 2007) vagy a felszinen sz6
hindrnévények dominanciajat (SCHEFFER et al. 2003, SMITH 2014), tovabba az idegenhonos
mezOgazdasag) miatt [étrejott ndvényi tapanyag tulkinalat tovabb erdsiti az emlitett folyamatokat
(PORTIELJE & ROIJACKERS 1995, ROIJACKERS et al. 2004), ezen til a vizmindséget
pozitivan befolydsolé 6shonos aldmeriilt hindrallomanyok visszaszorulasat és pusztuldsat is
okozza (PHILLIPS et al. 1978, 2016). Ennek hatdsara jelentds o0kologiai karok jonnek létre,
amelyek egyrészt az ember egészségére nézve szamos karos kovetkezménnyel jarnak (pl.
cianobakterialis tomegprodukcio invazid), masrészt az éldhelyek leromléasat, a biodiverzitas
csokkenését és a vizmindség romlasat is eredményezik (JAKLIC et al. 2020). Emiatt végs6 soron
csokken a vizes ¢él0helyek tarsadalmi haszndlati értéke. Az 6kologiai karok elkeriilése érdekében
azonban fontos megismerniink, hogy az abiotikus kornyezeti tényezdk hogyan befolyasoljak a

felszini vizekben €16 makrofitonok kozotti biotikus kdlesonhatasokat.

A felszini vizeinkben az elsddleges termeld szervezetek csoportjai (pl. vizindvények,
algdk) szdmos egymastol jol elkiiloniilt un. alternativ stabil allapotot tartanak fenn. Ezek az
allapotok adott kornyezeti kiiszobértéket atlépve ujabb allapotra cserélddnek (regime shift),
amely valtozas jelentds vizmindség-valtozassal jar (PINTO & O’FARRELL 2014). Az elmult
néhany évtizedben szdmos kutatds foglalkozott az sz6 és az aldmeriilt novények kozotti
kompeticids viszonyok feltarasaval, szdmitasba véve az algdk jelenlétét is. A nagy ndvényi

tapelemkoncentracio6 (nitrogén, foszfor) a hullamzasnak kitett nyilt viztestekben algadominanciat
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eredményez nagy zavarossaggal parosulva (SCHEFFER et al. 1993), mig ugyanez a tényez6
hullamzasmentes kis vizekben a szabadon sz6 névényzet térhoditasat okozhatja (SCHEFFER et
al. 2003, PORTIELJE & ROIJACKERS 1995). Az Gsz6 novényzet vastag takardja révén teljesen
bearnyékolja a viztestet ami oxigénhianyhoz vezet, tovabba az alamerilt (szubmerz) névények
kipusztulasdhoz vezet (MORRIS et al. 2003, PHILLIPS et al. 2016), tovabba allatok, kisebb
makrogerinctelenek és a planktonikus algdk pusztuldsat okozza (PINTO & O’FARRELL 2014).
A globalis felmelegedés az eutrofizacidt tamogatva tovabb ndveli az 0Gszo hinarndvényzet
invazidjanak kockazatat (NETTEN et al. 2010). Ugyanakkor a sekélyebb viz kisebb tapanyag-
koncentracioval (mezotrof-eutrof) parosulva eldsegitheti a gydkerezd szubmerz névények stabil
dominancidjanak kialakulasait (VAN ZUIDAM & PEETERS 2013, SMITH 2014), aminek
kovetkeztében nagyobb a viz atlatszosadga, nagyobb az ¢€léhely biodiverzitisa és egyben a
tarsadalmi hasznalati értéke is. Terepi koriilmények kozott tobb kutatd megfigyelte, hogy stri
alamertiilt hinaradllomany f6lott az Gsz6 ndvények jelentdsen kisebb mennyiségben vannak jelen
(SCHEFFER et al. 2003, VAN ZUIDAM & PEETERS 2013). Ennek koszonhetden azt
feltételezték, hogy az alameriilt ndvények gatld hatast fejtenek ki a felettiik elhelyezkedd uszo
hinaralloméanyra, melyet sikeriilt kisérletileg is bizonyitaniuk (SZABO et al. 2010, SZABO et al.
2022). Az alameriilt ndvényzet ugyan széles tapelemkoncentracio-tartomanyban képes stabil
dominanciat fenntartani, viszont egy kornyezeti kiiszobérték felett vagy a planktonalgdk, vagy
pedig az usz6 ndvényzet térhoditdsaval dominancidjuk hanyatlani kezd. Az alameriilt és az uszo
novényzet kozotti verseny kimenetelét a hindradllomanyon €16 algabevonat (epifiton) is
befolyasolhatja, mivel jelentdsen ledrnyékolja a szubmerz hindrnovényeket és csdkkenti azok
tapelem-felvételét. A megemelkedett tdpelem-koncentracid ¢és magasabb vizhdmérséklet,

tovabba a novényevé makrogerinctelen szervezetek szintén modosithatjdk az algdk és a

crer



1.2 Invaziv hinarnovények terjedésének problémaja és az invazio hatasa a felszini

vizekben

Napjainkban a klimavaltozdson és eutrofizacion tul egy masik nagyon fontos biodiverzitast
veszélyeztetd tényezOként emlithetjilk az idegenhonos ndvények nagymértékli térhoditasat
(DUDGEON et al. 2006, STRAYER 2010). Szamos felszini vizben talalkozhatunk invaziv
hinarnovényekkel, melyek megtelepedését, invazids sikerességét tobb tényezd befolyasolhatja.
Az idegenhonos vizindvények megjelenése szamos moddon veszélyeztetheti a hazai
hinark6zosségeket. Az idegenhonos invaziv hindrnévények a gyors novekedésiik, a széleskorii
elterjedésiik valamint nagy fenotipusos plaszticitasuk révén sulyos gazdasagi- és Okologiai
karokat képesek okozni az ujonnan meghodditott teriileteken (GETSINGER et al. 2014,
BRUNDU 2015). Gazdasagi karok kozott foként a felszini vizek eltorlaszoldsat emlithet;iik,
mely kedvezdtleniil hat nem csak a hajozéasra, de az dkoszisztéma szolgaltatisokra is. Okologiai
karok kozé sorolhatjuk az abiotikus kornyezeti tényezok megvaltozasat, melyek magukba
foglaljak a fényintenzitds csokkenését a viz mélyebb rétegeiben (ROMMENS et al. 2003), az
oldott oxigén koncentracidjanak drasztikus csokkenését (JAMES et al. 1999, VILAS et al. 2017),
valamint az anoxikus koriilmények révén a biodiverzitas csékkenését (MORRIS et al. 2003).
Ebbdl addéddan a hinarndvények azon tulajdonsaga, hogy hogyan képesek a fent emlitett
valtozasokra reagdlni kulcsfontossagu lehet a vizindvények evolicids sikerességét tekintve.
Teljesen ismeretlenek azok a bioldgiai mechanizmusok, amellyel az dshonos és idegenhonos
novényzet képes fenntartani stabil dominancidjat. Az sem feltart még, hogy milyen kornyezeti és
biologiai mechanizmusok irdnyitjdk az idegenhonos novényfajok felszini vizekben vald

meghonosodésat.

Jelenlegi adatok alapjan kijelenthetd, hogy az idegenhonos hindrndvényzet invazidja
jelentés mértékben befolyasolja egy adott €lohelyre jellemz6 fajok sokféleségét és a funkcionalis
diverzitast (HEJDA & DE BELLO 2013). Kézismert, hogy az idegenhonos fajok terjedése a
fajok diverzitasanak csokkenését okozza szarazfoldi (HEJDA & DE BELLO 2013) és vizi
kornyezetben egyarant (VOJTKO et al. 2017, HUSSNER et al. 2021). Azaltal, hogy a teriiletre
jellemzé 6shonos fajok lecserélddnek, nagymértékben megvaltoznak a kiilonbdzé ndvényi
jellegek (relativ novekedési rata, specifikus levélfeliilet, levél szarazanyag-tartalom), melynek

kovetkeztében megvaltozik az 6koszisztéma miikodése és stabilitasa (VILA et al. 2011).



1.3 Az értekezés fobb célkitiizései

Az értekezésben bemutatott tanulményok mindegyike a felszini vizeket érinté globalis
problémakkal foglalkozik a vizi makrofitonok k6zotti kdlcsonhatasokat, a globalis klimavaltozas
hatasat, illetve a novényi invazid témakorét kutatva. A hinarndvények kozotti biotikus
interakciok kutatdsa az okoszisztéma szolgaltatasok fenntarthatd hasznalatahoz teremtik meg az
elméleti alapot. A laboratériumi kisérletek és terepi adatelemzések soran célunk volt, hogy
feltarjuk az 0sz6 és a szubmerz vizindvények kozotti azon kolcsonhatdsokat, melyek jelentds
szerepet jatszanak a vizes ¢él6helyek vizmindségének ¢&s természetkozeli allapotanak

alakulasaban.

Az értekezés célja feltarni, hogy:

- mekkora szerepet jatszanak a makrofitonokon ¢élo epifitikus algdk és az dket fogyasztod
makrogerinctelenek a szubmerz és emerz hinarak versenyében,

- a hazai vizekben mar megjelent idegenhonos és honos fajok hogyan reagalnak kiilonb6z6
kornyezeti tényezdk (fényintenzitas, hdmérséklet, tipanyagkoncentracio) valtozasaira,

- mely funkcionalis jellegek teszik sikeressé az idegenhonos fajokat az ¢shonos fajokkal

szembeni versenyben.

Ezen ismeretek birtokéban a viziigyi dgazat részérdl gyorsabb €s hatékonyabb intézkedések
tervezhetdek, amelyek segitségével hatékonyabban kontrollalhaté az idegenhonos és honos
invazios fajok terjedése, tovabba javithato a felszini vizeink tarsadalmi hasznosithatosagi értéke.
A kutatasi kérdéseket laboratériumi (mikrokozmosz) kisérletekb6l és terepi mérésekbol
szarmazo adatok (Magyar Felszini Vizek Adatbazisa) elemzésével és Osszevetésével valaszoljuk

meg.



1.3.1 Az elsé tanulmdny koncepcioi és célkitiizései:

A felszini vizekben az 0sz6 és szubmerz ndvényzet egyarant képes alternativ stabil
allapotot fenntartani (SCHEFFER et al. 2003, SZABO et al. 2010, SZABO et al. 2022).
Hipertr6f koriilmények kozott, a csatorndkban és kisebb tavakban a vilagszerte elterjedt érdes
tocsagaz (Ceratophyllum demersum) gyakran alakit ki slri allomanyokat a vizfelszin alatt
(LOMBARDO & COOKE 2003), azonban ugyanezen teriileteken sok esetben taldlkozhatunk
pupos békalencsével (Lemna gibba), ami a felszinen Usz6 hinarak kozé tartozik. Ugyanakkor a
két novénycsoport kozotti kompeticios viszonyt a novények feliiletén €16 epifitikus algak
hiszen nagymértékben meghatarozzdk a ndvények szdmara elérhetd tapanyagok mennyiségét,
illetve a fényviszonyokat (TOTH 2013, LEVI et al. 2015). Ezen algdk mennyiségét szamos
tényez6 befolyasolja, mint a fényviszonyok (CAO et al. 2017), a tapelem-koncentracio (YANG
et al. 2020) vagy a homérséklet (KAZANJIAN et al. 2018) valtozasa, illetve biotikus faktorok
koziil a forrasokért torténd kompetici6 (HANSSON 1988), valamint a herbivorok
(CARPENTER & LODGE 1986). A csigak gyakran eléfordulnak a vizi 6koszisztémakban és
koztudott, hogy eldszeretettel fogyasztjdk a novények feliiletén €16 epifitikus algakat (PIP &
STEWART 1976), melynek koszonhetden a ndvények tobb fényhez jutnak, ezaltal fokozzak
azok novekedését (YE et al. 2019). A tanulmany f6 célja tehat feltarni, hogy mekkora szerepet
jatszanak a makrofitonokon €16 epifitikus algdk és az Oket fogyasztdé makrogerinctelenek a

szubmerz €s uszd ndvények kozotti versenyben.

1.3.2 A masodik tanulmany koncepcioi és célkitiizései.:

Napjainkban az idegenhonos fajok megjelenése és a globalis klimavaltozas két olyan
tényez6, melyek a biodiverzitast nagymértékben veszélyeztetik. A klimavaltozds a
kornyezetvédelem egyik legnagyobb problémaja, hiszen édesvizekben jelentdsen eldsegiti az
eutrofizacio folyamatat (JEPPESEN et al. 2010), tovabba hatidsara az dshonos hinarnévények
képtelenek felvenni a versenyt az idegenhonos novényekkel szemben (REJIMANEK &
RICHARDSON 1996). A globalis felmelegedés fokozza a szabadon uszdé ndvényzet
dominancidjat (PEETERS et al. 2013), melynek kialakulasat a nagy tapelem-terhelés még inkabb
elosegiti (SCHEFFER et al. 2003, SMITH 2014, SZABO et al. 2022), ezaltal csokkentve a
szubmerz novények szamara elérhetd fény mennyiségét. A tanulmanyban felhasznalt két

alameriilt novény a karolinai tiindérhinar (Cabomba caroliniana) és a fiizéres siill6hinar
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(Myriophyllum spicatum). A Cabomba egy gyors ndvekedésli szubmerz ndvény, mely Dél-
Amerikaban és az Egyesiilt Allamok délkeleti részén 8shonos (JRGAARD 1991), azonban az
elmult években nagy szdmban jelentették europai megjelenését, koszonhetden annak, hogy az
akvarisztikdban rendkiviil kozkedvelt és széles korben alkalmazott novénnyé valt. A
Myriophyllum egy hasonl6 életformajii novény, mely Eurépéban, Azsiaban és Eszak Afrikdban
6shonos (PATTEN 1954). A két ndvény gyakran megtalalhatd egyiitt, ugyanazon él6helyen, igy
kompeticids kdlesonhatas is kialakul kozottiik. Ezért a tanulmanyunk célja volt, hogy feltarjuk a
kiilonboz6é kornyezeti tényezok (fényintenzitas, homérséklet, tdpelemkoncentracid) kombinalt
hatasat a két novény bizonyos jellegeire nézve. Tovabbi célunk volt, hogy ezen eredmények
alapjan felmérjiik, hogyan valtozik meg a két novény kozotti kompeticid a valtozé kornyezeti

tényezok hatasara.

1.3.3 A harmadik tanulmany koncepcioi és célkitiizései.

A biologiai invazio kovetkeztében egy adott teriiletre jellemzdé ndvények funkciondlis
sokféleségének csokkenése a vizindvények esetében még mindig kevésbé tanulmanyozott. A
legtobb Ujonnan megtelepedett invaziv idegenhonos vizindvény rendkiviil gyorsan képes
terjedni, ezaltal sulyos karokat okozva az adott teriileten (BRUNDU 2015, ZHAN et al. 2017).
Az idegenhonos ndvényfajok terjedése - szarazfoldi (HEJDA & DE BELLO 2013) és vizi
¢lohelyeken (HUSSNER et al. 2021) egyarant - kedvezétleniil befolyasolja a teriilet
biodiverzitasat. Az 10 invaziv ndvényfajok elterjedése alapjaiban képes megvaltoztatni az
okoszisztéma miikodését és stabilitasat (VILA et al. 2011). Az idegenhonos vizindvényekre
jellemzé magasabb novekedési rata, a hatékonyabb terjedési mechanizmusok (HUSSNER et al.
2021, TASKER et al. 2022), a nagyobb fenotipikus plaszticitas (FLEMING & DIBBLE 2015,
SZABO et al. 2019), az arnyéktiird képesség (SZABO et al. 2020), az eréforrasok jobb
felhasznalasa (LUKACS et al. 2017) mind hozzijarulnak az idegenhonos fajok terjedésének
sikerességéhez az Gshonos fajokkal szemben. Ezen tulajdonsagoknak koszonhetéen ezek a
novények gyakran hoznak létre monospecifikus allomanyokat az adott éléhelyen, ami miatt
megvaltozik az €l6hely szerkezete. Ennek a tanulmanynak a célja tehat, hogy feltarjuk, hogyan
valtoztatja meg a bioldgiai invazid az dshonos hindrndvény-kozosségek funkciondlis szerkezetét

¢s sokféleségét.



2. ANYAGOK ES MODSZEREK

2.1 Elso tanulmany: Az epifitikus algak és csigak szerepe az alameriilt és szabadon 1sz6

hinarnovények stabil allapotaiban

A Kkisérletben felhasznalt pupos békalencsét (Lemna gibba) és érdes tocsagazt
(Ceratophyllum demersum) valamint a nagy pocsolyacsigat (Radix labiata) a Nyiregyhaza
mellett huzodo Igrice csatornabol gytjtottiik. A kisérletet laboratoriumi koriilmények kozott
végeztiik, melynek megkezdése eldtt a novényeket BARKO & SMART (1985) altal kidolgozott
tapoldaton inkubaltuk. Ehhez hozzdadtunk 5 mg L™ nitrogént (NaNOs) és 1 mg L™ foszfort
(K.HPO,), illetve a tapoldat mikroelem tartalmat 0,1 mL L™ Tropica oldat hozzdadasaval
biztositottuk. A ndvényeket 14 napon keresztiil 20 literes tenyészedényekben neveltiik 220 pmol

m™ s megvilagitison, 16:8 (fény:sotét) ora fotoperiodussal, 25 °C-on.

A kisérlet soran az inkubacids koriilmények valtozatlanok maradtak, csupan a
tenyészedények mérete valtozott, ebben az esetben 2 literes milanyag akvariumokat
alkalmaztunk, melyek oldalait befedtiik fekete folidval a zavard fényhatas kikiiszobolése
érdekében. Az oldathoz 10 mL L algaszuszpenziét adtunk, melyet a tocsagaz feliiletérol
oblitettiink a tapoldatba. Az akvariumok kozepén elhelyezkeddé PVC cs6be 100 mg nedves
tomegii békalencsét helyeztiink (SZABO et al. 2003). A békalencsék tulzstfoltsagat és az emiatt
bekovetkez6 intraspecifikus kompeticiot elkeriilve a PVC csé méretét mindig 1 cm-rel nagyobb
atmérdjlire cseréltiilk, ahogy a békalencsék szaporodtak. Az Osszesen 5 féle kezelésbdl két
kiilonboz6 kontroll kultarat alkalmaztunk: egy algamenteset €s egy algaval kezeltet. Az algaval
kezelt kontroll kultira tenyészedényeiben 1év6 viz felszinét miianyag lappal takartuk le. A
békalencse-tocsagaz kevert kultardkba 0 g és 10 g nedves tomegili tocsagaz hajtast helyeztiink
(KOLESZAR et al. 2022, 1. 4bra). Az algéval kezelt békalencse kultirdk és a békalencse-
tocsagaz kevert kultirak esetében tovabbi kezelésként akvariumonként 3 db (egyenként 1,5-3 g)
nagy pocsolyacsigat alkalmaztunk az algdsodds minimalizaldsa érdekében. A  csigak
elvandorlasanak és a békalencse fogyasztds megakadalyozasanak érdekében ragasztdszalagot
helyeztiink az akvariumok és a PVC cs6 széleire. A kultarakat alacsony és magas (0,5 és S mg N
L', NaNOs) nitrogénkoncentracion és allandd foszforkoncentracion (1 mg P L, K,HPO,)
neveltiik. Minden kezelést haromszoros ismétlésben végeztiink el. A békalencse-tocsagaz (5 mg
N L") kevert kulturdk tapoldataibol vizmintat vettiink melynek megmértiik a pH-jat, majd a
szlirést kovetden (0,45 um porusatmérd) meghataroztuk a PO,>-P tartalmat valamint az oldott

szervetlen nitrogén (NO5-N, NH,'-N) koncentraciojat (MSZ ISO 7150-1:1992, MSZ EN ISO
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6878:2004, MSZ 1484-13:2009). A békalencse nedves tomegét a 4., 8. és 12. napon mértiik le,
majd szdmoltunk beldle novekedési ratat (RGR) a kovetkezOk szerint: RGR = (InW, — InW)/t,
ahol a Wy a kiindulasi nedves tomeg, W, pedig a “t” napon mért nedves tomeg (LANDOLT &
KANDELER 1987). A 12. napon lemértik a ndvények szdraztomegét is, valamint a
tenyészedényekben 1évd algdk biomasszajat, melyet a novények feliiletérdl és az akvariumok
oldalarél ecset segitségével a tapoldatba mostunk, majd algasziiron (5-8 pm porusadtméro)
szirtlik, végiil a szlirdpapirt szaritoszekrényben 80 °C-on 48 6ran keresztiil szaritottuk. Az algak
¢s makrofitonok nitrogén tartalmat Vario Max Cube segitségével hataroztuk meg, majd a
novények nitrogén felvételét (mg) a kiinduldsi almintdk €s az utolsé napon mért biomasszak

nitrogéntartalmanak kiilonbségébdl szamitottuk ki.

A laboratoriumi eredményeket Osszevetettik az Orszagos Viziigyi Fodigazgatosag

(https://www.ovf.hu/) honlapjarél gyijtott adatokkal, valamint 349 olyan méréssel, amely 17

kiilonb6z6 eurdpai orszagbdl szarmazik 1994 és 2011 kozott, olyan teriiletekrdl, ahol a pupos

békalencse (L. gibba) és/vagy az érdes tocsagaz (C. demersum) megtalalhato.

A fliggetlen és fiiggd valtozok kozotti interakcidkat altalanositott linedris modell (GLM)
segitségével vizsgaltuk. A valtozok normal eloszlasat és a szorashomogenitast Levene-teszttel
ellendriztiik. A csigakkal torténd kezelések kozotti kiilonbségeket (békalencse biomassza,
békelencse- és tocsagaz novekedési rata, alga széraztomeg, pH, nitrogénfelvétel) paronkénti
Osszehasonlitassal (PC) elemeztiik. A makrofitonok (békalencse, tocsagaz) és a fitoplankton
klorofill-a kozotti kapcsolatot, valamint a békalencse €s tocsagaz boritdsa kozotti kapcsolatot

Fisher egzakt teszttel elemeztiik. A statisztikai elemzéseket SPSS 16.0 programmal végeztiik el.

2.2 Masodik tanulmany: Arnyéktiiré képesség, mint kulcstényezé a szubmerz Cabomba

caroliniana Myriophyllum spicatum-mal szembeni invazios sikerében

A kisérletben felhasznalt karolinai tiindérhinart (Cabomba caroliniana) a hévizi tobol, a
flizéres siillohinart (Myriophyllum spicatum) a Keleti-focsatornabol gytjtottiik. A névényeket a
kisérlet megkezdése eldtt tenyészedényekben eldinkubaltuk, melyeket BARKO & SMART
(1985) leirasa alapjan elkészitett tapoldaton neveltik. A novényeket két kiilonb6zd
tapanyagkoncentracion (eutrof (0,5 mg N L' és 0,05 mg P L) és hipertrof (2 mg N L™ és 0,2 mg
P L") neveltiik NH,NO; és K,;HPO, hozzdadasaval. A tapoldat mikroelem tartalmat 0,1 mL L
TROPICA torzsoldat felhasznalasaval biztositottuk. Az eldinkubacié 14 napon keresztiil tartott a

kovetkezd feltételek mellett: 220 pmol m™ s megvilagitas, 16:8 (fény:sotét) ora fotoperiddus,
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24,5 £ 0,5 °C. A kisérlet megkezdése eldtt a novények feliiletén 1€vé vizet centrifuga (Hajdu
407.6 centrifuga, 1400 RPM, 10 masodperc) segitségével eltavolitottuk, majd mindkét faj

hajtasaibol almintakat vettiink, melynek lemértiik a nedves-, illetve a szaraz tomegét is.

A kisérletben mindkét novénybdl 6 db (11-14 cm-es) apikdlis hajtasrészt helyeztiink
nagyjabol hasonlé tomegben (7,4 + 0,2 g nedves tomeg) egymastol elkiilonitve 2 literes
akvariumokba, melynek oldalat fekete foliaval fedtiik be meggatolva a fény athaladasat az
oldalakon keresztiil. Az akvariumokba a fent ismertetett modon készitettiik el a tadpoldatot, majd
a pH-t 7,3-ra allitottuk be. A kisérlet soran két kiilonbozé tapanyag-koncentraciot (0,5 mg N L™,
0,05mgPL";2mg NL"és0,2mg P L"), négy kiilonboz6 fényintenzitast (22-28, 52-82, 170—
290 és 260-330 umol m? s™) és két eltéré hémérsékletet (21,5 és 27,5+ 0,5 °C) allitottunk be. A
kisérlet 8 napon keresztiil tartott. A tdpanyag-utdnpotlas kétnaponta, azaz a 2., 4. és 6. napon
tortént. Minden kezelést (2x2x2x4=32) haromszoros ismétlésben végeztiink el, ami azt jelenti,

hogy 0sszesen 96 akvariummal dolgoztunk.

Minden akvariumbol 3 db levelet vettink a novényekrél (96x3=288) PEREZ-
HARGUINDEGUY et al. (2016) protokollja alapjan, majd megmértiik a levelek feliiletét LI-
3000 Leaf Area Meter + L1-3050C Transparent Belt Conveyor Accessory miiszerek segitségével.
Ezt kovetden lemértiik a teljes szubmerz novény és a levagott harom levél nedves tomegét és
szaritoszekrényben 80 °C-on 48 oran keresztil torténd szaritds utan a szaraz tdmegét is. Ezen
értékek alapjan szamitottunk relativ ndvekedési ratat (RGR), specifikus levélfeliiletet (SLA) és
levél szarazanyagtartalmat (LDMC). Az RGR szamitdsa az els6é tanulméanyban részletezett
modon tortént. A ndvények specifikus levélfeliiletét a kovetkezOképpen szamoltuk: SLA =
(LA/W mm* mg"), ahol LA a levélfeliilet és W a levelek szaraz tomege (GARNIER et al. 2001).
A levelek szarazanyagtartalmat a kovetkezOképpen szamitottuk: LDMC = (DW/WW mg g),
ahol DW levelek széaraz tomege ¢s WW a levelek nedves tomege (GARNIER et al. 2001). A
szaritott novények nitrogén és szén tartalmat a Vario Max Cube elemental analyzer miszer
segitségével hatdroztuk meg. Kiszamitottuk a fény (T), a homérséklet (T) ¢és
tapelemkoncentracio (N) hatasara tortént RGR, SLA és LDMC értékek valtozasaibol mindkét faj
plaszticitasi indexeit (Pi., Pir Pix) VALLADARES et al. (2002, 2005) modszere alapjan,
miszerint: PI = (maximum atlag-minimum atlag)/maximum atlag. Az eredmény 0 és 1 kozé eso
szam, ahol ,,0” jelentése: nincs plaszticitds; ,,1” jelentése: maximalis plaszticités.

A valtozok normal eloszlasdt Kolmogorov-Smirnov teszttel ellendriztiik. A valtozok
kozotti kolesonhatasokat és azok szignifikancia szintjét altaldnositott linearis modell (GLM)
segitségével vizsgaltuk. A fajok (C. caroliniana, M. spicatum) kozotti kiillonbségeket paronkénti

Osszehasonlitassal (PC) elemeztiik. A fliggetlen valtozok fiiggd valtozokra gyakorolt hatasat
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varianciaclemzéssel (ANOVA) elemeztiik. A statisztikai elemzéseket SPSS 16.0 programmal

végeztik el.

2.3 Harmadik tanulmany: A fajon beliili jellegek variabilitisa relevans az éshonos és
idegenhonos vizinovény-tarsulasok funkcionalis oOsszetételbeli kiillonbségének

értékelése szempontjabol.

A kutatas helyszinéiil a Hévizi-csatorna szolgalt, amely egy természetes kis folyo, allando
vizszinttel és koriilbeliil 20 °C-os évi atlag kozéphdmérseklettel rendelkezik. Az 1980-as
években a csatorna felsd szakaszan illegdlisan termesztettek akvariumi novényeket, aminek
koszonhetden az idegenhonos invaziv ndvények stirGi tarsuldsokat alkothatnak szemben a
csatorna alsd szakaszaval, ahol az G6shonos vizindvényzet az uralkodd. A mérséklet égovi
terlileteken az idegenhonos tropusi novények attelelése szempontjabol egy nagyon fontos
tényez0 a téli idOszak atvészelése. Azok az édesvizi ¢€lohelyek, melyek magasabb
vizhomérséklettel rendelkeznek, kitting feltételeket biztositanak a hidegérzékeny vizindvények
szamara az atteleléshez. Az ilyen teriiletek lehetOséget biztositanak a tropusi, szubtropusi fajok
szdmara a vegetativ formdban torténd attelelésre, vagy eldsegithetik a magok és/vagy riigyek
fennmaradésat, aminek koszonhetden a tavasz bekdszontével még az 6shonos vizindvények
elterjedése elott siirii vegetacidkat alkothatnak. Eurdpai viszonylatban ezek a teriiletek a 0
helyszinei a vizindvények invazidjanak (SAJNA et. al 2007, HUSSNER et al. 2014, LUKACS
et. al 2016), amelynek koszonhetden idedlis kutatasi teriiletet biztositanak az idegenhonos és

6shonos vizindvények kozotti funkcionalis diverzitasbeli kiilonbségek tanulmanyozéasahoz.

Osszesen 20 db (2x2 m-es) kvadratot helyeztiink el a csatorna mentén, melybdl 10 db-ot a
Hévizi-csatorna meleg vizl, felvizi szakaszan és 10 db kvadratot a csatorna hidegebb vizii, alvizi
szakaszan helyeztiink el. Erre az idegenhonos és 0shonos fajok egyenldtlen eloszldsa miatt volt
sziilkség. A kvadratokat a csatorna kozépvonaldban (sodorvonal) helyeztik el, azokban
rogzitettik a fajok %-os boritdsat, 2017. szeptember 9-11 kozott. A boritdsbecslés soran
figyelembe vettiik, hogy a hinarndvények esetében kifejezett az egyes szintek kozotti atfedés,
ezért a kvadratok teljes boritdsa meghaladhatta a 100%-ot. A becslést kovetden minden
kvadratban, minden fajbol 5 db levélmintat gy(jtottink a funkciondlis jellegek
meghatarozasahoz, majd begyljtottiik a teljes novényzetet a nedves fitomassza meghatarozasa
érdekében. Minden kvadratban megmértiik a viz hdmérsékletét, pH és vezetéképesség értékeit
Hach Lange HQ40D multiparaméteres szondakkal, valamint vizmintat vettiink az Osszes
nitrogén- ¢s foszfortartalom meghatarozasdhoz. Lemértiik a levelek nedves- €s szaraztomegét,

valamint levélfeliiletét is. A szaraztomeg értékeket szaritoszekrényben 80°C-on 48 6ran keresztiil
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torténd szaritas utdn mértiik le, a levélfeliilet meghatdrozasahoz pedig a LI-3000 Leaf Area
Meter + LI-3050C Transparent Belt Conveyor Accessory miiszereket hasznaltuk. A specifikus
levélfeliillet (SLA) ¢és a levél szarazanyagtartalom (LDMC) meghatarozdsa a masodik

tanulmanyban is ismertetett modon tortént.

Kiszamoltuk a kdzosségi stlyozott atlagos jellegértékeket (GARNER et al. 2004) melyek
az abundancia altal stilyozott jellegek atlagértékei. Szamoltunk funkcionalis diverzitas értékeket,
melynek sordn figyelembe vettiik a funkciondlis gazdagsagot, a funkciondlis egyenletességet €s a
funkcionélis divergenciat (MASON et al. 2005, VILLEGER et al. 2008). A funkcionalis
gazdagsag nem mas, mint a fajok altal kitoltott ,,jellegtér”; a funkcionalis egyenletesség a
jellegértékek eloszlasat mutatja meg az adott teriileten; a funkcionalis divergencia pedig annak a
mérészama, hogy az abundancia eloszlasa mennyire maximalizdlja a k6zdsség funkcionalis
karaktereinek kiilonbozoségét (MASON et. al 2005). A funkciondlis gazdagsag, a funkcionalis
egyenletesség ¢és a funkcionalis divergencia értékeket a fajszintli jelleg valdszintiségi
eloszlasokbol (TPDs) szamitottuk CARMONA et al. (2016, 2019) modszere alapjan. Az
elemzéshez két féle modszert alkalmaztunk, az Gn. global és optimal pooling mddszert. Global
pooling moédszer esetében egyetlen jelleg valdszinliségi eloszlast (TPDs) vizsgaltunk minden
egyes fajra. Optimal pooling mddszer esetében a kijelolt kvadratokat csoportokra osztottuk
Gaussian finite mixture model alapjan, majd igy vizsgaltuk a jelleg valoszinliségi eloszlasokat
minden egyes csoportra BOTTA-DUKAT & LUKACS (2021) médszere szerint. A funkcionalis
diverzitds elemzése R programcsomag hasznalataval, ks (DUONG et al. 2022), mclust
(SCRUCCA et al. 2016) és TPD (CARMONA 2019) csomag segitségével tortént. Az
idegenhonos €és Oshonos fajok kozosségi sulyozott atlagait, valamint a funkciondlis diverzités
indexeit Wilcoxon teszt segitségével hasonlitottuk Ossze. Az abrdkat és a Wilcoxon tesztet

Origin Pro 2023 program alkalmazéséaval készitettiik.
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3. EREDMENYEK

3.1 Elsé tanulmany: Az epifitikus algak és csigak szerepe az alameriilt és szabadon iszo

hinarnovények stabil allapotaiban

Mind az algdk mind a tdcsagaz jelenléte szignifikdnsan csokkentette a békalencse
biomasszajat. A tocsagaz és az algdk békalencsékre gyakorolt egyiittes gatlo hatasbol 20%-ot az
algédk okoztak. A békalencse-tocsagaz kevert kulturdkban alacsony nitrogénkoncentracion (0,5
mg N L) nem volt kiilonbség a békalencse novekedési ratajat tekintve a csigakkal kezelt és a
csigak nélkiili akvariumok kozott, azonban magas (5 mg N L) nitrogénkoncentracion a csigak
jelenléte fokozta a békalencse novekedését. Ugyanezt a serkentd hatast tapasztaltuk tocsagaz
esetében is, ugyanis csigdk jelenlétében a tdcsagaz biomasszdja jelentdsen nagyobb volt, mint
csigak nélkiil. A békalencse-tocsagaz kevert kultirdkban a csigdk 67-86%-al csokkentették az
algak biomasszajat. Csigak jelenlétében jelentésen (10,01 + SE 0,027-r6l 9,63 + SE 0,036-ra)
csokkent a tapoldat pH értéke. A kisérlet 6. napjara csigdk nélkiill a tapoldat NO5-N
koncentracioja 97%-al, PO,*-P koncentracioja pedig 70%-al volt alacsonyabb, mint csigakkal.
Csigék jelenlétében magasabb volt a békalencse és a tocsagaz szdveti nitrogénkoncentracidja (8
és 15%-al), valamint 128%-al fokozddott a békalencsék és 194%-al a tocsagaz nitrogénfelvétele,
ugyanakkor az alga biomassza 96%-o0s csokkenést mutatott. A terepi mérések szerint nem
taladltunk szignifikdns kapcsolatot sem a tdcsagaz boritds €és a fitoplankton klorofill-a
mennyisége, sem a békalencse boritds és a fitoplankton klorofill-a mennyisége kozott. Azonban
az elemzések alapjan a fitoplankton klorofill-a mennyisége azokon a teriileteken volt a
legnagyobb, ahol alacsony volt a békalencsék vagy a técsagaz boritdsa. Amint a fitoplankton
klorofill-a koncentracié 30 pg L'-nal magasabb volt, ott a békalencsék és a tocsagaz boritasa
kevesebb volt, mint 3%. 715 eurdpai adat elemzése alapjan a Fisher egzakt teszt szignifikans
(P<0,001) kapcsolatot mutatott a békalencse €s a tdcsagaz boritas kdzott, mely kapcsolat erdsen
negativ, ebbdl adoddéan minél nagyobb a békalencse boritds egy adott teriileten, annal kisebb a
tocsagaz mennyisége. Ugyanakkor az eredmények azt mutattdk, hogy a tocsagaz és a csigak
mennyisége kozott pozitiv korrelacids kapcsolat all fenn, mivel a nagyobb tdcsagaz denzitas

mellett nagyobb volt a csigdk egyedszama.

A strukturdlis egyenletmodellek eredményei alapjan a viz nitrogénkoncentracidja
serkentette mind a békalencsék, mind az epifitikus algdk biomasszajat, ugyanakkor a
nitrogénkoncentraciéo 0,5 mg L'-r6l 5 mg L'-re torténd emelése csokkentette a tocsagaz

novekedését. Az epifitikus algak novelték a tdpoldat pH-jat, ugyanakkor csokkentették a tapoldat
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crer

jelenléte csokkentette az algdk biomasszajat €s a tapoldat pH-jat, valamint erdésen fokozta a

tdcsagaz €s a békalencse novekedését.

3.2 Masodik tanulmany: Arnyéktiiré képesség, mint kulcstényezé a szubmerz Cabomba

caroliniana Myriophyllum spicatum-mal szembeni invazios sikerében

A kisérlet soran a magasabb homérséklet (27,5 £0,5 °C) alacsony fényintenzitason (22-28
és 52-82 pumol m™ s') szignifikdnsan csokkentette mindkét faj novekedését. A kisérlet egészét
tekintve a Cabomba jelentdsen nagyobb nodvekedési ratdit mutatott a Myriophyllum-hoz
viszonyitva, azonban ez a kiilonbség alacsony fényintenzitdson (22-28 és 52-82 pumol m™ s™)
még nagyobb volt. Az erfsen megvilagitott koriilmények kozott (170-290 és 260-330 umol m™
s') viszont a fajok novekedési rata értékei nem kiilonboztek egymastol. A két faj koziil a
Cabomba szignifikansan nagyobb specifikus levélfeliilet értékekkel rendelkezett, mint a
Myriophyllum. A fényintenzitds és a hdémérséklet is befolyasolta a Cabomba specifikus
levélfeliilet értékeit, azonban a Myriophyllum esetében sem a fényintenzitds, sem a hdmérséklet
sem pedig a tapanyagkoncentracido nem volt ra hatassal. Levél szarazanyagtartalom tekintetében
a Myriophyllum rendelkezett magasabb értékekkel. A nitrogén:szén aranyt vizsgalva
elmondhatd, hogy a Myriophyllum értékei nagyobbak voltak, mint a Cabomba-¢ és ez a
kiilonbség kisebb fényintenzitison (22-28 és 52-82 umol m™ s™) még nagyobb volt. Alacsony
fényintenzitason €s magas homérsékleten a Cabomba nitrogénfelvétele tobb mint haromszor
magasabb volt, mint a Myriophyllum-é. Minden vizsgalt valtozot figyelembe véve a Cabomba

jelentdsen nagyobb fenotipikus plaszticitassal rendelkezett a Myriophyllumhoz képest.
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3.3 Harmadik tanulmany: A fajon beliili jellegek variabilitasa relevans az dshonos és
idegenhonos vizinovénytarsulasok funkcionalis oOsszetételbeli  Kkiilonbségének

értékelése szempontjabol.

A tanulméany helyszinéiil szolgald Hévizi-csatorna alsd, hidegebb vizhémérsékletii
szakaszan az Oshonos vizindvényzet (Ceratophyllum demersum, Hydrocharis morsus-ranae,
Lemna minor, Nuphar lutea, Spirodela polyrhiza) volt uralkodd. Idegenhonos novények ezen a
terlileten nem fordultak eld. A felsd, melegebb vizhdmérsékletli szakaszon ezzel szemben az
idegenhonos fajok voltak tulsulyban (Cabomba caroliniana, Hygrophila diformis, Nymphaea
lotus, Nymphaea rubra, Rotala rotundifolia, Vallisneria americana, Vallisneria spiralis), az
Oshonos fajok pedig nem fordultak eld ezen a teriileten. A csatorna felsé szakaszan joval
magasabb volt az Osszes foszforkoncentracid, valamint a viz vezetOképessége, mint az also
szakaszon; a pH-ja viszont alacsonyabb volt. Az §shonos fajok uralta teriileteken 64%-al kisebb
nedvestdmeg biomasszat mértiink, mint a csatorna fels6 szakaszan. Ugyanakkor az itt el6forduld
Oshonos fajok levélfeliilete (LA) nagyobb volt, specifikus levélfeliiletiik (SLA) pedig kisebb,
mint az idegenhonos fajoké. Levél szarazanyag tartalom (LDMC) tekintetében nem talaltunk
kiilonbségeket az idegenhonos és 6shonos fajok kozott. Az eredmények értelmezésekor a global
¢s az optimal pooling moddszer kozott jelentds eltéréseket tapasztaltunk. A global pooling
modszer jellemzden talbecsiilte a funkcionalis gazdagsag értékeket fiiggetleniil a kiilonb6z6
jellegektdl (LA, SLA, LDMC) és kozosségtipusoktol, ugyanakkor idegenhonos fajok esetében az
SLA ¢és LDMC funkcionalis divergencia értékeket jellemzden aldbecsiilte. A funkciondlis
egyenletességet vizsgalva a két modszer kozott nem volt Iényeges kiilonbség. A global pooling
modszer eredményei szerint az idegenhonos fajok levélfeliileti funkciondlis gazdagsaga és
egyenletessége, valamint a levél szdrazanyag tartalom és specifikus levélfeliilet funkcionalis
egyenletessége szignifikansan nagyobb volt, mig a levélfeliilet funkciondlis divergenciaja és a
specifikus levélfeliilet funkcionalis gazdagsaga alacsonyabb volt, mint az dshonos fajoké. Az
optimal pooling modszer alkalmazasaval ezen hat tényezd koziil minddssze négy esetben
talaltunk jelentds eltéréseket. Ezek alapjdan az idegenhonos fajok magasabb levélfeliileti
funkciondlis gazdagsaga és egyenletessége, valamint a levél szdrazanyag tartalom magasabb
funkcionalis egyenletessége és az idegenhonos fajok alacsonyabb levélfeliileti funkcionalis

divergencia értékei egyeztek meg a global pooling modszer eredményeivel.
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4. KOVETKEZTETESEK ES JAVASLATOK

Ennek az értekezésnek a fO célkitlizése az aldmeriilt és felszinen sz hindrndvények
kozotti biotikus kolesonhatasok vizsgalata €s bemutatasa volt. Ezeket az interakciokat foként az
els6 tanulmény keretein beliil vizsgaltuk, ahol sikeriilt tobb kdlcsonhatést is kimutatni az 1szo-
¢s szubmerz novények, valamint az epifitikus algdk és csigak kozott az abiotikus tényezok
valtozdsanak nyomon kovetesével (pH érték, tapelem-koncentracio). A kisérletben a két
kiilonbozd életforméju ndvénycsoportot a szabadon Uszo békalencse (Lemna gibba) és az
alameriilt nem gyokerezd érdes tocsagaz (Ceratophyllum demersum) képviselte. Egy korabbi
tanulméany keretein beliil (SZABO et al. 2022) mér vizsgaltuk, hogy ezek a ndvénycsoportok
milyen koriilmények kozott képesek fenntartani stabil dominancigjukat a masik novénycsoporttal
szemben. SZABO et al. (2022) eredményei alapjan azt a kovetkeztetést vontuk le, hogy kisebb
nitrogénkoncentracié (<3 mg N L) mellett tocsagaz dominancia alakul ki, mig nagyobb
nitrogénkoncentracion (>5 mg N L) békalencse dominancia jellemzé egy adott viztestben.
Azonban a disszertacio keretein beliil bemutatott elsé tanulmanyban megvizsgaltuk, hogy a nagy
pocsolyacsiga jelenléte a rendszerben milyen hatdssal van az algakdzosségek biomasszéjara,
hogyan valtoztatja meg a tapoldat nitrogén- és foszfortartalmat, valamint az algdk mekkora
szerepet jatszanak a békalencsék novekedésgatlasban. A masodik és harmadik tanulmanyban
nagyobb hangsulyt fektettiink a klimavaltozds 4ltal megvaltoztatott abiotikus koérnyezeti
tényezOk (fényintenzitas, hdmérséklet, tapelemkoncentracio) idegenhonos és dshonos vizindvény
fajokra gyakorolt hatdsainak vizsgalatara, valamint a ndvényi invazié altal okozott 6koszisztémat

érintd problémakra és valtozasokra.

Végezetiil szeretném 0Osszefoglalni az értekezés keretein beliil bemutatott harom
tanulmanyban milyen kolcsonhatdsokat sikeriilt kimutatni, valamint ezek eredményei alapjan

milyen kovetkeztetéseket vonhatunk le, illetve milyen javaslatokat tehetiink.
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Az értekezésben bemutatott tanulményok eredményei szerint az epifitikus algdk és a
tocsagaz jelenléte egyarant gatolta a békalencsék novekedését, ami foként a tapanyagelvonas
miatt kovetkezhetett be, ugyanis a tocsagaz-alga komplex csigak nélkiil joval gyorsabban
az algdk és a tocsagaz is képes fokozni a tapoldat pH értékét, hiszen a fotoszintézisiikhoz
sziikséges HCOs™ felvétele miatt hidroxidion (OH") szabadul fel (PEDERSEN et al. 2013). A viz
megemelkedett pH értéke csokkenti az anionok (NOs, PO.’) felvehetoségét (ULLRICH-
EBERIUS 1981) valamint hozz4ajarul a foszfat, a vas és a mangan kicsapodasahoz (OTSUKI &
WETZEL 1972, STUMM & MORGAN 1995). A tanulményban laboratoriumi koriilmények
kozott kimutatott nagy (> 10) pH gyakran megtaldlhat6 terepi koriilmények kozott is azokon a
teriileteken, ahol az alameriilt novények (pl. Ceratophyllum, Elodea) stirti allomanyokat alkotnak
(FRODGE et al. 1990). A csigak képesek voltak fokozni a békalencsék novekedését, ami egy
kozvetett hatasnak tudhaté be, hiszen a hatékony algalegelés miatt csokken az algak
fotoszintetikus aktivitasa és tapelem-felvétele. Ennek kovetkeztében a tapoldat pH értéke
csokken, tdpelem-koncentracioja (N, P) viszont emelkedik. Ezen talmenden a csigak a szubmerz
novények novekedését is eldsegitették, hiszen a novények feliiletén €16 algabevonat egyfajta
akadalyt képez a novények szamara (SAND-JENSEN 1977), melyek igy képtelenek felvenni a
sziikséges mennyiségli tdpanyagot. Az epifita algdk géatld hatdsa nagy tadpanyag-koncentraciod
mellett erdsebb volt. Alacsony tapanyag-koncentracion az algak békalencsék novekedésére
gyakorolt gatld hatdsa nem volt jelentds, hiszen ebben az esetben az aldmeriilt tdcsagaz olyan
mértékben képes elvonni a tdpanyagot a kornyezetébdl, amely mar alapvetéen megakadalyozza
az epifitikus algdk elszaporodasat. Ezek alapjan azt a kovetkeztetést vonhatjuk le, hogy a
szubmerz és Usz6 novények kozotti kompeticid kimenetelét, valamint a ndvénycsoportok (Usz6
¢s szubmerz) stabil allapotait az algdk és a csigdk jelentds mértékben képesek befolydsolni. A
csigak annak ellenére, hogy eldsegitik a szubmerz névények novekedését, mégis destabilizaljak
az aldmerilt novények 1szé6 novényekkel szembeni stabil allapotat, hiszen az algdk
fogyasztasaval csokken az alameriilt novények uszé novényekre gyakorolt negativ hatasa. Ennek
koszonhetden az uszd6 novények mar alacsonyabb tapelem-koncentracid mellett is képesek

kialakitani a stabil dominanciét a szubmerz ndévények folott.

Napjainkban a klimavaltozas kiilonb6z6 hatdsainak koszonhetéen szamos tényezd
megvaltozik a viz mélyebb rétegeiben, amelyhez valo alkalmazkodas a szubmerz ndvények
szempontjabol kulcstényezének bizonyulhat. Eredményeink szerint az idegenhonos Cabomba
caroliniana specifikus levélfeliilete (SLA) jelentdsen nagyobb volt, mint a Myriopyllum

spicatum SLA értékei, a levél szdrazanyag tartalom tekintetében pedig ellenkezdleg, a Cabomba
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értékei voltak alacsonyabbak. A magasabb SLA ¢és az alacsonyabb LDMC pedig arra enged
kovetkeztetni, hogy egységnyi szaraz biomasszabol a Cabomba jelentésen nagyobb levélfeliiletet
képes eldallitani, amely hatékonyabb fényelnyelést ¢és fotoszintézist eredményez. Ezen
talmenden tobb tanulmany is alatdmasztja (LAKE & LEISHMAN 2004, HAMILTON et al.
hatalmas elonye lehet, hogy joval nagyobb relativ novekedési rata (RGR) értékeket produkal az
arny€kosabb teriileteken. Ez azért lehet 1ényeges, mert eldrelathatéan a globalis klimavéaltozés
hatasara a vizeink hOmérséklete (2-4 °C-kal (PACHAURI et al. 2014)) és tapanyag-
koncentracioja (VELTHUIS et al. 2018, MEERHOFF et al. 2022) is emelkedni fog. Ezek
egymas hatasait felerésitve fokozzék az sz6 novényzet térhoditasat (NETTEN et al. 2010). Az
els6 tanulmanyban kimutattuk, hogy a magas tdpanyag-koncentracio vagy uszondvény
dominanciat vagy pedig a planktonikus és a perifitikus algdk dominancidjat eredményezi,
aminek koszonhetden csokken a vizfelszin alatti fényintenzitds. Emiatt az arnyéktiiré képesség
kulcstényezének bizonyulhat a Cabomba invazids sikerét tekintve. Egy masik fontos tényezd,
amely szintén elényhoz juttatja a Cabombat a Myriophyllum-mal szemben, hogy tobb mint
haromszoros a nitrogénfelvétele. Azonban fontosnak tartom figyelembe venni, hogy ez a
tanulmany jelentdsen kiilonbozik a természetes koriilményektdl és azok komplexitdsatol. Az
eredmények laboratoriumi kisérletbdl szdrmaznak, igy szamos olyan tényezd lehet, amely
befolyésolhatja a kiilonb6z6 ndvénycsoportok invazios sikerét. Ugyanakkor az eredményeink

crer

napjainkig dokumentaltak.

A felszini vizekben megjelend ndvényi invazid nagymértékben veszélyezteti a vizes
¢lohelyek biodiverzitasat. Eredményeink alapjan az idegenhonos vizindvények jelentdsen
nagyobb biomasszat termelnek az &shonos novényekhez viszonyitva, amely Osszhangban all
DAWSON et al. (2010) eredményeivel. Azt feltételeztiikk, hogy a nagyobb novekedési rataval
rendelkezd idegenhonos fajok stirti dllomanyai nagymértékben ki lesznek téve az onarnyékold
hatasnak. Ugyanakkor ezen fajok alacsonyabb levélfeliilet (LA) értékekkel rendelkeztek, mint
6shonos tarsaik. Ez arra utal, hogy vagy kisebb leveleik vannak, vagy tobb szeldelt levéllel
rendelkeznek ezzel biztositva nagyobb feliilet-térfogat aranyt, amely elonyos Ilehet a
fényhasznositas szempontjabol. Ezen tilmenden a nagyobb feliilet-térfogat arany az 6narnyékolo
hatas kikiiszobolése miatt is kedvezd, hiszen a kisebb méretli és/vagy szeldelt leveleket
konnyebb poziciondlni az optimalis fénymegkotés érdekében (RITCHIE & OLFF 1999,
POORTER & ROOZENDAL 2008). Az idegenhonos fajokra jellemzé magasabb levélfeliileti

funkcionalis gazdagsag értékei azt jelzik, hogy ezek a fajok levélfeliilet méretei jelentOsen
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sz¢lesebb tartomanyt fednek le, amelynek kdszonhetden a jellegtér sokkal nagyobb részét toltik
ki az Oshonos fajokhoz viszonyitva, amely szintén hozz4djarulhat a hatékonyabb
fénymegkotéshez (NAEM 1998). Ezeket a megéllapitdsokat tamasztjadk ald az idegenhonos
novénykozosségekben mért alacsonyabb levélfeliileti funkcionalis divergencia értékei is.
Specifikus levélfeliilet (SLA) esetében nem talaltunk szignifikans kiilonbséget az idegenhonos és
Oshonos fajok vonatkozasdban, ami arra enged kovetkeztetni, hogy ebben az esetben az SLA
nem jarult hozza a magasabb fitomassza termeléshez. Ez a megallapitds O0sszhangban 4ll
GUSTAFSSON & NORKKO (2019) eredményeivel, mely szerint az SLA csupan kozvetett
modon befolyasolja a vizindvények primer produkcidjat. A fajok levél szarazanyag tartalmat
(LDMC) vizsgélva nem talaltunk jelentds kiilonbséget az 6shonos €s idegenhonos fajok kozott.
A novények LDMC értéke korabbi kutatdsok alapjan O0sszhangban all a novényekre jellemzo
palatabilitassal szarazfoldi (PAKEMAN 2014) és vizi kornyezetben (ELGER & WILLBY 2003,
ELGER & LEMOINE 2005, ZHANG etal. 2019) egyarant. A funkcionalis diverzitas
Osszehasonlitdsdhoz alkalmazott két kiilonb6z6 modszer (global pooling, optimal pooling)
eredményei kozotti kiilonbség idegenhonos fajok esetében tért el nagyobb mértékben, amibdl
arra kovetkeztethetiink, hogy az idegenhonos fajok jelleg eloszldsai valtozatosabbak, amely
vélhetéen a nagyobb fenotipikus plaszticitdsuknak és genetikai sokféleségiiknek koszonhetd.
Altalanossagban elmondhat6, hogy a global pooling médszer a funkcionélis gazdagsag értékeket
talbecsiilte, mely a jelleg értékek kornyezethez vald alkalmazkodasaval magyardzhato.
Ugyanakkor a funkcionalis divergencia értékeket alabecsiilte, mig a funkcionalis
egyenletességet vizsgalva nem volt kiilonbség az alkalmazott moédszerek szempontjabol.
Elmondhatd tehat, hogy a két modszer eredményei kozotti kiilonbségek nagymértékben
befolyésoljak az idegenhonos ¢és Oshonos fajok Osszehasonlitasat, ezért ezek alapjan erdsen
megkérddjelezhetdek a csak a global pooling modszer alkalmazdsan alapuld vizsgalatok

eredményei.
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5. UJ TUDOMANYOS EREDMENYEK

Az értekezés keretében bemutatott tanulmanyok alapjan bizonyitast nyert, hogy az
epifitikus algdk jelentdsen gatoljadk mind a szubmerz-, mind pedig az Usz6 ndvények
nitrogén- és foszforfelvételét.

Kimutattuk, hogy a békalencsék novekedésgatlasaban 20%-ban az epifitikus algak voltak
felelosek, 80%-ot pedig a tocsagaz (Ceratophyllum demersum) vizkémiai paraméterekre
gyakorolt hatasai (pH novekedés, tapelem-koncentracid csokkenés) okoztak, ebbdl
kifolyolag az algak fogyasztasa altal a csigak képesek destabilizalni az sz6 €s szubmerz
novények alternativ stabil allapotait.

Strukturalis egyenletmodell segitségével teljes komplexitasdban sikeriilt feltdrnunk a
szubmerz és Uszd novények, tovabba az epifitikus algdk és az algaevd csigdk kozotti
gatld és serkentd kolcsonhatdsok erdsségét, figyelembe véve a tapoldat nitrogén-
Bizonyitast nyert, hogy az idegenhonos Cabomba caroliniana ndvekedési rataja alacsony
fényintenzitason minden esetben feliilmulta az Oshonos Myriophyllum spicatum
novekedési ratajat.

Sikeriilt kimutatnunk, hogy az alacsony fényintenzitds ¢és a magasabb hdémérséklet
fokozta a Cabomba caroliniana specifikus levélfeliiletét, amely az alacsonyabb levél
szarazanyag-tartalommal, valamint a nagyobb nitrogénfelvételi képességgel egyiitt
jelentésen hozzajarulhat az idegenhonos faj invazids sikeréhez.

Elsdként sikeriilt bizonyitani, hogy az idegenhonos vizindvények invazidja nem csak a
fajok sokféleségére gyakorol negativ hatdst, hanem az adott kozdsség funkcionalis
diverzitdsara is.

Kimutattuk, hogy az idegenhonos ndvények jelentdsen nagyobb biomasszat termelnek,
amely egyrészt olyan tényezOknek koszonhetd, mint a kisebb és/vagy tagoltabb levelek,
melynek kovetkeztében hatékonyabba valik a levelek poziciondldsa az optimalis
fotoszintézis érdekében, masrészt a kiillonbozd funkcionalis diverzitds indexek (a
levélfeliilet értékeket vizsgalva magasabb funkcionalis gazdagsag és egyenletesség,
illetve alacsonyabb funkciondlis divergencia) szintén jelentdsen hozzajarulnak az

idegenhonos névények magasabb biomassza-hozamahoz.
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ABSTRACT

Dominant floating and submerged rootless vegeta-
tion can be regarded as alternative stable states
world-wide. The competition between these two
vegetation types can be strongly influenced by
epiphytic algae. These algae, on the other hand, are
partially controlled by grazers like snails. However,
how this interaction between snails and epiphyton
affects the competition between floating and sub-
merged rootless vegetation remains rather unclear.
Here, we investigate this interaction. Floating
(Lemna gibba) and submerged rootless (Ceratophyl-
lum demersum) plants were co-cultured with the
presence and absence of the grazing snail Radix
labiata. Biomass and nitrogen uptake of algae were
strongly reduced in the presence of grazing snails.
Ceratophyllum-epiphyton complex without snails
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reduced N and P concentration of the medium
faster and had higher pH values than with the
presence of grazing snails. These changes resulted
in more unfavourable conditions for free-floating
plants. The presence of snails indirectly increased
the growth, tissue N concentration and N uptake
for both Lemna and Ceratophyllum. Submerged
plants together with epiphyton caused 20% more
growth limitation on Lemna than Ceratophyllum
alone. Structural equations modelling together
with experimental results revealed that grazing
snails seem to weaken the negative impact of
macrophyte-epiphyton complex on Lemna. Large-
scale field observations showed that the abundance
of L. gibba negatively correlated with Ceratophyllum
cover. Abundance of C. demersum and L. gibba
negatively correlated with algal biomass; however,
correlated positively with the group of larger sized
grazing snails. Our findings strengthen the
hypothesis that under a certain nutrient range,
epiphytic algae stabilize the submerged vegetated
state preventing colonization of lentic ponds by
free-floating plants.

Key words: Algae; Ceratophyllum; Epiphyton;
Lemna; Macrophytes; Nutrients; Top-down control.
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HIGHLIGHTS

e Macrophytes reduced nutrients much faster in
absence of snails.

e Snails increased the growth of both floating and
submerged plants.

e Epiphyton potentially inhibits the dominance of
floating plants.

INTRODUCTION

In freshwater ecosystems, several well-known
alternative stable states exist between primary
producers. High nitrogen and phosphorus concen-
trations in open water bodies may alter clear water
with dominance of submerged macrophytes into a
turbid state with phytoplankton dominance (Sch-
effer and others 1993), whereas in small lentic
waters this may lead towards a shift in dominance
of free-floating vegetation (Scheffer and others
2003; Smith 2014). A thick layer of free-floating
plants completely shades the water body, prevent-
ing the development of both submerged plants
(Morris and others 2003, 2004) and algae (Pinto
and O’Farrell 2014). It is also well known that
shallow water combined with lower nutrient con-
centration may favour the growth of rooted sub-
merged macrophytes resulting in ditches and ponds
totally covered by these macrophytes (van Zuidam
and Peeters 2013; Smith 2014). Beside rooted
submerged plants, non-rooted submerged vegeta-
tion may also play a crucial role in the function of
freshwater ecosystems. Under hypertrophic nutri-
ent supply, coontail (Ceratophyllum demersum)
dominated stands often form a thick layer below
the surface in oxbow lakes, small ponds and ditches
(Lombardo and Cooke 2003). It has been pointed
out that under a certain nutrient range, non-rooted
submerged vegetation is able to sustain
stable dominance against phytoplankton (Dai and
others 2014) and free-floating plants (Szab6 and
others 2021). Furthermore, it can be expected that
epiphytic algae together with their grazers may
significantly influence the competitive outcome
between these two plant groups.

Epiphytic algae are important components in the
littoral zones (Jeppesen and others 1998; Pieczyn-
ska and others 1999) because they play a key role
in affecting nutrient availability together with light
conditions of macrophytes (T6th 2013; Levi and
others 2015; Phillips and others 2016). Their
growth is affected by different abiotic factors, such
as light (Romo and Galanti 1998; Cao and others

2017), temperature (Cao and others 2017; Kan-
zanjian and others 2018), and nutrients (Song and
others 2015; Yang and others 2020). Biotic factors
such as competition for resources (Hansson 1988;
Havens and others 1996; Jones and others 2002)
and herbivory (Carpenter and Lodge 1986; Loman
2001) also strongly shape their abundance.

Snails are common herbivorous invertebrates in
many aquatic ecosystems (Soszka 1975; Lodge
1985; Pieczynska and others 1999). Interestingly,
one of the most common submerged species, C.
demersum, was the least preferred by herbivores
(Sheldon 1987; Pinowska 2002). It has been also
pointed out that macrophytes are a less important
part of a snail’s diet, because they are mainly
detritivorous and microphagous (Reavell 1980;
Brown and others 1991). Instead, snails are well
known to graze extensively on epiphyton attached
to macrophyte tissue (Pip and Stewart 1976). Due
to epiphyton removal, snails increase light avail-
ability for the plant and thus may stimulate
macrophyte growth (Bronmark 1994; Bayley and
others 2007; Ye and others 2019). Beside the en-
hanced light availability, nutrients released by
snails can also stimulate the growth of macrophytes
(Lodge 1991; Pinowska 2002).

Consequently, epiphyton and grazing snails to-
gether with the abiotic factors (light, nutrient
concentration, temperature) may largely modify
the interactions between non-rooted submerged
macrophytes and free-floating plants. It has been
well investigated that due to nutrient limitation,
submerged macrophytes sustain their stable domi-
nance against free-floating plants (Szabd and others
2010, 2021). However, to date there are no studies
addressing the role of epiphytic algae when com-
bined with grazing snails in this interaction.

The aim of the present study is to estimate the
role of epiphytic algae in the interaction between a
non-rooted submerged plant coontail (C. demersum)
and a free-floating plant duckweed (L. gibba). Ear-
lier studies showed that algae may strongly con-
tribute to the nutrient removal from the water
phase due to their faster nutrient uptake and
growth rate (Roijackers and other 2004). Other
studies (Song and others 2015, 2017; Yang and
others 2020) indicated that under high nutrient
concentrations much more epiphyton biomass was
on the surface of the macrophytes because the
excess of nutrients was available for the algae. It
has been also pointed out that at lower concen-
tration range, submerged vegetation strongly re-
duced concentration of nutrients in the water
phase (Szab6 and others 2010, 2021). Therefore,
we hypothesized that (1) grazing snails will reduce
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the biomass of the epiphytic algae and thereby
lower the nutrient uptake from the water phase
resulting in higher nutrient levels (2) that ulti-
mately would lead to higher growth rate of free-
floating plants. We also hypothesized (3) that the
role of epiphyton in nutrient removal and in
growth reduction of free-floating plants is stronger
at higher than at lower concentration range where
they are exposed to a stronger competition for
nutrients by the submerged plants.

MATERIALS AND METHOD
Plant Collection, Preincubation

Macrophytes (L. gibba and C. demersum) and pond
snails (Radix labiata) were collected in the middle of
August from the canal Igrice, near Nyiregyhdza,
Hungary. The plants were cultivated on a general
purpose culture solution medium detailed by Barko
and Smart (1985). Nitrogen and phosphorus were
supplied by adding stock solution of NaNO; and
K,HPO, to a final concentration of 5 mg L' Nand
1 mg L™ P, respectively. The supply of micronu-
trients was ensured by adding 0.1 mL L™' TROPICA
Supplier micronutrient solution (Szab6 and others
2021). The organisms were cultivated for 14 days
in 20 L containers under the following conditions:
220 pmol m~%s ' photon flux density, 16:8 h
light:dark, 25 °C. In experimental conditions they
were grown in 2 L plastic aquaria which were
covered by black foil, thus light could not penetrate
from the sides.

Effects of Algal Grazing on Lemna-
Ceratophyllum Interaction

Planktic and epiphytic algal suspensions were col-
lected from preincubated macrophyte cultures.
During algal inoculation, we added 10 mL L™" algal
suspension to the medium. Portions of initial Lemna
biomass (100 mg) were placed in a PVC tube as a
duckweed enclosure. Overcrowding of the fronds
was avoided in such a way that when Lemna fronds
reached a 100% cover, a second series of enclo-
sures, with a bigger diameter (respectively, 6, 7.5, 9
and 10 cm in diameter), was placed around the
previous one (Szab6 and others 2003). Two types of
control cultures were used: algal free and algal
treated (Figure 1). In Lemna-Ceratophyllum co-cul-
tures, 0 g (control) and 10 g (fresh weight) Cerato-
phyllum shoots were placed outside the enclosures.
Subsamples of macrophytes were taken for chem-
ical analyses. Both in algal treated Lemna cultures
and in Lemna-Ceratophyllum co-cultures, epiphytic

algal biomass was minimised by using the pond
snail (R. labiata) as a natural algal grazer. Therefore,
in one half of algal treated Lemna cultures and
Lemna-Ceratophyllum co-cultures three snail indi-
viduals (1.5-3 g FW each) were placed outside the
enclosures (Figure 1). To avoid consumption of
Lemna fronds, we ensured that the snails could not
enter into the Lemna enclosures by using trans-
parent adhesive tape on the top of the enclosures.
We used adhesive tape also at the edge of all
aquaria to avoid any escaping of snails. The cul-
tures were cultivated at low and high nitrogen
concentration (0.5; 5mg L~'N, NaNOs) with
constant initial phosphorus concentration (1 mg L™
' P K,HPO,) in triplicate. The initial pH of the
medium was adjusted to 7.3. Fresh weight (FW) of
Lemna was measured at the 4, 8 and 12 day to
calculate their relative growth rates (RGR) between
day 4 and 12 as RGR 4.1, = (InFW, — InFW,)/8 in
which FW;, and FW, were the fresh weights at
time 12 and time 4, respectively.

Chemical composition of the water was followed
in time in Ceratophyllum-Lemna co-cultures growing
at 5 mg L™' N. Water samples were taken, mea-
sured for pH and filtered with pore size of 0.45 pm
and analysed for PO,’~ -P and for dissolved inor-
ganic nitrogen (NO;~-N, NH,*-N) based on Hun-
garian standard methods (MSZ ISO 7150-1:1992;
MSZ EN ISO 6878 2004; MSZ 1484-13 2009). At
the 12 day, wet and dry weight of the plants was
measured. At the end of the experiment, algae
were gently removed from the surface of Cerato-
phyllum shoots and from the side of the aquaria into
the media using a paintbrush. After filtration (pore
diameter 5-8 pm) of the medium, total algal bio-
mass was dried (80 °C for 48 h) and dry mass was
measured. Total nitrogen concentration of algae
and of macrophtes growing at 5mg L™' N was
analysed by dry combustion using a Vario Max
Cube elemental analyzer (Elementar GMBH, Ger-
many). Nitrogen uptake (mg) of the macrophytes
was calculated from the difference between their N
content in the initial subsamples and in the final
biomass. Algal N uptake was calculated from the N
content of final algal biomass.

Analysis of Data from Field Surveys

Using the Hungarian Biotic Database of General
Directorate of Water Management (OVF, www.ov
f.hu/en), we collected data (macrophyte abun-
dance, phytoplankton chlorophyll-a, snail density)
from water bodies where C. demersum or L. gibba
occurred between Jun and August 2018-2019. We
also used macrophyte abundance data from the
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Figure 1. Experimental setup of investigating the interactions among macrophytes, algae and grazing snails.

Hungarian Biotic Database (2005-2019, n = 296),
and from 349 surveys from 17 European countries
(except from Hungary) between 1994 and 2011,
including the records of either (or both) Lemna
gibba or Ceratophyllum demersum (Birk and Willby
2010). Macrophyte abundance data (1-5) were
converted into mean values of Braun-Blanquet’s
cover classes (3%; 15%; 37.5%; 62.5%; 87.5%)
using the method of Engloner (2012). We also in-
volved vegetation cover data of the two macro-
phytes from Dutch ditches vegetation (van Zuidam
and Peeters 2013) where 70 datapoints were
gathered in 2007. Vegetation recordings were done
according to the Tansley coverage classes (Tansley
1946). We related the phytoplankton chlorophyll-a
of the water and grazing snail density (number of
individuals m~?) with the cover of C. demersum. Of
the 54 occurring snail taxa only large sized species
(Lymnea, Radix, Planorbis and Viviparus) were con-

sidered. We also related the phytoplankton
chlorophyll-a with the cover of L. gibba. To avoid
disturbance by dominance of other plants if Cer-
atophyllum cover was less than 87.5%, we selected
only those sites where total cover of other plants
did not exceed the cover of C. demersum or where
their total cover was less than 20%. The same fil-
tering method was applied for the selection of L.
gibba.

Finally, we related the cover of L. gibba with the
cover of C. demersum from Hungarian field data
united with Dutch ditches vegetation and data
surveys of 17 European countries (Birk and Willby
2010; Szabd and others 2021).

Structural Equations Modelling

Structural equations modelling (SEM) is a multi-
variate statistical method which allows testing
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hypotheses concerning the causal structure be-
lieved based on the observed data (Preston and
others 2012). Beyond analysing the direct effect,
SEM is also able to test indirect effects between two
variables mediated by another intermediary vari-
able (Bollen 1989). To improve the interpretation
of differences in response variables between
experimental treatments, we generated three sets
of SEMs (Preston and others 2012). For Lemna
biomass and for pH, we created a full SEM. How-
ever, since not all dependent variables (algal bio-
mass, water N and P) were measured for the entire
experiment, and because Ceratophyllum was applied
as both independent and dependent variable, we
generated two sets of restricted SEMs: one for Cer-
atophyllum and for algae from that part of the da-
taset where Ceratophyllum was present; the other
for water nutrients (PO,>~ -P, inorganic N) from
that part of the data where Ceratophyllum was pre-
sent at 5 mg N L™'. SEM was carried out using the
R package ‘““lavaan’’ (Rosseel 2011; Shipley 2000).
Among SEM parameters, standardized path coeffi-
cients (SPC) between two variables represent the
relative strength of a relationship. We used the
SPCs of full SEM for Lemna biomass and for pH,
while we applied SPCs of restricted SEMs for Cer-
atophyllum and algal biomass and for water nutri-
ents (PO, -P, inorganic N).

Statistical Methods

A general linear model (GLM) was used to test the
significance of the factors (nitrogen concentration,
Ceratophyllum, R. labiata) and their interactions on
the variables (RGR of Lemna, pH of the water, RGR
of Ceratophyllum, algal biomass,). We checked
residuals for normality, and we evaluated homo-
geneity of variances by Levene’s test. Among Lemna
biomass (FW;,) and RGR4.,, data, we applied Tu-
key post-hoc tests to evaluate which treatments
differed significantly from each other. We used
Pairwise Comparisons (PC) to test the variables
(Lemna biomass, Lemna RGR, Ceratophyllum RGR,
algal dry mass, pH of the water N and P removal, N
uptake) for significant differences among snail
treatments, where the mean difference (MD) =+ s-
tandard error (SE) was indicated.

Regarding to the field survey, the number of sites
with low (0-30%) or high (> 30%) macrophyte
(C. demersum or L. gibba) cover and low (2-25 pg L™
!y or high (> 25 pg L™') algal chlorophyll-a con-
centration was determined. Thereafter, a Fisher’s
Exact Test was applied to examine the significance
of the relationship between macrophytes (C
demersum n = 237, L. gibba n = 154) and algal

chlorophyll concentration. The number of sites
with low (0-30%) or high (> 30%) cover for both
plant species were also determined. Thereafter, a
Fisher’s Exact Test was applied to examine the
significance of the relationship between C. demer-
sum and L. gibba (n = 715). A regression analysis
with C. demersum density as independent and snail
density as dependent variable was performed
(n=71). All analyses were done in SPSS 16.0
software.

REsuLTS
Effects of Grazing on Plant Growth

Nitrogen concentration of media, Ceratophyllum and
the presence of snails had a significant (P = 0.001,
P < 0.001, P =0.001 ANOVA, respectively) effect
on the growth rate of Lemna (ESM Table 1). With
higher nitrogen concentration, the biomass of
Lemna showed a significant (P < 0.001, MD
1.35 &+ 0.121, PC) increase (Figure 2), whereas
there was no effect of nitrogen on Ceratophyllum
growth (P =0.277). Both algae (P =0.014, MD
0.089 £ 0.29, PC) and Ceratophyllum (P < 0.001,
MD 0.103 £ 0.013, PC) significantly lowered the
RGRy.1, of Lemna (ESM Fig. 1).

The biomass of Lemna significantly (P < 0.001,
MD 1.811 + 0.374, PC) decreased in the presence
of C. demersum (Figure 2). In Ceratophyllum-Lemna
co-cultures at low nitrogen concentration (0.5 mg
L' N) there was no significant difference in the
RGR of Lemna with and without the grazing snails.
However, at high nitrogen concentration (5 mg L~
"'N) RGR of Lemna was significantly higher
(P < 0.0001, MD 0.088 £ 0.007, PC) with than
without snails (ESM Figure 1).

The RGR of C. demersum (day™') was also signif-
icantly (P = 0.0144, MD 0.01 £ 0.003, PC) higher
with snails than without them (Figure 3, ESM Ta-
ble 1).

In Lemna-Ceratophyllum cultures, the presence of
snails leads to a reduction in algal biomass by 67—
86% (Figure 4A) and the dry weight of algae was
significantly (P < 0.001, MD 90.57 £+ 11.12, PC)
lower with snails than without them. At higher
nitrogen concentration algal biomass was signifi-
cantly (P = 0.011, MD 36.6, + SE 11.1, PC) higher
(Figure 4A, ESM Table 1).

Effects of grazing on water chemistry
and N uptake

In Lemna-Ceratophyllum co-cultures average pH of
the medium (at day 4, 8 and 12) was significantly
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Figure 2. The impact of algae, algae with pond snail (Radix labiata), Ceratophyllum and Ceratophyllum with R. labiata on the
biomass of Lemna cultures grown on media containing 0.5 mg L™' N (A) and 5 mg L™!' N (B) (means =+ SE, n = 3).
Significant differences (Tukey’s test, P < 0.05) of the fresh weight (day 12) among treatments are indicated with different

lowercase letters.

0.03 1 %

0.02 A1

RGR (day-")
'—

0.01 1 [

0.00 -
0.5 50
Nitrogen (mg L")
Osnail absence M@snail presence
Figure 3. The relative growth rate (RGR) of

Ceratophyllum demersum in the presence and absence of
pond snail (R. labiata) cultivated on 0.5 and 5 mg L™
nitrogen (N) culture media (means + SE, #n = 3).
Asterisks indicate significant differences (P = 0.014, PC)
between snail treatments. The effect of nitrogen was not
significant (P = 0.299, PC).

(P =0.001, MD 0.378 + 0.079, PC) lower (Fig-
ure 4B) while dissolved inorganic nitrogen (NO5™ -
N, NH4"-N) (P = 0.001, MD 2.70 + 2.66, PC) and
PO,’~-P of the water at day 6 (P < 0.001, MD
0.400 £ 0.036, PC) were significantly higher with
snails than without them (Figure 5A, B, ESM Ta-
ble 2). In the treatment with high nitrogen con-
centration (5 mg L™'), nutrient (N, P) removal
efficiency of Ceratophyllum-Lemna co-cultures was
mostly two times lower with than without snails
during the first six days (ESM Table 2). At the end
of the experiment, however, there were no signif-
icant differences in nutrient (N, P) concentrations
between snail treatments. In Lemna-Ceratophyllum
co-cultures under high nitrogen concentration, the
presence of snails significantly increased the tissue
N concentration and the N uptake of both macro-
phytes (ESM Table 2). With the presence of snails,
tissue N concentration of Lemna and Ceratophyllum
increased by 8 and 15%; N uptake of Lemna and
Ceratophyllum increased by 128 and 194%, respec-
tively, however, algal N uptake was lowered by
96% (Figure 5C).

Field Survey

Analysing the Database of Hungarian Surface Wa-
ters, Fisher’s Exact Test showed that there was no
significant relationship between C. demersum cover
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Figure 4. Total algal biomass (A) and average pH (day 4,
8, 12) of the water (B) in Lemna-Ceratophyllum co-
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(R. labiata) cultivated at 0.5 and 5mg L'N,
(means = SE, n = 3). Asterisks indicate significant
differences (A ***P < 0.001; B **P =0.003,
***P = (0.001 PC) between snail treatments. The effect
of nitrogen was significant (A P = 0.011; B P < 0.001
PC).

and algal chlorophyll-a (Chi-Square = 0.649,
df. =1, P=0.540) and between L. gibba cover and
algal chlorophyll-a (Chi-Square = 1.174, 4.f. =1,
P = 0.426). However, high phytoplankton chloro-
phyll only occurred at low abundances of both C.

demersum and L. gibba. As soon as phytoplankton
chlorophyll-a was higher than 30 pg L™", the cover
of both C. demersum and L. gibba was reduced to a
very low level (< 3%) (Figure 6A, B; ESM Fig. 2A,
B). On the other hand, the density of grazing snails
(Lymnea, Radix, Planorbis and Viviparus species) was
positively correlated with the cover of C. demersum
and this relationship was significant (ANOVA
Fy 60 = 26.159, P =0.000) (Figure 6C; ESM
Fig. 2C). Based on the European vegetation survey
(n = 715) the Fisher’s Exact Test showed that there
was a significant relationship between the cover of
C. demersum and L. gibba (Chi-Square = 13.090,
df. =1, P=0.000). We found negative power
function relationship between the cover of L. gibba
and of C. demersum (Figure 6D; ESM Fig. 2D). The
number of cases with high Lemna density (cov-
er > 30%) was 4.5 times higher in those sites
where Ceratophyllum density was low (cover 0-30
30%) comparing with high Ceratophyllum density
sites (cover > 30%).

Structural Equations Modelling

Based on the standardized path coefficients com-
puted by the full and restricted SEMs, nitrogen
increased the growth both of Lemna (0.59) and
epiphytic algae (0.33) on the other hand increasing
of N from 0.5 to 5 mg L' lowered the growth of
Ceratophyllum (— 0.26). Epiphytic algae increased
the pH (+ 0.38) while sharply dropped inorganic
nitrogen (— 0.93) and phosphorus (— 0.96) and
lowered (— 0.67) the biomass of Lemna. Snails
strongly reduced algal biomass (— 0.82) and low-
ered the pH (— 0.52); however, they had a strong
positive influence on the growth of both Cerato-
phyllum (0.71) and Lemna (0.42). Both Ceratophyl-
lum and epiphytic algae increased the pH (0.80,
0.38) on the other hand they strongly lowered (—
0.48, — 0.67) Lemna growth (Figure 7). Descriptive
statistics of the SEMs are in ESM Table 3-5.

DiscussioN

This was the first study to reveal the role of epi-
phytic algae and herbivorous snails in the complex
interaction between submerged and free-floating
plants. Snails strongly controlled the biomass of
epiphytic algae by grazing even under hypertrophic
conditions, whereas absence of snails resulted in
seven times increased algal biomass with increasing
nitrogen concentration (Figure 7). This strongly
supports the well-known idea that epiphytic algae
can shade submerged plants even by 90%, thereby
decreasing their photosynthesis (Phillips and others
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1978; Bulthuis and Woelkerling 1983; T6th 2013).
In addition to this shading effect, epiphytic algae
form a barrier blocking nutrient uptake of sub-
merged plants (Sand-Jensen 1977). Thus, our re-
sults are well in line with those studies that
revealed the role of grazing snails in reducing the
negative effect of algae on submerged plants (Cao
and others 2014; Yang and others 2020).

Intense photosynthetic activity and bicarbonate
uptake of macrophyte-epiphyton complex (Peder-
sen and others 2013) eventually leads to higher pH
without than with grazing snails. In field conditions,
high pH values were also detected in water bodies
with high densities of submerged plants (Spencer
and others 1994; Stiers and others 2011), and it was
also pointed out in aquarium experiments (Roi-
jackers and others 2004; Szab6 and others 2005,
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2010). Macrophyte-epiphyton complex reduced N
and P concentrations of the medium faster than
snail-marophyte-epiphyton—complex did, thereby
stabilizing the submerged vegetated state resulting
in more unfavourable conditions for free-floating
plants. On the other hand, the resulting higher pH
could be considered another stress factor for floating
plants, because it strongly lowered the bioavailabil-

ity of anions (Lass and Ullrich-Eberius 1984; Ullrich-
Eberius and others 1981, 1984). Because snails
effectively controlled the development of epiphytic
algae, contribution of the algal mat to the photo-
synthesis of the system has been reduced consider-
ably. Consequently, due to top-down control of algal
biomass, grazing snails indirectly reduced pH of the
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Figure 7. Interactions among abiotic factors, epiphytic algae, grazing snails, free-floating and submerged plants (Lemna,
Ceratophyllum). The standardized path coefficients (SPC) computed by the full and by the restricted structural equation
models (SEM) are shown on the arrows. Asterisk indicates that SPC was computed by the restricted SEMs. The relative
strength of a relationship is indicated by arrow thickness (red positive, blue negative). In laboratory experiment, planktic
algae contributed only 6-12% of total algal biomass, therefore are not presented.

medium resulting in a more favourable condition for
free-floating plants dominance (Figure 7).

At high nutrient concentration, submerged
plants together with epiphyton (absence of snails)
caused 20% more growth limitation on Lemna than
plants with epiphyton and snails. However, at
lower nutrient concentration, this adverse effect of
epiphytic algae on Lemna was insignificant since
under these conditions submerged plants may al-
ready have lowered nutrient concentrations to
such a level that they become potentially limiting
for the algal growth (Szab6 and others 2021). Based
on our experimental findings, grazing of the epi-
phyton by the macro-invertebrate fauna can stim-
ulate not merely the growth of submerged
macrophytes as it has been well investigated
(Bronmark 1985; Dudley 1992; Underwood and
others 1992; Yang and others 2020), but at higher
nutrient concentrations it can also indirectly in-
crease the growth of free-floating plants.

In the complex interplay between the dominance
of submerged and free-floating plants, snails have a
destabilising effect on the submerged plant domi-
nant state despite their positive effect on the plants.
It has already been pointed out that with increasing

nutrients above a threshold level (5 mg L' N)
submerged plant dominance weakened, while the
dominance of free-floating plants strengthened
(Szab6 and others 2010, 2021). By consuming the
epiphyton, snails reduce the negative impact (nu-
trient limitation, high pH) of submerged plants
against free-floating macrophytes, thus allowing
for free-floating plants to cover the surface com-
pletely even at lower nutrient loading.

Our field data analyses also revealed that there
may be strong negative impact between planktonic
algae and rootless submerged macrophytes. It
seems that above an algal density threshold, the
abundance of both floating and submerged plants is
reduced to a low level. Since phytoplankton bio-
mass positively correlated with epiphytic algae with
increasing nutrient level (Roijackers and others
2004) it is possible that under high chlorophyll-a
concentration, the reduced submerged plant den-
sity is the result of the shading effect of the phy-
toplankton together with thick epiphyton cover
(Phillips and others 1978, 2016). On the other
hand, high submerged plant density may also cause
reduced algal biomass due to competition for
nutrients (Liirling and others 2006), allelopathic
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substances released by non-rooted (Wium-Ander-
sen and others 1983; Gross and others 2003; Dong
and others 2019), or by rooted submerged macro-
phytes (Erhard and Gross 2006; Liirling and others
2006). In dense submerged vegetation, increased
density of plankton filterers (that is, Daphnia sp.)
may also lead to reduced algal biomass due to top-
down control (Scheffer 1998). Negative correlation
between planktonic algae and free-floating plants
can be due to competition for light and nutrients
(de Tezanos and O’Farrell 2014). Large-scale field
datasets also revealed that there is a strong negative
correlation between rootless submerged macro-
phytes (C. demersum) and free-floating plants (L.
gibba). Asymmetric competition for light (high
Lemna cover) and nutrients (high submerged plant
cover) could be the background of this correlation
(Scheffer and others 2003; van Gerven and others
2015; Szabd and others 2021).

In summary, different interactions exist among
the investigated organisms varying in strength as
indicated by the SEM (Figure 7). Submerged
macrophytes are essential to epiphyton by provid-
ing substrate and organic materials. Submerged
macrophytes with their epiphyton negatively im-
pact floating plants by limiting nutrient availability
in the water and increasing pH. On the other hand,
shading of free-floating plants may reduce the
growth of epiphyton, and as a result under inter-
mediate density it may even stimulate the growth
of submerged plants (Lu and others 2013). Above a
certain threshold density, free-floating plants have
an adverse effect not only on epiphyton but also on
submerged plants as well (Szab6 and others 2021).
Snails have also a key position in this interaction
network. Snails greatly benefit from macrophytes
and epiphyton, which is in line with our field
survey where the density of larger sized grazing
snails (Lymnaea, Radix, Planorbis, Viviparus sp.)
positively correlated with submerged plant (C.
demersum) cover. Furthermore, snails stimulate the
growth of submerged and, to a lesser degree, also of
free-floating plants at higher nutrient concentra-
tion by consuming the epiphyton (top-down con-
trol). The ultimate impact between organisms
depends on several abiotic factors like water depth,
wind exposure, water movements, nutrient load-
ing, temperature, and density of the macrophytes
(Scheffer and others 2003).
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Abstract

The synergy between climate change, eutrophication, and biological invasion is
threatening for native submerged plants in many ways. The response of submerged
plants to these changes is a key factor that determines the outcome of biological
invasion. In order to explain the invasion successes, we investigated the combined
effects of climate change and eutrophication-related environmental factors (tempera-
ture, light, and nutrients) on the trait responses of a native (Myriophyllum spicatum)
and an alien (Cabomba caroliniana) submerged species. In a factorial design, we culti-
vated the two species in aquaria containing low (0.5 mgNL?, 0.05mgPL?) and high
(2 mgNL?, 0.2 mgPL?) nutrient concentrations, incubated at four light intensities
(average 25, 67, 230, and 295 pmol m2 st PAR photon flux density) under two tem-
perature levels (21.5 and 27.5 +0.5°C). We used four invasion-related functional traits
(relative growth rate (RGR), specific leaf area (SLA), leaf dry matter content (LDMC),
and nitrogen to carbon ratio (N:C molar ratio)) to measure the environmental response
of the species. We calculated plasticity indexes to express the trait differences be-
tween species. Cabomba caroliniana showed significantly higher RGR and SLA than
M. spicatum especially under low light intensity indicating that Cabomba is much more
shade tolerant. Elevated temperature resulted in higher SLA and reduced LDMC for
C. caroliniana indicating that Cabomba may have higher invasion success. Myriophyllum
showed higher LDMC than C. caroliniana. Chemical analyses of the plant tissue re-
vealed that although M. spicatum showed significantly higher N:C molar ratio, none-
theless, the daily nitrogen uptake of C. caroliniana was more than three times faster
than that of M. spicatum. Results supported the idea that due to its higher shade toler-
ance and nitrogen uptake capacity, Cabomba likely has greater invasion success with

increasing temperature combined with low light levels.
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1 | INTRODUCTION

The introduction of alien plant species and climate change are among
some of the major global biodiversity threats. Climate change could
alter almost every facet of biological invasion and every interaction
between environmental stressors, thereby decreasing the resistance
to invasion of natural communities (Dukes & Mooney, 1999; Hellman
et al., 2007; Netten et al., 2010). Climate change is also stressing
native species to the point of being unable to compete against new
invasives (Rejmanek & Richardson, 1996). Moreover, in freshwaters,
it intensifies the symptoms of eutrophication (Jeppesen et al., 2010),
and a 2-4°C increase in water temperature is forecast by 2100
(Pachauri et al., 2014).

The synergy between climate change and eutrophication is
threatening for submerged plants in many ways (Moss, 2011). On one
hand, there is a positive correlation between elevated temperature
and dominance of free-floating vegetation over submerged plants
(Peeters et al., 2013). In addition, high nutrient concentration of the
water may also result in the dominance of phytoplankton (Scheffer
& van Nes, 2007) and free-floating plants (Scheffer et al., 2003;
Smith, 2014; Szabé et al., 2022). Both phenomena cause light limita-
tion (Lewis & Bender, 1961; Morris et al., 2003; Phillips et al., 2016),
which negatively affects the growth of submerged plants. The re-
sponse of submerged plants to these changes (i.e., lower light inten-
sity, higher nutrient concentration, and elevated temperature) is a
key factor that determines the outcome of biological invasion.

In the naturalization phase of invasion, alien species must adapt
to the new environmental conditions in order to establish, survive,
and reproduce (Richardson & Pysek, 2012). Morphological or physi-
ological characteristics (i.e., specific leaf area (SLA), dry matter con-
tent, relative growth rate (RGR), and nutrient uptake) that provide
a competitive advantage to alien plants over native species have a
key role in this process (Vila & Weiner, 2004). Greater phenotypic
differences between alien and native aquatic plants considerably in-
crease the probability of the alien's success (Lake & Leishman, 2004).
Accordingly, higher RGR, nutrient uptake, SLA, and higher pheno-
typic plasticity can contribute to the success of alien aquatic plants
(Geng et al., 2006; Lukacs et al., 2017; Szabo et al., 2019, 2020). Light,
nutrient availability, and temperature are strongly related to climate
change and eutrophication. Responding to these environmental fac-
tors, invasive plants need to be able to change their phenotypic prop-
erties more quickly, such as elongation (Molnar et al., 2015; Szabo
et al., 2019), branching, root-shoot ratio (Szabé et al., 2019), chloro-
phyll concentration (Szabé et al., 2020), leaf area (Riis et al., 2010), or
dry matter content (Larson, 2007). The responses to these factors
separately have been well documented; however, there is not a single
study addressed to evaluate their combined impact on morphological
and physiological traits of submerged macrophytes.

Cabomba caroliniana is one of the macrophytes that gains high
invasion risk in freshwaters (Matthews et al., 2017). Significant dif-
ferences were discovered between C. caroliniana and native beds
for underwater light conditions, macrophyte equitability, and epi-
phytic algal biomass (Hogsden et al., 2007). Roijackers (2008) stated

that growth form plays an important role in the competitive ability
of Cabomba caroliniana. Specifically, where there are plants with a
similar growth form (e.g., Myriophyllum spicatum and M. heterophyl-
lum), the growth potential of C. caroliniana appears to be limited.
However, limited information was found on the effects of C. carolin-
iana on native aquatic plants (Matthews et al., 2013).

In our experimental study, we compared the phenotypic plasticity
of Cabomba caroliniana and Myriophyllum spicatum, two submerged
aquatic plants with similar growth form (i.e., Myriophyllid: anchored
submerged plants with long stems and finely divided submerged
leaves, Wiegleb, 1991). Cabomba caroliniana (Cabombaceae) is a fast-
growing submerged aquatic plant, native in Argentina, Brazil, Uruguay,
Paraguay, and South-eastern USA (@rgaard, 1991); however, it forms
densely vegetated stands in European freshwaters as an alien species;
frequently distributed in the UK (Stace, 1997), the Netherlands (van
der Velde etal., 2002), and Hungary (Lukacs et al., 2014; Stetak, 2004).
Myriophyllum spicatum (Haloragaceae) is native in Europe, Asia, and
North-Africa (Patten, 1954). We have chosen to compare the envi-
ronmental response of these species because they frequently occur
in the same habitat in Hungary, and we suggest strong competitive in-
teraction between them due to the same growth form display similar
extent of realized niche (Begon et al., 1996).

Specific leaf area, leaf dry matter content (LDMC), nitrogen/car-
bon (N:C) molar ratio, and RGR are considered as the so-called “re-
sponse” traits in the plant trait literature (Engelhardt, 2006). It means
that it can be used to examine the manner in which biota responds to
changes in the environment; therefore, we investigated these traits
in order to get answers to our questions.

We hypothesized (H1) that differences in their growth rate and
nutrient uptake become more pronounced both under higher tem-
perature or higher nutrient concentration and with decreasing light
conditions. We suggest that these factors may contribute to the
invasion success of Cabomba over Myriophyllum. We also hypothe-
sized (H2) that along various environmental conditions, Cabomba has
a higher phenotypic plasticity than Myriophyllum and this may also
contribute to its invasion success.

This study aims to evaluate these hypotheses by investigating the
combined effects of temperature, light, and nutrients (N, P) on the trait
responses of the two species in a laboratory experiment. A further aim
is to clarify the limited competition ability of Cabomba growing next to
Myriophyllum, and how this competition is altered by changing envi-
ronmental conditions. Since submerged species may strongly change
light conditions if they are grown in cocultures (Szabd et al., 2019), we

cultivated them separately in order to eliminate these effects.

2 | METHOD

2.1 | Plant collection, preincubation

We collected apical shoots of Cabomba caroliniana from the ther-
mal outflow of Lake Héviz (N 46.786986°, E 17.194127°), and
Myriophyllum spicatum from the Eastern Principal Channel (N
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47.860911°, E 21.382270°), Hungary. Shoots were preincubated in
plastic boxes containing 20 L of deionized water which was supple-
mented by Na*, K*, Ca?*, Mg?*, HCO;, SOi", and CI™ as general pur-
pose culture solution medium detailed by Barko and Smart (1985).
Final concentration of the solutions for nutrients varied from eu-
trophic (0.5 mgNL™? and 0.05mgPL™?) to hypertrophic (2 mgNL*
and 0.2 mgPL?) through the treatment of adding NH,NO, and
K,HPO, stock solutions (1000 mg L! for N and for P) to the medium.
The nutrient (nitrogen and phosphorus) concentration of medium
was set to these values because we intend to simulate the natural
conditions and these two trophic levels refers to eutrophic and hy-
pertrophic status of natural waters. The supply of micronutrients
was ensured by adding TROPICA Supplier micronutrient solution
(Szabo et al.,, 2010). We preincubated the selected apical shoots
(10-12cm length) for 14 days under 230 umol m~2 57! photosyntheti-
cally active radiation (PAR), 16:8 h L/D regime at 24.5+0.5°C. We
renewed the culture medium twice a week. Shoot length nearly
doubled (22cm) under 14 days of preincubation. Therefore, most of
the selected apical shoots (11-14 cm) had developed already under
preincubation period; hence, they were well accommodated for ex-
perimental condition. Before starting the experiment, we removed
water from the surface of the plants using a centrifuge (600 RPM,
10 s). We measured subsamples of initial shoots of each species from
each nutrient concentration for fresh weight (FW) and dry weight
(DW) (W,).

2.2 | Laboratory experiment

We placed six apical Cabomba and Myriophyllum shoots (11-14cm
length, 7.40+0.2 g FW each) separately in 2-L aquaria (height:
11.5 cm, width: 11.5 cm, length: 18cm) containing the culture
media described above. The initial pH of the water was adjusted
to 7.3. Plant shoots were placed free into the aquaria, and they
were not planted into a substrate. They were positioned that way
to exclude the self-shading effect. We covered the sides of the
aquaria with black foil to avoid light penetration from the sides.
For both species, two different nutrient treatments (0.5 mgN (I
0.05 mgPL'l; 2 mgN LY 0.2 mgPL’l) were incubated at four dif-
ferent light intensities varying from strongly shaded to well-
illuminated conditions: 22-28 (L1), 52-82 (L2), 170-290 (L3), and
260-330 (L4) pmolm™ s™! PAR photon flux density. The highest
light intensity used in the experiment is roughly the same that we
could measure on a summer sunny day under half-shaded condi-
tions in a natural water. The other light intensities were set to this
values because the differences between light treatments were
suitable for measuring the effects of light intensity on the plants.
The light intensity of lamps was not dimmable, but the distance
between the lamps and aquaria was adjustable; therefore, light
intensity could be modified in a specific area. We measured the
light intensity at the water surface of each aquaria, and they were
placed into a lane where the light intensity was appropriate for
the treatment. The plants were grown under moderately cold and
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warm water (21.5 and 27.5 +0.5°C) using a controlled temperature
water bath. We renewed the culture medium on days 2, 4, and 6.
lllumination was carried out by 400 W metal halogen lamps. Each
treatment (2x2x2x4 = 32) was replicated three times meaning
that we used 96 aquaria. We finished the experiment after 8 days
in order to keep the initial light levels more or less constant, as well

as to avoid overcrowding of the plants.

2.3 | Relative growth rate, Specific leaf area, and
leaf dry matter content

Following Pérez-Harguindeguy et al. (2016) protocol, we selected
three relatively young (presumably more photosynthetically active)
but fully expanded and hardened leaves from the upper and mid-
dle sections of the shoots from each aquarium (96 x 3 = 288 leaves).
We measured the area of the leaves using a LI-3000 Leaf area
meter + LI-3050C Transparent Belt Conveyor Accessory (LI-COR
Biosciences GmbH, Germany). The whole submerged plants and the
three cut leaves were used for fresh weight and dry weight deter-
mination. We dried samples at 80°C for 48 h. After that, we imme-
diately measured their weights on Ohaus Adventure Pro scale. The
RGR of the plants was calculated as RGR = (InW, - InW,))/t, where W,
represents the initial and W, the final dry weight of the three plants
in each aquarium, and t is the cultivation time in days.

We applied two additional traits in the subsequent analyses;
both were calculated from the measured leaf area, leaf fresh weight,
and leaf dry weight data.

Specific leaf area (SLA) was calculated as SLA= (LA/W, mm*mg™)
where LA represents the leaf area and W, the dry weight of the
leaves. We applied SLA because it tends to scale positively with
mass-based light-saturated photosynthetic rate, and in general, spe-
cies tend to have higher SLA in permanently or temporarily resource-
rich environments than do those in resource-poor environments.
(LDMC) was
LDMC = (W/W, mgg™t), where W, represents the initial (water sat-

Leaf dry matter content calculated as
urated) and W, the final dry weight of the leaves. Leaves with high
LDMC tend to be relatively tough and are thus assumed to be more

resistant to physical hazards.

2.4 | Chemical composition
At the end of the experiment, we analyzed nitrogen and carbon con-
centration of the dried plants (96 samples) by dry combustion using

a Vario Max Cube elemental analyzer (Elementar GmbH, Germany).

2.5 | Plasticity index

We calculated the plasticity index (PI) for RGR, SLA, and LDMC for
light (PI), nutrients (Pl), and temperature (Pl;) according to Szabé
et al. (2019) as: Pl = (maximum mean-minimum mean)/maximum
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mean. The index ranges from O (no plasticity) to 1 (maximum

plasticity).

2.6 | Statistical analysis

Normality of the variables was checked by the Kolmogorov-Smirnov
test. RGR, SLA, and LDMC were all normally distributed (p>.05).
A general linear model (GLM) was used to test the significance of
the factors (light, nutrient, temperature, and species identity) and
their interactions on the variables. Pairwise comparisons (PC) were
used to test the variables for significant differences between spe-
cies where mean difference (MD) + standard error was indicated;
furthermore, ANOVA was used to test the significance level when
examining the effect of an independent variable on a dependent
variable for a given species. All analyses were made using SPSS 16.0
software.

3 | RESULTS

3.1 | Relative growth rate

For the overall experiment, all independent variables (light inten-
sity, nutrient concentration, and temperature) have a significant
effect on the RGR of both species (Table S1). Increasing tempera-
ture significantly (MD = -0.011+0.005, p = .018) reduced the RGR
of submerged plants at low (L1 & L2) light intensity (Figure 1b, d).
RGR of M. spicatum measured at high nutrient concentration was
significantly higher (MD = 0.009 +0.003, p = .007) than at low con-
centration; nevertheless, it was not affected by temperature treat-
ments. Nutrient concentration significantly influenced (F = 9.049,
p = .005) the growth of C. caroliniana. For the overall experiment,
C. caroliniana showed significantly higher RGR than M. spicatum
(MD = 0.011+0.003, p = .001) (Figures 1 and 5). Moreover, at
lower light intensity (L1 and L2), the differences were even larger
(MD = 0.022+0.004, p<.001). However, at high light intensity (L3
and L4), there were no significant differences detected between

growth rates of plant species (Figure 1).

3.2 | Specific leaf area

For the overall experiment, light intensity, species identity, and tem-
perature had a significant effect on the SLA, but nutrient concentra-
tion did not (Table S1). On one hand, SLA of M. spicatum was not
altered at all neither by nutrient concentration, light intensity, or
temperature. By contrast, SLA of C. caroliniana was affected both
by light intensity (F = 3.413, p = .029) and temperature (F = 18.464,
p<.001) (Figure 2). SLA of C. caroliniana was significantly higher at
high temperature (MD = 13.1+3.0, p<.001). Light intensity had a
significant (MD = 20.0+4.1, p<.001) effect on SLA of C. carolini-
ana only at low temperatures. In all cases, SLA of C. caroliniana was

significantly (MD = 48.5+2.0, p <.001) higher than that of M. spica-
tum (Figures 2 and 5).

3.3 | Leafdry matter content

Species identity and temperature had a significant effect on
LDMC (Table S1). LDMC of M. spicatum was significantly higher
(MD = 0.061+0.004, p<.001) than that of C. caroliniana (Figures 3
and 5) in all light intensity treatments. However, the differences
were not significant under low temperature (21.5 +0.5°C) combined
with low light intensity (L1) (Figure 3). Cabomba caroliniana showed
reduced LDMC value with higher temperature (MD = 0.020+0.006,
p =.002).

3.4 | N:C molar ratio

For the overall experiment, nutrient, light, and species identity had
a significant effect on the N:C molar ratio (Table S1). Overall, M.
spicatum had a significantly higher (MD = 0.013+0.001, p<.001)
N:C molar ratio than C. caroliniana; furthermore, under low light
conditions (L1 and L2), the differences between species were even
greater (Figures 4 and 5). On the other hand, at low light condi-
tions (L1 and L2) with high temperature, the daily nitrogen up-
take (mgNgFW™ day™) of C. caroliniana was significantly higher
(MD = 0.100+0.021, p<.001) and 3.6 times faster than that of M.
spicatum (Figure 6).

3.5 | Differences in phenotypic plasticity

Along the examined light gradient combined with temperature and
nutrient levels, the two submerged species showed marked differ-
ences in their phenotypic plasticity (Table 1). On one hand, M. spi-
catum showed greater (by 0.1) plasticity for light regarding to RGR.
On the other hand, C. caroliniana showed higher (by 0.1) plasticity
for light and temperature in SLA and LDMC. With regard to nutri-
ents, the two species did not show any characteristic differences
in their phenotypic plasticity values. Regarding the overall pheno-
typic characteristics, C. caroliniana showed a higher plasticity than
M. spicatum.

4 | DISCUSSION

The search for invasive traits and the investigation of trait plastic-
ity constitutes a challenging task in freshwater biology and invasion
biology. The best progress toward a general conclusion of this issue
would be to pool evidence from pairwise comparisons and multi-
species studies (Pysek & Richardson, 2007). In the case of aquatic
plants, comparisons within growth forms have high relevance due to
the scarcity of congeneric alien-native species pairs. Since growth
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FIGURE 1 Relative growth rate (RGR
[dry weight]) of Myriophyllum spicatum
and Cabomba caroliniana cultures grown
at different light levels and treatments
(a) low nutrient and low temperature;
(b) low nutrient, high temperature;

(c) high nutrient, low temperature;

(d) high nutrient and high temperature)
(mean+SE, N = 3). Asterisks indicate a
significant difference (PC) between the
species (*p<.05, **p<.01).

FIGURE 2 Specific leaf area (SLA
mm~2 mg™) of Myriophyllum spicatum
and Cabomba caroliniana cultures grown
at different light levels combined with
low (a) and high (b) temperature. Each
point represents data from low and high
nutrient concentrations (mean + SE,

N = 6). Asterisks indicate a significant
difference (PC) between the species
(**p<.001).

forms are stem from certain combination of traits, it can be concep-
tualized as groups of plants with similar degree of adaptation (Rowe
& Speck, 2005). Anchored submerged plants with long stems and
finely divided submerged leaves (i.e., Myriophyllid growth form) are
successful in colonizing flowing waters (Wiegleb, 1991), since finely
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divided leaves give extra competitive advantages over species with
entire leaves (Givnish, 1987). These advantages is due to the fact,
that divided leaves have much more light capturing surface per
unit biomass than entire leaves, and thereby they can be more ef-
ficient in photosynthesis. In consideration of this and its high natural
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FIGURE 3 Leaf dry matter content
(LDMC mgg™?) of Myriophyllum spicatum
and Cabomba caroliniana cultures grown
at different light levels combined with
low (a) and high (b) temperature. Each
point represents data from low and high
nutrient concentrations (mean + SE,

N = 6). Asterisks indicate a significant
difference (PC) between the species
(*p<.05, ***p<.001).
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FIGURE 4 N:C molar ratio of
Myriophyllum spicatum and Cabomba
caroliniana cultures grown at different
light levels combined with low (a) and high
(b) temperature. Each point represents
data from low and high nutrient
concentrations (mean+SE, N = 6).
Asterisks indicate a significant difference
(PC) between the species (*p <.05,
**p<.01, ***p<.001).
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dispersal potential, it is not surprising that Cabomba caroliniana is
among the most successful invasive aquatic plants across Europe
(Hussner, 2012).

Our laboratory results supported the idea that competitive suc-
cess of the alien C. caroliniana comes from its higher specific leaf
area (SLA) and 2-3 times higher growth rate under shaded condi-
tions than M. spicatum, which indicated that C. caroliniana tolerated
the shade better (more shade tolerant). Under shaded conditions,
higher temperature induced even higher specific leaf area (SLA) for
Cabomba. Therefore, our results are in line with the finding of Lukacs
et al. (2017) who pointed out that among Myriophyllids the invader
species had higher SLA than natives. Furthermore, it also supports
the findings of Lake and Leishman (2004) and Hamilton et al. (2005)
who found that high SLA can promote invasiveness.

In addition, higher SLA and lower LDMC of Cabomba versus
Myriophyllum suggest that Cabomba can form much more leaf area
from the same dry matter content (LDMC), which can also contrib-
ute to its invasion success. Invaders having lower LDMC may have
an advantage in the competition for light, because softer leaf tissues
allow invaders to build their photosynthetic organs faster and invest
less into structural tissue elements (Lukacs et al., 2017). Our results
support those findings revealing that some invader species can in-
vest much more on relative shoot elongation (nmmg™ DW) which

200 300

Light intensity (4 mol m2 s™')

can provide a better position for light capture (Szabé et al., 2019). It
also suits the finding that alien species can develop larger leaf area
faster, thereby increasing their invasion success (Lukacs et al., 2017).

Since former studies have already pointed out that Cabomba
has high light requirements (Hiscock, 2003; Scheurmann, 1993), it
was expected that low light intensity would have a limiting impact
on its growth. However, in our experiment, Cabomba showed much
less reduction in growth at low light levels than did Myriophyllum.
Additionally, the growth rate of Cabomba was two-three times
higher than that of Myriophyllum, indicating its lower light com-
pensation point compared with Myriophyllum. Under natural con-
ditions, especially in eutrophic waters, epiphytic algae can shade
submerged plants by up to 90%, decreasing their photosynthesis
and growth (Bulthuis & Woelkerling, 1983; Koleszar et al., 2021,
Phillips et al., 2016; Toth, 2013). However, both species are able to
produce allelopathic substances against blue green algae, thereby
partly lowering the shading effect of periphyton (Nakai et al., 1999).
In this way, those species equipped with a trait such as lower light
compensation point might gain extra competitive advantage. Our
results indicate that Cabomba can be more competitive species
than Myriophyllum, and it may survive better under more shaded
eutrophic conditions, such as turbid water or below a mat of float-
ing plants (Szabo et al., 2020; van Gerven et al., 2015).
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FIGURE 5 Boxplots of relative growth rate (RGR [dry weight]), specific leaf area (SLA), leaf dry matter content (LDMC), and N:C molar
ratio of Myriophyllum spicatum (white) and Cabomba caroliniana (red) under different light levels. Each boxplot represents data of four light
intensities. Boxes: +25%-75% percentiles; whiskers: Standard deviations, []: Median, n = 12.
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FIGURE 6 Nitrogen uptake (mgNg FW™ day™) of Myriophyllum
spicatum and Cabomba caroliniana cultures grown at low light levels
(L1 & L2) with high temperature. Each column represents data from
low and high nutrient concentrations (mean+SE, N = 12).

In our study, higher nutrient concentration only slightly en-
hanced the RGR of Myriophyllum, and Cabomba. On the contrary,
analyzing the tissue N concentration revealed that under low light
intensity, Cabomba has more than three times higher nitrogen
uptake capacity than Myriophyllum (Figure 6). This trait may be
especially advantageous in waters with suboptimal nitrogen concen-
tration. Furthermore, at low light intensity, increasing temperature
reduced the growth rate of both submerged plants, but significantly

enhanced the SLA of Cabomba and reduced its LDMC likely contrib-
uting to its invasion success.

The aim of our study was to investigate the combined effects of
temperature, light, and nutrients (N, P) on the trait responses (RGR,
SLA, LDMC, N:C molar ratio) of the two speciesin an 8-day laboratory
experiment. However, several questions may arise regarding the du-
ration of the experiment. On the one hand, the plants were properly
preincubated since shoot length and biomass nearly doubled in the
14 days of preincubation (via RGR 0.04 day_l); thus, after cutting the
apical end, newly developed shoots were used for the experiment.
On the other hand, this period was sufficient to find well-detectable
significant changes in the plant traits due to the various light inten-
sities and/or nutrient concentrations and/or temperature levels, as
mentioned above. Although an 8-day period experiment may seem
relatively short, the reason we finished the experiment after 8 days
was to avoid overcrowding of the plants in 2-L aquaria. In case of
overcrowding, the changes in traits are no longer just due to the
treatments (light, nutrient, and temperature), but also due to self-
shading (intraspecific competition). Our results under noncrowded
laboratory conditions with low light levels partly imitated those field
conditions with densely growing shaded plants where the invasion
is actually happening. Thus, the measured growth traits along light
gradient gave relevant information for field conditions as well. Over
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. X X TABLE 1 Plasticity index (Pl) of
Myrioph. Cabomba Myrioph. Cabomba Myrioph. Cabomba Myriophyllum spicatum (Myrioph.) and
Variable Pl gt Pl utrient Pl remperature Cabomba 'carolmlana (Cabomba) for light
(P1)), nutrients (Pl,)), and temperature
RGR 0.89 0.40 0.31 0.22 0.17 0.15 (P1y). Greater Pl values are bold if
SLA 0.07 0.20 0.07 0.01 0.04 0.18 differed by 0.1.
LDMC 0.06 0.29 0.05 0.05 0.01 0.21

and above, there are several studies (Cedergreen et al., 2004; Huang
et al., 2017; Szabé¢ et al., 2019, 2020) clearly supported that 14 days
of preincubation with 8-day incubation was sufficient to compare
traits (RGR, LDMC, N:C molar ratio, SLA) between aquatic plant
species.

Our short-term experimental results pointed out that the three
environmental factors significantly modified the investigated plant
traits. However, it is well known, that these abiotic conditions con-
stantly change over longer growing periods. Due to apical elongation
of the shoots, it is obvious that light intensity increases with de-
creasing water depth (Pokorny et al., 1984). On the contrary, under
hypertrophic conditions, shading of epiphytic algae can strongly
decrease light conditions on the surface of the older leaves (Levi
et al., 2015; Phillips et al., 2016; Toth, 2013). Bioturbation of benthic
fauna may not only decrease light conditions, but also increase nu-
trient release from the sediment to the water body as well (Addmek
& Marsalek, 2013; Chen et al., 2016; Scheffer, 1998). By contrast, in
stands of submerged vegetation due to plant nutrient uptake, nu-
trient concentration (N, P) of the water shows continuous decrease
over the growing season (Scheffer, 1998; Szab¢ et al., 2022). Beyond
the increasing temperature over the growing season, submerged
vegetation itself can strongly modify the water temperature due to
reduced turbulence and shading. Thus, over a longer growing period,
the differences in temperature between the upper and lower water
bodies are increasing. All in all, even in the absence of crowding of
the vegetation, both abiotic (light, nutrient, and temperature) and bi-
otic conditions are constantly changing, together with the inevitable
change of physiological condition of the aging plants. Thus, in field
conditions, it is not at all likely that the determined traits will remain
stable over a longer growing periods. By contrast, in our experimen-
tal setup, under a shorter incubation period, we were able to keep
the environmental factors nearly constant in order to gain relevant
information regarding to the plant traits under changing environment
in field conditions. Obviously, our experimental results may differ
in several ways from the results of long-term studies under natural
conditions. Natural pests and consumers may significantly change
the competition between the two species (Koleszar et al., 2021).
Furthermore, canopy formation of submerged macrophytes takes
place along an increasing light gradient (from the shady bottom to
the water surface); therefore, horizontal spread of the two species
strongly depends on their apical elongation and branching degree
along increasing light gradient (Szabd et al., 2019). Consequently, the
differences in their phenotypic characteristics under various envi-
ronmental conditions may also strongly determine their competitive
outcome. Therefore, it is obvious, that our laboratory results do not

directly reflect the complexity of field conditions therefore, may
not directly indicate the invasion success of Cabomba. However, the
change in the observed traits in these controlled conditions is well
consistent with the already-documented invasion of Cabomba. Thus,
this study may help to understand further study of field traits of
these species under more complex conditions.

Comparing all the results we may conclude, that H1 hypothesis
was supported by the results that the trait differences for RGR and
N:C molar ratio between species were more pronounced under de-
creasing light conditions and this likely contribute to the invasion
success of Cabomba over Myriophyllum. Since Myriophyllum showed
higher phenotypic plasticity for RGR, and Cabomba for SLA and
LDMC, our second hypothesis has been proved to be also partly
true. However, these characteristics make Cabomba a better sur-
vivor under turbid eutrophic conditions, contributing to the rapid
spread of the species.

Based on these findings, shade tolerance seems to be a key fac-
tor in the invasion success of Cabomba caroliniana. In order to reveal
more realistic image of the interplay between the two species, fur-
ther long-term mesocosm experiments are needed to be performed
cultivating them in cocultures.
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Intraspecific trait variability is relevant in assessing
differences in functional composition between native
and alien aquatic plant communities
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Abstract The loss of plant functional diversity
associated with biological invasion is a main subject
of invasion biology, but still understudied in case of
aquatic plants. We calculated functional richness,
evenness, divergence and community-weighted mean
trait values of aquatic plant communities for 20 plots,
half invaded and half non-invaded by alien species,
in a thermal effluent of West Hungary. Three traits
[specific leaf area (SLA), leaf dry matter content
(LDMC), leaf area (LA)] were considered to explain
how alien species alter ecosystem function. We dif-
ferentiated interspecific and intraspecific trait varia-
tion and investigate its effect on the community-level
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functional diversity. We found that alien species
invasion causes significant changes in the functional
composition of aquatic plants whereby alien species
become able to absorb light more efficiently, which
will directly enhance their increased biomass pro-
duction. Our study highlights the importance of local
adaptation, showing that calculating functional diver-
sity with global pooling of trait measurements causes
significant over- or underestimation of functional
diversity indices. Consequently, this can potentially
result in erroneous conclusions regarding the impact
of invasion.

Keywords Macrophytes - Community assembly -
Functional diversity - Optimal pooling - Intraspecific
trait variability

Introduction

Most alien aquatic plants that have become invasive
were planted deliberately in the new environment.
Many of them can step quickly into the invasion
phase and cause devastating effects (Getsinger et al.,
2014; Brundu, 2015; Zhan et al., 2017). In temper-
ate regions, biological invasion can be considered
either advantageous or disadvantageous, their man-
ner and degree are not consistent among ecosystems
(Vila & Hulme, 2017). Most recent approaches quan-
tify the impact of alien species by documenting how
it changes community species richness, phylogenetic

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10750-023-05313-4&domain=pdf
http://orcid.org/0000-0002-3163-1281

Hydrobiologia

and functional diversity (Hejda & de Bello, 2013) or
assessing the impact on ecosystem functioning (Vila
et al., 2011). It is widely accepted that alien plant spe-
cies are associated with loss of species diversity in
both terrestrial (Hejda & de Bello, 2013) and aquatic
habitats (Vojtké et al., 2017; Hussner et al., 2021).
Since species contribute to the functional stability
of communities, the replacement of native species
inevitably modifies the stability and functioning of an
ecosystem through the variability of traits (Vila et al.,
2011; Gallardo et al., 2016). Despite an increasing
number of studies on functional diversity and biologi-
cal invasion in the terrestrial realm, analogous stud-
ies in the freshwater environments with aquatic plants
are few (Michelan et al., 2010). Indeed, comparing
invaded and non-invaded sites using functional diver-
sity indices and traits other than growth forms are still
lacking.

Alien aquatic plants possess various traits which
might contribute to their invasion success over native
species like higher growth rate, better dispersal abil-
ity and higher propagule production (Hussner et al.,
2021; Tasker et al., 2022 and references therein).
Their superior resource acquisition (Lukacs et al.,
2017; Hussner et al., 2021), shade tolerance (Szabd
et al., 2020; Koleszar et al., 2022) and phenotypic
plasticity (Riis et al., 2012; Fleming & Dibble, 2015;
Szabd et al., 2019) are also characteristics that make
them better competitors than natives. Because of this
competitive advantage, they often form monospecific
stands, which alter ecosystem functions by chang-
ing community structure or role as habitat and food
for animals (Dibble et al., 1996; Schultz & Dibble,
2012).

At the community level, changes in the func-
tional composition can be characterized by mean
and variation of traits measured by CWM (commu-
nity-weighted mean) and functional diversity (FD)
indices. CWM is expected to determine ecosystems
process (such as biomass production) (Garnier et al.,
2004), while FD has been related to resource use effi-
ciency in plant communities.

According to the definition by Violle et al. (2012),
a trait has to be measurable at the individual level,
thus, traits vary among individuals both between
(interspecific variation) and within (intraspecific var-
iation) species. The extent of the latter variation dif-
fers between families or plant life forms but is known
to be very high among aquatic plants (Willby et al.,
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2000). It was traditionally assumed that interspe-
cific trait variation is much larger than intraspecific
variation (McGill et al., 2006; Shipley et al., 2016);
therefore, the latter is often neglected, and each spe-
cies represented by a single (mean) trait value (often
downloaded from a database, Pavoine & Bonsall,
2011). However, this assumption is not generally
met. Disregarding the within-species trait variation
and applying a global mean trait value may distort
the estimate of functional diversity and can lead to
false conclusions. Thus, new approaches consider
both between- and within-species variation (Carmona
et al.,, 2016, 2019). Most aquatic plant researchers
focus on community-level rather than on intraspe-
cific trait variation (Veccia et al., 2020). Even if one
decides to use intraspecific trait variation, it is not
straightforward how it should be done. Carmona et al.
(2019) proposed that first trait probability distribu-
tions have to be fitted, and subsequently, functional
diversity indices should be calculated. But it is still
questionable how data should be pooled before TPD
fitting. Reliable estimates of distributions need a lot
of data (cf. Appendix S1 in Botta-Dukat & Lukacs,
2021). This fact suggests using all data irrespective
of place of measurement to fit a single distribution.
Botta-Dukat & Lukécs (2021) pointed out that this
approach may result in a biased estimate of TPD by
neglecting within-species variation due to a changing
environment. They proposed an algorithm for finding
an optimal pooling with balance between increas-
ing size (to improve the reliability of estimates) and
homogeneity (to avoid bias due to neglecting the
effect of the changing environment) of the trait data-
set used in fitting a single TPD.

The aim of the present study was to assess the
impact of biological invasion on the functional struc-
ture and diversity of native aquatic plant communi-
ties. To that, we hypothesized that (HI) alien spe-
cies communities produce higher biomass, and the
difference in the functional composition between
native and alien communities reflects this. Specifi-
cally, we assumed (H2) that higher biomass produc-
tion requires more efficient light capture and higher
growth rates, and to achieve this, these species invest
less in structural resistance.

Since aquatic plants display ubiquitous and
remarkable  environmental-induced  phenotypic
plasticity, we additionally analyse intraspecific trait
variation. We followed the pooling methods given
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by Botta-Dukat & Lukacs (2021) and applied two
types of trait pooling: optimal pooling of intraspe-
cific trait variation (i.e. using species-specific trait
probability distribution) and global pooling (using
a global trait probability distribution). To that, we
hypothesized (H3) that the optimal pooling pro-
vides different, and possibly more realistic results
on functional diversity compared to global pooling.

Material and methods
Study area

This study was conducted in the Héviz canal (West-
Hungary), which is a natural, but canalized small
river, with a constant water level. As the canal
originates from a thermal lake (Lake Héviz), it
has an elevated water temperature of about 20 °C
(yearly average). By this, even during the win-
ter months, the temperature of the canal is rarely
below 10 °C. In the 1980s, illegal aquarium plant
cultivation was conducted in the upstream sec-
tion of the canal; therefore, alien-invasive species
could form dense mats, and the habitat structure
is altered dramatically compared to the lower sec-
tion where native vegetation remained uninvaded.
In temperate regions, the ability to bypass the dor-
mant period (i.e. overwintering) is an important
environmental filter of alien species coming from
the tropics. Freshwater habitats with elevated water
temperatures provide excellent opportunities for
cold-sensitive aquatic plant species to withstand the
cold winter period and to get establish even within
the temperate region. For certain tropical and sub-
tropical species, elevated water temperatures dur-
ing winter might open “windows of opportunity”, it
either enables successful overwintering in vegeta-
tive forms or ensures the survival of their seeds and
buds throughout the winter season. Because of this,
these plant species can form dense mats before the
spring establishment of native aquatic plants, and
these habitats are major sites of alien aquatic plant
invasion in Europe (§ajna et al., 2007; Hussner
et al., 2014a,b; Lukéacs et al., 2016), which makes
them ideal study areas for testing functional diver-
sity between alien and native vegetation.

Vegetation survey and environmental conditions

We designated 20 sampling plots (2 mXx2 m each)
along the canal. All plots were randomly assigned in
the middle of the canal. As the distribution of native
and alien aquatic plants is uneven along the canal, we
assigned ten plots in the upper (thereafter upstream)
and ten plots in the lower (downstream) section of the
canal (Fig. 1).

The percentage cover of all vascular plants was
recorded in each plot between September 9 and 11,
2017. Since there were pronounced overlaps between
the species in the water column, we allowed the cov-
erage to exceed 100%. After cover estimation, we
assigned priority to collecting non-rooting species.
Subsequently, we carefully cut the stems of root-
ing species just above the soil level and gathered the
plant material within the plots for accurate biomass
determination. We measured wet biomass per species
and plot. In all plots, we measured temperature, pH
and conductivity on site (Hach Lange HQ40D) and
took water samples to measure total phosphorous and
total nitrogen content. All measurement done in the
environmental research laboratory at the Institute of
Aquatic Ecology (ICP spectrophotometry).

Plant functional traits

We collected five young (photosynthetically active)
but fully expanded leaves at the shoot tips from every
plant species in all plots. Leaves without petioles
were put into a zip-lock bag with a wet condition.
Plant trait measurement and calculation followed the
protocol of Pérez-Harguindeguy et al. (2013). Leaf
fresh mass and leaf area were measured within 12 h
of sampling using a scale (Adventurer Pro, Ohaus
Inc.) and a benchtop leaf area meter (LI-3000C with
LI- 3050C, Li-COR Inc.). Leaf dry mass was meas-
ured after samples had dried at 80 °C for 48 h in a
forced oven until a constant weight was achieved.
Specific leaf area (SLA) was calculated as leaf area
divided by its dry mass and expressed in mm? mg~'.
Leaf dry matter content (LDMC) was calculated as
dry mass divided by the fresh mass of the same leaf
and expressed in mg g~
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Fig. 1 Location of plots
along the Héviz Canal
(West Hungary)

Lake Héviz

Upstream
plots

Downstream
plots

00.250.5 1 1.5

i 2
e wm— Kilometers

Functional diversity

We calculated Community-weighted mean trait val-
ues (CWM), which are the mean values of the traits
across species weighted by their abundance (Violle
et al, 2007), and were calculated for each plot
(n=20). Besides CWM, we calculated different func-
tional diversity indices to estimate trait differences
between communities. We considered functional
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richness, functional evenness and functional diver-
gence (Mason et al., 2005; Villéger et al., 2008).

Functional richness

Functional richness measures how much of the niche
space is occupied by the species present. Logically,
functional richness is tightly connected to species
richness.
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Functional evenness

Functional evenness index measures whether the
trait values are distributed regularly within the occu-
pied trait space (a high index value usually reflects a
very regular distribution; a low index value indicates
aggregated distribution). Functional evenness is gen-
erally used to indicate under- or overutilization of
resources and productivity, reliability and vulnerabil-
ity to invasion (Mason et al., 2005).

Functional divergence

Functional divergence measures the degree to which
the abundance of species in a community is distrib-
uted towards the extremities of occupied functional
trait space.

Statistical analyses

Functional richness, evenness and divergence were
calculated from species-level trait probability distri-
butions (TPDs) with methods proposed by Carmona
et al. (2016, 2019). Species level TPDs were fitted
by two ways. In global pooling, all measurements
were used for fitting a single TPD for each species,
and these species-level TPDs were used for each
plot. In optimal pooling, the approach proposed by
Botta-Dukat & Lukéacs (2021) was applied: before
fitting TPDs, plots were classified into groups by fit-
ting a Gaussian finite mixture model, then separate
TPDs were fitted for each group. Functional diversity
analyses made under R environment with the use of
ks (Duong et al., 2022), mclust (Scrucca et al., 2016)
and TPD (Carmona, 2019) packages. CWMs and
functional diversity indices of invaded and uninvaded
plots were compared by Wilcoxon tests. Figures and
Wilcoxon test were made in Origin Pro 2023 software
(OriginLab Corporation, Northampton, MA, USA).

Results

We found significantly higher temperature, higher
total phosphorous content, higher conductivity and
lower pH in the water at the upstream section (Wil-
coxon test, Table 1). We recorded eight alien and
five native species in the plots (Table 2). Alien spe-
cies were exclusively found in the upstream plots,

Table 1 Values of environmental variables in Héviz canal,
and their differences between upstream and downstream sec-
tions

Downstream diff
section
(mean=+S.E.)

Upstream
section
(mean+S.E.)

Temperature (°C) 26.45+0.283 20.03+0.249  *

Conductivity (uS/ 720.6 +4.01 680.6+2.490  *
cm)

pH 7.279+0.024  7.705+0.052  *

TN (mg/l) 0.367 £0.04501 0.3172+0.0446

TP (ug/l) 87.272+8.292 50.909+7.241 *

*P <0.05 (Wilcoxon test)

while native species exclusively found in the down-
stream plots. We measured significantly lower wet
biomass in communities dominated by native spe-
cies (Fig. 2d). Community-weighted mean values
of LA were significantly higher, but mean values
of SLA were significantly lower in communities
dominated by native species (downstream plots)
(Fig. 2a).

Global pooling always significantly overesti-
mated the functional richness, irrespective of trait
and community type (Table 3, Figs. 3, 4, 5). In alien
communities, the functional divergence of SLA and
LDMC was significantly underestimated by global
pooling, but the effect of pooling was not significant
in native communities and in the case of LA. Esti-
mates of functional evenness by two ways of pool-
ing did not differ significantly.

Using global pooling, the functional richness
and evenness of LA, and the functional evenness of
LDMC and SLA were significantly higher in alien
communities, while functional richness of SLA
and functional divergence of the LA were signifi-
cantly higher in native communities (Figs. 3, 4, 5).
Using optimal pooling, only four of these six sig-
nificant differences—the higher functional richness
and evenness of LA, the higher functional evenness
of LDMC and the lower functional divergence of
LA in invaded communities—could be confirmed.
In the other two cases, the difference between
invaded and native communities was not signifi-
cant when optimal pooling was applied instead of
global one, and one new significant difference—
higher functional divergence of SLA in the native
communities—emerged.
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Table 2 List of aquatic
plant species and their

Species

Growth-form

mhajof growth-form found in Alien Cabomba caroliniana A.Gray Submerged/rooted
the plots Alien Hygrophila difformis (L.f) Blume Submerged/rooted
Alien Nymphaea lotus L Floating leaved/rooted
Alien Nymphaea rubra Roxb.ex Andrews Floating leaved/rooted
Alien Rotala rotundifolia (Buch.-Ham. ex Roxb.) Partly emerged/rooted
Koehne
Alien Vallisneria americana Michx Submerged/rooted
Alien Vallisneria spiralis L Submerged/rooted
Native Ceratophyllum demersum L Submerged/non-rooted
Native Hydrocharis morsus-ranae L Floating leaved/non-rooted
Native Lemna minor L Floating leaved/non-rooted
Native Nuphar lutea (L.) Sm Floating leaved/rooted
Native Spirodela polyrhiza (L.) Schleid Floating leaved/non-rooted
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Fig. 2 Boxplots showing variation of community-weighted
mean values of a leaf area (LA), b specific leaf area (SLA),
¢ leaf dry matter content (LDMC) and d variation of wet phy-

T
Native

Alien

tomass of native and alien communities. P<0.05 indicates
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significant differences between native and alien communities
(Wilcoxon test). Boxes show interquartile ranges, middle lines
are medians and whiskers are outliers
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Table 3 Wilcoxon-test results for comparing the effect of
global and optimal pooling using invasive and native commu-

nities for estimating trait probability distributions (TPD)

Trait FD measure Invasive commu-  Native communi-
nities ties
SLA Richness W=1717 W=288
P value=0.0444 P value=0.0041
Evenness W=36 W=39
P value=0.315 P value=0.4359
Divergence W=16 W=36
P value=0.0089 P value=0.315
LDMC Richness W=178 W=282
P value=0.0372 P value=0.01561
Evenness W=25 W=39
P value=0.0630 P value=0.4359
Divergence W=18 W=49
P value=0.0147 P value=0.9705
LA Richness W=90 W=100
P value=0.0028 P value=0.0002
Evenness W=55 W=55
P value=0.7394 P value=0.7394
Divergence W=70 W=40

P value=0.1431

P value=0.4813

Significant differences (p<0.05) between values calculated by
global and optimal pooling are in bold

Discussion

Our study aimed to evaluate the effect of biological
invasion on the functional structure and diversity of
aquatic plant communities within the river. Addition-
ally, we sought to examine the variations in func-
tional diversity indices by applying trait probability
distributions fitted using both the global pooling and
optimal pooling methods. We showed that invasion
significantly changed the functional composition of
aquatic plant communities and altered their ecosys-
tem functioning expressed by biomass production in a
thermal effluent. Our study also raised the importance
of intraspecific trait variability in the community-
level analyses of functional diversity among aquatic
plants.

Functional composition and productivity
Invasive alien species have been usually linked to

higher growth rate, and higher biomass production,
which allows them to outcompete native species

(Dawson et al., 2010). However, this feature depends
on the studied species and habitats. In accordance
with our first hypothesis, we found that alien aquatic
plant communities produced significantly higher bio-
mass compared to native ones. We also assumed that
more efficient light capture is required for such an
increased biomass production and suggested a shift in
the community composition towards the dominance
of larger-leaved species. In contrast, our findings
revealed lower community-weighted mean LA values
within alien communities. This indicates that these
communities are comprised of species that possess
having either smaller or more dissected leaves (i.e.
higher surface—volume ratio), or even a combination
of both, in comparison to natives. We assumed that
alien species may overshadow themselves due to the
denser vegetation caused by larger phytomass produc-
tion. In such dense vegetation, the smaller-dissected
leaved species may have an advantage, as these leaves
are easier to position for more optimal light capture
(Ritchie & OIff, 1999; Poorter & Roozendal, 2008).
Therefore, smaller-dissected leaved species can
achieve an advantage in the competition for resources
such as light. The higher functional richness of LA
in alien communities indicates a wider range of leaf
sizes within the community, which may contribute to
ecosystem resilience and stability by ensuring more
efficient light capture (Naem, 1998). On the other
hand, the lower functional divergence of LA in alien
communities corroborates the aforementioned find-
ings. This suggests that alien species may exhibit a
higher degree of functional redundancy in leaf size,
i.e. the most abundant species have consistently small
leaves.

SLA is considered to be an important component
of the leaf economic spectrum; it characterizes the
efficiency with which leaves allocate nutrients and dry
mass, influencing various ecosystem processes, par-
ticularly primary production (Wright et al., 2004). We
did not find differences in the community-weighted
mean values of SLA between alien and native com-
munities and this result was also confirmed by simi-
lar functional diversity and evenness values. This is
in line with Gustaffson & Norkko (2019) who found
that SLA has only indirect influence on primary pro-
duction of aquatic plants. Since SLA is an important
component of relative growth rate (RGR) (Westoby,
1998), our results suggests that alien species do not
differ from native species in their growth rate strategy.
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Global pooling
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Fig. 3 Boxplots of functional richness, evenness and diver-
gence in leaf area (LA) in native and alien communities cal-
culated by global and optimal pooling of trait data. P<0.05

Hussner et al. (2021) gave a comprehensive picture
of the growth rate strategy of invasive aquatic plants
and its dependence on habitats, biotic and abiotic fac-
tors. Our results clearly indicate that trait differences
of native and alien species cannot be detected at the
community level, regardless of its impact at the spe-
cies-level (Lukacs et al., 2017).

In accordance with these results, lower functional
divergence values of alien communities reveal an
overall functional homogenisation of invaded com-
munities (Castro-Diez et al., 2016), while the sig-
nificantly lower values of LA and SLA indicate
reduced competition for light and nutrients com-
pared to native communities (Ordonez et al., 2010).
Contrary to our hypotheses, alien and native com-
munities did not differ in the community-weighted
mean values of LDMC, which means that alien and
native communities in general possess the same
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indicates significant differences between native and alien com-
munities (Wilcoxon test). Boxes show interquartile ranges,
middle lines are medians and whiskers are outliers

ability to resist physical damages. Leaf dry matter
content is assumed to be correlated with palatability
via plant nutrient content both in terrestrial (Pake-
man, 2014) and aquatic plants (Elger & Willby,
2003; Elger & Lemoine, 2005; Zhang et al., 2019).
Considering this, we conclude that alien communi-
ties do not have better resistance to herbivory, thus
they might have the same top-down control possi-
bilities than native aquatic plants (O’Connor, 2009).
The same functional diversity and functional diver-
gence values of LDMC in native and alien commu-
nities confirms this assumption. LDMC has been
proposed to be the best single variable for predict-
ing species resource use efficiency (Wilson et al.,
1999). Yet our results showing no difference for this
trait might indicate that alien and native commu-
nities do not differ in their resource use efficiency,
which led us to conclude that alien species do not
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Global pooling
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Fig. 4 Boxplots of functional richness, evenness and diver-
gence of specific leaf area (SLA) in native and alien commu-
nities calculated by global and optimal pooling of trait data.

alter this part of ecosystem services. However, this
conclusion must be qualified with an important
caveat, because this correlation has not yet been
validated for aquatic plants.

In our study, models (global pooling and opti-
mal pooling) revealed that functional evenness of
aquatic plant communities is significantly higher
in alien dominated communities for all traits inves-
tigated. In other words, trait values tend be more
evenly distributed in the alien communities in terms
of their abundance and dispersion in the functional
trait space. This could be an indication that niche
differentiation (via limiting similarity) is driving (or
more enhanced) the invaded community assembly
(Kraft et al., 2008; Aschehoug & Callaway, 2015).
Given the significant higher biomass production of
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P<0.05 indicates significant differences between native and
alien communities (Wilcoxon test). Boxes show interquartile
ranges, middle lines are medians and whiskers are outliers

alien communities, we suggest that alien commu-
nities have higher evenness in order to maximize
biomass production via niche complementarity (Til-
man et al., 2014). Theory also predicts that high
evenness maximizes the so-called “portfolio effect”,
whereby communities can achieve a higher stabil-
ity to respond to environmental fluctuations (Oliver
et al., 2015). Accordingly, higher functional even-
ness of LA among alien macrophytes may ensure a
community to achieve a temporarily stable (hence
more efficient) light capture required for increased
primary productivity (Lukacs et al., 2019). In con-
trast, significantly higher evenness of LDMC in
alien communities might ensure a better resilience
of the community through enhanced physical resist-
ance (e.g. to herbivory, wind, currents), longer leaf

@ Springer



Hydrobiologia

Global pooling

p=0.4666

@ 45
o
c 4]
=
)
® 31
c
O 251
B
c 27
2 154

1

0.8+ p=0.0147
w
o 0.7
[
>
[}
= 051
c
2 041
-~
(5]
S 031
2 1

0.2

p=0.2475

o 1]
=
S 09
?:': 0.8
2 074
2 s
‘_é’ 61
§ 051
s 04
S 03]
[T —

0.2 . T

Alien Native

Fig. 5 Boxplots of functional richness, evenness and diver-
gence of leaf dry matter content (LDMC) in native and alien
communities calculated by global and optimal pooling of trait

lifespan and better resource use efficiency (Pérez-
Harguindeguy et al., 2013).

Effect of pooling species

To our knowledge, nobody has so far compared
functional diversities for plants in general cal-
culated from TPDs fitted with these two differ-
ent pooling approaches. The difference between
the two pooling approaches was higher in invaded
than in native communities. This suggests that
trait distributions of invasive species vary more
strongly among sites. This might be due to their
higher environmentally structured genetic diver-
sity, higher phenotypic plasticity or both. Effect of
genetic diversity and phenotypic plasticity could be
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data. P<0.05 indicates significant differences between native
and alien communities (Wilcoxon test). Boxes show interquar-
tile ranges, middle lines are medians and whiskers are outliers

separated only by common garden experiments, but
both could enhance the invasiveness of alien spe-
cies (Fleming & Dibble, 2015; Hussner et al., 2021
and literature therein). In general, functional rich-
ness is overestimated, while functional divergence
is underestimated by global pooling. The former
can be explained by pooling trait values adapted to
different environments. On the other hand, underes-
timation of functional divergence is an unexpected
pattern, probably related to site-specific separation
of species in the niche space. The functional even-
ness proved to be the less sensitive to the applied
pooling approach. The over- and underestimations
influenced the outcomes of comparison of native
and invasive communities: two of the six significant
differences disappeared, and a new significant dif-
ference emerged when pooling changed from global
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to optimal. These results question the reliability of
results based only on global pooling.

Conclusion

The present study demonstrates for the first time
that the invasion of alien aquatic plants causes a sig-
nificant impact not only on species diversity but on
functional diversity of the recipient community. With
the use of functional diversity indices, we point to
the functional mechanism leading to the higher bio-
mass production of alien communities. Changes in
the functional composition of communities usually
have a significant impact on the quality of ecosystem
functions e.g. reduce ecosystem resilience leading to
transformations, that affect fish population that can
also have a negative effect on food security; it alter
flow rates, which reduce water quality; hamper their
use in tourism. Measures to mitigate their effects
often lead to increased management costs and efforts
(Catford, 2017; Shackleton et al. 2018). We showed
that alien aquatic plants produce significantly higher
biomass, and this increase in production is obtained
through a set of adaptations such as smaller leaves,
dissected leaves, leaf positioning which allow these
species to form large dense stands. Such dense mats
of alien species can strongly decelerate water flow,
causing negative effect on fishes and macroinverte-
brates (Tasker et al., 2022).

Our study highlights that the use of intraspecific
trait variation can provide much deeper insights not
just in studies on plant invasion but in any kind of
functional diversity analyses. Considering the rich
within-species variation of aquatic plants influenced
by a changing environment yields remarkably diverse
functional outcomes, fostering a deeper understand-
ing and more accurate conclusions.
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