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Streszczenie

Roslinnos$¢ solnisk srodladowych zostala uznana za cenng i unikalng w skali
Europy, dlatego zgodnie z Dyrektywa Rady Europy 92/43/EWG z 1992 r. jest prawnie
chroniona w ramach sieci Natura 2000. Jednak liczba stanowisk tego siedliska wciaz
maleje, w konsekwencji umieszczono je na Europejskiej Czerwonej Liscie Siedlisk.
Istniejgce programy ochrony odnosza si¢ do jednostek syntaksonomicznych roslinnosci.
Dlatego skuteczna ochrona powinna bazowac¢ na jednolitym systemie syntaksonomicznym,
opartym na danych z r6znych lokalizacji europejskich. Taki system do tej pory nie powstat.
Ponadto dotychczasowe strategie ochrony nie uwzgledniaja zwigzku pomiedzy
syntaksonomiczng i funkcjonalng koncepcja roslinnosci. W zwigzku z tym, celem
niniejszej rozprawy doktorskiej byto w pierwszym kroku stworzenie ujednoliconego
systemu Klasyfikacji syntaksonomicznej roslinnosci europejskich solnisk srodladowych
Klimatu umiarkowanego do poziomu =zespoldw oraz identyfikacja parametrow
srodowiskowych najwazniejszych w réznicowaniu poszczegdlnych grup. W nastepnym
kroku, celem byto zidentyfikowanie cech funkcjonalnych charakterystycznych
dla poszczegolnych jednostek roslinnych i1 powigzanie tych cech z czynnikami
srodowiskowymi. W ostatnim kroku, celem byla weryfikacja roli gatunkéw
diagnostycznych w ksztattowaniu cech funkcjonalnych jednostek syntaksonomicznych
I uwzglednienie cech biochemicznych pomijanych dotychczas w ekologii roslinnosci.
Hipoteza badawcza zaktadata, ze czynniki Srodowiskowe determinujgce wystepowanie
gatunkow roslin w poszczegdlnych zbiorowiskach skutkuja zrdéznicowaniem cech
funkcjonalnych, ktéore moga decydowac¢ o odrebnosci funkcjonowania poszczegdlnych
jednostek syntaksonomicznych. W oparciu o dane literaturowe stworzono bazg zawierajaca
blisko 1000 zdj¢¢ fitosocjologicznych, obejmujaca gtowne obszary wystepowania solnisk
srodladowych na terenie Europy o klimacie umiarkowanym. Wykonano analize
Klasyfikacji z wykorzystaniem metody Cocktail i systemu eksperckiego w celu
wyroznienia jednostek sytaksonomicznych roslinnosci, a nastgpnie przeanalizowano
zroznicowanie wystepowania poszczegélnych jednostek w gradiencie zmiennych
srodowiskowych. Dane dotyczace cech funkcjonalnych poszczegdlnych gatunkow roslin
uzyskano z istniejacych baz danych CLO-PLA oraz LEDA Traitbase. Obliczono $rednie
cech funkcjonalnych dla poszczegdlnych ptatdéw roslinnych wazone przez pokrycie
gatunkéw. Nastgpnie poréwnano Srednie dla wyrdéznionych wcezesniej jednostek

syntaksonomicznych. Do stworzenia modeli taczacych cechy funkcjonalne z konkretnymi



klasami 1 zespotami ro§linnymi oraz parametrami $rodowiskowymi postuzono
si¢ analizami numerycznymi. Role gatunkéw diagnostycznych w funkcjonowaniu
zespotéw roslinnych analizowano w oparciu o dane z baz oraz badan terenowych
i labolatoryjnych gatunkow uznanych za diagnostyczne dla typowych zespotoéw roslinnosci
solniskowej. Wykonano pomiary morfometryczne zebranych roslin i analizy parametrow
biochemicznych. W wyniku przeprowadzonych badan ro$linno$¢ wystepujaca
na solniskach $rodladowych zaklasyfikowano do dziewigciu klas: Ruppietea maritimae,
Polygono-Poetea annuae, Artemisietea vulgaris, Potamogetonetea, Bidentetea, Phragmito-
Magnocaricetea i Molinio-Arrhenatheretea, w tym dwoch typowych dla solnisk —
Therosalicornietea i Festuco-Puccinellietea. W obrebie tych dwoch klas wyrdzniono dwa
zwigzki 1 1acznie pie¢ zespotow, tj.. Salicornietum ramosissimae, Puccinellio-
Spergularietum salinae, Triglochino maritimae-Glaucetum maritimae, Scorzonero
parviflorae-Juncetum gerardii i Agrostio stoloniferae-Juncetum ranarii. Klasy roslinnosci
r6znily si¢ najbardziej pod wzgledem preferencji gatunkoéw co do zasolenia, wilgotno$ci
gleby, dostepnosci $wiatta oraz zawartosci azotu w podtozu, a zespoty solniskowe ponadto
preferencjiami co do odczynu oraz zawarto$ci materii organicznej w glebie.
Najwazniejszymi cechami funkcjonalnymi odr6zniajacymi poszczegoélne klasy i zespoty
ro§linne byly cechy zwigzane z trwaloScig gatunkéw. Wartosci tych cech byty
w wickszosci negatywnie skorelowane z zasoleniem gleby, a pozytywnie z wilgotnoscia
oraz zaprzestaniem uzytkowania pastwiskowo-tgkarskiego. Klasy roslinno$ci typowej
dla solnisk wykazaty najnizszg zdolnos¢ do regeneracji, co wskazuje, ze sg najbardziej
wrazliwe na zmiany S$rodowiskowe. Za najbardziej wrazliwy zespdt mozna uznaé
Salicornietum ramosissimae. Zespoly Puccinellio-Spergularietum salinae i Agrostio
stoloniferae-Juncetum ranarii charakteryzowaty si¢ istotnie nizsza stabilnoscia,
ale wigksza zdolnosciag regeneracyjng. Zespoty Triglochino maritimae-Glaucetum
maritimae i Scorzonero parviflorae-Juncetum gerardii cechowata niska zdolno$é
regeneracyjna, ale drugi z nich odrdznial si¢ istotnie wigkszg stabilno$cig. Analizy cech
biochemicznych pokazaly, ze zespoly typowe dla stanowisk o najwyzszym zasoleniu
podtoza charakteryzuje najlepsze przystosowanie do warunkéw abiotycznego stresu
osmotycznego oraz oksydacyjnego. Uzyskane wyniki wskazujg, ze syntaksonomiczne
jednostki roslinnoéci solnisk maja znaczenie funkcjonalne. Gatunki diagnostyczne
odgrywaja kluczowg rol¢ nie tylko w wyrdznianiu jednostek fitosocjologicznych, ale takze
w ich funkcjonowaniu. Dlatego nalezy zwroci¢ na nie uwagg przy planowaniu ochrony,

w tym ochrony gatunkowej. Badania zrealizowane w ramach niniejszej pracy doktorskiej
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wykazaly $cisty zwigzek pomiedzy syntaksonomiczng 1 funkcjonalng koncepcja
ros$linnosci, a ponadto wskazaly cechy funkcjonalne zespotéw roslinnosci solniskowej,
ktore mogg by¢ pomocne w planowaniu zroOwnowazonego zarzadzania solniskami

i odegra¢ istotng role w tworzeniu nowych strategii ich rekultywacji i ochrony.
Stowa kluczowe

biochemiczne cechy funkcjonalne roslin, cechy funkcjonalne, gatunki diagnostyczne,
halofity, klasyfikacja syntaksonomiczna, metoda Cocktail, morfologiczne cechy
funkcjonalne ro$lin, podejscie Braun-Blanqueta, regeneracja, rozprzestrzenianie, trwatos¢,

zasolenie



Abstract

The vegetation of inland salt marshes has been considered valuable and unique
in Europe. Therefore, under the Council of Europe Directive 92/43/EEC of 1992,
it is legally protected as part of the Natura 2000 network. However, the number of sites
in this habitat is constantly decreasing, so they were placed on the European Red List
of Habitats. Existing conservation programs refer to syntaxonomical units of vegetation.
Therefore, effective protection should be based on a unified syntaxonomical system based
on data from various European locations. Such a system has not been created
yet. Moreover, existing conservation strategies do not consider the relationship between
the syntaxonomical and functional concepts of vegetation. Therefore, in the first step,
this doctoral dissertation aimed to create a unified syntaxonomical classification system
of the European temperate inland salt marsh vegetation to the associations level
and identify the environmental parameters most important in differentiating individual
groups. The next step aimed to identify functional traits characteristic of individual plant
units and link these traits with environmental factors. In the last step, the aim was to verify
the role of diagnostic species in shaping the functional traits of syntaxonomical units
and to consider biochemical traits previously omitted in vegetation ecology. The research
hypothesis assumed that environmental factors determining the occurrence of plant species
in individual communities result in differences in functional traits that may determine
the distinctive functioning of individual syntaxonomical units. Based on literature data,
a database containing nearly 1,000 phytosociological plots was created, covering the main
areas of inland salt marshes in temperate Europe. Classification analysis was performed
using the Cocktail method and an expert system to distinguish plant syntaxonomical units.
Then, the occurrence of individual units in the gradient of environmental variables
was analyzed. Data on the functional traits of individual plant species were obtained from
the existing CLO-PLA and LEDA databases. Means of functional traits were calculated
for individual plots, weighted by species cover. Then, the means for the previously
distinguished syntaxonomical units were compared. Numerical analyzes were used
to create models combining functional traits with particular plant classes and associations
as well as environmental parameters. The role of diagnostic species in the functioning
of plant associations was analyzed based on data from databases and field and laboratory
research of species considered diagnostic for typical salt marsh associations. Morphometric

measurements of the collected plants and analyzes of biochemical parameters were
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performed. As a result of the conducted research, the vegetation occurring on inland salt
marshes was classified into nine classes: Ruppietea maritimae, Polygono-Poetea annuae,
Artemisietea vulgaris, Potamogetonetea, Bidentetea, Phragmito-Magnocaricetea,
and Molinio-Arrhenatheretea, including two classes typical of salt marshes —
Therosalicornietea and Festuco-Puccinellietea. Within these two classes, two alliances
and a total of five associations were distinguished, i.e., Salicornietum ramosissimae,
Puccinellio-Spergularietum salinae, Triglochino maritimae-Glaucetum maritimae,
Scorzonero parviflorae-Juncetum gerardii and Agrostio stoloniferae-Juncetum ranarii.
Vegetation classes differed most in terms of species' preferences regarding salinity, soil
moisture, light availability, and nitrogen content in the substrate, and the salt marsh
associations also differed in preferences regarding pH and organic matter content
in the soil. The most important functional traits distinguishing particular classes
and associations were those related to the species’ persistence. The values of these traits
were mostly negatively correlated with soil salinity and positively correlated with moisture
and the cessation of mowing and grazing. Vegetation classes typical of salt marshes
showed the lowest ability to regenerate, indicating that they are the most sensitive
to environmental changes. Salicornietum ramosissimae can be considered the most
sensitive association. The Puccinellio-Spergularietum salinae and Agrostio stoloniferae-
Juncetum ranarii associations were characterized by significantly lower stability but higher
regenerative capacity. The Triglochino maritimae-Glaucetum maritimae and Scorzonero
parviflorae-Juncetum gerardii associations were characterized by low regenerative
capacity, but the second was significantly more stable. Analyzes of biochemical traits
showed that the best adaptation to abiotic osmotic and oxidative stress conditions
characterizes the associations typical of sites with the highest soil salinity. The results
indicate that syntaxonomical units of salt marsh vegetation are also functional. Diagnostic
species play a key role in their functioning. Therefore, attention should be paid to them
when planning protection, including the protection of species. The research demonstrated
a close relationship between the syntaxonomical and functional concepts of vegetation.
Also, it indicated the functional traits of salt marsh plant associations, which may
be helpful in planning the sustainable management of salt marshes and play an important

role in creating new strategies for their regeneration and protection.
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1. Wstep

Solniska $rodladowe na terenach Europy o klimacie umiarkowanym wystepuja
w sasiedztwie wypietrzonych przy powierzchni Ziemi zt6z soli kamiennej oraz zwigzanych
z nimi stonych zrédetl (Bank i Spitzenberg, 2001; Wilkon-Michalska, 1963). Wystepuja
takze na zasolonych obszarach przemystowych zwigzanych z dziatalno$cig przemystu
solnego, sodowego i1 potasowego (Garve 1 Garve, 2000; Karasinska 1 in., 2021). Zasiedlane
sa glownie przez gatunki ro$lin przystosowane do zasolenia podtoza, zwane halofitami
(Flowers i Colmer, 2008; Piernik, 2021) oraz gatunki halotolerancyjne. Halofity
s ros§linami specyficznymi, poniewaz moga przetrwac i wytworzy¢ nasiona w miejscach,
gdzie stezenie soli siega ok. 200 mM NacCl, a nawet wiecej (Flowers 1 Colmer, 2008).
Umiejetnos¢ t¢ posiada niespetna 0,2% roslin na calym $wiecie (Flowers i1 Colmer, 2015).
Badania oraz dokumentacja roslinnosci solnisk w Europie prowadzone byly od lat
(np. Hayon, 1968; Lee, 1977; Wilkon-Michalska, 1963) i proces ten trwa do dzisiaj
(np. Lubinska-Mielifiska i in., 2022; Piernik, 2012), gdyz stanowi ona niezaprzeczalnie
wazny element lokalnej réznorodnosci biologicznej. Roslinno$¢ europejskich solnisk
srodladowych objeto ochrong prawng w ramach sieci Natura 2000 na mocy Dyrektywy
Rady Europy 92/43/[EWG (1992), poniewaz zostata uznana za cenng i unikatowag w skali
calego kontynentu. Poza ochrong miedzynarodowa w poszczegdlnych panstwach
funkcjonujg réwniez inne formy ochrony tego siedliska takie jak polskie rezerwaty
przyrody, np. rezerwat halofitow w Ciechocinku lub rezerwat halofitow w Owczarach koto
Buska Zdroju (Lubinska-Mielinska i in., 2022; Wilkon-Michalska, 1970). Obecnie ochrona
naturalnej réznorodnosci biologicznej roslinnosci stonolubnej nabiera coraz wigkszego
znaczenia. Ze wzgledu na ocieplenie klimatu narasta problem suszy na $wiecie,
a co za tym idzie wzmaga si¢ rowniez globalny problem zwigkszania powierzchni gleb
zasolonych w rolnictwie (FAO, 2021). Dodatkowo, szybko rosngca populacja ludzka
wplywa na wzrost zapotrzebowania na zywno$¢ (Tripathi 1 in., 2019). W tym kontekscie
solniska mogg stuzy¢ przyszlemu rolnictwu zar6wno jako Zrédlo gatunkow uprawnych
1 pastewnych naturalnie tolerujacych wysokie stezenia soli, a takze do modyfikacji
konwencjonalnych upraw jako zrodto gendéw odpornosci na zasolenie (Cardenas-Pérez
i in.,, 2021; Cuevas i in., 2019). Pomimo dlugoterminowej prawnej ochrony liczba
stanowisk tego typu roslinno$ci wcigz maleje. Z tego powodu s$rodladowe solniska
umieszczono na aktualnej Europejskiej Czerwonej Liscie Siedlisk jako zagrozone (Janssen

i in., 2016).
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Koncepcja ochrony solnik $rodladowych w Europie zar6wno w ramach ochrony
rezerwatowej, jak i ochrony siedlisk w ramach sieci Natura 2000 odnosi si¢ do roslinnosci
jako jednostek syntaksonomicznych (Komisja Europejska, 2013; Nienartowicz i Piernik,
2004a, 2004b). Niestety, istnieje luka w obecnym systemie klasyfikacji roslinnosci solnisk
srodladowych (Mucina i in., 2016). W praktyce mimo, Ze czgsto sg to te same lub podobne
zbiorowiska, to kazdy kraj, a nawet poszczegolni autorzy postuguja si¢ wilasng
nomenklaturg, sposobem ich rozrézniania czy podziatu. W najnowszej syntezie na temat
roslinnos$ci Europy Mucina 1 in. (2016) zintegrowali jednostki proponowane od lat przez
badaczy europejskiej roslinnosci i zaprezentowali kompleksowy system klasyfikacji
syntaksonomicznej oparty na podej$ciu Braun-Blanqueta (Braun-Blanquet, 1964). Jednak
synteza Muciny i in. (2016) porzadkuje roslinno$¢ jedynie do poziomu zwigzkow. W tym
systemie roslinno$¢ solnisk $roédladowych zostala zaklasyfikowana do dwoch klas:
Therosalicornietea Tx. in Tx. et Oberd. 1958 (THE) i Festuco-Puccinellietea So6
ex Vicherek 1973 (FEP). Klasa THE, w rzedzie Therosalicornietalia Pignatti 1952
i zwigzku Salicornion ramosissimae Tx. 1974 obejmuje pionierskg roslinnos¢
jednorocznych halofitow o charakterze sukulentow. Natomiast klasa FEP w rzedzie
Scorzonero-Juncetalia gerardi Vicherek 1973 i zwiazku Juncion gerardi Wendelberger
1943 obejmuje zasolone tereny regularnie zalewanych 1gk i pastwisk potudniowo-
wschodniej Europy Srodkowej. Zatem, aby dokonaé analizy ro$linnosci europejskich
solnisk $rédladowych na poziomie zespotéow, nalezy odwotywaé si¢ do starszych
propozycji klasyfikacji roslinnosci, ktore czgsto majg zasigg lokalny lub krajowy
jak np. szczegdtowo poréwnane przez Piernik (2021) klasyfikacje Matuszkiewicza (2017)
dla Polski i Potta (1992) dla Niemiec. Badania ostatnich lat pokazuja, Ze obecnie
konieczne jest ujednolicanie oraz rozpowszechnianie zaktualizowanych systemow
klasyfikacji roslinnosci (np. Bergmeier, 2020; Danihelka i in., 2022). Nadal brakuje jednak
usystematyzowanej klasyfikacji roslinnosci solnisk srodladowych w skali catej Europy
o0 klimacie umiarkowanym. Tylko niewielka cz¢$¢ z nich zostata ostatnio przeanalizowana

na podstawie danych z Niziny Potnocnoniemieckiej przez Dité i in. (2022).

Dodatkowo ciaggle brak uogodlnien dotyczacych wymagan $rodowiskowych
poszczegblnych jednostek syntaksonomicznych. Warto podkresli¢, ze charakterystyczne
dla solnisk gatunki halofilne uznano za czule wskazniki nie tylko zasolenia, ale takze
zwigzanej z nim wilgotnosci gleby (Piernik, 2003a, 2012). Ponadto badania wykazaty,

ze halofity sg organizmami niezwykle S$wiattozadnymi, dlatego najlepiej radzg sobie
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na otwartych, nastonecznionych przestrzeniach (Wilkon-Michalska, 1962, 1970). Jedynie
nieliczni badacze analizowali wlasciwosci gleby w catych ptatach roslinnych solnisk,
a nast¢pnie badali relacje pomigdzy wystepowaniem gatunkdéw a parametrami srodowiska
(np. Piernik, 2005, 2012; Piernik i in., 1996; Wilkon-Michalska, 1963, 1970). Ich badania
czesto grupowaly platy roslinnosci ze wzgledu na dominacje gatunkowa (np. Piernik,
2003a, 2003b; Piernik i in., 2015), a tylko niektére z nich odnosily si¢ do zespotow
ro$linnych w sensie podejscia Braun-Blanqueta (np. Wilkon-Michalska, 1963, 1970;
Zlatkovi¢ i in., 2019).

Dotychczasowe strategie ochrony roslinnosci solnisk $rodladowych, odnoszace
si¢ do wybranych jednostek syntaksonomicznych, nie uwzgledniajg zwigzku pomiedzy
syntaksonomiczng i funkcjonalng koncepcja roslinnosci (np. Nienartowicz i Piernik,
2004a, 2004b). Tymczasem podejscie oparte na cechach funkcjonalnych ma kluczowe
znaczenie dla zrozumienia funkcjonowania syntaksonéw i W konsekwencji moze
umozliwi¢ ocene ich kondycji oraz zapewni¢ trwato$¢ poprzez skuteczniejsza ochrong.
Podejs$cie funkcjonalne moze pomodc w zrozumieniu procesow ekologicznych, takich
jak tworzenie i stabilno$¢ zespotow oraz sukcesja, a takze ulatwi¢ wykrywanie
1 przewidywanie reakcji na zmiany srodowiskowe w ro6znej skali (Duckworth i in., 2000).
Trwa ciagly postep w ekologii, ktora stara si¢ odpowiedzie¢ na problemy globalne poprzez
uwzglednianie cech funkcjonalnych poszczegdlnych gatunkow w  badaniach
makroekologicznych, aby lepiej zrozumie¢ funkcjonowanie catych ekosystemow (He 1 in.,
2019). W tym kontek$cie mozna potaczy¢ podejscie syntaksonomiczne 1 funkcjonalne.
Funkcjonalne podejscie do ro$linno$ci opiera si¢ na koncepcji istnienia cech
funkcjonalnych poszczegolnych roslin. Wedlug Violle i in. (2007) cechy funkcjonalne
to np. cechy morfologiczne, biochemiczne, fizjologiczne, strukturalne czy fenologiczne,
ktore mozna zmierzy¢ na poziomie osobniczym od komorki po caly organizm bez
powiazania ich ze srodowiskiem lub jakimkolwiek innym poziomem organizacji. Cechami
funkcjonalnymi sg wszystkie cechy, ktére moga wplywac na kondycje roslin, w tym na ich
wzrost, rozmnazanie lub przezycie. Cechy funkcjonalne odzwierciedlajg strategie zyciowe,
a tym samym okreslaja, w jaki sposob rosliny reaguja na warunki srodowiskowe, w tym
determinuja ich zdolno$¢ pozyskiwania zasobow oraz reagowania na konkurencje i stres
siedliskowy, czyli niekorzystne warunki $rodowiskowe ograniczajace wzrost biomasy.
Przyktadowo wysokos$¢ rosliny ma kluczowe znaczenie dla jej zdolnosci do konkurowania

o $wiatlo, parametry nasion dla ich zdolnosci do kolonizacji roznych siedlisk, a stosunek
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powierzchni liScia do jego masy w optymalizacji efektywnosci fotosyntezy (Goldstein,
2018). Istnieje poglad, ze rosliny wykazuja okreSlone strategic zyciowe, aby jak
najskuteczniej radzi¢ sobie w warunkach, w jakich zyjg. Niektore cechy morfologiczne
pozwalaja na ocen¢ specyficznych warunkoéw siedliskowych, na ktore wystawione byly
konkretne rosliny (Adler i in., 2014; Cardenas-Pérez i in., 2022b). W ostatnich latach
czesto zainteresowanie budzi wptyw stresu na cechy roslin (Cardenas-Pérez i in., 20223,
2022b; Ludwiczak i in., 2023; Schob i in., 2013). Zbiorowiska solnisk narazone sg glownie
na abiotyczny stres generowany przez wysoki poziom zasolenia gleby. Jak wspomniano
powyzej, w ich skltad wchodza m.in. halofity, ktore wytworzyly liczne adaptacje
do funkcjonowania w takich warunkach (Duarte i in., 2014; Grigore i in., 2012; Grigore
i Toma, 2017; Hamed i in.,, 2013; Yuan i in., 2019). Wyksztalcone przystosowania
wplywaja na specyfike cech funkcjonalnych tych gatunkow. Mozna sadzi¢, ze skoro kazdy
gatunek ma zespdt cech, ktore go charakteryzuja, to takze kazde zbiorowisko roslinne
sktadajace si¢ z okre§lonych gatunkéw ma swoj charakterystyczny zestaw cech
funkcjonalnych. Nadal jednak niewicle jest informacji na temat zmiennos$ci cech
funkcjonalnych zbiorowisk roslinnych pod wptywem czynnikéw §rodowiskowych (Albert,
2010; Kambach i in. 2023; Ulrich i in., 2018). Jedynie w pojedynczych pracach
wykorzystuje si¢ cechy funkcjonale gatunkéw do pordwnywania jednostek
syntaksonomicznych calej roslinnoséci (Lengyel i in., 2020) lub poréwnuje si¢ jednostki
na podstawie cech gatunkow charakterystycznych (Ladouceur i in., 2019). Ro$linnos¢
solnisk srodladowych w Europie nie zostata dotychczas szczegdétowo opisana w kontekscie
funkcjonalnym. W niewielu pracach analizowano adaptacje cech funkcjonalnych roslin
na obszarach zasolonych (np. Guo i in., 2015; Matinzadeh i in., 2022; Minden i in., 2012;
Minden i Kleyer, 2015; Ulrich i in. 2019). Ponadto w zadnej z nich nie uwzgledniono cech

biochemicznych zwigzanych z reakcjami roslinnosci na stres solny.

Gatunki roslin, ktore najskuteczniej wyrazaja okreslone zalezno$ci ekologiczne
w obrebie danego zbiorowiska, wykorzystywane sa jako wskazniki 1 nazywane
sa gatunkami diagnostycznymi (Dg; Braun-Blanquet, 1964). Charakterystyczna
kombinacja gatunkéw Dg shuzy do tworzenia hierarchicznego systemu klasyfikacji
syntaksonomicznej. System ten jest konsekwentnie rozwijany i rozszerzany w oparciu
o zasade maksymalnego podobienstwa florystycznego 1 ekologicznego, ktorego
podstawowg jednostka jest zespot (Westhoff i van der Maarel, 1978). W rzeczywistosci

identyfikacja poszczegdlnych zbiorowisk jest uzalezniona od obecnosci lub braku
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gatunkow roslin uznanych za Dg (Barkman i in., 1995). Postep technologiczny wprowadzit
specjalistyczne  oprogramowanie, takie jak JUICE (Tichy, 2002), stuzace
do porzadkowania zbioréw zdje¢ fitosocjologicznych, co pomogto w analizie duzych baz
danych i przyspieszylo tworzenie ujednoliconych klasyfikacji ros$linnosci duzych
obszarow, jak np. wspomniana juz klasyfikacja roslinnosci Europy do poziomu zwigzkoéw
stworzona przez Mucing i in. (2016). Wykorzystanie specjalistycznego oprogramowania
gwarantuje, ze decyzje dotyczace kryteriow tworzonych klasyfikacji opieraja sie¢
na rygorze statystycznym, zwigkszajac ogdlng wiarygodnos¢ tego procesu (Tichy, 2002).
Tego typu badania ro$linno$ci opieraja si¢ na danych pochodzacych z duzych baz,
obejmuja wszystkie odnotowane gatunki i skupiaja si¢ na Syntaksonomicznym ujeciu
roslinno$ci, nadajac tym samym gatunkom Dg funkcje wskaznikéw fitosocjologicznych.
Do dzi$ nie zbadano jednak czy gatunki Dg majg tez istotne znaczenie funkcjonalne
dla jednostek, ktére charakteryzuja pod wzgledem syntaksonomicznym. By¢ moze gatunki
Dg jako istotne dla zespotow roslinnych, ktore reprezentuja ze wzgledu na swoja wysoka
wiernos$¢, procent pokrycia oraz frekwencje wptywaja decydujaco na ich funkcjonowanie
poprzez swoje charakterystyczne kombinacje cech. Skoncentrowanie si¢ na tych
najwazniejszych gatunkach moze przynie$¢ istotne informacje o funkcjonowaniu
analizowanej roslinnosci, a przez to wptynac¢ na skuteczniejsza ochrong catych siedlisk,

ktore reprezentuja.

Niniejsza rozprawa doktorska odpowiada na luki istniejace w dotychczasowym
stanie wiedzy odnosnie jednostek syntaksonomicznych ros$linno$ci wystepujacej
na solniskach $rodladowych, wymagan s$rodowiskowych tych jednostek, cech
funkcjonalnych charakterystycznych dla poszczegdlnych syntaksondow oraz roli gatunkow
Dg w ich funkcjonowaniu. Wyniki badan przedstawiono w trzech artykutach naukowych,
w tym dwoéoch manuskryptach ztozonych w redakcjach indeksowanych czasopism

naukowych.
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2. Hipoteza badawcza i cele pracy

Hipoteza badawcza przyjeta w niniejszej pracy doktorskiej zaktada, ze czynniki
srodowiskowe determinujace wystepowanie gatunkéw roslin  w  poszczegélnych
zbiorowiskach roslinnych europejskich solnisk $rodladowych klimatu umiarkowanego
skutkujg zréznicowaniem cech funkcjonalnych, ktére moga decydowaé¢ o odrebnosci
funkcjonowania poszczegdlnych jednostek syntaksonomicznych. Zatozono zatem,
ze kazdy syntakson posiada pakiet specyficznych cech o podobnych parametrach, ktore

go charakteryzuja.

Celem pracy byto w pierwszej kolejnosci stworzenie ujednoliconego systemu
klasyfikacji syntaksonomicznej roslinnosci europejskich solnisk $roédladowych klimatu
umiarkowanego oraz ustalenie wymagan S$rodowiskowych poszczegélnych jednostek.
Polegato to na: (1) identyfikacji klas roslinnosci wystepujacych na terenie europejskich
solnisk $rodladowych klimatu umiarkowanego, (2) klasyfikacji ro§linnosci klas typowych
dla solnisk do poziomu zespotéw, (3) ustaleniu listy gatunkéw Dg poszczegoélnych
zespotow, (4) znalezieniu glownych zmiennych $rodowiskowych wplywajacych
na zroéznicowanie analizowanej roslinno$ci na poziomie klas i zespoldw. Realizacje
wymienionych powyzej zamierzen zaplanowano w ramach pierwszego artykutu, w ktérym
przetestowano pierwsza cze$¢ hipotezy o zalezno$ci jednostek syntaksonomicznych

od wymagan srodowiskowych.

Kolejnym celem byto zidentyfikowanie cech funkcjonalnych charakterystycznych
dla poszczegdlnych jednostek roslinnych 1 powigzanie tych cech z czynnikami
srodowiskowymi. Wymagalo to zastosowania nowego podejscia w badaniach
syntaksonomicznych, opartego na cechach funkcjonalnych gatunkéw roslin. Wykorzystano
$rednie cech funkcjonalnych wazonych przez pokrycie gatunkow w placie. Prace polegaty
na: (1) identyfikacji cech funkcjonalnych rdéznicujacych poszczegdlne klasy i zespoly
ro$linne oraz (2) znalezieniu zaleznosci tych cech od czynnikow s$rodowiskowych.
Realizacj¢ tych zadah zaplanowano w ramach drugiego artykutlu, w ktérym przetestowano
druga cze$¢ hipotezy o odrebnosci poszczegodlnych jednostek roslinnosci ze wzgledu

na charakterystyczne zbiory ich cech funkcjonalnych.

Ostatnim celem byta weryfikacja roli gatunkéw Dg w ksztattowaniu cech
funkcjonalnych jednostek syntaksonomicznych i uwzglednienie cech biochemicznych

pomijanych dotychczas w ekologii roslinnosci. Prace polegaly na: (1) okresleniu
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zroznicowania cech morfologiczych i biochemicznych (niedostepnych w bazach cech
funkcjonalnych) gatunkéw Dg typowych zespotow solniskowych oraz (2) ustaleniu roli
gatunkoéw Dg dla funkcjonowania tych jednostek. Do analiz wybrano trzy najliczniejsze
w Polsce zespoty typowe dla solnisk i w oparciu o ustalong liste gatunkow Dg zmierzono
ich cechy funkcjonalne. Realizacj¢ wymienionych celéw podjeto w ramach przygotowania
trzeciego artykulu. W tej czeéci badan przetestowano druga czgs¢ hipotezy badawczej,
o determinacji funkcjonowania poszczegdlnych jednostek syntaksonomicznych przez
zestawy ich cech funkcjonalnych, ale w oparciu jedynie o gatunki Dg i typowe zespoty

solniskowe.
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3. Materialy i metody

3.1. Dane
3.1.1. Baza zdje¢ fitosocjologicznych

Na podstawie zrodet literaturowych stworzono baze i ostatecznie, po weryfikacji
pod katem zrodta zasolenia, analizie poddano 968 zdj¢¢ fitosocjologicznych wykonanych
metoda Braun-Blanqueta (Braun-Blanquet, 1964), ktore pochodza z terenu szesciu krajow
Europy Srodkowej i Pémocno-Zachodniej: Polski, Niemiec, Czech, Francji, Wielkiej
Brytanii i Luksemburga. Dane reprezentuja cate spektrum wystgpowania solnisk
srodladowych w Europie w strefie klimatu umiarkowanego. Lacznie w bazie odnotowano
426 roslin naczyniowych (w tym oznaczone jedynie nazwa rodzajowa), ktérych
nazewnictwo ujednolicono za pomoca World Flora Online (World Flora Online, 2020)
i EuroMedPlant (Euro+Med, 2006+). Wykorzystano portal Google Earth
(google.com/intl/pl/earth/), aby do poszczegdlnych zdje¢ przypisa¢ przyblizone
wspotrzedne geograficzne na podstawie danych o miejscu ich wykonania, jesli nie byty
podane w zrédlach. Do analiz ros$linno$ci konieczna byta transformacja danych
dotyczacych pokrycia gatunkoéw ze skali Braun-Blanqueta (Braun-Blanquet, 1964) na skale
porzadkowa van der Maarela (van der Maarel, 2007) w nastepujacy sposob: r — 1, + — 2,
1-53,2—>553—->57,4—>8,5—0.

3.1.2. Parametry Srodowiskowe

Dane dotyczace parametrow glebowych oraz sposobu uzytkowania gruntow
w miejscu wykonywania zdjg¢ fitosocjologicznych, jezeli byly dostgpne, pochodzity
z publikacji zrodtowych w oparciu, o ktore powstata baza (np. Piernik, 2012). W pracy
wykorzystano informacje odnoszace si¢ do: zasolenia wyrazonego jako przewodnos¢
elektrolityczna ekstraktu nasyconego (ECe), wilgotnosci, pH, zawartosci materii
organicznej oraz azotu ogdlnego (Niwt), a takze informacje o kategoriach uzytkowania
gruntow: 1) tereny nieuzytkowane (zaprzestanie koszenia i wypasu), 2) pola uprawne,

3) tereny przemystowe, 4) tgki ko$ne lub pastwiska.

Ze wzgledu na brak danych literaturowych dla wigkszosci zdje¢, jako oszacowane
parametry srodowiskowe wykorzystano $rednie wazone obliczone na podstawie liczb

wskaznikowych Ellenberga (EIV — Ellenberg Indicator Values; Ellenberg i in., 1992).
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W tym celu uzyto szesciu wskaznikow: dostepnos¢ $wiatta (L), temperatura (T),
wilgotnos¢ (M), odczyn/kwasowos¢ gleby (R), zawarto$¢ azotu/trofia (N) i zasolenie (S).

3.1.3. Cechy funkcjonalne

Dane dotyczace cech funkcjonalnych gatunkéw uzyskano z baz internetowych,
w tym informacje o klonalnosci (C) i indeksie klonalnosci (CI) z bazy CLO-PLA
(Klimesova i in., 2017), a informacje o pozostaltych 10 cechach z bazy LEDA Traitbase
(Kleyer i in., 2008). Wybrano te wtasniec bazy, poniewaz zgromadzone w nich dane
pochodza z pomiarow roslin zebranych z obszaru pokrywajacego si¢ z terenem badan.
W sumie wykorzystano dane dotyczace 12 cech odpowiedzialnych za trzy rozne funkcje
u roslin wedtug koncepcji Kleyer’a i in. (2008), tj. trwalo$¢ — powierzchnia liscia (LA),
masa liscia (LM), wysokos¢ rosliny (CH), powierzchnia wiasciwa liscia (SLA), zawarto$é
suchej masy w lisciu (LDMC), a takze wspomniane CI i C; regeneracja — masa nasion
(SM), liczba nasion (SN), liczba nasion na ped (SNPS) i zdolno$¢ do rozprzestrzeniania —
wysokos¢ uwalniania (RH), predkos¢ koncowa (TV). W oparciu o dane dotyczace tych
cech dla poszczegolnych gatunkéw, obliczono $rednie wazone przez pokrycie gatunkow
w ptlacie dla kazdego zdjecia fitosocjologicznego. Jak wspomniano powyzej, w badaniach
przyjeto koncepcje zaproponowang przez Kleyer’a i in. (2008), ktérzy skupili si¢ na trzech
gléwnych kategoriach funkcji poszczegolnych cech u ro$lin. Jednak ramy przynalezno$ci
cech funkcjonalnych do tych kategorii nie sa sztywne, poniewaz pewne cechy moga
odpowiada¢ za rozne bardziej szczegdlowo ujete funkcje u roslin. Zdecydowano
si¢ przeanalizowa¢ cechy zwigzane z lis¢mi, wysokos$cig roslin 1 nasionami, poniewaz
wedlug Westoby'ego (1998) strategia LHS (z angl. leaf-height-seed) reprezentuje gtéwny
wymiar zmiennosci ros$lin wzdluz najbardziej typowych gradientow ekologicznych.
Pod uwage wzigto takze cechy zwigzane z klonalnos$cig roslin, poniewaz sg one

odpowiedzialne za adaptacj¢ roslin do zaburzen srodowiskowych (KlimeSova i in., 2016).

Na podstawie wiasnych pomiaréw laboratoryjnych z uzyciem okazoéw zebranych
w terenie zgromadzono rowniez dane dotyczace morfologicznych i biochemicznych cech
funkcjonalnych tacznie dziewigciu gatunkow uznanych w wyniku pierwszej czesci badan
za Dg dla trzech zespotow roslinnych typowych na solniskach $rodladowych,
tj. Salicornietum ramosissimae (Sr), Puccinellio-Spergularietum salinae (P-Ss),
Triglochino maritimae-Glaucetum maritimae (Tm-Gm). Gatunkami tymi byly: Salicornia
europaea L., Triglochin maritima L., Glaux maritima L. (= Lysimachia maritima

(L.) Galasso, Banfi & Soldano), Phragmites australis (Cav.) Steud., Juncus compressus
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Jacq., Potentilla anserina L., Spergularia marina (L.) Besser, Puccinellia distans (Jacq.)
Parl. i Atriplex prostrata Boucher ex DC. Probki roslin zebrano na solnisku potozonym
w Inowroctawiu, gdzie wystepuja wszystkie trzy analizowane zespoly. Ponadto na jego
terenie od lat utrzymuje si¢ stabilny, bardzo wysoki poziom zasolenia gleby powyzej
16 dS'm™ (Kalwasinska i in, 2023; Piernik i in., 1996, 2015), ktéry w okresie pobierania
probek wynosit ok. 36 dS'm™. Pod uwage wzicto nastepujace parametry morfologiczne:
dhugos¢ pedu i korzenia (SL i RL), liczba lisci (NoL), swieza i sucha masa pedow (SFW
i SDW), swieza i sucha masa korzeni (RFW i RDW), swieza i sucha masa lisci (LFW
I LDW), masa pojedynczego liscia (LM), powierzchnia lisci (LA) i powierzchnia
asymilacyjna (AA). Pomiary wykonano na 10 okazach z kazdego gatunku. Na podstawie
zmierzonych parametrow obliczono pig¢ wskaznikow wzrostu: wskaznik masy pedow
(SWR), wskaznik masy korzeni (RWR), wskaznik masy lisci (LWR), zawarto$¢ suchej
masy w lisciu (LDMC) oraz powierzchni¢ wiasciwg liscia (SLA). Wykonano rowniez
analiz¢ parametrow biochemicznych, w tym: zawartosci barwnikow fotosyntetycznych —
chlorofilu a (chla), b (chlb) i catkowitego (chlt) oraz karotenoidéw (car); zawartosci
substancji o dzialaniu osmoregulacyjnym — proliny i weglowodandéw; zawartoSci
substancji stanowigcych wskazniki stresu — nadtlenku wodoru (H202) i dialdehydu
malonowego (MDA); aktywnosci enzyméw antyoksydacyjnych — katalazy (CAT)
i peroksydazy askorbinianowej (APX). Material rodlinny poddany analizom
biochemicznym stanowity probki lisci poszczegdlnych gatunkow. Doktadne procedury
pobrania probek materiatu roslinnego, mierzenia cech morfologicznych oraz analiz
biochemicznych zostaty opisane w zataczonej publikacji drugiej (manuskrypt). Dla trzech
gatunkow objetych w Polsce ochrong, tj. S. europaea, T. maritima i G. maritima
(L. maritima) badania przeprowadzono za zgoda Regionalnego Dyrektora Ochrony
Srodowiska w Bygoszczy (WOP.6400.9.2023. MWK).

3.2. Analizy statystyczne i numeryczne
3.2.1. Klasyfikacja roslinnosci

W pracy skupiono si¢ na roslinno$ci solnisk $rédladowych  klimatu
umiarkowanego, aby ograniczy¢ ewentualne nieporozumienia zwigzane z zasiggiem
geograficznym gatunkow, podazajac za podziatem przyjetym przez Janssen’a i in. (2016),
ktorzy wyrdznili trzy kategorie siedlisk solnisk srédladowych w Europie, tj. solniska
klimatu umiarkowanego, kontynentalnego oraz solniska srodziemnomorskie. W pierwszym

etapie badan na podstawie stworzonej bazy zdje¢ fitosocjologicznych przeprowadzono
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klasyfikacje roslinno$ci, do ktorej wykorzystano metode Cocktail (Bruelheide, 1997, 2000)
oraz komputerowy system ekspercki (Tichy i in.,, 2011). Uzyto programu JUICE
7.0 (Tichy, 2002). Pomimo standardowego stosowania stratyfikacji geograficznej
w analizie baz fitosocjologicznych (np. Chytry i in.,, 2007; Knollova i in., 2005)
postanowiong ja poming¢, poniewaz w przypadku zbiorowisk solnisk srédladowych, ktore
s stosunkowo rzadkie i wystepuja jedynie lokalnie, Spowodowatoby to utrate duzej ilosci
danych. Nazwy klas, rzedow i zwigzkow podano zgodnie z europejskim systemem
klasyfikacji syntaksonomicznej autorstwa Muciny i in. (2016). Nomenklature zespotow
oparto na opracowaniu Matuszkiewicza (2017), internetowej bazie danych Pladias (Chytry
I In., 2021; Pladias, 2022) oraz na nazwach przyjetych niedawno przez Dité i in. (2022).

3.2.2. Zaleznosci pomiedzy jednostkami syntaksonomicznymi a zmiennymi

srodowiskowymi

Aby znalez¢ gléwne czynniki S$rodowiskowe wplywajace na zrdéznicowanie
pogrupowanej na drodze Klasyfikacji roslinno$ci, wykorzystano zaréwno dane glebowe,
jak i parametry srodowiskowe 0szacowane na podstawie liczb wskaznikowych Ellenberga
(Ellenberg i in., 1992). Zastosowano analiz¢ zmiennych kanonicznych (Canonical Variate
Analysis — CVA) jako analize dyskryminacyjng. Uzyto metody postepujacej selekcji
zmiennych $rodowiskowych oraz testu permutacyjnego Monte Carlo w celu oszacowania
statystycznej istotnosci zmiennych. Skoncentrowano si¢ na efektach warunkowych, ktore
wykluczaja wptyw najbardziej skorelowanych zmiennych objasniajacych i w ten sposob
wyselekcjonowano zmienne S$rodowiskowe objasniajace w najwigkszym  stopniu
zroznicowanie pomiedzy jednostkami roslinnosci (ter Braak i Smilauer, 2012).
Wykorzystano pakiet CANOCO 5.0 (ter Braak i Smilauer, 2012). Roznice w wartoéciach
srednich zmiennych srodowiskowych dla poszczegolnych jednostek poréwnano za pomocg
nieparametrycznych testow Kruskala-Wallisa (test Shapiro-Wilka, p<0.05) z porownaniami
post-hoc Dunna w pakiecie STATISTICA 13.0 (StatSoft Inc., Tulsa, Oklahoma, USA).

3.2.3. Identyfikacja cech funkcjonalnych réznicujacych jednostki syntaksonomiczne

Do identyfikacji cech funkcjonalnych roznicujacych rozpatrywane jednostki
syntaksonomiczne ponownie uzyto analizy zmiennych kanonicznych (CVA) jako analizy
dyskryminacyjnej, koncentrujac si¢ na efektach warunkowych (Smilauer i Leps, 2014).
Wykorzystano pakiet CANOCO 5.0 (ter Braak i Smilauer, 2012). Srednie wartoéci cech

funkcjonalnych poszczegolnych jednostek poréwnano za pomocg nieparametrycznych
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testow Kruskala-Wallisa (test Shapiro-Wilka, p<0.05) z poréwnaniami post-hoc Dunna.
W analizach pominigto klase Ruppietea maritimae ze wzgledu na brak danych dotyczacych

cech funkcjonalnych charakterystycznych dla niej gatunkéw. Uzyto oprogramowania
PAST 4.11 (Hammer i in., 2001).

Aby odnalez¢ podobienstwa pod wzgledem cech funkcjonalnych pomigdzy
jednostkami  syntaksonomicznymi  przeprowadzono  dwukierunkowe grupowanie
wykorzystujac odlegtos¢ euklidesowg do pordéwnania grup oraz metode niewazonych par
grup ze Srednig arytmetyczng (UPGMA — unweighted pair group method with arithmetic
mean) do skonstruowania dendrograméw. Przed analiza dane dotyczace cech
funkcjonalnych wymagaty standaryzacji w celu wyeliminowania réznic wynikajacych
z roznych jednostek pomiarowych, co wykonano przy uzyciu programu MVSP
3.1 (Kovach, 2007). Analize¢ klasyfikacji przeprowadzono w programie PAST 4.11
(Hammer i in., 2001).

3.2.4. Zaleznosci pomiedzy wielkoscia cech funkcjonalnych a parametrami

sSrodowiskowymi

W celu zbadania zwigzku pomiedzy cechami funkcjonalnymi a czynnikami
srodowiskowymi przeprowadzono analize redundancji (RDA — Redundancy Analysis).
Aby wyselekcjonowaé¢ zmienne w najwigkszym stopniu odpowiedzialne za zr6znicowanie
cech  funkcjonalnych  zastosowano metod¢ postepujacej selekcji  zmiennych
srodowiskowych z testem permutacyjnym Monte Carlo do oceny ich statystycznej
istotnosci. Analiz¢ RDA zastosowano dwukrotnie z réznymi zestawami danych.
W pierwszej analizie jako zmienne s$rodowiskowe uzyto $rednie wazone EIV,
w drugiej — parametry glebowe i sposoéb uzytkowania. Do przeprowadzenia analizy
ordynacji RDA wykorzystano pakiet CANOCO 5.0 (ter Braak i Smilauer, 2012).

Dokonano rowniez oceny niezaleznych efektow poszczegdlnych parametrow
srodowiskowych, w tym danych glebowych, w oparciu o korelacje Spearmana z tym
samym zestawem cech funkcjonalnych. Natomiast wptyw roznych sposobow uzytkowania
oceniono na podstawie nieparametrycznych testow Kruskala-Wallisa (test Shapiro-Wilka,
p=<0.05) ze szczegdlowymi porownaniami testami post-hoc Dunna. Uzyto oprogramowania
PAST 4.11 (Hammer i in., 2001).
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3.2.5. Funkcjonalne zrdéznicowanie zespolow roslinnych w oparciu o gatunki

diagnostyczne

Do analiz wykorzystano zdjecia fitosocjologiczne z bazy przypisane w wyniku
przeprowadzonej wczesniej klasyfikacji do trzech zespotow roslinnych — Sr, P-Ss, Tm-Gm
(tacznie 323) oraz zidentyfikowane dla tych zespotéw dziewie¢ gatunkéw Dg. Uzyto
réwniez dane o morfologicznych i biochemicznych cechach funkcjonalnych zmierzonych
u gatunkow Dg zebranych w terenie. Na ich podstawie policzono $rednie cech
funkcjonalnych wazone przez pokrycie gatunkéw w poszczegodlnych platach roslinnych

z bazy.

Srednie wazone morfologicznych cech funkcjonalnych analizowanych zespotow
poréwnano za pomocg nieparametrycznych testow Kruskala-Wallisa z porownaniami post-
hoc Dunna, gdyz test Shapiro-Wilka wykazat brak normalnosci rozktadu danych (p<0.05).
Dla cech biochemicznych poréwnania dokonano za pomocg parametrycznych testow
ANOVA (test Shapiro-Wilka, p>0.05) z poréwnaniami post-hoc Tukeya. W celu analizy
powigzan pomigdzy poszczegblnymi zespotami w oparciu o cechy funkcjonalne
wykorzystano metode ordynacji posredniej — analizg gldwnych skladowych (PCA)
oddzielnie dla cech morfologicznych i biochemicznych. Cechy skorelowano réwniez z
dwiema pierwszymi osiami ordynacyjnymi korzystajac ze wspodiczynnika korelacji
Spearmana, aby znalez¢é wzorzec glownego zroznicowania zespotow. Wszystkie analizy

wykonano przy pomocy oprogramowania PAST 4.12 (Hammer i in., 2001).

3.2.6. Funkcjonalne znaczenie gatunkow diagnostycznych

Aby sprawdzi¢ rolg gatunkow Dg w funkcjonowaniu trzech analizowanych
szczegdtowo zespotow typowych dla solnisk, porownano wyniki srednich wazonych cech
funkcjonalnych z bazy LEDA Traitbase (Kleyer i in. 2008) obliczone na podstawie samych
gatunkéw Dg oraz wszystkich gatunkéw odnotowanych w zdjeciach fitosocjologicznych
ze stworzonej bazy. Do poroéwnania $rednich wartosci cech funkcjonalnych zespotow
wykorzystano testy Kruskala-Wallisa (test Shapiro-Wilka, p<0.05) z testami post-hoc

Dunna.

Dodatkowo, wykonano walidacj¢ wynikéw uzyskanych na podstawie danych
z bazy cech funkcjonalnych LEDA Traitbase (Kleyer i in., 2008). W tym celu poréwnano
rezultaty uzyskane w oparciu o dane z bazy z wynikami otrzymanymi podczas pomiarow

roslin zebranych w terenie przy uzyciu testow Kruskala-Wallisa (test Shapiro-Wilka,
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p<0.05) poréwnaniami post-hoc Dunna. Ponownie bazowano na danych o dziewigciu
gatunkach Dg. Do wszystkich analiz wykorzystano program PAST 4.12 (Hammer i in.
2001).
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1. Introduction

Saline areas are inhabited by organisms that are adapted to high soil
salinity (Flowers and Colmer, 2008; Pétillon et al., 2011). Plant species
typical for saline habitats called halophytes can perform their whole life
cycle at high salinity over 200 mM NaCl (Flowers and Colmer, 2008).
However, many other species with wide ecological responses are also pres-
ent there. Species salt tolerance is reflected in the numerous classifications
that divide them into different categories, e.g., obligatory and facultative
halophytes, indifferential and accidental species (Parida and Das, 2005;
Wilkoni-Michalska, 1963). Grigore and Cojocariu (2021) compared several
of such classifications. Currently, some of the species are used as
bioindicators of soil salinity (Arora and Dagar, 2019; Piernik, 2003a). It is
worth emphasizing that halophytes are species recognized as a sensitive
indicator not only of salinity but also of soil moisture and they are
extremely light-sensitive (Wilkon-Michalska, 1970). Therefore, the
environmental factors have a significant impact on the salt marsh species
composition (Erfanzadeh et al., 2010; Piernik, 2012). This vegetation
frequently is characterized by species zonation defined by dominance of
some species and determined mostly by salinity and tides on coastal
marshes and by salinity level on inland salt marshes (Lee et al., 2016;
Piernik et al., 1996; Piernik et al., 2015). The saline habitats in Europe
has been studied and documented for years (e.g., Lee, 1977; Wilkon-
Michalska, 1963; Zulka et al., 1997), and this process continues to this
day, because they are undeniably an important elements in our local biodi-
versity (Daji¢-Stevanovic et al., 2019; Dité et al., 2021, 2022; Fantinato and
Buffa, 2019; Lubiniska-Mieliriska et al., 2022; Piernik, 2012).

The present research concerns vegetation-environment relations of the
temperate European part of inland salt-marshes. Inland saline areas of tem-
perate Europe are related to the presence of salt stratums uplifted near the
surface, salt springs and salt, soda and potassium industry (Brandes, 1999;
Lee, 1977; Piernik et al., 2015). They have to be supported continuously by
saline water because of excess precipitation over evapotranspiration which
washes salts out of the upper part of the soil profile (Waisel, 1972). More-
over, as many semi natural habitats they should be managed by extensive
mowing and grazing (Nienartowicz and Piernik, 2004a) because of poten-
tial expansion of Phragmites australis or Elymus repens and habitat degrada-
tion (Piernik, 2006). As rare and valuable habitats they have been
designated to be under protection by Council of Europe Directive 92/43/
EEC (Council of Europe, 1992) and they have been included into the Natura
2000 network. Apart of protection within Natura 2000, in individual coun-
tries they are legally protected as parts of nature reserves, e.g., Valea Ilenei
(Tasi) in Romania (Grigore and Toma, 2014), Artern, Jerxheim, Barstorf in
Germany (Brandes, 1999), or Owczary and Ciechocinek in Poland (Kostuch
and Misztal, 2006; Lubiniska-Mieliiska et al., 2022). Although natural
inland temperate salt marshes have been designated as priorities for the
European Union and have been protected for years (Bank and
Spitzenberg, 2001; Pusch, 2007), recently they have been listed as endan-
gered in the European Red List of Habitats (Janssen et al., 2016).

The syntaxonomical classification of this vegetation, which is helpful in
its management planning, is still under question. In the latest synthesis on
vegetation of Europe, Mucina et al. (2016) integrated the units proposed
for years by European vegetation researchers and presented a comprehen-
sive syntaxonomical classification system based on the Braun-Blanquet
approach (Braun-Blanquet, 1964). Unfortunately, the synthesis of Mucina
et al. (2016) arranges vegetation only to the level of alliances. In order to
analyze the vegetation of European inland salt marshes at the association
level, it is necessary to refer to the older proposals of vegetation classifica-
tion systems, which are often local or national in scope, e.g., systems
by Matuszkiewicz (2017) and Pott (1992), which have already been
thoroughly compared by Piernik (2020). As the research of recent years
shows, unification of vegetation classification systems and their dissemina-
tion are more and more frequent and necessary. A comparative overview of
the syntaxonomical units based on the EuroVegChecklist (Mucina et al.,
2016) was made for vegetation in Germany by Bergmeier (2020). Recently,
Landucci et al. (2020) carried out classification to the association level of
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European marsh vegetation. Pétsch et al. (2019) classified vegetation of
saline and brackish grasslands of the Baltic Sea coast. Classification of the
south European coastal part of salt marsh communities also already exists,
based on Croatian data (Dité et al., 2019). Danihelka et al. (2022) presented
halophytic vegetation of southern Moravia and northern Lower Austria.
However, there is still a gap in the current classification system for inland
salt-marsh vegetation across whole temperate Europe, although some of it
was analyzed on the basis of data from the North German Plain (Dité
et al., 2022). The effective protection of inland salt-marsh vegetation that
will allow for broad-scale comparisons require the syntaxonomical classifi-
cation system based on data from various European locations.

Another lack of information is related to the environmental require-
ments of vegetation syntaxonomical units. Few researchers investigated
soil properties in vegetation patches and then vegetation-environment rela-
tions (e.g., Piernik et al., 1996; Piernik, 2005, 2012; Wilkon-Michalska,
1963, 1970). Quite frequently they related vegetation patches according
to the species dominance (e.g., Piernik, 2003a, 2003b; Piernik et al.,
2015) only some of them referred vegetation units to vegetation associa-
tions in the sense of Braun-Blanquet system (Wilkon-Michalska, 1963,
1970; Zlatkovi¢ et al., 2019).

Therefore, we used the data collected and published by various
researchers from Central and Northwestern Europe to classify vegetation
according to the currently used nomenclature and to find environmental
drivers for their differentiation. To falsify the hypothesis about vegetation
syntaxonomical units dependence on environmental requirements we
aimed at (1) identification of the vegetation classes present in temperate
European inland salt marshes, (2) checking if they species composition is
affected by saline environment, (3) classification of the typical salt-marsh
vegetation classes to the associations level, and (4) identification of the
main environmental variables influencing the differentiation of analyzed
vegetation. Following Janssen et al. (2016), who distinguished three catego-
ries of inland salt marsh habitats in Europe, i.e. temperate inland salt marsh,
Mediterranean inland salt steppe and continental inland salt steppe, in our
work we focused on the vegetation from the northern part of temperate salt
marshes to limit confusion related to the geographical ranges of species.

2. Methods
2.1. Vegetation-plot database

We have created a vegetation-plot database containing data from six
countries in Central and Northwestern Europe: Czech Republic (CZ),
France (FR), Germany (DE), Luxemburg (LU), Poland (PL) and the United
Kingdom (UK). Into account were taken all vegetation plots (hereafter
also called ‘plots’) collected in saline areas, in which the salt marsh species
occurred. The data was obtained partly from collected bibliographic
sources and partly from the Polish Vegetation Database (Kacki and
Sliwinski, 2012). Several vegetation plots were derived from our own un-
published field observations. The list of 32 bibliographic sources and two
items with unpublished data on vegetation plots are provided in Table A.1.

Initially, the database consisted of 1231 vegetation plots. We carried out
a thorough selection of plots and excluded duplicate data and plots col-
lected at typically coastal sites. We have only left data on vegetation plots
along the Polish coastline, sites within Kotobrzeg and Chrzaszczewska
Island, where the salinity is related to the underground supply, not to the
influence of the seawater (Cwiklifiski, 1977; Piotrowska, 1974). Finally,
we analyzed 968 vegetation plots with the size range of 0,5-400 m?, includ-
ing 426 vascular plants (including plants marked only by genus name),
from the period of 63 years collected in 1952-2015. Geographical distribu-
tion of all vegetation-plot samples in the database is shown in Fig. A.1.

Nomenclature of species in vegetation-plot database followed the authors
of the bibliographic sources. In the file used for analyzes, the names of species
were unified using the World Flora Online (World Flora Online, 2020; http://
www.worldfloraonline.org/) and EuroMedPlant (Euro +Med, 2006 + [con-
tinuously updated]; http://www.europlusmed.org). The coordinates for all
vegetation plots were used to present the results of classification on the

29


http://www.worldfloraonline.org/
http://www.worldfloraonline.org/
http://www.europlusmed.org

S. Lubiriska-Mieliriska et al.

map of Europe. The maps were prepared using the QGIS 2.14.2 “Essen”
software (QGIS Development Team - Version 2.14.2, 2016).

2.2. Data classification

We used the Cocktail method (Bruelheide, 1997, 2000) and computer
expert system (Tichy et al., 2011). Cocktail method (Bruelheide, 1997,
2000; Koci et al., 2003) ensures stable, repeatable, and consistent classifica-
tion outcome, e.g., Kacki et al. (2020) or Landucci et al. (2020). We decided
to use this method because it applies unambiguous definitions of individual
plant units. Based on expert knowledge, existing syntaxonomical classifica-
tions and information from the literature, we identified diagnostic species
for classes Therosalicornietea and Festuco-Puccinellietea and alliances
Salicornion ramosissimae and Juncion gerardi and we created #TC functional
groups (Mucina et al., 2016; Tichy, 2002). Using these groups we prepared
formal definitions (Kodi et al., 2003). As a base we used a nested expert
system created by Kacki et al. (2020). However, we applied a new formal
definition for all classes of no-forest vegetation found in Poland including
Crypsietea aculeatae Vicherek 1973 class which is not reported in Poland.
Performing classification we defined diagnostic species (Dg) as those with
fidelity equal to or higher than 25. The fidelity measure used here was
the phi coefficient (Bruelheide, 2000; Chytry et al., 2002). For constant
species (Cs) we set the frequency threshold at 50 %. The coverage value
threshold of the dominant species (Dm) was 25 % with a minimum
frequency of 20 %. At the association level we applied the same criteria
except Dg species, which were defined as those with fidelity equal to or
higher than 25 and percentage frequency equal to/higher than 50 %. We
used a hierarchically nested classification system in which a vegetation
plot classified to a specific unit must also meet the formulas of higher
syntaxonomical units (Kacki et al., 2020; Landucci et al., 2020). JUICE
software (Tichy, 2002) was used for the analyzes.

The preliminary classification showed that 26 vegetation plots were
classified simultaneously into two syntaxa, and no syntaxon was identified
for 58 plots. Therefore, 84 vegetation plots were not included in the final
classification. Groups representing classes with less than six plots were
also omitted as outliers. Therefore, the next 10 plots cumulatively were
not considered. In this way, the final groups were based on 874 plots.

Although the standard use of geographic stratification in the analysis of
phytosociological databases (Chytry et al., 2007; Knollova et al., 2005), we
did not apply it. This would result in a loss of large amounts of data, because
inland halophytic communities are relatively rare and local. Such solutions
have been already practiced (e.g., Jarolimek and Sibik, 2008; Stupar et al.,
2015).

Names of classes, orders and alliances follow the European
syntaxonomical classification system by Mucina et al. (2016). The no-
menclature of associations follow Matuszkiewicz (2017), Pladias online
database (Chytry et al., 2021; Pladias, 2022), and names recently
adopted by Dité et al. (2022). Lichens, bryophytes and algae, which
some authors noted in the vegetation plots, were not taken into account,
because of their marginal role in these habitat types and uneven distri-
bution in the dataset. This is a common practice, although it may change
soon (Berg et al., 2020). In addition, the European system of floristic
classification (Mucina et al., 2016) includes all these groups separately.

2.3. Environmental data

Due to the lack of data obtained from the environment for all plots in
our database, we used weighted averages for individual vegetation plots
calculated on the basis of Ellenberg indicator values (Ellenberg et al.,
1992) as estimated environmental parameters (Schaffers and Sykora,
2000). For this purpose we used: light availability (L), temperature (T),
moisture (M), reaction/soil acidity (R), nitrogen content/trophy (N) and sa-
linity (S). To perform the calculations, it was necessary to transform the
data from the Braun-Blanquet cover/abundance scale (Braun-Blanquet,
1964) to the van der Maarel (2007) ordinal scale as follows: r — 1, + —
2,1-+3,2-+53—-7,4—8,5—=0.
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As the second set of environmental data, we analyzed soil parameters
from bibliographic sources: salinity expressed as electrical conductivity of sat-
urated extract (EC,), moisture, pH, total nitrogen and organic matter content.
It was possible only for some vegetation plots (n = 285) from our database,
where the authors provided such data with the same methodology.

2.4. Ordination and statistical analyzes

To find main drivers for vegetation differentiation we applied Canonical
Variate Analysis (CVA) as discriminant analysis and the Canoco 5.0 package
(ter Braak and Smilauer, 2012). We used forward selection procedure and
Monte Carlo permutation tests, and focused on conditional effects, which
exclude the effect of the most correlated predictors (ter Braak and Smilauer,
2012). The predictors are chosen in the order of their decreasing explained
variation. We skipped simple effects, that summarize the independent effects
of all explanatory variables, because we decided to compare this effect by
non-parametric Kruskal-Wallis test with Dunn post-hoc comparisons using
Statistica 13.0 software (StatSoft Inc., Tulsa, Oklahoma, USA).

3. Results
3.1. Vegetation units

Results of classification demonstrate presence of nine classes of vegeta-
tion in the inland saline areas (Table 1): Ruppietea maritimae (RUP),
Therosalicornietea (THE), Festuco-Puccinellietea (FEP), Polygono-Poetea
annuae (POL), Artemisietea vulgaris (ART), Potamogetonetea (POT),
Bidentetea (BID), Phragmito-Magnocaricetea (PHR) and Molinio-
Arrhenatheretea (MOL). Classes of typical salt-marsh vegetation, i.e.
Festuco-Puccinellietea and Therosalicornietea were represented by the highest
number of plots — respectively ca. 50 % and 14 % out of the analyzed 874
vegetation plots. Most of the vegetation plots assigned to the
Therosalicornietea class represented one association: Salicornietum
ramosissimae (Se). Plots in the Festuco-Puccinellietea class were assigned
to four different associations: Scorzonero parviflorae-Juncetum gerardii (Sp-

Table 1

Classification results: syntaxonomical synopsis and the number of vegetation plots
assigned to each syntaxonomical unit; for high-rank units the number of plots
assigned is given followed by the number of plots assigned to lower units. Abbrevi-
ations: Cl. - class, O. - order, All. — alliance, Ass. — association. Main vegetation units
are given in bold.

Code Syntaxon name Number

Mucina of plots

et al.

(2016)

RUP CL.: Ruppietea maritimae J. Tx. ex Den Hartog et Segal 1964 6

THE Cl.: Therosalicornietea Tx. in Tx. et Oberd. 1958 137

THE-01  O.: Therosalicornietalia Pignatti 1952 137

THE-01C  All: Salicornion ramosissimae Tx. 1974 137

- Ass.: Salicornietum ramosissimae Christiansen 1955 133

FEP CL.: Festuco-Puccinellietea So6 ex Vicherek 1973 485

FEP-05 O.: Scorzonero-Juncetalia gerardi Vicherek 1973 469

FEP-05A  All.: Juncion gerardi Wendelberger 1943 469

- Ass.: Scorzonero parviflorae-Juncetum gerardii (Wenzl 1934) 121
Wendelberger 1943

- Ass.: Agrostio stoloniferae-Juncetum ranarii Vicherek 1962 6

- Ass.: Triglochino maritimae-Glaucetum maritimae Wilkofi-- 56

Michalska, 1963 ex Dité et al. ass. nov. 2022
- Ass.: Puccinellio-Spergularietum salinae (Feekes 1936) R.Tx. at 134

Volk 1937
POL Cl.: Polygono-Poetea annuae Rivas-Mart. 1975 10
ART Cl.: Artemisietea vulgaris Lohmeyer et al. in Tx. Ex von 14
Rochow 1951
POT Cl.: Potamogetonetea Klika in Klika et Novak 1941 12
BID Cl.: Bidentetea Tx. et al. ex von Rochow 1951 22
PHR Cl.: Phragmito-Magnocaricetea Klika in Klika et Novak 1941 112
MOL CL.: Molinio-Arrhenatheretea Tx. 1937 76
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Jg), Agrostio stoloniferae-Juncetum ranarii (As-Jr), Triglochino maritimae-
Glaucetum maritimae (Tm-Gm) and Puccinellio-Spergularietum salinae (P-
Ss). The number of plots in individual associations is presented in Table 1.

From the set of diagnostic species (Dg) we identified these specific for
temperate inland salt marsh vegetation. The diagnostic species for classes
Therosalicornietea and Festuco-Puccinellietea identified on investigated in-
land salt-marshes are demonstrated in Table A.2. For the Therosalicornietea
class Dg species included Salicornia europaea, Puccinellia distans, Spergularia
marina and Spergularia media. S. europaea was identified also as only one
dominant (Dm) species. Constant species (Cs) included S. europaea,
P. distans and Tripolium pannonicum (see also Table A.3). Vegetation repre-
senting this class was recorded in Poland, Germany and France. For the
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Festuco-Puccinellietea class the group of Dg species consisted only of Juncus
gerardii. Additionally, P. distans was a Dm and Cs species. Vegetation
representing this class is much more widespread than that of the
Therosalicornietea, because it was recorded in all analyzed countries.
Geographic distribution of Therosalicornietea and Festuco-Puccinellietea
classes are presented in Fig. 1.

In the next step we focused on halophytic associations. Diagnostic spe-
cies for all of them are presented in Table 2. For the Salicornietum
ramosissimae only one Dg species was S. europaea. This species was also
identified as dominant and additionaly as constant together with P. distans
and S. marina (see also Table A.4). For Puccinellio-Spergularietum salinae
association three species passed Dg rule including S. marina, P. distans and

Fig. 1. Geographic distribution of Therosalicornietea, Festuco-Puccinellietea classes and associations identified on salt marshes based on the coordinates of individual vegetation

sample plots.
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Table 2

Shortened synoptic table with percentage frequency and fidelity index added in superscript for associ-
ations identified on salt marshes. The values for diagnostic species (with fidelity index = 25 and
percentage frequency = 50 %) within associations are marked in gray, for constant species (with per-
centage frequency = 50 %) have bold font, and for dominant species (with plant cover = 25 % and per-
centage frequency = 20 %) are marked with asterisk in superscript. Zero fidelity is assigned to species
with insignificant fidelity to the cluster (Fisher's exact test at p > 0.01). Abbreviations: Se — Salicornietum
ramosissimae, P-Ss — Puccinellio-Spergularietum salinae, Sp-Jg — Scorzonero parviflorae-Juncetum gerardii,
Tm-Gm - Triglochino maritimae-Glaucetum maritimae, As-Jr — Agrostio stoloniferae-Juncetum ranarii.

{ Species Associations - Se P-Ss Sp-lg Tm-Gm As-Jr
THEROSALICORNIETEA

Salicornietum ramosissimae

Salicornia europaea 100837" | 18~ | 10~ | 4 | |

FESTUCO-PUCCINELLIETEA

Scorzonero parviflorae-Juncetum gerardii

Juncus gerardii 13- | 100 | 2002 | 39— | 337 |
Agrostio stoloniferae-Juncetum ranarii

Juncus ranarius 9™ 4= 5 10087
Tripolium pannonicum 49~ 29~ 5516 36~ 100%3
Oxybasis rubra 1~ 4 1~ 50521
Agrostis stolonifera 5 15~ 40° 48139 67
Triglochino maritimae-Glaucetum maritimae

Triglochin maritima 23 10 48122 10064

Glaux maritima 7 7 32 93728 .
Phragmites australis 16™ 15~ 3674 643 17
Juncus compressus 2 15 7 63%8

Potentilla anserina 12 2683 (FEE
Puccinellio-Spergularietum salinae

Spergularia marina 50~ 100%7* 13~ 2 100~
Puccinellia distans 807 1003 36~ 52~ 100"
Atriplex prostrata s. |. 38~ 72225 39~ 34~ 17

Atriplex prostrata. All of them were constant in this association, while recorded in Germany, the United Kingdom, Poland and France. For the
S. marina and P. distans were also dominant. This association is the most Scorzonero parviflorae-Juncetum gerardii association only J. gerardii passed
widespread among associations in the Festuco-Puccinielietea class. It was the criteria for Dg species. This species was also identified as Dm, and Cs

Table 3

Shortened synoptic table with percentage frequency and fidelity index added in superscript for vegeta-
tion classes identified on salt marshes with a complete list of diagnostic (Dg), constant (Cs) and domi-
nant (Dm) species for Therosalicornietea and Festuco-Puccinellietea classes and identified salt marsh
associations. Obligatory halophytes are marked in bold font and in gray, facultative halophytes in bold
font (according to Wilkon-Michalska, 1963). Abbreviations: PHR — Phragmito-Magnocaricetea, MOL —
Molinio-Arrhenatheretea, ART — Artemisietea vulgaris, BID — Bidentetea, POL — Polygono-Poetea annuae,
POT - Potamogetonetea, RUP — Ruppietea maritimae.

J Species Classes > PHR MoL ART BID POL POT RUP
Puccinellia distans 31 18~ 21~ 55 1007

Atriplex prostrata s. I. 47— 16~ 50 10044 10~
Phragmites australis 7447 34~ 14~ 36 -

Agrostis stolonifera 43194 51268 29~ 27 .
Tripolium pannonicum 17— 4~ 14— 14~ 100%°
Potentilla anserina 37207 67°0° 7
Juncus compressus 28~ 46374 7 5

Triglochin maritima 33~ 29~ 7" 8~
Juncus gerardii 21 4= 21 5~

Glaux maritima 15~ 17— 14~

Spergularia marina 10~ 1~ 7" 27

Oxybasis rubra 3 9 10~

Juncus ranarius 6~ 5

Salicornia europaea 1 1 7

Spergularia media 1
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together with T. pannonicum. Association was reported from Poland,
Germany and France. For the Triglochino maritimae-Glaucetum maritimae
association the set of five Dg species were identified: Triglochin maritima,
Glaux maritima, Phragmites australis, Juncus compressus and Potentilla anserina,
among which Dm species were G. maritima and T. maritima. All five were also
constant in this association together with P. distans. The association was
noted in the same countries as Scorzonero parviflorae-Juncetum gerardii, but
except in France. The Agrostio stoloniferae-Juncetum ranarii association
had three Dg species: Juncus ranarius, T. pannonicum and Oxybasis rubra.
Dominant species in this association covered J. ranarius and P. distans,
while constant species also included S. marina and Agrostis stolonifera. This
association was recorded in the United Kingdom and France.

Results revealed that all analyzed vegetation units were affected by
salinity. The variation of vegetation representing not typical halophytic
classes has been presented in Table A.3. The occurrence of species with
the highest diagnostic value for Therosalicornietea and Festuco-Puccinellietea
classes in other syntaxonomical units is shown in Table 3. A total of 15 Dg,
Cs and Dm species were distinguished for typical salt marsh classes and as-
sociations together and most of them were also present in other vegetation
units. However, it is worth to focus on obligatory and facultative halophytes
in this group (Wilkofi--Michalska, 1963). Among them obligatory halo-
phytes A. prostrata and T. pannonicum, and facultative P. distans have the
widest distribution within non-halophytic vegetation units. They were
noted in plots belonging to five different classes. Even the most salt tolerant
halophyte S. europaea passed to vegetation of Artemisietea vulgaris,
Phragmito-Magnocaricetea and Molinio-Arrhenatheretea classes. The highest
number of halophytes passed to Phragmito-Magnocaricetea and Molinio-
Arrhenatheretea, followed by Artemisietea vulgaris and Bidentetea classes
(Fig. A.2).

3.2. Vegetation-environment relations

In the first step we focused on the class level of vegetation. Canonical
Variate Analysis (CVA) demonstrated that vegetation classes present on
temperate inland salt marshes differ significantly in terms of species prefer-
ences to soil salinity, moisture, light availability and nitrogen content as
presented in Fig. 2. The species preferences to soil salinity, and moisture
explained over 14 % of variance between vegetation classes (Table A.5).
Taking into account available soil data, analyzed syntaxonomical units
differ the most in terms of salinity expressed as electrical conductivity of

(a)
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saturated soil extract, total nitrogen and soil moisture, which together
explained over 10 % of soil parameters variation between vegetation
classes (Table A.6).

The detailed statistical comparison of single environmental effects on
vegetation units based on EIV (Fig. 3) showed that species belonging to
the Therosalicornietea and Ruppietea maritimae classes are characterized by
high salt tolerance, and together with Potamogetonetea by high reaction
values. In addition, species belonging to these classes together with
Phragmito-Magnocaricetea class are the most preferential to high soil mois-
ture while belonging to the Polygono-Poetea annuae and Artemisietea vulgaris
classes the least preferential. Considering light indicator value, the vegeta-
tion of Therosalicornietea class is the most preferential to high insolation.
However, it is the least preferential to high nitrogen content in the soil.
The preference for temperature value is the factor that differentiates the
analyzed groups the least.

The results of statistical analyzes based on available soil data demon-
strated that the highest salinity, measured as electrical conductivity of
saturated extract, was characteristic for vegetation of Therosalicornietea and
Bidentetea classes (Ruppietea maritimi class missing the soil data) (Fig. 4).
The highest soil moisture, as expected, was recorded in the soils occupied
by vegetation of Phragmito-Magnocaricetea class, whereas the highest soil ni-
trogen in patches of Molinio-Arrhenatheretea class. The analyzed classes of
vegetation do not differ significantly in terms of pH and the content of or-
ganic matter in the soil. Detailed soil results are presented in Table A.7.

3.3. Environmental pattern of salt-marsh plant associations

Regarding plant associations we focused on vegetation typical for salt
marshes from Therosalicornietea and Festuco-Puccinellietea classes. Results of
discriminant analysis (Fig. 5) revealed that based on EIV the most important
for vegetation differentiation were preferences of species to light availability
and soil reaction correlated with salinity, followed by moisture and nitrogen
and temperature. All together explained ca. 33 % of variability between asso-
ciations (Table A.5). Taking into account available soil measurements the
most important for association differentiation were salinity expressed as
EC, and organic matter content, followed by pH and soil moisture, explaining
over 30 % of variance in soil parameters between associations (Table A.6).

The comparison of single environmental effects between associations
based on EIV (Fig. 6) demonstrated that species, which build the associations
Salicornietum ramosissimae and Agrostio stoloniferae-Juncetum ranarii are the

(b)
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Fig. 2. Results of discriminant Canonical Variate Analysis (CVA): (a) relation between analyzed vegetation classes and environmental variables based on Ellenberg indicator
values (EIV); (b) relation between analyzed vegetation classes and soil parameters. Distance between points is expressed as Mahalanobis distance. Statistically significant
factors are marked by asterisk (p < 0.05). Abbreviations of vegetation classes: ART — Artemisietea vulgaris, BID — Bidentetea, FEP — Festuco-Puccinellietea, MOL — Molinio-
Arrhenatheretea, PHR - Phragmito-Magnocaricetea, POL — Polygono-Poetea annuae, POT — Potamogetonetea, RUP — Ruppietea maritimae, THE — Therosalicornietea. Abbreviations
of environmental variables: L — light availability, M — moisture, N — nitrogen content/trophy, R — reaction/soil acidity, S — salinity, T — temperature. Abbreviations of envi-
ronmental parameters: ECe — salinity measured as electrical conductivity, moist — moisture, Ntot — total nitrogen, org.mat. — organic matter content.
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Salinity Ellenberg indicator value
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Fig. 3. Comparison of Ellenberg indicator values (EIV) for vegetation classes. Significantly different groups according to Kruskal-Wallis test with Dunn post hoc comparisons
are denoted by different letters at p < 0.05. Abbreviations of vegetation classes: THE — Therosalicornietea (n = 137), FEP — Festuco-Puccinellietea (n = 485), PHR — Phragmito-
Magnocaricetea (n = 112), MOL — Molinio-Arrhenatheretea (n = 76), ART — Artemisietea vulgaris (n = 14), BID — Bidentetea (n = 22), POL — Polygono-Poetea annuae (n = 10),
POT - Potamogetonetea (n = 12), RUP — Ruppietea maritimae (n = 6). Abbreviations of environmental variables: S — salinity, M — moisture, R — reaction/soil acidity, L — light

availability, T — temperature, N — nitrogen content/trophy.

most preferential to high soil salinity and light availability. Salicornietum
ramosissimae association is also characterized by the greatest tolerance to
high soil reaction. In the salinity gradient it is followed by Puccinellio-
Spergularietum salinae association, but the set of species there turned out to
be the least preferential to high values of soil moisture, but the most to
high nitrogen content. Less salt tolerant Scorzonero parviflorae-Juncetum
gerardii and Triglochino maritimae-Glaucetum maritimae associations differed
in terms of light and temperature preferences, significantly lower in the sec-
ond association, and of significantly higher there nitrogen indication.
Results obtained on the basis of available soil parameters confirmed
that the highest soil salinity is typical for the Salicornietum ramosissimae
association (Fig. 7 and Table A.8). However, on the second position has
been placed Scorzonero parviflorae-Juncetum gerardii with significantly

34

higher soil salinity and pH than in patches of Triglochino maritimae-
Glaucetum maritimae association but significantly lower soil moisture and
total nitrogen contents. Puccinellio-Spergularietum salinae association is
noted in areas with the lowest content of organic matter and total nitrogen
compared to other groups. Soil parameters were missing for Agrostio
stoloniferae-Juncetum ranarii.

4. Discussion
4.1. Vegetation classification approach

The effective protection of inland salt-marsh vegetation that will allow
for broad-scale comparisons require, as it was already mentioned, the
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Fig. 4. Comparison of environmental parameters for vegetation classes. Significantly different groups according to Kruskal-Wallis test with Dunn post hoc comparisons are
denoted by different letters at p < 0.05. Abbreviations of vegetation classes: THE — Therosalicornietea (n = 54), FEP — Festuco-Puccinellietea (n = 134), PHR — Phragmito-
Magnocaricetea (n = 38), MOL — Molinio-Arrhenatheretea (n = 24), ART — Artemisietea vulgaris (n = 9), BID — Bidentetea (n = 7). Abbreviation of environmental parameter:

EC. - salinity expressed as electrical conductivity.

unified syntaxonomical classification system based on data from various
European locations. In our research, following the concept of Braun-
Blanquet (Braun-Blanquet, 1964; Mucina et al., 2016), we made an effort
first to classify vegetation to syntaxonomical units, then to assess their envi-
ronmental dependence. At the first stage, apart from already known from
saline areas vegetation representing Therosalicornietea and Festuco-
Puccinellietea classes we identified as integral parts of inland salt marshes
classes representing other vegetation types. However, this vegetation has
its own specificity. We noticed that species thought as limited to narrow en-
vironmental conditions can present relatively wide ecological responses.
They can play an important role in classification difficulties on one hand
and on the second can shape vegetation variety. All 15 species, including
eight halophytes, being Dg, Cs and Dm for halophytic classes and

associations of Therosalicornietea and Festuco-Puccinellietea, entered other
vegetation units. Among them obligatory halophyte T. pannonicum together
with A. prostrata and facultative P. distans had the widest distribution
within non-halophytic vegetation units and were noted in plots belonging
to five different classes. Even the most salt tolerant halophyte S. europaea
passed to vegetation of Artemisietea vulgaris, Phragmito-Magnocaricetea and
Molinio-Arrhenatheretea classes. This wide response curve of species is con-
sistent with findings of Piernik (2003a, 2012), who demonstrated that even
obligatory halophytes can be recorded on non- or slightly saline soils. Re-
cent studies on S. europaea also showed that although the lack of salinity
and the salinity of over 800 mM NaCl (=80 dS x m™ 1) conditions are ex-
treme for this plant and limit its functional traits, they still do not
completely stop its development (Cardenas-Pérez et al., 2022). Moreover,
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Fig. 5. Results of discriminant Canonical Variate Analysis (CVA): (a) relation between analyzed associations and environmental variables based on Ellenberg indicator values
(EIV); (b) relation between analyzed associations and soil parameters. Distance between points is expressed as Mahalanobis distance. Statistically significant factors are
marked by asterisk (p < 0.05). Abbreviations of vegetation associations: As-Jr — Agrostio stoloniferae-Juncetum ranarii, Se — Salicornietum ramosissimae, P-Ss — Puccinellio-
Spergularietum salinae, Sp-Jg — Scorzonero parviflorae-Juncetum gerardii, Tm-Gm — Triglochino maritimae-Glaucetum maritimae. Abbreviations of environmental variables: L —
light availability, M — moisture, N — nitrogen content/trophy, R — reaction/soil acidity, S — salinity, T — temperature. Abbreviations of environmental parameters: EC. — salinity
measured as electrical conductivity, moist — moisture, Ntot — total nitrogen, org.mat. — organic matter content.

data from America shows high competitive ability, speed spread and high
seed production of P. distans (Cusick, 1982; Tarasoff et al., 2007). Research
from the United Kingdom shows that P. distans and S. marina permanently
occupy roadsides due to salinity caused by the use of salt to defrost roads,
although other species such as Plantago maritima are disappearing with
time (Scott and Davison, 1985). The highest number of halophytes passed
to Phragmito-Magnocaricetea and Molinio-Arrhenatheretea, followed by
Artemisietea vulgaris and Bidentetea classes. This is due to the high tolerance
of these species to fluctuations in the soil salinity level and this decides
about specificity of investigated vegetation. On the other hand the presence
of vegetation from not typical salt marsh vegetation classes is due to rela-
tively high salt resistance of many glicophytic species including diagnostic,
constant and dominant. As demonstrated by Piernik (2012) the group of the
most frequent species on inland salt marshes includes Festuca rubra which is
according to Kacki et al. (2013) Dg and Cs species for Molinio-
Arrhenatheretea class. Ecotype of this species was noted on inland salt
marshes even at very high salinity (EC. up to 25 dS x m™?). In the most
frequent group of species is present also P. australis, Dg and Dm species
for Phragmito-Magnocaricetea class, noted in saline sites between EC, 2.5
and 118 dS x m ™! (Kacki et al., 2013; Piernik, 2012). Three more species
from the most frequent group are typical for Artemisietea vulgaris class, i.e. E.
repens (Dg, Cs, Dm), Cirsium arvense (Dg, Cs) and Achillea millefolium (Cs).
Also three species for Bidentetea class, i.e. Plantago intermedia (Dg),
Chenopodium glaucum (Dg, Dm) and A. prostrata (Cs). All of them were re-
corded on even extremely saline soils (Piernik, 2012). That is why, not
only vegetation classes typical for saline sites can be present on saline
soils. However, all this creates difficulties with vegetation classification.
The latest revision of the Phragmito-Magnocaricetea class classification
even uses species of saline habitats as a functional species group to refine
the definitions of some marsh vegetation associations (Landucci et al.,
2020). Often, associations reacting to local environmental conditions
form transitional patches with slightly different species compositions and
complicate systematic classification. Despite the current simplicity of
using numerical classifications, the final decisions about vegetation units
are still subjective, but all these decisions are statistically sound (Tichy,
2002). As our research has shown, this problem largely concerns inland
salt marshes. More than 28 % of the finally analyzed plots have been classi-
fied into seven atypical for saline areas classes. However, they should also
be taken into consideration as an integral part while management and pro-
tection is planning.
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4.2. Environmental drivers for vegetation

Our results positively verified the main research hypothesis on vegeta-
tion syntaxonomical units dependence on environmental requirements.
Vegetation of inland salt marshes is very diverse, which reflects the
syntaxonomic division at the class level as it was already discussed. We
proved that its arrangement is determined by gradients of environmental
factors, the most important of which are salinity, soil moisture and the
availability of light. All statistically significant environmental factors,
both applied as soil measurements or EIV, are able to explain respectively
from 10 to 24 % of variation between groups (Tables A.5 and A.6). This is
satisfactory taking into account high vegetation variability, different bio-
geographical locations and other factors that may affect vegetation forma-
tion as different species interactions or strategies and finally not taken
into consideration environmental factors, as management type (Piernik,
2012; Piernik et al., 2015; Ulrich et al., 2018, 2019). Our results not only
prove already reported field observations, e.g., that Therosalicornietea
class is the most related to the highest soil salinity, then Festuco-
Puccinellietea class but also demonstrate that Phragmito-Magnocaricetea
class can cover vegetation not only resistant to high soil moisture but also
to relatively high salinity and preferring relatively high nitrogen soil con-
tent. This is important, because high nitrogen availability can enhance spe-
cies salt tolerance (e.g., Sikder et al., 2020). Definitely the last salt tolerant
is vegetation from Molinio-Arrhenatheretea class, but on inland salt marshes
its environmental requirements seems to overlap with Phragmito-
Magnocaricetea class. It can mean that in our data the group of Phragmito-
Magnocaricetea could include former meadows overgrown by P. australis
as a result of its abandonment (Bosiacka et al., 2011). It is worth noting
that vegetation from different classes usually coexist within particular loca-
tions. The coexistence of such diverse groups in the salinity gradient is
known as zonation of salt marsh vegetation and it is formed not only by veg-
etation form Therosalicornietea and Festuco-Puccinellietea classes (Piernik
et al., 1996; Piernik, 2006). It has been demonstrated also for continental
halophytic grassland vegetation of Southeastern Europe (Daji¢ Stevanovi¢
et al., 2016). Moreover, zonation is also known for other organisms in sa-
line areas, e.g., arthropods (Finch et al., 2007). This shapes the salt marsh
biodiversity depending among others on the environmental gradients
length (Ulrich et al., 2018).

Taking into consideration analyzed plant associations, the most impor-
tant role in their pattern is played by the salinity, availability of light,
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content/trophy.

moisture, reaction and the content of organic matter in the soil. It is worth
emphasizing that discriminant analysis based on EIV representing long
term environmental conditions and on soil measurements representing
temporal measurements overlap in this case. The results demonstrate that
environmental parameters explain respectively 33 and 30 % of the total
variance between associations. The results obtained for individual associa-
tions based on EIV are confirmed in the literature from other inland sites in
Europe (Dit€ et al., 2021, 2022). Salicornietum ramosissimae is characterized
by the highest EIV of salinity, moisture and soil reaction in comparison to
other associations. This high soil salinity typical for this association has
been also confirmed by analysis based on soil measurements. The next in

10

the salinity gradient is placed Puccinellio-Spergularietum salinae, character-
ized also by relatively low moisture requirements and relatively high nitro-
gen preferences. It frequently follows Salicornietum ramosissimae as the next
vegetation zone in the salinity gradient (Piernik et al., 1996; Piernik, 2006).
However, based on soil parameters it is not so visible, probably due to
possible high fluctuations in soil salinity e.g., after rains and presence of
this association in the industrial, not stable habitats (Piernik, 2003b;
Piernik and Hulisz, 2011). There is relatively little known about
Triglochino maritimae-Glaucetum maritimae association which has been de-
scribed firstly by Wilkon-Michalska (1963) by the name Triglochin
maritimum-Glaux maritima as occurring in inland salt meadows in Poland.
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Then it has been proved with the current name by Dité et al. (2022) on
inland salt marshes on the North German Plain. Our results confirm this
finding. Unfortunately, these authors did not find any statistical differences
in EIV properties between this association and known already from
Germany Scorzonero parviflorae-Juncetum gerardii. From our data for
Triglochino maritimae-Glaucetum maritimae has been classified 56 plots,
located both in Poland and Germany, while for Scorzonero parviflorae-
Juncetum gerardii 121 plots located mostly in Germany. Based on EIV we
found differences in nitrogen preferences higher for the first association
and light and temperature higher for second confirming Scorzonero
parviflorae-Juncetum gerardii preferences to the warmer climate of western
Europe. For direct soil comparisons we had only 23 plots in each group.
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However, we confirmed that patches of Triglochino maritimae-Glaucetum
maritimae are typical for organic soils with high organic matter and high
total nitrogen content, while Scorzonero parviflorae-Juncetum gerardii prefer
mineral soils. Moreover, we found significantly higher soil salinity and
pH for Scorzonero parviflorae-Juncetum gerardii. This is in line with our
results on species composition because we found distinct differences
between these units, i.e. higher number of diagnostic species for preferring
lower salinity Triglochino maritimae-Glaucetum maritimae. Unfortunately,
we had only six plots classified as Agrostio stoloniferae-Juncetum ranarii
association and none with soil data. That is why the environmental inter-
pretation for this vegetation unit should be postponed for the future more
extended research.
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4.3. Biogeographic distribution of typical halophytic vegetation

The Therosalicornietea class is widespread in Europe. Apart from the
sites considered in our study, which partially correspond to the areas ana-
lyzed by Dité et al. (2022), research was carried out also, e.g., in Romania
(Dité et al., 2021), Croatia (Dité et al., 2019), Italy (Tomaselli et al.,
2020) and generally in Southeastern Europe (Daji¢ Stevanovi¢ et al.,
2016). The class is also listed outside our continent, e.g., in Central Asia,
near the salty lakes and at the dry bottoms of intermountain depressions
of eastern Siberia (Korolyuk et al., 2017). All of these confirm this class as
azonal vegetation. Locally quite common is Salicornietum ramosissimae asso-
ciation from this class, which occurs not only throughout almost the entire
area of our research, but also, e.g., in coastal areas in southern Europe,
Croatia (Dité et al., 2019).

The Festuco-Puccinellietea class is definitely more widespread than the
Therosalicornietea. It shows a greater variety of species, more complex de-
pendence on the local environment and thus a more complex syntaxonomic
system. Generally it represents halophytic-steppe communities on the
solonetz soils of the inner regions of Eurasia (Yuritsyna, 2021). It occupies,
e.g., slightly saline, moist and wet substrates along the depressions and
inter-ridge lowlands in the floodplains of rivers and along the highways
(Bulokhov, 2018). In the past, this class was not described in the inland
salt marshes of Europe with a temperate climate. However, Mucina et al.
(2016) provoked a new syntaxonomical approach of temperate inland salt
marsh vegetation classified to the Juncetea maritimi class before. In the
new vegetation classification system they distinguished three classes con-
taining the vegetation of natural salt marshes: Therosalicornietea, Juncetea
maritimi and Festuco-Puccinellietea. The Therosalicornietea class as pioneer
vegetation of annual succulent halophytes is not under question. The
Juncetea maritimi class is declared to contain perennial grasslands, herb-
rich vegetation of coastal and inland-salt marshes but any order or alliance
is dedicated to cover inland part of salt-marsh vegetation. The Festuco-
Puccinellietea class in this system comprises two groups of orders from
which one covers vegetation typical of flooded, moist/wet (mainly
solonchak) soils in order Scorzonero-Juncetalia gerardi Vicherek 1973 and
alliance Juncion gerardi Wendelberger 1943, which could include inland
temperate salt marsh vegetation. Consequently, a similar approach is
presented by other researchers in the temperate salt marshes of Europe
(e.g., Dité et al., 2021, 2022). Moreover, Dité et al. (2022) based on data
from the southern Baltic Sea coast and inland German salt marshes, proved
the difference between inland salt marsh vegetation denoted as Festuco-
Puccinellietea class and coastal vegetation representing Juncetea maritimi
class. They are based on limited data sets not including environmental
parameters and therefore, this syntaxonomical doubt can be thought as
still open for future research and discussion. Regardless, the most common
in this class is Puccinellio-Spergularietum salinae association. This name has
been around for years and the authors of the plots in our database used it
most frequently, see Table A.9. Interestingly, it was not noted in the latest
study of salt marshes in North German Plain by Dit¢ et al. (2022), who clas-
sified this vegetation, rather to the Puccinellietum limosae So6 1933 and
Atriplex prostrata community, despite the large share of S. marina. The
Scorzonero parviflorae-Juncetum gerardii association is also widespread in
European inland salt marshes as shows research from the Balkans (Dité
et al., 2015) or individual countries — Romania (Dité et al., 2021). In our
dataset Triglochino maritimae-Glaucetum maritimae association has been
documented only in Poland and Germany, as confirmed by the results of
Dité et al. (2022). Currently association is rather not listed in southern or
western Europe, incl. in Romania (Dité et al., 2021). This may be related
to the local extinction of T. maritima and G. maritima (Danihelka et al.,
2022), which was earlier noted also in inland positions of western
Europe. The Agrostio stoloniferae-Juncetum ranarii association was recorded
in our data set only on inland salt marshes in the United Kingdom and
France. This association is typical of slightly moist, saline soils with
frequently disturbed surfaces. It is reported also from dry areas of northern
Bohemia (Ohfe river basin) and southern Moravia (Elias et al., 2012; Novak
and Sumberové, 2007).
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4.4. Conservation and protection implications

As it was already mentioned inland salt marsh vegetation is protected
under the Natura 2000 network. Two habitats, 1310 - Salicornia and
other annuals colonizing mud and sand and *1340 - Inland salt meadows
(Glauco-Puccinellietalia), were created. The vegetation included by us in
the Salicornietum ramosissimae association is classified as representing
habitat 1310 (Nienartowicz and Piernik, 2004b). The remaining analyzed
associations from the Festuco-Puccinellietea class represent habitat *1340
(e.g., Nienartowicz and Piernik, 2004a). As it was proved by us, the most
important environmental factors shaping inland salt marsh vegetation is
salinity and moisture, frequently related to each other, because salty
ground water can serve as the source of soil salinity both in natural and
industry habitats (Piernik and Hulisz, 2011). Therefore, this vegetation is
sensitive to any water regulations that can also change soil pH and organic
matter decomposition. Moreover, the research by Cizkova et al. (2020)
showed that the water level has an impact on the abundance of individual
species of halophytes in salt marshes. Some species grow both on moist and
dry soils, such as T. pannonicum or S. marina, some on rather dry soils like
Melilotus dentatus. Another significant factor is light availability, which
proves necessity of management by regular mowing, as well as grazing live-
stock, which results in gnawing and trampling on plants and creation free
spaces for annual species as S. europaea or S. marina (Bakker and De
Vries, 1992). Grazing is most important for short species of halophytes
such as S. europaea, Suaeda maritima and G. maritima (Jensen, 1985).
Research shows that moderate grazing generally increases plant richness
and diversity, while lack of grazing and overgrazing reduces the plant
diversity and richness of salt marshes (Bouchard et al., 2003; Kiehl et al.,
1996). That is why, it is also important to consider the appropriate density
and species of herbivores, e.g., cattle, horses or sheep (Miloti¢ et al., 2010;
Nolte et al., 2014). Moreover, some species can be sensitive to mowing or
grazing. As research on Bolboschoenus martimus-dominated vegetation in
Europe show it covers inland wetlands in a broad range of both freshwater
and saline habitats (Hroudova et al., 2009; Ljevnai¢-Masi¢ et al., 2020).
Therefore, it copes well with the salinity and high humidity of the soil,
but is very threatened by mowing and grazing (Ljevnai¢-Masic et al.,
2020). It should be taken into consideration if it is a target species
for some areas.

The cessation of mowing or grazing usually results in a gradual over-
growing of the light-requiring halophyte associations (Wilkon-Michalska,
1970) and formation of communities with higher species. In the case of
high soil moisture, these are often reed communities of the Phragmito-
Magnocaricetea class. As our results show, this may be a common and easy
effect, because we classified over 12 % of samples into this class. The
spreading of P. australis is a common and important problem (Burdick
et al., 2001). Tall shoots of this species cover halophilous vegetation,
which initially remain in the form of patches scattered in vast reeds, but
then disappear (Bosiacka et al., 2011). Finally, it is worth emphasizing
that the most important thing in effective protection is the appropriate
involvement of people responsible for the protected areas, who will ensure
the systematic conduct of active treatments (e.g., Lubiiiska-Mieliniska et al.,
2022). After all, there are known for years effective actions that imitate the
traditional way of land use, which guarantee not only the maintenance, but
also the improvement of the condition of the salt marsh vegetation
(Brandes, 1999).

5. Conclusions

Our results demonstrates that in addition to Therosalicornietea and
Festuco-Puccinellietea other vegetation classes, such as Ruppietea maritimae,
Polygono-Poetea annuae, Artemisietea vulgaris, Potamogetonetea, Bidentetea,
Phragmito-Magnocaricetea and Molinio-Arrhenatheretea, are an integral part
of temperate inland saline habitats and include halophytic species. These
classes differ the most in terms of species preferences to salinity, soil
moisture, light availability and soil nitrogen content. In addition, identified
typical salt marsh associations differ also by soil reaction and soil organic
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matter content. This indicates a large diversity of the analyzed vegetation
type, but also its sensitivity to changes in environmental conditions.
Targeting biodiversity conservation and restoration these requirements
should be taken into account.

CRediT authorship contribution statement

SLM - prepared first draft of publication, prepared and managed data-
base, performed classification analyses, ZK — design the definitions of
syntaxonomical units and performed classification, DK — supported classifi-
cation designing and interpretation, JP — collected part of the data from
France, CE - collected the part of the data from Germany, AP — supervised
the project, prepared the rules for syntaxonomical units, collected part of
the data from Poland and performed statistical vegetation-environment
analysis. All authors substantially contributed to the final version of the
manuscript.

Data availability statement

After acceptance of publication data will be available from the authors
under request.

Data availability

Data will be made available on request.

Declaration of competing interest

The authors declare that they have no known competing financial inter-
ests or personal relationships that could have appeared to influence the
work reported in this paper.

Acknowledgements

This research was supported from the budget for science by Nicolaus
Copernicus University in Torur, Poland. Authors would like to thank Mr.
Grzegorz Swacha for his help in completing the source materials needed
to create the vegetation-plot database.

Appendix A. Supplementary material

Supplementary material to this article can be found online at https://
doi.org/10.1016/j.scitotenv.2022.159015.

References

Arora, S., Dagar, J.C., 2019. Salinity tolerance indicators. In: Dagar, J., Yadav, R., Sharma, P.
(Eds.), Research Developments in Saline Agriculture. Springer, Singapore, pp. 155-201.
https://doi.org/10.1007/978-981-13-5832-6_5.

Bakker, J.P., De Vries, Y., 1992. Germination and early establishment of lower salt-marsh spe-
cies in grazed and mown salt marsh. J. Veg. Sci. 3 (2), 247-252. https://doi.org/10.
2307/3235686.

Bank, C., Spitzenberg, D., 2001. Die Salzstelle Hecklingen. Darstellung einer der derzeit
bedeutendsten Binnenlandsaltzstellen in Deutschland. Fachgruppe Faunistik und
Okologie Strafurt, Straffurt.

Berg, C., Ewald, J., Hobohm, C., Dengler, J., 2020. The whole and its parts: why and how to
disentangle plant communities and synusiae in vegetation classification. Appl. Veg. Sci.
23 (1), 127-135. https://doi.org/10.1111/avsc.12461.

Bergmeier, E., 2020. The vegetation of Germany — a cross-referenced conspectus of classes, or-
ders 29 and alliances based on the Euro Veg Checklist. Tuexenia 40, 19-32.

Bosiacka, B., Piefikowski, P., Podlasiriski, M., 2011. Morphometric parameters of Phragmites
australis as indicators of soil salinity: habitat and remote sensing approach as exemplified
by brine-supplied salt marshes in the Parseta Valley (NW Poland). Ecol. Quest. 14, 85-87.

Bouchard, V., Tessier, M., Digaire, F., Vivier, J.-P., Valéry, L., Gloaguen, J.-C., Lefeuvre, J.-C.,
2003. Sheep grazing as management tool in Western european saltmarshes. C. R. Biol.
326 (1), 148-157. https://doi.org/10.1016/51631-0691(03)00052-0.

Brandes, D., 1999. Vegetation salzbeeinfluSter Habitate im Binnenland. Breunschweiger
Geobotanishe Arbeiten. 6. Braunschweig.

Braun-Blanquet, J., 1964. Pflanzensoziologie. Grundziige der Vegetationskunde, 3rd ed.
Springer, Wien, Austria.

40

13

Science of the Total Environment 856 (2023) 159015

Bruelheide, H., 1997. Using formal logic to classify vegetation. Folia Geobot.
Phytotaxonomica 32, 41-46. https://doi.org/10.1007 /BF028 03883.

Bruelheide, H., 2000. A new measure of fidelity and its application to defining species groups.
J. Veg. Sci. 11, 167-178. https://doi.org/10.2307/3236796.

Bulokhov, A.D., 2018. Subhalophyte communities of classes Festuco-Puccinellietea So6 ex
Vicherek 1973 and Molinio-Arrhenatheretea Tx. 1937 in the Southern Nechernozemye
of Russia. Bull. Bryansk Dpt. RBS 2 (14), 33-42.

Burdick, D.M., Buchsbaum, R., Holt, E., 2001. Variation in soil salinity associated with expan-
sion of Phragmites australis in salt marshes. Environ. Exp. Bot. 46 (3), 247-261. https://
doi.org/10.1016/5S0098-8472(01)00099-5.

Cérdenas-Pérez, S., Rajabi Dehnavi, A., Leszczyniski, K., Lubirfiska-Mieliriska, S., Ludwiczak, A.,
Piernik, A., 2022. Salicornia europaea L. functional traits indicate its optimum growth.
Plants 11 (8), 1051.

Chytry, M., Tichy, L., Holt, J., Botta-Dukat, Z., 2002. Determination of diagnostic species with
statistical fidelity measures. J. Veg. Sci. 13 (1), 79-90. https://doi.org/10.1111/j.1654-
1103.2002.tb02025.x.

Chytry, M., Ko¢i, M., Sumberova, K., Sadlo, J., Krahulec, F., Hajkova, P., et al., 2007. Vegetace
Ceské republiky 1. Travinna a ke¥ickové vegetace. Academia, Praha.

Chytry, M., Danihelka, J., Kaplan, Z., Wild, J., Holubov4, D., Novotny, P., Rezni¢kova, M., et
al., 2021. Pladias database of the Czech flora and vegetation. Preslia 93, 1-87. https://
doi.org/10.23855/preslia.2021.001.

Cizkova, E., Navratilova, J., Martinat, S., Navratil, J., Frazier, R.J., 2020. Impact of water level
on species quantity and composition grown from the soil seed bank of the inland salt
marsh: an ex-situ experiment. Land 9 (12), 533.

Council of Europe, 1992. Council Directive 92/43/EEC on the Conservation of Natural Habi-
tats and of Wild Fauna and Flora.

Cusick, A.W., 1982. Puccinellia distans (Jacq.) Parl.(Poaceae): a halophytic grass rapidly
spreading in Ohio. SIDA, Contributions to Botany. 9(4), pp. 360-363.

Cwiklifiski, E., 1977. Stonawy zrédliskowe na Wyspie Chrzaszezewskiej w woj. Szczecifiskim.
Fragm Florist Geobot Pol 23 (1), 57-68.

Daji¢ Stevanovié, Z., Aéié, S., Lukovié, M., Zlatkovié, 1., Vasin, J., Topisirovié, G., Silc, U.,
2016. Classification of continental halophytic grassland vegetation of southeastern
Europe. Phytocoenologia 46 (3), 317-331. https://doi.org/10.1127/phyto/2016/0076.

Daji¢-Stevanovi¢, Z., Aéié, S., Stesevié, D., Lukovié, M., Sile, U., 2019. Halophytic vegetation
in south-east Europe: classification, conservation and ecogeographical patterns. In:
Hasanuzzaman, M., Shabala, S., Fujita, M. (Eds.), Halophytesand Climate Change: Adap-
tive Mechanisms and Potential Uses. CABI, Oxford, pp. 55-68.

Danihelka, J., Chytry, K., Hardsek, M., Hubatka, P., Klinkovska, K., Kratos, F., KuCerov, A.,
Slachov4, K., Szokala, D., Prokeov4, H., Smerdova, E., Vecefa, M., Chytry, M., 2022. Hal-
ophytic flora and vegetation in southern Moravia and northern Lower Austria: past and
present. Preslia 94, 13-110. https://doi.org/10.23855/preslia.2022.013.

Dit&, D., Suvada, R., Pi3, V., Mele¢kovd, Z., Elid$ Jr., P., 2015. The phytosociology and ecology
of saline vegetation with Scorzonera parviflora across the Pannonian-Western Balkan gra-
dient. Phytocoenologia 45 (1), 33-47. https://doi.org/10.1127/phyto/2015/0007.

Dité, Z., Suvada, R., Elia3, P., Pi§, V., Dit&, D., 2019. Salt marsh vegetation on the Croatian
coast: plant communities and ecological characteristics. Plant Syst. Evol. 305, 899-912.
https://doi.org/10.1007/s00606-019-01617-y.

Dité, D., Suvada, R., Dité, Z., 2021. Habitat shaped by ancient salt: vegetation of the classes
therosalicornietea and festuco-puccinellietea in the Transylvanian Basin (Romania).
Folia Geobot 56, 109-123. https://doi.org/10.1007/512224-021-09396-6.

Dité, D., Suvada, R., Kliment, J., Dité, Z., 2022. Vegetation of temperate inland salt marshes
on their north-western border (North german Plain). Preslia 94, 111-141. https://doi.
org/10.23855/preslia.2022.111.

Eli&s, P., Grulich, V., Dité, D., Senko, D., 2012. Distribution and ecology of Carex secalina in
the Czech Republic and Slovakia. Acta Soc. Bot. Pol. 81 (2), 93-99. https://doi.org/10.
5586/asbp.2012.011.

Ellenberg, H., Weber, H.E., Diill, R., Wirth, V., Werner, W., Paulif3en, D., 1992. Zeigerwerte
von pflanzen in mitteleuropa. Scr. Geobot. 18, 1-258.

Erfanzadeh, R., Garbutt, A., Pétillon, J., Maelfait, J.-P., Hoffmann, M., 2010. Factors affecting
the success of early salt-marsh colonizers: seed availability rather than site suitability and
dispersal traits. Plant Ecol. 206, 335-347. https://doi.org/10.1007/511258-009-9646-8.

Euro+Med, 2006. Euro+ Med PlantBase - the information resource for Euro-Mediterranean
plant diversity. Published at http://www.europlusmed.org. (Accessed 31 May 2021).

Fantinato, E., Buffa, G., 2019. Animal-mediated interactions for pollination in saltmarsh com-
munities. Plant Sociol. 56, 35-42. https://doi.org/10.7338/pls2019562/02.

Finch, O.D., Krummen, H., Plaisier, F., Schultz, W., 2007. Zonation of spiders (Araneae) and
carabid beetles (Coleoptera: Carabidae) in island salt marshes at the North Sea coast.
Wetl. Ecol. Manag. 15, 207-228. https://doi.org/10.1007/s11273-006-9024-4.

Flowers, T.J., Colmer, T.D., 2008. Salinity tolerance in halophytes. New Phytol. 179, 945-963.

Grigore, M.-N., Cojocariu, A., 2021. A tentative list of Romanian halophytes: taxonomy, distri-
bution, ecology. In: Grigore, M.-N. (Ed.), Handbook of Halophytes: from Molecules to
Ecosystems Towards Biosaline Agriculture. Springer International Publishing, Cham,
pp. 471-568. https://doi.org/10.1007/978-3-030-17854-3_17-1.

Grigore, M.-N., Toma, C., 2014. Integrative ecological notes on halophytes from “Valea
Ilenei”(lasi) nature reserve. Mem. Sci. Sect. Rom. Acad. 37, 19-36.

Hroudovd, Z., Hrivnak, R., Chytry, M., 2009. Classification of inland bolboschoenus-
dominated vegetation in Central Europe. Phytocoenologia 39 (2), 205-215. https://doi.
org/10.1127,/0340-269X/2009/0039-0205.

Janssen, J.A.M., Rodwell, J.S., Garcia Criado, M., Gubbay, S., Haynes, T., et al., 2016.
EuropeanRed List of Habitats. Part 2. Terrestrial and Freshwater Habitats. Publications
Office of the European Union, Luxembourg https://doi.org/10.2779/091372.

Jarolimek, 1., Sibik, J., 2008. A Listof Vegetation Units of Slovakia. Diagnostic, Constant and
Dominant Species ofthe Higher Vegetation Units of Slovakia. Veda, Bratislava,
pp. 295-329.

Jensen, A., 1985. The effect of cattle and sheep grazing on salt-marsh vegetation at skallingen,
Denmark. Vegetatio 60, 37-48. https://doi.org/10.1007/BF00053910.


https://doi.org/10.1016/j.scitotenv.2022.159015
https://doi.org/10.1016/j.scitotenv.2022.159015
https://doi.org/10.1007/978-981-13-5832-6_5
https://doi.org/10.2307/3235686
https://doi.org/10.2307/3235686
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805246056
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805246056
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805246056
https://doi.org/10.1111/avsc.12461
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805293240
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805293240
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805304331
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805304331
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220805304331
https://doi.org/10.1016/S1631-0691(03)00052-0
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220819039945
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220819039945
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220819379622
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220819379622
https://doi.org/10.1007/BF028 03883
https://doi.org/10.2307/3236796
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220820503886
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220820503886
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220820503886
https://doi.org/10.1016/S0098-8472(01)00099-5
https://doi.org/10.1016/S0098-8472(01)00099-5
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220821232316
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220821232316
https://doi.org/10.1111/j.1654-1103.2002.tb02025.x
https://doi.org/10.1111/j.1654-1103.2002.tb02025.x
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220825346505
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220825346505
https://doi.org/10.23855/preslia.2021.001
https://doi.org/10.23855/preslia.2021.001
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921227777
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921227777
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921227777
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220851586993
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220851586993
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220827377094
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220827377094
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220828473022
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220828473022
https://doi.org/10.1127/phyto/2016/0076
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220857303374
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220857303374
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220857303374
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220857303374
https://doi.org/10.23855/preslia.2022.013
https://doi.org/10.1127/phyto/2015/0007
https://doi.org/10.1007/s00606-019-01617-y
https://doi.org/10.1007/s12224-021-09396-6
https://doi.org/10.23855/preslia.2022.111
https://doi.org/10.23855/preslia.2022.111
https://doi.org/10.5586/asbp.2012.011
https://doi.org/10.5586/asbp.2012.011
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220831522987
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220831522987
https://doi.org/10.1007/s11258-009-9646-8
http://www.europlusmed.org
https://doi.org/10.7338/pls2019562/02
https://doi.org/10.1007/s11273-006-9024-4
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921264547
https://doi.org/10.1007/978-3-030-17854-3_17-1
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220832508501
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220832508501
https://doi.org/10.1127/0340-269X/2009/0039-0205
https://doi.org/10.1127/0340-269X/2009/0039-0205
https://doi.org/10.2779/091372
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837151143
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837151143
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837151143
https://doi.org/10.1007/BF00053910

S. Lubiriska-Mieliriska et al.

Kacki, Z., Sliwiriski, M., 2012. The polish vegetation database: structure, resources and devel-
opment. Acta Soc. Bot. Pol. Pol. 81, 75-79. https://doi.org/10.5586/asbp.2012.014.
Kacki, Z., Czarniecka, M., Swacha, G., 2013. Statistical determination of diagnostic, constant
and dominant species of the higher vegetation units of Poland. Monographiae Botanicae.

103. Polish Botanical Society, Warszawa. https://doi.org/10.5586,/mb.2013.001.

Kacki, Z., Swacha, G., Lengyel, A., Korzeniak, J., 2020. Formalized hierarchically nested ex-
pert system for classification of Mesic and wet grasslands in Poland. Acta Soc. Bot. Pol.
Pol. 89 (4), 1-14.

Kiehl, K., Eischeid, I., Gettner, S., Walter, J., 1996. Impact of different sheep grazing intensi-
ties on salt marsh vegetation in northern Germany. J. Veg. Sci. 7, 99-106. https://doi.
org/10.2307/3236421.

Knollov4, 1., Chytry, M., Tichy, L., Héjek, O., 2005. Stratified resampling of phytosociological
databases: some strategies for obtaining more representative data sets for classification
studies. J. Veg. Sci. 16 (4), 479-486.

Ko¢i, M., Chytry, M., Tichy, L., 2003. Formalized reproduction of an expert-based phytosocio-
logical classification: a case study of subalpine tall-forb vegetation. J. Veg. Sci. 14,
601-610. https://doi.org/10.1111/§.1654-1103.2003.tb021 87.x.

Korolyuk, A.Y., Anenkhonov, O.A., Chepinoga, V.V., Naidanov, B.B., 2017. Communities of
annual halophytes (Thero-Salicornietea) in transbaikalia (eastern Siberia).
Phytocoenologia 47 (1), 33-48.

Kostuch, R., Misztal, A., 2006. Zmiany warunkéw siedliskowych i roslinnosci rezerwatu
halofitéw 'Owczary'. Acta Sci. Pol., Form. Circumiectus 5 (1), 113-122.

Landucci, F., Sumberov4, K., Tichy, L., Hennekens, S., Aunina, L., Biti-Nicolae, C.,
Borsukevych, L., et al., 2020. Classification of the European marsh vegetation
(Phragmito-Magnocaricetea) to the association level. Appl. Veg. Sci. 00, 1-20. https://
doi.org/10.1111/avsc.12484.

Lee, J.A., 1977. The vegetation of British inland salt marshes. J. Ecol. 65 (2), 673-698.

Lee, J.S., Kim, J.W., Lee, S.H., Myeong, H.H., Lee, J.Y., Cho, J.S., 2016. Zonation and soil fac-
tors of salt marsh halophyte communities. J. Ecol. Environ. 40 (4). https://doi.org/10.
1186/541610-016-0010-3.

Ljevnai¢-Masi¢, B., Dzigurski, D., Nikoli¢, L., Brdar-Jokanovié¢, M., Cabilovski, R., Cirié, V.,
Petrovié, A., 2020. Assessment of the habitat conditions of a rare and endangered inland
saline wetland community with Bolboschoenus maritimus (L.) palla dominance in south-
eastern Europe: the effects of physical-chemical water and soil properties. Wetl. Ecol.
Manag. 28 (3), 421-438. https://doi.org/10.1007/511273-020-09721-4.

Lubinska-Mielifiska, S., Kaminski, D., Hulisz, P., Krawiec, A., Walczak, M., Lis, M., Piernik, A.,
2022. Inland salt marsh habitat restoration can be based on artificial flooding. Glob. Ecol.
Conserv. 34, 02028. https://doi.org/10.1016/j.gecco.2022.e02028.

Matuszkiewicz, W., 2017. Przewodnik do oznaczania zbiorowisk roslinnych Polski. PWN,
Warszawa.

Miloti¢, T., Erfanzadeh, R., Pétillon, J., Maelfait, J.P., Hoffmann, M., 2010. Short-term impact
of grazing by sheep on vegetation dynamics in a newly created salt-marsh site. Grass For-
age Sci. 65 (1), 121-132.

Mucina, L., Biiltmann, H., DierRen, K., Theurillat, J.-P., Raus, T., Carni, A., Numberov4, K., et
al., 2016. Vegetation of Europe: hierarchical floristic classification system of vascular
plant, bryophyte, lichen, and algal communities. Appl. Veg. Sci. 19, 3-264. https://doi.
org/10.1111/avsc.12257.

Nienartowicz, A., Piernik, A., 2004. *1340 Srodladowe stone }aki, pastwiska i szuwary
(Glauco-Puccinellietalia, cze$¢ — zbiorowiska srodladowe). In: Herbich, J. (Ed.), Siedliska
morskie i przybrzezne, nadmorskie i srédladowe solniska i wydmy. Poradniki ochrony
siedlisk i gatunkéw Natura 2000 — podrecznik metodyczny. 1. Ministerstwo Srodowiska,
Warszawa, pp. 97-119.

Nienartowicz, A., Piernik, A., 2004. 1310 Srédladowe blotniste solniska z solirodem
(Salicornion ramosissimae). In: Herbich, J. (Ed.), Siedliska morskie i przybrzezne,
nadmorskie i §rédladowe solniska i wydmy. Poradniki ochrony siedlisk i gatunkéw
Natura 2000 — podrecznik metodyczny. 1. Ministerstwo Srodowiska, Warszawa,
pp. 79-85.

Nolte, S., Esselink, P., Smit, C., Bakker, J.P., 2014. Herbivore species and density affect
vegetation-structure patchiness in salt marshes. Agric. Ecosyst. Environ. 185, 41-47.
https://doi.org/10.1016/j.agee.2013.12.010.

Novak, J., Sumberovi, K., 2007. Agrostio stoloniferae-Juncetum ranarii Vicherek 1962 (Veg-
etation of the Czech Republic. 1. Grassland and Heathland Vegetation). In: Chytry, M.
(Ed.), Vegetace Ceské republiky. 1. Travinnd a kefickova vegetace. Academia, Praha,
pp. 162-164.

Online, World Flora, 2020. World Flora Online. Published on the Internet. http://www.
worldfloraonline.org/. (Accessed 20 December 2020).

Parida, A.K., Das, A.B., 2005. Salt tolerance and salinity effects on plants: a review. Ecotoxicol.
Environ. Saf. 60, 324-349.

Pitsch, R., Schaminée, J.H., Janssen, J.A., Hennekens, S.M., Bruchmann, 1., Jutila, H., et al.,
2019. Between land and sea-a classification of saline and brackish grasslands of the Baltic
Sea coast. Phytocoenologia 49 (4), 319-348. https://doi.org/10.1127/phyto/2019/
0339.

Pétillon, J., Lambeets, K., Ract-Madoux, B., Vernon, P., Renault, D., 2011. Saline stress toler-
ance partly matches with habitat preference in ground-living wolf spiders. Physiol.
Entomol. 36, 165-172.

Piernik, A., 2003. Inland halophilous vegetation as indicator of soil salinity. Basic Appl. Ecol.
4, 525-536.

Piernik, A., 2003. Three types of gradients in the saline ecosystem. Ecol. Quest. 3, 85-92.

14

Science of the Total Environment 856 (2023) 159015

Piernik, A., 2005. Vegetation-environment relations on inland saline habitats in Central
Poland. Phytocoenologia 35, 19-37. https://doi.org/10.1127/0340-269X/2005/0035-
0019.

Piernik, A., 2006. Growth of three meadow species along a salinity gradient in an inland sa-
line habitat: transplant experiment. Pol. J. Ecol. 54, 117-126.

Piernik, A., 2012. Ecological pattern of inland salt marsh vegetation in Central Europe.
Nicolaus Copernicus University Press, Torun.

Piernik, A., 2020. An ecological overview of halophytes in inland areas of Central Europe. In:
Grigore, M.N. (Ed.), Handbook of Halophytes. Springer, Cham. https://doi.org/10.1007/
978-3-030-17854-3_16-1.

Piernik, A., Hulisz, P., 2011. Soil-plant relations in inland natural and anthropogenic saline
habitats. In: Muscolo, A., Flowers, T.J. (Eds.), Proceedings of the European COST action
FA0901. The European Journal of Plant Science and Biotechnology5, pp. 37-43.

Piernik, A., Kazmierczak, E., Rutkowski, L., 1996. Differenciation of vegetation in a saline
grassland in the vicinity of Inowroctaw soda plants at Matwy. Acta Soc. Bot. Pol. 65,
349-356.

Piernik, A., Hulisz, P., Rokicka, A., 2015. Micropattern of halophytic vegetation on
technogenic soils affected by the soda industry. Soil Sci. Plant Nutr. 61 (1), 98-112.
https://doi.org/10.1080/00380768.2015.1028874.

Piotrowska, H., 1974. Nadmorskie zespoly solniskowe w polsce i problemy ich ochrony.
Ochrona Przyrody 39, 7-63.

Pladias, 2022. Database of the Czech Flora and Vegetation. www.pladias.cz. (Accessed 1
April 2022).

Pott, R., 1992. Die pflanzengesellschaften deutschlands. Verlag Eugen Ulmer, Stuttgart.

Pusch, J.,, 2007. Die naturnahen Binnensalzstellen Thiiringens - ein aktueller
Gesamtiiberblick des Jahres 2005. In: Umwelt, Naturschutzund (Ed.), Thiiringer
Ministerium fiir Landwirtschaft. Die Binnensalzstellen Mitteleuropas, pp. 37-40.

QGIS Development Team - Version 2.14.2, 2016. QGIS Geographic Information System. Open
Source Geospatial Foundation Project. http://qgis.osgeo.org/.

Schaffers, A.P., Sykora, K.V., 2000. Reliability of ellenberg indicator values for moisture, ni-
trogen and soil reaction: a comparison with field measurements. J. Veg. Sci. 11 (2),
225-244.

Scott, N.E., Davison, A.W., 1985. The distribution and ecology of coastal species on roadsides.
Ecology of Coastal Vegetation. Springer, Dordrecht, pp. 433—-440.

Sikder, R.K., Wang, X., Zhang, H., Gui, H., Dong, Q., Jin, D., Song, M., 2020. Nitrogen en-
hances salt tolerance by modulating the antioxidant defense system and osmoregulation
substance content in Gossypium hirsutum. Plants 9 (4), 450. https://doi.org/10.3390/
plants9040450.

Stupar, V., Milanovi¢, b., Bruji¢, J., Carni, A., 2015. Formalized classification and nomencla-
tural revision of thermophilous deciduous forests (Quercetalia pubescentis) of Bosnia and
Herzegovina. Tuexenia 35 (1), 85.

Tarasoff, C.S., Mallory-Smith, C.A., Ball, D.A., 2007. Comparative plant responses of
Puccinellia distans and Puccinellia nuttalliana to sodic versus normal soil types. J. Arid
Environ. 70 (3), 403-417. https://doi.org/10.1016/j.jaridenv.2007.01.008.

ter Braak, C.J.F., Smilauer, P., 2012. CANOCO Reference Manual and User's Guide: Software
Ordination (Version 5.0). Biometrics, Wageningen and Ceské Budé&jowice.

Tichy, L., 2002. JUICE, software for vegetation classification. J. Veg. Sci. 13 (3), 451-453.
https://doi.org/10.1111/j.1654-1103.2002.tb02069.x.

Tichy, L., Holt, J., Nejezchlebova, M., 2011. Juice. Program for Management, Analysis and
Classification of Ecological Data. 2nd edition. Vegetation Science Group, Masaryk Univer-
sity, Brno.

Tomaselli, V., Veronico, G., Sciandrello, S., Forte, L., 2020. Therophytic halophilous vegeta-
tion classification in south-eastern Italy. Phytocoenologia 50 (1), 187-209.

Ulrich, W., Kubota, Y., Piernik, A., Gotelli, N.J., 2018. Functional traits and environmental
characteristics drive the degree of competitive intransitivity in European saltmarsh
plant communities. J. Ecol. 106 (3), 865-876. https://doi.org/10.1111/1365-2745.
12958.

Ulrich, W., Hulisz, P., Mantilla-Contreras, J., Elvisto, T., Piernik, A., 2019. Compensatory ef-
fects stabilize the functioning of Baltic brackish and salt marsh plant communities. Estuar.
Coast. Shelf Sci. 231 (106480), 1-7. https://doi.org/10.1016/j.ecss.2019.106480.

van der Maarel, E., 2007. Transformation of cover-abundance values for appropriate numer-
ical treatment — alternatives to the proposals by Podani. J. Veg. Sci. 18, 767-770.
https://doi.org/10.1111/j.1654-1103.2007.tb02592.x.

Waisel, Y., 1972. Biology of halophytes. Academic, New York/London.

Wilkon-Michalska, J., 1963. Halofity kujaw. Stud. Soc. Scient. Tor. Sec. D (Botanica) 7 (1),
1-121.

Wilkon-Michalska, J., 1970. Zmiany sukcesyjne w rezerwacie halofitéw Ciechocinek w latach
1954-1965. Ochrona przyrody 35, 25-51.

Yuritsyna, N.A., 2021. Alien species in communities of class festuco-puccinellietea Sol | ex
vicherek 1973 in southeastern Europe. Russ. J. Biol. Invasions 12 (3), 317-325.

Zlatkovié, 1.D., Jenackovié¢, D.D., Randelovié, V.N., 2019. Inland salt areas of Southeast Serbia:
ecological preferences of certain representatives of flora. Biologia 74 (11), 1425-1440.

Zulka, K.P., Milasowszky, N., Lethmayer, C., 1997. Spider biodiversity potential of an
ungrazed and a grazed inland salt meadow in the National Park ‘Neusielder see-
seewinkel’” (Austria): implications for management (Arachnida: Araneae). Biodivers.
Conserv. 6, 75-88.

41


https://doi.org/10.5586/asbp.2012.014
https://doi.org/10.5586/mb.2013.001
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837418769
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837418769
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837418769
https://doi.org/10.2307/3236421
https://doi.org/10.2307/3236421
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921292827
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921292827
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921292827
https://doi.org/10.1111/j.1654-1103.2003.tb021 87.x
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837452594
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837452594
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837452594
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837465953
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220837465953
https://doi.org/10.1111/avsc.12484
https://doi.org/10.1111/avsc.12484
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220839271541
https://doi.org/10.1186/s41610-016-0010-3
https://doi.org/10.1186/s41610-016-0010-3
https://doi.org/10.1007/s11273-020-09721-4
https://doi.org/10.1016/j.gecco.2022.e02028
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220840223585
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220840223585
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921323527
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921323527
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921323527
https://doi.org/10.1111/avsc.12257
https://doi.org/10.1111/avsc.12257
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843097934
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843097934
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843097934
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843097934
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843097934
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843511966
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843511966
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843511966
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843511966
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843511966
https://doi.org/10.1016/j.agee.2013.12.010
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220911118119
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220911118119
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220911118119
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220911118119
http://www.worldfloraonline.org/
http://www.worldfloraonline.org/
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921463727
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921463727
https://doi.org/10.1127/phyto/2019/0339
https://doi.org/10.1127/phyto/2019/0339
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921470767
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921470767
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220921470767
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220937382226
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220937382226
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843549005
https://doi.org/10.1127/0340-269X/2005/0035-0019
https://doi.org/10.1127/0340-269X/2005/0035-0019
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843583217
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220843583217
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844021026
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844021026
https://doi.org/10.1007/978-3-030-17854-3_16-1
https://doi.org/10.1007/978-3-030-17854-3_16-1
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220913027087
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220913027087
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220913027087
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844059238
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844059238
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844059238
https://doi.org/10.1080/00380768.2015.1028874
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844161188
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844161188
http://www.pladias.cz
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220844198985
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220947567800
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220947567800
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220947567800
http://qgis.osgeo.org/
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220922396900
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220922396900
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220922396900
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220845356606
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220845356606
https://doi.org/10.3390/plants9040450
https://doi.org/10.3390/plants9040450
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220846013463
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220846013463
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220846013463
https://doi.org/10.1016/j.jaridenv.2007.01.008
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220949512216
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220949512216
https://doi.org/10.1111/j.1654-1103.2002.tb02069.x
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220847166122
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220847166122
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220847166122
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220847258292
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220847258292
https://doi.org/10.1111/1365-2745.12958
https://doi.org/10.1111/1365-2745.12958
https://doi.org/10.1016/j.ecss.2019.106480
https://doi.org/10.1111/j.1654-1103.2007.tb02592.x
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848086216
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848130001
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848130001
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848391985
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848391985
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220931128039
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220931128039
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220937295192
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220937295192
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848523855
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848523855
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848523855
http://refhub.elsevier.com/S0048-9697(22)06114-9/rf202209220848523855

Vegetation of temperate inland salt-marshes reflects local environmental

conditions

Sandra Lubinska-Mielifiska®, Zygmunt Kacki®, Dariusz Kaminski?, Julien Pétillon®?, Christiane

Evers®, Agnieszka Piernik®”

aDepartment of Geobotany and Landscape Planning, Faculty of Biological and Veterinary Sciences,
Nicolaus Copernicus University in Torun, Torun, Poland; sanlub@doktorant.umk.pl (SLM),
daro@umk.pl (DK), piernik@umk.pl (AP)

bBotanical Garden, University of Wroctaw, Wroctaw, Poland; zygmunt.kacki@uwr.edu.pl (ZK)
‘Laboratoire ECOBIO_UMR 6553 UR1-CNRS, Campus de Beaulieu, Université de Rennes 1, Rennes,
France; julien.petillon@univ-rennesl.fr (JP)

dinstitute for Coastal and Marine Research, Nelson Mandela University, Port Elizabeth, South
Africa

®Institute for Plant Biology, Faculty of Life Sciences, University of Braunschweig - Institute of

Technology, Braunschweig, Germany; c.evers@tu-bs.de (CE)

Corresponding author

Agnieszka Piernik

Department of Geobotany and Landscape Planning, Faculty of Biological and Veterinary Sciences,
Nicolaus Copernicus University in Torun, Lwowska 1, 87-100 Torun, Poland

Email: piernik@umk.pl

ORCID

Sandra Lubinska-Mieliriska https://orcid.org/0000-0001-5969-0067
Zygmunt Kacki https://orcid.org/0000-0002-2241-1631

Dariusz Kaminski https://orcid.org/0000-0001-7842-6704

Julien Pétillon https://orcid.org/0000-0002-7611-5133

Agnieszka Piernik https://orcid.org/0000-0002-0800-5266

Funding information

This research did not receive any specific grant from funding agencies in the public, commercial, or
not-for-profit sectors.

1/32

42



Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Table A.1 Bibliographic sources used to create the vegetation-plot database

*Polish
No. Biblioreference Vegetation
Database

1 Wilkon-Michalska J. 1963. Halofity Kujaw. Stud. Soc. Scient. Tor. Sec. D (Botanica), 7.1: 1-121 -

2 Jackowiak B. 1983. Halofity okolic kopalni soli w Wapnie (woj. pilskie). Badania Fizjograficzne nad Polska Zachodnig. T. XXXIV. }
Ser. B (Botanika): 131-147

3 Trzcinska-Tacik H. 1988. Halofity nad dolng Nidg. Zes. Nauk. UJ. Prace Botan. 17:133-154 -

4 Brzeg A. 1998. Geobotaniczna charakterystyka planowanego rezerwatu czesciowego "taki Pyzdrskie" w Nadwarcianskim Parku }
Krajobrazowym. Roczn. Nauk. PTOP "Salamandra" 2: 5-37

5 Jackowiak B. 1982. Wystepowanie Puccinelia distans (Jacq) Parl. na terenie miasta Poznania. Bad. Fizjogr. Pol. Zach. 33, ser. B, }
Botanika: 129-142

6 Kucharski L. 1996. Szata roslinna gleb hydrogenicznych Kujaw Potudniowych. Il Zespoty i zbiorowiska roslinne tgk, torfowisk i }
zarosli. Acta Univ. Lodz., Folia bot. 11:33-63
Brandes D., Heimhold W., Ullrich H. 1973. Bericht uber die Excursionen der Floristisch-soziologischen Arbeitgemeinschaft

7 wahrend der Tagung in Braunschweig. W: R.Tuxen, H. Dierschke (Herrausgegeben) Mitteilungen der Floristisch-soziologischen -
Arbeitsgemeinschaft. N.F. Heft 15/16 Todenmann-Gottingen

8 Janssen von Ch. 1986. Okologische Untersuchungen an Binnensalzstellen in Stidostniedersachsen. Phytocoenologia 14 (1): 109- )
142

9 Kucharski L. 1993. Szata roslinna gleb hydrogenicznych Kujaw Potudniowych. | Zespoty i zbiorowiska roslinne pochodzenia }
antropogenicznego. Acta Univ. Lodz., Folia bot. 10:69-92

10 Piernik A. 2012. Ecological pattern of inland salt marsh vegetation in Central Europe. Nicolaus Copernicus University Press. }
Torun.
Kucharski L. 1996. Szata roslinna gleb hydrogenicznych Kujaw Potudniowych. 1l Zespoly i zbiorowiska szuwarowe. Acta Univ.

11 . . -
Lodz., Folia bot. 11:3-32

12 Wilkon-Michalska J. 1957. Laki zasolone w dolinie Noteci na odcinku Matwy-Nakto. Roczniki Nauk Rolniczych. T. 72 Ser.F Zesz. }
2:893-920

13  Gawenda-Kempczynska D., Kaminski D. 2008. Gopto-Potrzymiech (unpublished) —

14 Wilkon-Michalska J. 1970. Zmiany sukcesyjne w rezerwacie halofitow Ciechocinek w latach 1954-1965. Zaktad Ochrony Przyrody }
PAN. Ochr. Przyr. R. 35: 25-51

15 Evers C., Zacharias D. 1999. Langzeitmonitoring primarer Binnensalzstellen im 0&stlichen Niedersachsen. Braunschweiger }
Geobotanische Arbeiten, 6: 69-81

16 Hayon J. C. 1968. Recherches phytoécologiques sur les marais salés de la Lorraine. These Sciences. Nancy. -

17 Duvigneaud J. 1967. Flore et végétation halophiles de la Lorraine orientale (Dép. Moselle, France). Mém. Soc. Roy. Bot. De )
Belgique 3: 1-122

18 Miiller-Stoll W. R., Gétz. H.G. 1962. Die markischen Salzstellen und ihre Salzflora in Vergangenheit und Gegenwart. Wiss. Z. }
Padag. Hochsch. Potsdam 7: 243—-296

19 Mony F., Muller S. 2005. Relationships between Carex hordeistichos Viii. and halophilic plant communities in Lorraine (France) }
Acta Bot. Gallica, 2005, 152 (1), 57-64.

20 Steichen J. 1995. Zur Ausbreitung von Puccinelia distans (L.) Parl. an Strassenrandern in Luxemburg. Bul. Soc. Nat. luxemb. 96: }
3-8

21 Kaminski D., Piernik A. 2015. Brno - Ruzenin lom. IAVS Brno (unpublished) B

22 Lee J. A. 1977. The vegetation of British inland salt marshes. J. Ecol. Vol. 65, No. 2: 673-698 -

23 Trzcinska-Tacik H. 1966. Flora i roslinnos¢ zwatéw Krakowskich Zaktadéw Sodowych - Flora and vegetation of the spoil mounds )
of the Cracow Soda Factory. Fragmenta Floristica et Geobotanica. 12 (3): 243-318
Dabrowska L., Swieboda M. 1977. Zmiany charakteru zbiorowisk tgkowych spowodowane przeptywem i stanacjg zasolonych waéd

24 - Changes in the character of meadow plant communities induced by the overflow and stagnation of salt waters. Fragmenta -
Floristica et Geobotanica. 23 (1): 69-76
Cwiklinski E. 1977. Stonawy zrédliskowe na Wyspie Chrzgszczewskiej w woj. Szczecinskim. Fragmenta Floristica et Geobotanica

25 23(1): 57-68 v

26 Aniot-Kwiatkowska J. 1974. Flora i zbiorowiska synantropijne Legnicy, Lubina i Polkowic. Acta Universitatis Wratislaviensis. Prace v
Botaniczne 19: 1-151 .

27 Lembicz M., Bogdanowicz A., Chmiel J., Zukowski W. 2009. Carex secalina (Cyperaceae), a critically endangered species of v
Europe: historic and new localities in Poland. Acta Societatis Botanicorum Poloniae 78(4): 311-320

o8 Bosiacka B., Stachowiak M. 2007. Zrédliskowe solniska z Salicornia europaea (Chenopodiaceae) w okolicach Kotobrzega. v
Fragmenta Floristica et Geobotanica Polonica 14 (2): 337-345

29 Olaczek R. 1967. Zespoly szuwarowe i turzycowe dolin Bzury i Zianu. Zeszyty Naukowe Uniwersytetu to6dzkiego. Nauki v
Matematyczno-Przyrodnicze. Seria Il, 23: 75-99

30 Fijatkowski D. 1978. Synantropy roslinne Lubelszczyzny. Panstwowe Wydawnictwo Naukowe. Warszawa-tédz. 260 ss. v

31  Trzcinska-Tacik H. 1988. Halofity nad dolng Nida. Zes. Nauk. UJ. Prace Botan. 17:133-154 v

32  Piotrowska H. 1974. Nadmorskie zespoty solniskowe w Polsce i problemy ich ochrony. Ochrona Przyrody 39: 7-63 v

33 Bosiacka B., Stepien E. 2001. Nowe stanowiska roslinnosci halofilnej w Kotobrzegu. Czes$¢ Il. Badania Fizjograficzne nad Polskg v
Zachodnig, ser. B 50: 117-129

34  Pawlak G. 1997. Zbiorowiska dywanowe Koninskiego Zagtebia Wegla Brunatnego i jego obrzezy. Badania Fizjograficzne nad v

Polskg Zachodnia, ser. B 46: 7-41

*Kacki, Z. & Sliwiniski, M. 2012. The Polish Vegetation Database: structure, resources and development. Acta Societatis Botanicorum Poloniae 81: 75-79.
https://doi.org/10.5586/asbp.2012.014
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Appendix A — supporting information to the paper:
Lubinska-Mielifiska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Fig. A.1 Geographical distribution of all vegetation-plot samples in the database
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Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Table A.2 Shortened synoptic table with percentage frequency and fidelity index added in superscript for Therosalicornietea and Festuco-
Puccinellietea classes. The values for diagnostic species (with fidelity index =25) within classes are marked in gray, for constant species (with
percentage frequency 250%) have bold font, and for dominant species (with plant cover 225% and percentage frequency 220%) are marked with
asterisk in superscript. Zero fidelity is assigned to species with insignificant fidelity to the cluster (Fisher’s exact test at p>0.01). Abbreviations:
THE — Therosalicornietea, FEP — Festuco-Puccinellietea.

| Species Classes — THE FEP

THEROSALICORNIETEA

Salicornia europaea 9988.9 12~
Puccinellia distans 81281 70201
Tripolium pannonicum 50186 39104
Spergularia marina 49346 36215
Spergularia media Az 5

FESTUCO-PUCCINELIETEA

Juncus gerardii 14 39305
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Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Fig. A.2 Number of halophytes within diagnostic (Dg), constant (Cs) and dominant (Dm) species for classes Therosalicornietea, Festuco-
Puccinellietea and associations of THE i FEP in other vegetation classes identified in salt marshes. Abbreviations: THE — Therosalicornietea, FEP —
Festuco-Puccinellietea, RUP — Ruppietea maritimae, POL — Polygono-Poetea annuae, ART — Artemisietea vulgaris, POT — Potamogetonetea, BID —
Bidentetea, PHR — Phragmito-Magnocaricetea, MOL — Molinio-Arrhenatheretea.

16

14

12

10

Number of halophytes

RUP POL ART POT BID PHR MOL
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Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Table A.5 Results of forward selection and Monte Carlo permutation test associated to discriminant CVA analysis of mean Ellenberg indicator values
for vegetation classes and associations. Conditional term effect is given. Statistically significant factors are marked in gray (p<0.05). Abbreviations of
environmental variables: L — light availability, M — moisture, N — nitrogen content/trophy, R — reaction/soil acidity, S — salinity, T — temperature. Other
abbreviations: pseudo-F — Fisher parameter, p — significance level.

Classes Associations
Variable % variation explained pseudo-F p Variable % variation explained pseudo-F p
S 7.1 66.6 0.002 L 155 82 0.002
M 7.1 71.6 0.002 R 8.6 50.5 0.002
L 4.5 48.3 0.002 M 5.5 34.5 0.002
N 3.9 44.2 0.002 N 1.7 10.9 0.002
R 1.1 12.3 0.002 T 15 10.2 0.002
T 0.4 4.4 0.002 S <0.1 0.2 0.922
28/32
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Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Table A.6 Results of forward selection and Monte Carlo permutation test associated to discriminant CVA analysis of soil properties, vegetation
classes and associations. Conditional term effect is given. Statistically significant factors are marked in gray (p<0.05). Abbreviations of environmental
parameters: ECe — salinity measured as electrical conductivity, moist — moisture, Ntot — total nitrogen, org.mat. — organic matter content. Other
abbreviations: pseudo-F — Fisher parameter, p — significance level.

Classes Associations

Name % variation explained pseudo-F p Name % variation explained pseudo-F p
ECe 7.9 22.8 0.002 ECe 12.7 20.3 0.002
Niot 1.4 4.1 0.004 | org.mat. 12.4 22.9 0.002
moist 1 3.1 0.014 pH 3.1 6 0.004
pH 0.4 1.2 0.314 | moist 2.4 4.7 0.008
org.mat. 0.2 0.4 0.826 Nrot 0.7 1.4 0.214
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Appendix A — supporting information to the paper:
Lubinska-Mielinska, S. et al. Vegetation of temperate inland salt-marshes reflects local environmental conditions

Table A.7 Comparison of soil properties for vegetation classes. The ranges and means + standard deviation are given. Significantly different
groups/means are denoted by different letters at p<0.05 according to Kruskal-Wallis test with Dunn post hoc comparisons. Abbreviations of vegetation
classes: THE — Therosalicornietea, FEP — Festuco-Puccinellietea, PHR — Phragmito-Magnocaricetea, MOL — Molinio-Arrhenatheretea, ART —
Artemisietea vulgaris, BID — Bidentetea. Abbreviation of environmental parameter: ECe — salinity expressed as electrical conductivity.

Classes THE FEP PHR MOL ART BID
p
Number of plots 54 134 38 24 9 7
12.2-117.6 0.73-53.3 1.42-63.7 1.53-19.6 2.3-19.9 2.55-45.6
ECe [dSm™]
38.5°£19.0 15.4°+11.0 13.1%+13.0 6.05%+4.43 10.6%°+6.55 29.0°°+16.7 p<0.0001
8.6-425.9 7.29-484.4 15.6-490.3 9.72-579.0 23.2-74.9 6.75-342.2
Moisture [%)]
56.72+66.8 79.8%+100.1 134.4°+132.5 121.6%+134.2 35.3%+16.1 154.2%0+161.7 p<0.01
3.8-8.3 5.9-9.0 6.7-8.5 6.7-8.5 7.0-8.07 6.35-8.01
pH
7.53%+0.68 7.723+0.48 7.65%+0.47 7.84%+0.41 7.592+0.40 7.232£0.62 p>0.05
Organic matter 0.87-57.1 0.87-77.8 1.89-80.1 2.97-80.0 2.25-18.2 2.78-38.2
content [%] 12.82+10.5 15.22+16.6 23.1%+21.4 25.8%+23.1 9.592+4.97 19.13+15.3 p>0.05
0.04-2.16 0.01-3.61 0.04-3.2 0.03-3.31 0.08-0.77 0.08-1.28
Total nitrogen [%)]
0.302+0.39 0.45%+0.66 0.77¢£0.83 1.02°+1.05 0.292¢+0.22 0.58%°+0.53 p<0.01
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Table A.8 Comparison of soil properties for vegetation associations. The ranges and means + standard deviation are given. Significantly different
groups/means are denoted by different letters according to Kruskal-Wallis test with Dunn post hoc comparisons. Abbreviations of associations: Se —
Salicornietum ramosissimae, P-Ss — Puccinellio-Spergularietum salinae, Sp-Jg — Scorzonero parviflorae-Juncetum gerardii, Tm-Gm — Triglochino
maritimae-Glaucetum maritimae. Abbreviation of environmental parameter: ECe — salinity expressed as electrical conductivity of saturated extrac.

Associations Se Pd-Ss Sp-Jg T-Gm

Number of plots 50 15 23 23 P
7.49-117.6 1.91-44.2 10.9-53.3 5.25-43.3

ECe [dSM™Y]
38.9°+19.9 15.42£9.98 25.8+9.88 12.62+10.2 p<0.0001
8.6-425.9 7.29-122.2 13.4-105.1 23.0-468.1

Moisture [%]
58.5°+69.1 34.9%°+24.7 51.7°+24.3 184.49+126.7 p<0.0001

u 3.8-8.3 6.6-9.0 7.58-8.36 5.9-8.23

p
7.48%+0.69 7.7120+0.49 7.97+0.23 7.50+0.58 p<0.001
0.87-57.1 1.02-22.9 4.83-24.4 8.31-74.7

Organic matter content [%]
12.8°+10.9 6.56+4.67 14.0+5.09 29.4%+18.8 p<0.0001
0.04-2.16 0.01-0.74 0.1-0.53 0.16-2.62

Total nitrogen [%]
0.31°+0.41 0.16°+0.16 0.26°+0.13 0.89°+0.67 p<0.0001
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Table A.9 Original nomenclature of associations used by the authors of the vegetation plots in our database from the inland salt marshes of Europe
with a temperate climate

Salicornietum ramosissimae Christiansen 1955 — 137 vegetation plots from 10 sources

The authors of the plots classified them, e.g., as belonging to Salicornietum patulae W. Christiansen 1955 (Wilkon-Michalska,
1963) and Salicornietum ramosissimae (patulae) (Brandes, Heimhold & Ullrich, 1973) or Puccinelio distantis-Salicornietum
ramosissimae (Janssen, 1986) and Puccinellio-Spergularietum salinae (Piotrowska, 1974). In other sources, the plots were included
in Salicornietum europeae germanicum Altehage 1939 (Wilkon-Michalska, 1957) and Salicornietum ramosissimae lotharingiense
(Duvigneaud, 1967) or just as association with Salicornia europaea or Salicornia ramosissima (Bosiacka & Stachowiak, 2007;
Hayon, 1968).

Scorzonero parviflorae-Juncetum gerardii (Wenzl 1934) Wendelberger 1943 — 121 vegetation plots, 11 sources

The vegetation-plots representing Scorzonero parviflorae-Juncetum gerardi association were classified as Juncetum gerardii
(Bosiacka & Stepien, 2001; Brandes, Heimhold & Ullrich, 1973; Janssen, 1986), Juncetum Gerardi asteretosum (Piotrowska, 1974)
and Agropyreto-Juncetum gerardii, patch with Hordeum secalinum (Duvigneaud, 1967) or association with Juncus gerardi (Hayon,
1968; Mony & Muller, 2005). Cwiklinski (1977) distinguished various subtypes of Juncetum gerardii atlantico-balticum (Nordh.
1923) Fukarek 1961, such as: asteretosum tripolii, typicum or lototetosum tenuis. As in most cases, there were also discrepancies in
our classification with the original one, e.g., Triglochin maritimum-Glaux maritima (Wilkon-Michalska, 1963). And describing the
association using the species that contributed the most in the vegetation-plots, e.g., association with Juncus gerardii, variant with
Phragmites australis (Duvigneaud, 1967), association of Agropyron repens or association of Puccinellia distans and Aster tripolium
(Hayon, 1968).

Agrostio stoloniferae-Juncetum ranarii Vicherek 1962 — 6 vegetation plots, 2 sources

Authors of plots representing Agrostio stoloniferae-Juncetum ranarii association classified the vegetation to the Junceto-
Puccinellietum distantis (Duvigneaud, 1967) and Puccinellietum distantis Feekes (1934) 1943 juncetosum (Lee, 1977).

Triglochino maritimae-Glaucetum maritimae Wilkon-Michalska 1963 ex Dité et al. ass. nov. 2022 — 56 plots, 8 sources

Originally, these vegetation-plots were most often classified by the author of the syntaxonomical name as the previously
functioning form of Triglochin maritimum-Glaux maritima (Wilkon-Michalska, 1963), and even its various facies, e.g., with Aster
tripolium or with Triglochin maritimum (Wilkon-Michalska, 1970). In the publication by Brzeg (1998) there was already used the
name Triglochino-Glaucetum maritimae Wilk.-Mich. 1963. Earlier, the author herself classified the plots as Triglochin maritimum-
Scorzonera parviflora Altehage 1939 (Wilkon-Michalska, 1957) or in cases inconsistent with our classification, as Arrhenatheretum
elatioris Tx 1937, subassociation Lotetosum tenuifolii (Altehage 1940) (Wilkon-Michalska, 1963).

Puccinellio-Spergularietum salinae (Feekes 1936) R.Tx. at VVolk 1937 — 134 vegetation plots, 14 sources

Some authors classified the vegetation just as the Puccinelio-Spergularietum salinae, i.e., Brzeg (1998), Cwiklinski (1977),
Dabrowska & Swieboda (1977) and Jackowiak (1983). The earlier name of the association Puccinelia distans-Spergularia salina
Feekes (1936) was also common (Trzcinska-Tacik, 1966; Wilkon-Michalska, 1963). Nomenclature related to Puccinellia distans as
well functioned, e.g., Puccinellietum distantis (Brandes, Heimhold & Ullrich, 1973; Duvigneaud, 1967; Janssen, 1986), Puccinelia
distans-Obione pedunculata Altehate 1939 subassociation Spergularia salina Altehage 1939 (Wilkon-Michalska, 1957) or Junceto-
Puccinellietum distantis (Duvigneaud, 1967). It has been common to describe vegetation as representing an association with specific
species, e.g., association of Puccinellia distans and Aster tripolium (Hayon, 1968) or association with Atriplex hastata var. salina
(Duvigneaud, 1967). Lee (1977) classified various developmental stages of the vegetation patches, e.g., Puccinellietum distantis
Feekes (1934) 1943 'initial' or asteretosum. There were also discrepancies with our classification, e.g., Festuca arundinacea-
Potentilla anserina syn. Lolium perenne-Matricaria suaveolens (Wilkon-Michalska, 1963) or Atriplicetum salinae lotharingiense
Duvigneaud 1967 (Lee, 1977).

References
— See Table A.1
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Abstract

A functional trait-based approach is crucial for understanding ecosystem function,
persistence, and protection. Vegetation in inland salt marsh habitats has been recognized as
unique on a European scale and is legally protected under the Natura 2000 network. Despite
long-term international protection, this continues to decline. The concept of inland salt marsh
protection refers to vegetation in the sense of syntaxonomical units. However, no link has
been found between syntaxonomical and functional concepts of vegetation. We aimed to
identify functional traits that are distinctive to individual vegetation units and to link these
traits to environmental factors. We hypothesized that a) syntaxonomical vegetation units are
also functional units in terms of their functional traits, and b) environmental factors determine
the functional traits of vegetation patches. We considered a set of traits from the CLO-PLA
and LEDA databases responsible for the persistence, regeneration, and dispersability of
approximately 400 species recorded in 874 plots classified into nine vegetation classes and
five associations typical of salt marshes. We found that the syntaxonomical vegetation units
were also functional. The most important factors separating vegetation classes and salt marsh
plant associations are the functional traits responsible for plant persistence. The values of
these traits were generally negatively correlated with soil salinity and positively correlated
with soil moisture and abandonment of mowing or grazing. Traits related to regeneration,
such as seed number and seed number per shoot, also play essential roles in grouping species
into individual associations. The classes specific to salt marshes, Therosalicornietea and
Festuco-Puccinelietea, had the lowest persistence potential and were thus the most sensitive
to environmental changes. The most sensitive association seemed to be Salicornietum
ramossissimae. Therefore, significant attention should be paid to protecting this vegetation
type. Puccinellio distantis-Spergularietum salinae and Agrostio stoloniferae-Juncetum ranarii
had significantly lower stability and higher regenerative ability. Therefore, their regeneration
must be easier and more effective. Triglochino maritimae-Glaucetum maritimae and
Scorzonero parviflorae-Juncetum gerardi associations had low regeneration ability, but the
latter association denoted significantly higher stability. The functional pattern of the analyzed
vegetation may play a crucial role in the effective protection and restoration of endangered
natural saline habitats.

KEYWORDS vegetation functional pattern, halophytes, plant dispersability, plant persistence,
plant regeneration, soil salinity
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1. Introduction

Inland salt marshes in temperate Europe are associated with rock salt deposits uplifted
next to their surfaces and salty springs related to them (Bank & Spitzenberg, 2001; Wilkon-
Michalska, 1963). They are also present in industrial saline areas owing to the salt, soda, and
potash industries (Garve & Garve, 2000; Karasinska et al., 2021). They are inhabited by salt-
adapted plant species known as halophytes (Flowers & Colmer, 2008; Piernik, 2021). However,
inland salt marshes are relatively diverse because halophytes are accompanied by
halotolerant ecotypes of glycophytic species that are typical of non-saline areas (Piernik, 2012;
Wilkon-Michalska, 1963). The vegetation of inland salt marsh habitats has been recognized as
unique on a European scale, and since 1992, it has been legally protected under the Natura
2000 network, according to Council of Europe Directive 92/43/EEC (Council of Europe, 1992).
However, this vegetation continues to decline despite long-term international and local
protection ( Lubinska-Mielifska et al., 2022) and is considered endangered. Therefore, inland
temperate salt marshes are included in the European Red List of Habitats (Janssen et al., 2016).
This suggests that adequate protection of inland salt marsh vegetation still requires a better
understanding of its function. Currently, these habitats are of increasing importance due to
climate warming, the global problem of salinity in agriculture (FAO, 2021), and the rapidly
growing human population, which has increased the demand for food (Tripathi et al., 2019).
In this context, they can serve as a source of salt-tolerant species for future saline agriculture
or salt-tolerant genes for the future modification of conventional crops (Cardenas-Pérez et al.,
2021; Cuevas et al., 2019; Flowers & Colmer, 2015).

The concept of inland salt marsh protection concerns, besides single-species
protection, local protection within nature reserves, and more general protection within
Natura 2000 habitats. These two concepts refer to vegetation as syntaxonomical units
(European Commission, 2013; Nienartowicz & Piernik, 2004a, 2004b). Notably, a unified
classification system for European vegetation has been proposed at the alliance level by
Mucina et al. (2016). This is based on the Braun-Blanquet approach (Braun-Blanquet, 1964).
In this system, the vegetation of the inland salt marshes was divided into two classes:
Therosalicornietea Tx. in Tx. et Oberd. 1958 and Festuco-Puccinellietea So6 ex Vicherek 1973.
The class Therosalicornietea, order Therosalicornietalia Pignatti 1952, alliance Salicornion
ramosissimae Tx. The pioneering vegetation of annual succulent halophytes was covered in
1974. The Festuco-Puccinellietea class, order Scorzonero-Juncetalia gerardi Vicherek 1973 and
alliance Juncion gerardi Wendelberger 1943, includes inland salt meadows of temperate salt
marshes. We recently recognized and defined the association levels of these vegetation types
on a wide European scale (Lubinska-Mielinska et al., 2023). Within the Therosalicornietea
class, we identified Salicornietum ramosissimae Christiansen 1955 association, and within
Festuco-Puccinellietea following four associations: Scorzonero parviflorae-Juncetum gerardii
(Wenzl 1934) Wendelberger 1943, Agrostio stoloniferae-Juncetum ranarii Vicherek 1962,
Triglochino maritimae-Glaucetum maritimae Wilkon-Michalska 1963 ex Dité et al. ass. nov.
2022 and Puccinellio-Spergularietum salinae (Feekes 1936) R. Tx. in Volk 1937 (Figure S1 in the
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syntaxonomical hierarchy diagram). However, in addition to the vegetation typical of inland
salt marshes, we found vegetation from other classes that are not specific to saline sites as an
integral part of these habitats. Although, as was already mentioned, the protection of inland
saline habitats refers to vegetation syntaxonomical units, no link has been found between
syntaxonomical and functional concepts that could help understand vegetation functioning.
Therefore, we decided to analyze salt marsh vegetation syntaxonomy from a functional
ecological perspective.

The functional approach to vegetation is based on functional plant traits. According to
Violle et al. (2007), plant functional traits are all traits related to morphology, physiology, or
phenology, which can be measured in a single individual from the cell to the whole organism
level without relating them to the environment or any other level of organization. Functional
traits such as growth, reproduction, and survival may affect plant fitness. They reflect plant
life strategies and determine how plants respond to environmental conditions. For example,
the height of a plant is essential for its ability to compete for light, the parameters of seeds
for their ability to colonize various habitats, and the ratio of the leaf surface area to its mass
for optimizing the efficiency of photosynthesis (Goldstein, 2018). Ecologists use functional
trait data in many ways, such as determining the relationship between the functional traits of
species and their life history, survival, and growth indicators (Kleyer et al., 2008). There is also
interest in the effects of stress on plant traits (Cardenas-Pérez, Niedojadto et al., 2022;
Cardenas-Pérez, Rajabi Dehnavi, et al., 2022; Ludwiczak et al., 2023; Schéb et al., 2013). Some
morphological plant traits allow the assessment of specific habitat conditions (Adler et al.,
2014; Cardenas-Pérez, Rajabi Dehnavi, et al., 2022). Specific protocols have been developed
for tracking traits worldwide (Cornelissen et al., 2003; Pérez-Harguindegirl et al., 2013). As a
result of extensive research, numerous databases of the functional traits of species from
different parts of the world have been created. The main European plant trait databases
include LEDA (Kleyer et al., 2008), Bioflor (Klotz et al., 2002), and CLO-PLA (KlimeSova & de
Bello, 2009). These databases typically contain data on more than 20 functional traits of
various plant species. Additionally, a much larger TRY - Plant Trait Database (Kattge et al.,
2011) with worldwide reach is available. These data provide a general overview of the
functional traits of a single species. However, little information is available on the variability
of functional traits in plants associated with environmental factors (e.g., Albert, 2010; Ulrich
et al., 2018). Recently, Kambach et al. (2023) used the functional traits of vegetation from
different habitat types to relate them to climatic factors. Few studies have examined plant
functional trait adaptations in saline areas (e.g., Guo et al., 2015; Minden et al., 2012;
Matinzadeh et al., 2022; Minden & Kleyer, 2015; Ulrich et al. 2019). However, to the best of
our knowledge, the inland salt marsh vegetation in Europe has not yet been described in a
functional context. Moreover, only single studies use species traits to compare whole
vegetation syntaxonomical units (e.g., Lengyel et al., 2020) or compare them based on traits
of a few characteristic species (e.g., Ladouceur et al., 2019). Therefore, we used the current
knowledge about the functional traits of the species recorded on inland salt marshes in
temperate Europe within the described vegetation syntaxonomical units (Lubinska-Mieliriska
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et al., 2023). We believe that such an approach will provide a more complete picture of the
functioning of the analyzed vegetation, and thus, may contribute to its more effective
protection. Such a functional approach can aid in understanding ecological processes, such as
the assembly and stability of associations and succession, and facilitate the detection and
prediction of responses to environmental change at various scales (Duckworth et al., 2000).
There has been continuous progress in ecology attempting to respond to global problems by
including the functional traits of individual species in macroecological research to better
understand the functioning of entire ecosystems (He et al., 2019). We want to merge the
syntaxonomical and functional approaches in this context.

We aimed to identify the functional traits distinctive to individual vegetation units of
temperate inland salt marshes in Europe, and to link these traits with environmental factors.
We hypothesized that a) syntaxonomical vegetation units are also functional units in terms of
their functional traits, and b) environmental factors determine the functional traits of
vegetation patches. We considered a set of traits responsible for plant persistence,
regeneration, and dispersability according to the concept of Kleyer et al. (2008) because it
reflects strategies under saline conditions.

2. Materials and Methods
2.1. Data

Vegetation and environmental data, except land use type information, were obtained
from the database created based on the literature and used in our previous paper (Lubirska-
Mielinska et al., 2023). This database contains 874 vegetation plot samples collected by
different authors from European temperate inland salt marshes in six countries: the Czech
Republic, France, Germany, Luxemburg, Poland, and the United Kingdom. The database
contains a list of more than 400 vascular plant species. We classified plots into nine vegetation
classes (Lubinska-Mielinska et al., 2023), including two typical salt marshes: Therosalicornietea
(THE — 137 plots) and Festuco-Puccinellietea (FEP — 485 plots), as well as Ruppietea maritimae
(RUP — 6 plots), Polygono-Poetea annuae (POL — 10 plots) and Artemisietea vulgaris (ART — 14
plots), Potamogetonetea (POT — 12 plots), Bidentetea (BID — 22 plots), Phragmito-
Magnocaricetea (PHR — 112 plots), and Molinio-Arrhenatheretea (MOL — 76 plots), see Figure
1a. Within two classes that represent the vegetation typical of salt marshes, we identified five
associations: in class Therosalicornietea: Salicornietum ramosissimae association (Sr — 133
plots), and in class Festuco-Puccinellietea: Scorzonero parviflorae-Juncetum gerardii (Sp-lg —
121 plots), Agrostio stoloniferae-Juncetum ranarii (As-Jr — 6 plots), Triglochino maritimae-
Glaucetum maritimae (Tm-Gm — 56 plots), and Puccinellio-Spergularietum salinae association
(P-Ss — 134 plots), (Figures 1b and Figure S1). We retained the presented syntaxonomical
division to test the relationships between the syntaxonomical units and their functional trait
specificity. To perform the calculations of weighted averages of functional traits and
environmental parameters, it was necessary to transform the data from the database in the
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Braun-Blanquet (1964) scale into the van der Maarel (2007) ordinal scale, as follows: r - 1, +
>2,1>3,2->5,3->7,4->8,5->9. The maps (Figure 1a and 1b) were made using the
QGIS 2.14.2 “Essen” software (QGIS Development Team, 2016).

Data on the functional traits of plant species were obtained from online databases,
including information about the clonal index (Cl) and clonality (C) from the CLO-PLA database
(KlimeSova et al., 2017), and information about the remaining ten traits from the LEDA
Traitbase (Kleyer et al., 2008). Both sources represented the species in the investigated area.
We used data on twelve traits that are responsible for three different functions in plant
species according to Kleyer et al. (2008), i.e., persistence — leaf area (LA), leaf mass (LM),
canopy height (CH), specific leaf area (SLA), leaf dry matter content (LDMC), clonal index (Cl),
clonality (C), regeneration — seed mass (SM), seed number (SN), seed number per shoot
(SNPS), and dispersability — releasing height (RH), terminal velocity (TV). We decided to
analyze traits related to plant height, leaves, and seeds because, according to Westoby (1998),
the leaf-height-seed plant strategy represents the main dimension of plant variability along
the most typical ecological gradients. Among the traits identified as being responsible for
persistence, CH is responsible for competitive ability, as are LM, LA, SLA, and LDMC, which
additionally reflect salt stress tolerance and growth rates (Westoby et al., 2002). We also
analyzed traits related to plant clonality because they were found to be responsible for plant
adaptation to environmental disturbances (KlimeSova et al., 2016). We adopted the three
categories proposed by Kleyer et al. (2008), who focused on the main functions of individual
traits. However, these are not rigid limits because some traits may be responsible for different
categories of functions in plants. For example, traits related to SN and mass, which are
included in the regeneration category, influence establishment, response to disturbances, and
additionally are important for dispersal (Leishman, 2001; Westoby et al., 2002). The
dispersability traits RH and TV are mainly influenced by wind (Tackenberg et al., 2003; van der
Pijl, 1982). We calculated weighted averages for each vegetation plot based on these traits.
Owing to the lack of data on the species traits of Ruppietea maritimae (n=6), we did not
consider this class. The final dataset comprised 868 vegetation plots (approximately 400 plant
species).

The environmental parameters for each plot were calculated as weighted averages
based on six Ellenberg indicator values (EIV; n=868; Ellenberg et al., 1992): salinity (S),
moisture (M), reaction (R), light availability (L), temperature (T), and nitrogen content (N).
Data on soil parameters (n=266): Salinity expressed as the electrical conductivity of the
saturated extract (ECe), moisture (moist), pH, and organic matter (org.mat.), and total nitrogen
(Ntot) content, as well as land use/management type information: not used (abandoned
mowing and grazing), arable field, industry, and hay/pasture, come from the source literature
based on which the vegetation plot database was created (i.e. Piernik, 2012).

2.2. Statistical and multivariate analyzes

To identify the most important distinctive functional traits for the analyzed vegetation
units, we used Canonical Variate Analysis (CVA) as discriminant analysis (Smilauer & Leps,
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2014). We focused on the conditional effects, which excluded the effects of the most
correlated traits. Conditional effects summarize the partial effect of each predictor,
representing the variation (and its significance) explained by a predictor after accounting for
the effect of the predictors already selected (ter Braak & Smilauer, 2012). The predictors were
chosen in the order of decreasing explained variation. The differences in all traits between
vegetations syntaxonomical units were compared using the non-parametric Kruskal-Wallis
test with Dunn post hoc comparisons because of the not normal distribution of the majority
of the trait values (Shapiro—Wilk test, p<0.05). To identify apparent functional similarities
between syntaxonomical units, we performed two-way clustering based on mean trait values
using an unweighted pair group (UPGMA) algorithm and Euclidean distance for similarity
comparison. Trait data were standardized to avoid the effects of different units. The
relationships between functional traits and environmental factors were investigated using
Redundancy Analysis (RDA) with forward selection and the Monte Carlo permutation test to
select the most critical factors in trait differentiation. The functional trait data of the single
plots were standardized before analysis. We also considered only the conditional effects of
the explanatory variables, excluding the effects of the most correlated environmental
parameters (ter Braak & Smilauer, 2012). We applied RDA twice with different sets of
environmental parameters: (1) weighted averages of EIV (n=868), and (2) soil parameters and
land use types (n=266). Detailed relationships between the plot-weighted mean trait values
were assessed based on Spearman’s correlations with the same set of variables. Because the
use of EIV to estimate environmental conditions may result in overestimation, we decided to
use the permutation p value instead of the classical p value, which allows to eliminate such
errors to some extent (Zeleny & Schaffers, 2012). We also correlated the related plot EIV and
soil parameters (n=266; Table S1) to determine the degree of correlation. The impact of the
four different management types was evaluated using the Kruskal-Wallis comparison between
groups with Dunn’s post hoc test. For the CVA and RDA ordination analyses, we used the
Canoco 5.0 package (ter Braak and Smilauer, 2012). Functional trait data analysis was
standardized using MVSP 3.1 software (Kovach, 2007). Other analyses were performed using
the PAST 4.11 software (Hammer et al., 2001).
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Figure 1. Geographic distribution of: (a) nine classes identified in European temperate inland salt marshes; (b)
five associations distinguished among the two classes typical of European temperate inland salt marshes —
Therosalicornietea and Festuco-Puccinellietea. Some points overlap due to the same research area. Created
based on classification by Lubinska-Mielinska et al. (2023).

3. Results

3.1. Syntaxonomical classification and functional pattern relations

We compared the relationships between functional traits and vegetation units at the
class and association levels (Figures 2-5). First, we focused on vegetation classes. The results
of discriminant analysis, i.e., CVA, showed that the classes of temperate inland salt marshes
in Europe differed in terms of almost all analyzed functional traits, except for SM, as presented
in Figure 2a. The highest variability between them was explained by SLA and CH, explaining
13.9% of the variation, followed by parameters related to clonality (Cl, C) — 5.6%, and leaf
parameters such as LDMC and LM — another 3.7% (Table S2). These traits represent the
persistence of the plant species.

Detailed comparisons of plot-weighted means for each vegetation class (Figure 3)
indicated that, in general, the pioneer typical of salt marshes, the Therosalicornietea class, is
characterized by low or the lowest values of the analyzed traits. Vegetations from this class
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had the lowest values for persistence traits (LA, LM, CH, SLA, Cl, and C), regeneration traits
(SM), and dispersibility (RH and TV). However, a low trait value does not always indicate the
same potential as the analyzed function category; thus, we discuss this in detail in the
discussion section. The detailed functional trait results are presented in Table S3. The Festuco-
Puccinellietea class, which is typical of temperate inland salt marshes, was also characterized
by low values of the analyzed traits, but higher than those of Therosalicornietea class (Figure
3). However, among the eight classes studied, only dispersability (TV) reached its lowest value.
Owing to the relatively low values of persistence, regeneration, and dispersability traits, these
two classes were most similar and clustered together (Figure 5a). The next vegetation class,
Potamogetonetea, demonstrated similarly low values for LA, LM, CH (persistence), RH, and TV
(dispersability) and even significantly lower LDMC (persistence), SN, and SNPS (regeneration)
(Figure 3). Accordingly, Potamogetonetea was classified as most similar to the first two classes
(Figure 5a). However, in contrast to Therosalicornietea and Festuco-Puccinellietea, this
vegetation type had the highest SLA, Cl, C, and SM values. Of the remaining five classes, the
Phragmito-Magnocaricetea and Molinio-Arrhenatheretea are the most similar and present
similar values of some traits related to persistence (LA, LDMC, Cl, and C), regeneration (SM),
and dispersability (TV), see Figures 3 and 5a. However, Phragmito-Magnocaricetea has lower
SLA, SN, and SNPS, and Molinio-Arrhenatheretea has lower LM, CH, and RH. The Artemisietea
vulgaris class is most similar to them and is characterized by similar values of all persistence
traits (LA, LM, CH, SLA, LDMC, Cl, C) and dispersability traits (RH and TV), but higher SM and
lower SN and SNPS. The other two classes, Polygono-Poetea annuae and Bidentetea, were
classified together because of the similar values of almost all persistence traits (LA, LM, CH,
LDMC, Cl, and C), all regeneration traits (SM, SN, SNPS), and dispersability (TV) (Figures 3 and
5a). They differed in two analyzed traits: Polygono-Poetea annuae had a higher SLA and
Bidentetea had a higher RH.

Considering vegetation associations, the results of discriminant analysis (CVA) revealed
that they were diverse in terms of all functional traits, except LA (Figure 2b). The highest
variability between associations was explained by the persistence traits of SLA, Cl, and LDMC
(33.3%; Table S2). The SN and SNPS, which are related to plant regeneration, accounted for
8.4% of the variation. The smallest variability (1.9 %) was explained by the dispersibility traits,
TV and RH.

The comparison of the single functional effects between the associations showed that
Salicornietum ramosissimae, the association representing the Therosalicornietea class, was
characterized by the lowest values of almost all traits except LDMC and TV (Figure 4 and Table
S4). Salicornietum ramosissimae is the most similar functional term to Puccinellio-
Spergularietum salinae classified together (see Figure 5b), which has a similar TV but differs
by higher values of almost all persistence traits — LA, LM, CH, SLA, Cl, and C, but lower LDMC,
higher regeneration traits (SM, SN, and SNPS), and dispersability (RH). The second group of
the most similar associations was Triglochino maritimae-Glaucetum maritimae and
Scorzonero parviflorae-Juncetum gerardii, which were characterized by the same values of
persistence traits (SLA, Cl, and C) and regeneration traits (SM, SN, and SNPS) (Figures 4 and
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5b). Agrostio stoloniferae-Juncetum ranarii was classified as the most similar owing to similar
values of traits related to dispersibility (RH, TV) and persistence (LA, LM, and CH). However, it
had a higher SLA and lower Cl, C, SN, and a higher regeneration trait SNPS but lower SM.
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Figure 2. Results of discriminant analysis — Canonical Variate Analysis, presenting relations between analyzed
functional traits and: (a) vegetation classes; (b) vegetation associations. Statistically significant factors are
marked by an asterisk (p<0.05). Abbreviations of functional traits: C — clonality, CH — canopy height, Cl — clonal
index, LA — leaf area, LDMC — leaf dry matter content, LM — leaf mass, RH — releasing height, SM — seed mass, SN
—seed number, SNPS — seed number per shoot, SLA — specific leaf area, TV — terminal velocity. Abbreviations of
vegetation classes (n=868): ART — Artemisietea vulgaris (n=14), BID — Bidentetea (n=22), FEP — Festuco-
Puccinellietea (n=485), MOL — Molinio-Arrhenatheretea (n=76), PHR — Phragmito-Magnocaricetea (n=112), POL
— Polygono-Poetea annuae (n=10), POT — Potamogetonetea (n=12), THE — Therosalicornietea (n=137).
Abbreviations of vegetation associations (n=450): As-Jr — Agrostio stoloniferae-Juncetum ranarii (n=6), P-Ss —
Puccinellio-Spergularietum salinae (n=134), Sp-Jg — Scorzonero parviflorae-Juncetum gerardii (n=121), Sr —
Salicornietum ramosissimae (n=133), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n=56).
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Figure 3. Comparison of functional traits for vegetation classes. Significantly different groups, according to the
Kruskal-Wallis test with Dunn post hoc comparisons, are denoted by different letters at p<0.05. Abbreviations of
vegetation classes (n=868): THE — Therosalicornietea (n=137), FEP — Festuco-Puccinellietea (n=485), POT —
Potamogetonetea (n=12), PHR — Phragmito-Magnocaricetea (n=112), MOL — Molinio-Arrhenatheretea (n=76),
BID — Bidentetea (n=22), ART — Artemisietea vulgaris (n=14), POL — Polygono-Poetea annuae (n=10).
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Figure 4. Comparison of functional traits for vegetation associations. Significantly different groups, according to
the Kruskal-Wallis test with Dunn post hoc comparisons, are denoted by different letters at p<0.05. Abbreviations
of vegetation associations (n=450): Sr — Salicornietum ramosissimae (n=133), P-Ss — Puccinellio-Spergularietum
salinae (n=134), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n=56), Sp-Jg — Scorzonero parviflorae-
Juncetum gerardii (n=121), As-Jr — Agrostio stoloniferae-Juncetum ranarii (n=6).
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Figure 5. Results of two-way clustering with unweighted paired group (UPGMA) algorithm and Euclidean distance
index, relations between analyzed functional traits and: (a) vegetation classes; (b) vegetation associations.
Abbreviations of functional traits: C — clonality, CH — canopy height, Cl — clonal index, LA — leaf area, LDMC — |eaf
dry matter content, LM — leaf mass, RH — releasing height, SM — seed mass, SN — seed number, SNPS — seed
number per shoot, SLA — specific leaf area, TV — terminal velocity. Abbreviations of vegetation classes (n=868):
POT — Potamogetonetea (n=12), FEP — Festuco-Puccinellietea (n=485), THE — Therosalicornietea (n=137), ART —
Artemisietea vulgaris (n=14), BID — Bidentetea (n=22), PHR — Phragmito-Magnocaricetea (n=112), MOL — Molinio-
Arrhenatheretea (n=76), POL — Polygono-Poetea annuae (n=10). Abbreviations of vegetation associations
(n=450): As-Jr — Agrostio stoloniferae-Juncetum ranarii (n=6), Sp-Jg — Scorzonero parviflorae-Juncetum gerardii
(n=121), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n=56), P-Ss — Puccinellio-Spergularietum salinae
(n=134), Sr — Salicornietum ramosissimae (n=133).

3.2. Relationships between functional traits and environment

Redundancy Analyses (RDA) showed that the functional traits of the vegetation were
strongly related to environmental conditions (Figure 6). Regarding environmental variables
based on the EIVs, functional traits differed for all indicators. The highest variation of 18.8%
was explained by salinity, and the next highest variation of 4.5% was explained by moisture
indicator values. Similar results were obtained based on the soil parameters for a smaller set
of samples, with the highest variability explained by salinity (ECe) at 9.8%, followed by soil
moisture at 3.5%. We also included land use type data in the analysis. The results showed that
the cessation of mowing or grazing (not used) also considerably affected the variability of
functional traits (5.1% of the variation explained). The detailed results are presented in Table
S5.

Analysis of the single effects of environmental parameters based on EIV using
Spearman’s correlation revealed that salinity reduced almost all vegetation traits (Table 1).
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We found a strong negative correlation between salinity indicators and persistence traits (LA,
LM, CH, SLA, LDMC, and Cl), regeneration (SM), and dispersability (RH). In general, moisture
positively correlated with most traits. A strong negative correlation was observed between
moisture and SLA. The remaining correlation coefficients were low. The nitrogen indicator
positively correlated with all traits except LDMC and had no effect on clonality traits. The
reaction indicator, light availability, and temperature were negatively correlated with the
analyzed functional traits of the vegetation.
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Figure 6. Results of Redundancy Analysis (RDA), relations between analyzed functional traits and: (a)
environmental variables based on Ellenberg indicator values (EIV, n=868); (b) soil parameters and land use type
(n=266). Statistically significant factors are marked by an asterisk (p<0.05). Abbreviations of functional traits: C—
clonality, CH — canopy height, Cl — clonal index, LA — leaf area, LDMC — leaf dry matter content, LM — leaf mass,
RH — releasing height, SM — seed mass, SN — seed number, SNPS — seed number per shoot, SLA — specific leaf
area, TV — terminal velocity. Abbreviations of environmental variables: L — light availability, M — moisture, N —
nitrogen content, R — reaction, S — salinity, T — temperature. Abbreviations of soil parameters: ECe — salinity

15/34

89



372
373

374
375
376
377
378
379
380
381
382
383

measured as the electrical conductivity of saturated extract, moist — moisture, Nwt — total nitrogen, org.mat. —
organic matter content.

The results from the soil data confirm the findings on salinity and moisture based on
EIV. Soil salinity, expressed as EC. was negatively correlated with trait values. A strong
negative correlation was found between SLA and LA. Soil moisture negatively correlated with
SLA, SN, and TV. The results for pH and nitrogen from the soil data differ from those based on
EIV. Soil pH did not show any correlation with the functional traits. This difference can be
attributed to the lack of a correlation between the reaction indicator and pH (Table S1).
Nitrogen was negatively correlated with SLA, SN, and TV; however, these correlations were
weak. These differences could be caused by the low correlation between the nitrogen
indicator and the soil total nitrogen and organic matter content. Detailed correlation analysis
results are presented in Table 1 (Figure S2).
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In the case of land use type comparisons, the high values of some persistent traits,
especially those related to the leaves (LM, LDMC), clonality (Cl, C), and light competing ability
(CH), as well as regeneration (SM) and dispersability traits (RH), were related to abandonment
(see Figures 6 and S3). In contrast, the vegetation of the abandoned sites was characterized
by the lowest SLA (persistence), SN, SNPS (regeneration), and TV (dispersability). In samples
collected from arable fields, the highest values were recorded of LM, CH, and SLA
(persistence), SM, SN, and SNPS (all traits related to regeneration), and RH and TV
(dispersability). Vegetation in the industrial areas was characterized by the lowest LM, CH,
LDMC, Cl, C (persistence), and RH (dispersability). Intermediate trait values characterized the
hay/pasture management type (Figure S3).

4, Discussion

4.1. Functional pattern of salt marsh syntaxonomical units

Our results showed that SLA, CH, CI, LDMC, LM, and C, which are traits responsible for
persistence (Kleyer et al., 2008), explained the most significant percentage of the variability
between vegetation classes in salt marshes. Plant leaf traits, which are usually correlated with
each other, are represented by the so-called leaf economics spectrum, which balances leaf
construction costs against growth potential (Diaz et al. 2016; Wright et al, 2004). Plant leaves
have already been recognized as critical sites for photosynthesis and evapotranspiration (Zhou
et al.,, 2020), and are essential for material and energy exchange within the soil-plant-
atmosphere system (Ackerly et al., 2002). Our results demonstrate that their roles are
recognizable at the syntaxonomical level. SLA, which explains the highest variability among
the analyzed vegetation classes, is directly influenced by LA, thickness, shape, and age (Zhou
et al., 2020). It is linked to water use or survival strategies and is often applied to evaluate the
performance of plants under water deficit (Boucher et al., 2017). It is generally believed that
plants grown in resource-rich environments use higher SLA to enhance photosynthetic
capacity and productivity (Yao et al., 2016). They adapt the strategy of smaller SLA to improve
stress resistance and competitive ability in stressful environments (Long et al., 2011) because
large leaves tend to require higher biomass investments per unit LA than small leaves (Milla
et al., 2008). Our results reflect these relations because classes typical of salt marshes, i.e.,
Therosalicornietea and Festuco-Puccinellietea growing under the highest salt stress in the
research area, represent the lowest values of all traits related to the leaves, including SLA,
which indicates low productivity of this type of vegetation, except LDMC, which low value is
related to the fast and acquisitive strategy (Poorter & de Jong, 1999; Reich, 2014). Lower SLA
and LDMC in salt marsh vegetation are associated with reduced evapotranspiration and the
maintenance of osmotic balance under salinity stress conditions (Richards et al., 2005). This is
due to the largest proportion of salt-adapted halophytic species in the Therosalicornietea and
Festuco-Puccinellietea classes. Halophytes are defined as plant species able to survive and
reproduce under a salinity of approximately 200 mM NaCl (Flowers & Colmer, 2008), as
confirmed by studies on individual species, for example, Salicornia europaea L. by Cardenas-
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Pérez, Rajabi Dehnavi et al. (2022), or Tripolium pannonicum (Jacq.) Dobrocz. (Ludwiczak et al.
2023). Less than 0.2% of the plants worldwide possess this ability (Flowers & Colmer, 2015).
Halophytes adapt to water deficiency and excess salt, for example, by the reduction of LA
(reduction of evapotranspiration), exclusion of excess salt in vacuoles, old organs, specially
developed salt glands, and dilution of salts by water storage (Grigore & Toma, 2020; Pérez
Cuadra et al., 2020). These adaptations affect morphological traits. The low values of most
traits responsible for persistence recorded for Therosalicornietea and Festuco-Puccinellietea
classes highlight the sensitivity of these vegetation units to environmental changes. This is
indicated not only by the traits related to leaves but also by the low proportion of species with
high clonality, which helps plants adapt to environmental disturbances (KlimeSova et al.,
2016). The most similar to Therosalicornietea and Festuco-Puccinellietea classes in terms of
functioning is vegetation from Potamogetonetea class also adapted to extreme environments,
that is, to grow in underwater conditions (Caldarella et al., 2021; Tuthill et al. 2023).
Vegetation from this class has a higher SLA because of the low dry matter accumulation in the
leaves (Ronzhina et al., 2009) and larger seeds for better dispersal under water conditions (de
Jager et al., 2019). The remaining vegetation classes, i.e., Polygono-Poetea annuae,
Artemisietea vulgaris, Bidentetea, Phragmito-Magnocaricetea, and Molinio-Arrhenatheretea,
are characterized by higher values of the analyzed parameters. Polygono-Poetea annuae
includes therophyte-rich vegetation in trampled habitats (Vassilev et al., 2022). It is
characterized by high seed production by annual species (SN and SNPS) and low potential for
effective wind dispersal because of its low RH and high TV. Artemisietea vulgaris class includes
thermophilic and (sub)xerophytic ruderal vegetation, which mainly consists of biannual and
perennial seminitrophilous to nitrophilous species widely distributed in the temperate and
sub-Mediterranean zones of Europe (Vassilev et al., 2021). This class in salt marshes is
characterized by high productivity, expressed as high LDMC (Polley et al., 2022), regeneration
success, defined as high SM, and high dispersibility at high RH (Jansen et al., 2004; Wyse &
Hulme, 2021). Phragmito-Magnocaricetea class of reeds and the Molinio-Arrhenatheretea
class of meadow vegetation were the most similar among analyzed vegetation regarding
functional traits. However, Phragmito-Magnocaricetea had significantly higher persistence
traits, such as LM and CH, but a lower SLA, indicating a more stressed wetland environment.
Both vegetation classes overlap under environmental conditions in inland saline habitats
(Lubinska-Mielinska et al., 2023), which can explain their similarity in functioning. High CH
values, traits unrelated to the economic spectrum of leaves (Diaz et al. 2016, Wright et al.,
2004), in Phragmito-Magnocaricetea may be caused by adaptation to wetlands, where plants
elongate to provide oxygen access to tissues (Colmer, 2003). The highest values of traits
related to clonality among these classes, including Potamogetonetea, are related to
adaptation to environmental disturbances (Klimesova et al., 2016) and also explain the large
expansion potential of species belonging to these groups. For example, Phragmites australis
expansion into meadow vegetation after abandonment of mowing and grazing has been
reported (Burdick et al., 2001; Wilkon-Michalska, 1970). The Bidentetea class of tall-growing,
competitively potent annual wetland herbs (Stepien & Rosadziinski, 2020) differs from
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Phragmito-Magnocaricetea and Molinio-Arrhenatheretea classes by lower clonality traits
because covers only temporarily available flooded sites, and lower LDMC, which however
indicates also disturbed environment (Cornelissen et al., 2003).

The variability between the salt-adapted associations within Therosalicornietea and
Festuco-Puccinellietea classes can be explained by the traits responsible for persistence (SLA,
Cl, and LDMC) and regeneration (SN and SNPS; Kleyer et al., 2008). The lowest SLA was noted
in Salicornietum ramosissimae grown under the highest salt stress (Lubinska-Mielinska et al.,
2023). Salicornia europaea dominates this association and is adapted to high soil salinity
through almost total leaf reduction and high succulence (Cardenas-Pérez et al.,, 2021).
Scorzonero parviflorae-Juncetum gerardii and Triglochino maritimae-Glaucetum maritimae
have the lowest SN values, indicating a low generative regeneration ability (Rosbakh et al.,
2018). However, traits related to the mass and number of seeds affect not only the ability of
plants to regenerate but also, to some extent, their dispersability and response to
disturbances (Leishman, 2001; Westoby et al., 2002). The highest LDMC was recorded for
Scorzonero parviflorae-Juncetum gerardii. This can be interpreted as higher productivity of
this association but also lower acquisitive strategy (Polley et al., 2022; Reich, 2014). Moreover,
Majekova et al. (2014) showed that higher LDMC values might be related to higher population
stability. The soil salinity reported for Scorzonero parviflorae-Juncetum gerardii was higher
than that reported for Triglochino maritimae-Glaucetum maritimae (Lubinska-Mielinska et al.,
2023). The highest clonality parameters were recorded for both associations, indicating better
adaptation to environmental disturbances (KlimeSova et al., 2016). Agrostio stoloniferae-
Juncetum ranarii and Puccinellio-Spergularietum salinae associations have the highest SLA and
the lowest LDMC, which are related to the fast and acquisitive strategy (Reich, 2014). Both
associations had the highest SN, which indicated the highest ability for generative
regeneration.

4.2. Environmental pattern of functional traits

In our study, we used the functional traits of individual species to calculate the
weighted means for vegetation patches and to better understand the functioning of
temperate inland salt marsh vegetation. This approach for vegetation has been advocated in
the literature, e.g., by McGill et al. (2006), as one to rebuild the view of community ecology.
This ensures a better understanding of the processes governing the analyzed phenomena,
including environmental gradients. We found a significant relationship between functional
vegetation traits and environmental parameters, including management type. Batriu et al.
(2015) also demonstrated the influence of land use and past use on the traits of salt marsh
communities. However, the most limiting factors for salt marsh vegetation are salinity and
moisture, which considerably influence its functional traits of species (Piernik, 2012; Lubinska-
Mielinska et al., 2023; Minden et al., 2012; Minden & Kleyer, 2015). Our results show that
these factors explain the most significant part of the variability in vegetation functional
characteristics, which demonstrates the validity of our assumption that environmental
parameters shape traits.
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We found a negative correlation of salinity with the trait values resulting in different
life strategies, e.g., decrease in SLA marking low photosynthetic capacity and productivity but
also decrease in LDMC marking the fast and acquisitive strategy, as it was already mentioned.
Similar results were obtained on coastal marshes by Minden and collaborators (Minden et al.,
2012; Minden & Kleyer, 2015). Soil moisture is also stressed in coastal marshes (Minden et al.,
2012). According to Ulrich et al. (2019), the strength of the compensatory mechanisms that
stabilize assimilation rates in salt marsh environments depends heavily on soil conditions; for
example, assimilation rates are negatively correlated with average moisture. Similarly, our
results showed that an increase in moisture content was associated with a decrease in SLA.
The correlations of soil nitrogen and organic matter content with vegetation functional traits
were low, demonstrating their low importance in shaping strategies under saline conditions.
In addition, Minden et al. (2012) showed that the SLA and LDMC of salt marsh plants were
more constrained by a salt-waterlogging gradient than by a nutrient gradient.

According to Schob et al. (2013), environmental conditions can contribute to the
physiological and morphological states of plants expressed in their functional traits, which in
turn can shape interactions between individuals. According to Larcher (1987), the presence of
stress in this system is a selective power that contributes to adaptive evolution by improving
resistance. In salt marshes, this has been confirmed by the multitude of halophyte adaptations
to salinity (Pérez Cuadra et al., 2020).

We found a positive correlation between leaf traits and plant height, suggesting that
they are interdependent and are not worth analyzing separately. However, according to Price
et al. (2014), these traits are largely orthogonal, depending, for example, on the habitat, i.e.,
an inverse relationship has been found in plants in wet areas. This finding shows that the
plants on salt marshes, although related mainly to high soil moisture, demonstrate the traits
of dry habitats because of low water availability from the saline solution (Ludwiczak et al.,
2021).

Moreover, Diaz et al. (1998) suggested a ‘filtering effect’ of climatic factors on essential
plant functions, in which vegetative traits are filtered more often than those related to
regeneration. This explains why, in our study, the smallest percentage of variance among the
analyzed features was defined for vegetation classes based on seed-related traits. Moreover,
we based on data from a single climate type. The research from dry areas by Soliveres et al.
(2014) shows, that the environmental conditions and the functional traits themselves may be
responsible for the co-occurrence of species from some groups of plants. Salt marsh
vegetation remains a topic for future research.

4.3. Data and terminology

Despite the use of functional traits to understand the ecological processes occurring in
plant communities, the Holy Grail has been considered in ecology for years (Funk et al., 2017;
Suding & Goldstein, 2008), and this is the first study linking syntaxonomical and functional
approaches based on the functional traits of inland salt marshes across temperate Europe. For
years, there have been discussions in the literature on the proper understanding and use of
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the term functional traits (e.g., Caruso et al., 2020; Dawson et al., 2021; Violle et al., 2007). In
our research, we decided to base the data already defined from professional ready-made CLO-
PLA and LEDA trait bases, consistent for individual species and coming from the moment of
full plant development according to LEDA Data Standards published on the website (Kleyer et
al., 2008). The functional traits in the database provide a general view of individual species.
By calculating weighted averages for plots, we decided to consider all species, that is,
approximately 400, because it was essential to obtain a complete picture of the results
(Pakeman & Quested, 2007). This approach provides satisfactory results for comparing
individual vegetation groups instead of field measurements of the populations of
approximately 400 species. This should also prevent differences in the analyzed data, as
Garbowski et al. (2021) warn. They suggested using indicators based on multidimensional
relationships between traits rather than individual traits for species comparisons, because
they seem more ontogenetically stable, such as SLA. However, they admit that LDMC and
several root parameters, which we did not consider in this study, are suitable for comparison,
even at the seedling stage. In future research, it will be worth considering the root traits that
perform essential functions in plants, such as obtaining nutrients or water. They also
significantly affect the entire ecosystem (Freschet et al., 2021; Laliberté, 2017; Valverde-
Barrantes et al., 2017). However, these are often overlooked (e.g., Chelli et al., 2019). A
possible reason for this is that root traits are underrepresented in global databases; therefore,
to address this lack, the Fine-Root Ecology Database was recently created (lversen et al.,
2017).

Another methodological issue worth discussing is the application of weighted averages
of functional traits for each plot (releve) and weighted averages of EIV for environmental
assessments. These are the average trait values or EVI for plants at each site weighted by
species cover/abundance (Jongman et al., 1987). In functional ecology, the weighted mean of
functional traits is widely referred to as the community weighted mean (CWM) (Lavorel et al.,
2008); Ricotta and Moretti 2011; Miller et al., 2019). However, this term relevant to functional
ecology can confuse some plant sociologists because CWM refers to plot/releve weighted
mean, while the term ‘community’ in plant sociology can refer to a set of releves representing
similar species composition. To avoid this misunderstanding in the research merging the two
different concepts of vegetation, we decided not to apply this terminology to the manuscript
but to explain this issue in the discussion section.

Regarding the use of weighted means of EIV as environmental estimates, according to
Zeleny and Schaffers (2012), statistical conclusions should not be made in analyses combining
mean EIV with other variables resulting from species composition because it may give inflated
results and often leads to incorrect interpretations. However, these authors allowed the use
of EIV, but with the implementation of specific methods. Undoubtedly, for a large dataset such
as ours, this significantly facilitates the analysis. Therefore, we used the permutation p value
instead of the classical p to avoid excessively high significance levels. In addition, we validate
the EIV data using field measurements from a smaller dataset. Schaffers and Sykora (2000)
performed such a correlation analysis for a larger number of parameters and concluded that
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EIVs are a valuable tool for habitat calibration but indicate the importance of selecting
appropriate parameters. We obtained a high correlation between the most critical parameters
in salt marshes: salinity and moisture. Analyses conducted by Schaffers and Sykora (2000)
regarding pH and reaction showed, similarly to our case, unsatisfactory results. The authors
suggested that this indicator should be referred to as the calcium value. We also found a low
correlation between the nitrogen indicator and soil total nitrogen and organic matter
contents. This may be because of the modified availability of nutrients under saline conditions
(Fageria et al., 2011).

4.4. Conservation and protection implications

According to Cadotte et al. (2015), communities can be predicted based on their
functional traits. The results obtained can be used to create models for salt marshes in the
future because we detected general relationships among the analyzed characteristics in the
context of phytosociological classes and associations. Venn et al. (2011) presented results that
should allow the creation of such a model for predicting vegetation response to climate
change and the disappearance of snow cover. They analyzed Australian alpine snow patches
using functional traits and showed that the emergence of strong environmental filters may
favor the occurrence of specific plant communities that build species with more competitive
traits. In salt marshes, the salinity gradient can be a strong filter that favors a high rate of
halophytes rather than plant species that tolerate lower salinity. With a decrease in salinity,
controlling the expansion of more competitive and taller glycophytic species with greater
clonality abilities is crucial (Bosiacka et al., 2011).

Our results demonstrate that both vegetation classes typical of salt marshes, that is,
Therosalicornietea and Festuco-Puccinelietea have low persistence potential and are thus
sensitive to environmental changes. Considering specific salt marsh associations, sensitive
seem to be Salicornietum ramosissimae of the lowest persistence potential and values of
regeneration traits. Therefore, significant attention should be paid to protecting this typical of
high soil salinity vegetation type (Lubinska-Mielinska et al., 2023). Puccinellio-Spergularietum
salinae association has significantly lower stability (expressed by lower LDMC; Majekova et al.,
2014) but higher regeneration ability (SN, SNPS). Therefore, regeneration should be made
more easy. A similar situation was observed for the Agrostio stoloniferae-Juncetum ranarii
association. Triglochino maritimae-Glaucetum maritimae and Scorzonero parviflorae-
Juncetum gerardii associations have low generative regeneration abilities (low SN, SNPS;
Rosbakh et al., 2018), but Scorzonero parviflorae-Juncetum gerardii has significantly higher
stability (expressed by higher LDMC; Mdjekova et al., 2014).

Saatkamp et al. (2019) stressed that seed traits should be used to develop biodiversity
conservation strategies, including the protection of endangered species, based on a more
comprehensive set of traits. The regeneration parameters that we considered differentiated
the analyzed vegetation classes of salt marshes to the slightest degree. However, the SN and
SNPS, explained a large proportion (8.4%) of the variability among associations. In addition,
salt marsh associations are built mainly through low plants without particular adaptations to
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disperse seeds over long distances. Erfanzadeh et al. (2010) demonstrated that dispersal traits
are non-limiting factors for salt marsh plant colonization. However, research on the
restoration of halophyte nature reserves by Lubinska-Mielinska et al. (2022) shows that at
points far from halophytic vegetation, halophyte seeds do not occur in the soil seed bank.
Additionally, associations typical of the most saline areas, Salicornietum ramossissimae and
Puccinellio distantis-Spergularietum salinae (Lubinska-Mielinska et al., 2023) have the lowest
SM, which may affect their instability in the soil seed bank. This makes restoration challenging.
Another problem in inland salt marsh conservation and restoration is landscape fragmentation
and the island structure of saline habitats, which affect the functional diversity of individual
plant systems (Zambrano et al., 2019). Minden and Kleyer (2015) stated that the total pool of
typical coastal salt marsh species is rather small. The loss of a few of them with their specific
trait composition has the potential to considerably change the relationships between the
environment and vegetation-based ecosystem properties, and therefore elicit profound
effects on the functioning of the entire and adjacent ecosystems and other systems depending
on it. In our opinion, this also applies to inland salt marshes and is why effective protection is
important.

5. Conclusions

The results of our research show that the syntaxonomical units of inland salt marsh
vegetation in temperate Europe have functional significance. The most important factors in
separating vegetation classes and salt marsh plant associations are the functional traits
responsible for plant persistence, which are generally negatively correlated with soil salinity
and positively correlated with soil moisture and abandonment of mowing or grazing.
Associations were also separated according to regenerative traits (SN and SNPS). Classes and
associations differed the least in terms of traits related to dispersability. Based on functional
traits, the most sensitive to environmental changes were vegetation classes typical of salt
marshes. Regarding associations, Salicornietum ramossissimae had the lowest persistence and
regeneration potentials. Therefore, significant attention should be paid to protecting this
vegetation type. In our opinion, the functional pattern of the analyzed vegetation may play a
crucial role in the effective protection and restoration of these endangered habitats.
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Figure S1. Diagram showing the syntaxonomical classification of two classes typical of the vegetation of temperate inland salt marshes in

Europe. Prepared based on Lubinska-Mielinska et al. (2023).
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Table S1. Spearman’s correlation coefficients between environmental variables based on Ellenberg indicator values and soil parameters
(n=266). High correlations (r=0.5) are marked in bold.

EIV\soil parameter ECe moist Niot org.mat pH
S 0.77%%x*
M 0.47%%*
N -0.14*
N -0.21 %+
R ns

*rk% n<0.0001, *** p<0.001, ** p<0.01, * p<0.05, ns — non-significant. Abbreviations of EVIs: S — salinity, M — moisture, N — nitrogen content, R
— reaction. Abbreviations of soil parameters: ECe — salinity measured as the electrical conductivity of saturated extract, moist — moisture, Ntot —
total nitrogen, org.mat. — organic matter content.
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Table S2. Conditional term effects of discriminant analysis (CVA) of functional traits and: vegetation classes (n=868); associations (n=450).
Statistically significant factors are marked in gray (p<0.05). Abbreviations of functional traits: C — clonality, CH — canopy height, CI — clonal
index, LA — leaf area, LDMC - leaf dry matter content, LM — leaf mass, RH — releasing height, SM — seed mass, SN — seed number, SNPS —
seed number per shoot, SLA — specific leaf area, TV — terminal velocity. Other abbreviations: pseudo-F — Fisher parameter, p — significance
level. Conditional term effects exclude the effect of the most correlated variables.

Classes Associations
Variable o/g)zﬁra'iant;%n pseudo-F p Variable 0/2):/;2;3;[;? pseudo-F p
SLA 8.2 77.5 0.002 SLA 16.1 86 0.002
CH 5.7 57.7 0.002 Cl 14.2 91.3 0.002
Cl 3.9 41.2 0.002 SN 6.1 43.2 0.002
LDMC 1.8 19.3 0.002 LDMC 3 22 0.002
LM 1.9 21.1 0.002 SNPS 2.3 17.2 0.002
C 1.7 18.8 0.002 C 1.9 14.7 0.002
TV 0.9 10 0.002 TV 1.4 11.4 0.002
RH 0.8 8.7 0.002 CH 1.5 12.7 0.002
LA 0.6 7.2 0.002 SM 0.7 5.4 0.028
SN 0.5 59 0.002 LM 0.5 4.5 0.018
SNPS 1 11.9 0.002 RH 0.5 4 0.024
SM 0.2 2.1 0.092 LA 0.3 25 0.056
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Table S5. Conditional term effects of forward selection and Monte Carlo permutation test (RDA analysis) of functional traits and: environmental
variables based on Ellenberg indicator values (EIV, n=868); soil parameters and land use type (n=266). Statistically significant factors are
marked in gray (p<0.05). Abbreviations of environmental variables: L — light availability, M — moisture, N — nitrogen content, R — reaction, S —
salinity, T — temperature. Abbreviations of soil parameters: ECe — salinity measured as electrical conductivity, moist — moisture, Nt — total
nitrogen, org.mat. — organic matter content. Other abbreviations: pseudo-F — Fisher parameter, p — significance level. Conditional term effects
exclude the effect of the most correlated variables.

Ellenberg Indicator Values Soil parameters and land use types
Variable fljgﬁf&n pseudo-F p Variable (ﬁ;;g?;'ecijn pseudo-F p
S 18.8 201 0.002 EC. 9.8 28.6 0.002
M 45 50.4 0.002 not used 5.1 15.7 0.002
N 4.1 48.3 0.002 moist 35 11.3 0.002
R 3.3 40.6 0.002 pH 1.8 6 0.004
L 2.4 30.3 0.002 industry 1.8 5.9 0.002
T 0.9 12.3 0.002 arable field 1.2 4.2 0.024
hay/pasture 0.5 1.8 0.100
org.mat. 0.3 1 0.388
Niot 0.3 11 0.292
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Figure S2. Results of Spearman’s correlation analyses between functional traits and: (a) environmental variables based on Ellenberg
indicator values (EIV, n=868); (b) soil parameters (n=266). Only significant correlations are presented (p<0.05). Abbreviations of functional
traits: LA — leaf area, LM — leaf mass, CH — canopy height, SLA — specific leaf area, LDMC - leaf dry matter content, Cl — clonal index, C
— clonality, SM — seed mass, SN — seed number, SNPS — seed number per shoot, RH — releasing height, TV — terminal velocity.
Abbreviations of environmental variables: S — salinity, M — moisture, N — nitrogen content, R — reaction, L — light availability, T —
temperature. Abbreviations of soil parameters: ECe — salinity measured as electrical conductivity of saturated extract, moist — moisture,
org.mat. — organic matter content, Nt — total nitrogen.
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Abstract

Salt marsh vegetation is considered unique and valuable and has been legally
protected in Europe for years but is still declining. Its protection is related to vegetation
syntaxonomical units. The characteristic combination of diagnostic species is used to create
this syntaxonomical system. The aim of our novel study was to assess whether diagnostic
species are sufficient for characterizing vegetation functioning. Moreover, we included
biochemical traits not considered to date in vegetation ecology. We hypothesized that 1)
diagnostic species are crucial for the functioning of inland salt marsh vegetation and 2) their
morphological and biochemical traits define the functioning of typical salt marsh associations.
We chose three typical inland associations to test our hypotheses and measured the
morphological and biochemical functional traits of their diagnostic plant species. Our research
has shown that diagnostic species play a crucial role not only in distinguishing
phytosociological units but also in determining their functioning. Among the analysed
associations, Salicornietum ramosissimae was the most adaptable to osmotic and oxidative
stress under soil salinity. Triglochino maritimae-Glaucetum maritimae showed the lowest salt
resistance, as indicated by the highest osmotic and oxidative stress and stress responses. Our
findings may facilitate practical application of new approaches and protection strategies for
salt marsh habitats.
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1. Introduction

The plant species that most effectively exhibit specific ecological relationships within
a given community are used as indicators and are called diagnostic (Dg) species [1]. The
characteristic combination of Dg species is used to create a hierarchical classification system
of plant communities called phytosociological units. This system has been consistently
developed and expanded based on the principle of maximal floristic and ecological similarity,
with the association serving as the fundamental unit [2]. In fact, identifying individual
communities is contingent upon the presence or absence of Dg plant species [3]. Within this
selection framework, phytosociological fidelity, cover percentage, and frequency are clear
pivotal indicators [1].

The development of the basic principles of vegetation classification facilitates the
systematic description of all plant communities in large regions. Technological advancements
have resulted in specialized software, such as TWINSPAN [4] or JUICE [5], to delineate
syntaxonomical units. Although these programs help analyse large databases, the final
decision on selection criteria is still in the hands of phytosociologists. However, the integration
of specialized software ensures that these decisions are underpinned by statistical rigor,
increasing the overall reliability of the classification process [4]. Currently, phytosociologists
use Dg species based on the Phi coefficient as a statistical measure of the concentration and
occurrence of species in phytosociological units [6,7]. An example of these recent
developments is the study of European vegetation at the alliance level by Mucina et al. [8].
Ecological research shows that the species composition of such distinguished plant
communities varies due to the availability of ecological niches and resource competition
[9,10]. In addition to natural environmental factors that determine the species composition
of phytosociological units, other processes are also critical, e.g., the influence of moving,
grazing, and trampling by cattle [11,12].

Natural salt marsh habitats are critically important in the face of increasing salinity
problems in agriculture worldwide [13]. They can serve as a source of natural, unique plant
species adapted to high soil salinity that can be applied in future saline agriculture [14,15].
The most recent classification of European vegetation grouped inland salt marshes into two
classes [8]. The class Therosalicornietea includes pioneer vegetation of annual succulent
halophytes. The class Festuco-Puccinellietea, order Scorzonero-Juncetalia gerardi Vicherek
1973, and alliance Juncion gerardi Wendelberger 1943 include inland salt meadows of
temperate salt marshes. Our recent research identified the association level within these
classes together with their Dg species [16]. The main environmental drivers of this vegetation
have already been identified [16,17,18]. A high-salt groundwater level, flooding, and
management by moving and grazing are recommended for their conservation [17,19,20].
Although inland salt marshes in Europe have been protected for years and included in 1992 in
the Natura 2000 network [21], they are still declining and are considered endangered [22].
Hence, it is imperative to explore novel approaches to address the question of which
additional factors should be considered to prevent the depletion of salt marshes.
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Recent investigations have demonstrated that syntaxonomical units and their
functioning may be related to specific plant functional traits [23,24,25]. The functional traits
of vegetation are increasingly used in the fight against invasive species and to predict the
response of vegetation to climate change [23,26]. Therefore, an approach based on functional
traits may also protect endangered habitats. Our recent research showed that syntaxonomical
units of temperate inland salt marsh vegetation are functional, i.e., they differ in their
functional traits [27]. Persistence traits, such as specific leaf area, canopy height, clonal index,
leaf dry matter content, leaf mass, and clonality, are the most important for separating classes
and associations. Additionally, regeneration traits, including seed number, play a significant
role. We observed that the classes Therosalicornietea and Festuco-Puccinelietea and
association with Salicornietum ramosissimae are the most sensitive to environmental changes
due to their low persistence and regeneration potentials; therefore, special attention should
be given to these units in the protection process.

Typically, such research on the functional traits of vegetation is based on data from
large databases, which include many measurements or average values and a limited set of
functional traits, e.g., by Kleyer et al. [28] or Lubiiska-Mielinska et al. [27]. Biochemical traits
related to salt stress responses were not included. Moreover, such research includes all
recorded species, and whether Dg species have only syntaxonomical importance or functional
meaning is not known. Therefore, we decided to concentrate only on Dg species in the current
research and compare results based on the LEDA Traitbase [28]. The aim of this novel study
was to ascertain whether including all species in vegetation trait analyses is essential or
whether focusing solely on Dg species is sufficient. We hypothesized that 1) Dg species are
crucial for the functioning of inland salt marsh vegetation and that 2) their morphological and
biochemical traits define the functioning of typical salt marsh associations. To test our
hypotheses, we chose three inland associations, the most common in Poland, and measured
the functional traits of their Dg species. We used field-collected data from a single location
with consistent salinity levels to include both morphological and biochemical traits, which are
unavailable in functional trait databases. This approach allows for a detailed characterization
of traits specific to individual associations and provides a partial validation of the relationships
by leveraging morphological data from the LEDA Traitbase [28].

2. Results

2.1. Diagnostic species functional traits

The results concerning Dg species show that they differ significantly in measured
persistence traits (see Tables 1 and S1). The highest values were found for Dg species of the
Triglochino maritimae-Glaucetum maritimae association (Tm-Gm), i.e., Phragmites australis -
shoot length (SL), shoots dry weight (SDW), leaves area (LA), leaves fresh and dry weight (LFW
and LDW), and the leaf dry matter content (LDMC) of Juncus compressus. Glaux maritima had
the highest specific leaf area index (SLA), while Potentilla anserina had the highest leaf mass
(LM) and leaf weight ratio (LWR). In terms of the roots parameters, P. australis also had the
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greatest root length (RL) and roots fresh and dry weight (RFW and RDW), while J. compressus
had the greatest root weight ratio (RWR). Salicornia europaea, a Dg species of the
Salicornietum ramosissimae (Sr) association, had the highest shoots fresh weight (SFW) and
shoot weight ratio (SWR), followed by the assimilation area (AA) of P. australis. Atriplex
prostrata, Puccinellia distans, and G. maritima were characterized by the greatest number of
leaves (NoL). The morphological traits of Spergularia marina and Triglochin maritima were
intermediate.

For biochemical parameters, the highest contents of the photosynthetic pigments
chlorophyll a (chla), b (chlb), total (chlt), and carotenoids (car), were found in P. anserina, P.
australis, and G. maritima, which are the Dg species for the Tm-Gm association; P. distans and
A. prostrata, which are the Dg species for the Puccinellio-Spergularietum salinae association
(P-Ss) (Table S2). Among the substances involved in osmoregulation, proline (prol) was most
abundant in T. maritima and P. distans, and carbohydrates (carbo) were most abundant in G.
maritima, J. compressus, and A. prostrata. Substances acting as stress markers were also the
most abundant in the Dg species of both associations. The highest hydrogen peroxide (H,0>)
levels were detected in G. maritima and A. prostrata, while the highest malondialdehyde
(MDA) levels were detected in P. australis, J. compressus, P. anserina, and P. distans. The
highest antioxidant enzyme activities were observed in Dg species of the Tm-Gm association,
i.e., catalase (CAT) activity in G. maritima and P. anserina and peroxidase (APX) activity in T.
maritima, P. australis, and P. anserina.

2.2. Plant associations morphological traits

The results of trait comparisons weighted by species cover averages for associations
demonstrated that the highest canopy (SL) was typical for Tm-Gm and the shortest for Sr (see
Fig. 1). The Tm-Gm association was also characterized by the highest RL and belowground
biomass (RFW and RDW), while the Sr association had the highest aboveground biomass (SFW
and SDW). The P-Ss association had the shortest RL and the lowest RFW.

Among the parameters related to leaves (see Fig. 1), the Tm-Gm association had the
highest LFW, LDW, single LM and LA. The highest NolL was recorded for the P-Ss association.
Thus far, the lowest leaves parameter values were observed for the Sr association. However,
the AA of this association was the highest. As mentioned, the Dg species of the Sr association
is S. europaea, the entire shoots of which have assimilation functions.

Fig. 2 compares individual association indices calculated based on morphological
parameters. The Sr association was characterized by the highest SWR, while the Tm-Gm
association had the highest RWR, LWR, SLA, and LDMC. The P-Ss association had intermediate
values in all cases except LDMC, which was similar to that of the Tm-Gm association.

The principal component analysis (PCA) and the correlation of traits with the
ordination axes (Fig. 3a and Table 2) revealed differences between the analysed associations
due to morphological traits. The first ordination axis (PC1) explained 54.3% of the trait
variability. It was positively correlated with most leaves parameters, such as LM, LFW, LDW,
LA, LDMC, SLA, LWR, and the SL and RWR characteristics of the Tm-Gm association. PC1 was
also strongly negatively correlated with SFW and SWR, with the highest correlation occurring
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for the Sr association. The second axis (PC2) explained 29.7% of the variance and was
positively correlated with AA, SDW, and RL; the correlations were stronger in the Sr and Tm-
Gm associations than in the P-Ss association. PC2 was most strongly negatively correlated with
NolL in the P-Ss association, for which the centroid was located in the lower part of the PCA
graph.

2.3. Plant associations biochemical traits

Fig. 4 summarizes biochemical traits related to photosynthetic pigment contents —
chla, chlb, chlt, and car; osmoregulation — prol and carbo; stress indicators — H,0, and MDA;
and antioxidant enzyme activities — CAT and APX. The parameters related to photosynthetic
pigment content were the lowest for Sr, intermediate for P-Ss, and highest for the Tm-Gm
association. The other parameters, except for MDA and prol, were highest for the Tm-Gm
association. MDA was the highest for the P-Ss association, while prol was the highest for both
of these associations. The lowest value for prol was obtained for the Sr association, and that
for carbo was obtained for the P-Ss association. The lowest values of stress indicators and
antioxidant enzyme activity were recorded for the Sr association. CAT activity was also low in
the P-Ss association.

PCA (Fig. 3b) and the correlation of traits with the ordination axes (Table 3) revealed
differences in the analysed associations due to biochemical traits. The first ordination axis
(PC1) explained 70.5% of the variability. It was positively correlated with the prol, MDA, and
car contents, which were highest in the P-Ss and Tm-Gm associations and lowest in the Sr
association. The second axis (PC2) explained 24.0% of the variance. It was positively correlated
with H20; content, APX activity, and chla, chlb, and chlt contents; the highest correlation was
observed in the Tm-Gm association, for which the centroid was located in the upper right part
of the graph, and the lowest was observed for the Sr association.
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180 Table 1. Diagnostic species within three typical inland salt-marsh associations in temperate Europe according to
181 Lubinska-Mielifiska et al. [16]

Associations Abbreviations | Diagnostic species
Class: Therosalicornietea o
) THE (see association /)
Tx. in Tx. et Oberd. 1958
Salicornietum ramosissimae Christiansen 1955 Sr Salicornia europaea L.
Class: Festuco-Puccinellietea o
, . FEP (see associations )
So6 ex Vicherek 1973
Triglochin maritima L.
Glaux maritima L. (= Lysimachia
Triglochino maritimae-Glaucetum maritimae maritima (L.) Galasso, Banfi &
Wilkon-Michalska 1963 ex Dité et al. ass. nov. Tm-Gm Soldano)
2022 Phragmites australis (Cav.) Steud.

Juncus compressus Jacq.
Potentilla anserina L.

L . . Spergularia marina (L.) Besser
Puccinellio-Spergularietum salinae

P-Ss Puccinellia distans (Jacg.) Parl.
(Feekes 1936) R.Tx. at Volk 1937

Atriplex prostrata Boucher ex DC.

182
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Figure 2. Comparison of indices calculated based on morphological traits for vegetation associations. Significantly

different groups (at p < 0.05), according to the Kruskal-Wallis test with Dunn post hoc comparisons, are denoted

by different letters. Abbreviations of associations: Sr — Salicornietum ramosissimae (n = 133), P-Ss — Puccinellio-

Spergularietum salinae (n = 134), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n = 56).
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Figure 3. Results of principal component analysis (PCA) showing the relationships between the analysed
associations and (a) morphological functional traits and (b) biochemical functional traits. The red star marks the
centroid of each group. Abbreviations of associations: Sr — Salicornietum ramosissimae (n = 133), P-Ss —
Puccinellio-Spergularietum salinae (n = 134), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n = 56).
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2.4. Key role of diagnostic species

To test the key role of Dg species, we compared data from the LEDA Traitbase [28]
based on weighted means of nine Dg species with weighted means of all species recorded in
the plots. We compared the five functional traits of the Sr, P-Ss, and Tm-Gm associations:
canopy height (CH), leaf size (LS), leaf mass (LM), leaf dry matter content (LDMC), and specific
leaf area (SLA). In all cases, except those involving LM, the results for the analysed associations
were identical (see Fig. 5). The results for the Sr and P-Ss associations calculated using data for
only Dg species showed no difference in LM, but when using data for all species, LM was clearly
lower for the Sr association. Despite these slight differences, the results indicate the key role
of Dg species in the functioning of plant communities in salt marshes.

We also validated the data from the LEDA Traitbase by comparing the results with
those based on field measurements. The LEDA CH can be considered equivalent to our SL, and
the LEDA LS is comparable to our 1LA. The other three parameters, LM, LDMC, and SLA, are
the same. The comparison showed that the weighted means of species traits, in general,
reflect differences in CH, LA, and LM between associations. The greatest differences between
the results were found for LDMC and SLA (Fig. S1). For LDMC, the highest value was obtained
for the P-Ss association based on measurements instead of the lowest, and for SLA, the P-Ss
and Tm-Gm associations switched places.
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Figure 5. Comparison of functional traits based on LEDA Traitbase data [28] for vegetation associations.
Significantly different groups (at p £ 0.05), according to the Kruskal-Wallis test with Dunn post hoc comparisons,
are denoted by different letters. Abbreviations of associations: Sr— Salicornietum ramosissimae (n = 133), P-Ss —
Puccinellio-Spergularietum salinae (n = 134), Tm-Gm — Triglochino maritimae-Glaucetum maritimae (n = 56).
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3. Discussion

3.1. Adaptive strategies

Our previous results [27] showed that persistence traits are the most important for
separating classes and associations among the vegetation of inland salt marshes in temperate
Europe. Moreover, the classes specific to salt marshes, Therosalicornietea and Festuco-
Puccinelietea, are the most sensitive to environmental changes due to their low persistence
and regeneration potential and thus need special attention in the protection process.
Therefore, we decided to take a closer look at the functional strategies of associations
representing both salt marsh classes, expanding the group of analysed traits to include more
of the most important traits responsible for persistence under salinity stress. We measured
morphological functional traits, which are the focus for most scientists when creating
databases with functional traits of plant species, e.g., the LEDA Traitbase [28] or the Clo-pla
database [29], and parameters of roots that are missing in databases. In addition, we extended
our research with biochemical parameters to better understand the relationships between
these traits and the functioning of leaves, which play an essential role in differentiating
associations in salt marshes [27]. Moreover, functional biochemical plant traits, which we
included as the novelty of our study, are currently unavailable in databases and are novel in
phytosociological studies. The results of the morphological trait analysis revealed significant
differences among the three considered associations. These differences were particularly
notable for various leaves parameters, including LWR, LFW and LDW, LM, SLA, LDMC, and LA,
as well as RWR and SL. Remarkably, the Tm-Gm association exhibited the highest values for
these parameters. The high dry and fresh weight values revealed relatively high biomass
production in this association. Therefore, habitats occupied by Tm-Gm are frequently
reported as pastures or hay meadows [30,31]. A high LA directly influences the highest SLA
[32]. Plants grown in resource-rich environments can increase their photosynthetic capacity
and productivity via higher SLAs [33]. SLA is linked to water use or survival strategies [34].
Plants adopt the strategy of smaller SLAs to improve stress resistance and competitive ability
in stressful environments [35] because large leaves tend to require greater biomass
investments per unit of LA than small leaves [36]. The relatively high LDMC in the Tm-Gm
association confirms, on the one hand, the higher productivity of this association [37] but, on
the other hand, the lower acquisitive strategy [38]. These results also prove the role of roots
in association productivity. The highest RWR in the Tm-Gm association was related to the
greatest ability to acquire water and nutrients from the soil [39]. An increase in roots
parameters such as length and weight indicates the plasticity of the plant, which is adapted to
salinity stress [40,41].

The highest values of AA, SFW, SDW, and SWR were characteristic of the Srassociation.
This association is dominated by the extreme halophyte S. europaea, whose reduced leaves
and succulent shoots take over during the assimilation process [42]. The fresh weight can be
affected by water accumulation, and a greater dry weight can be affected by ionic

accumulation [43]. The leaves reduction of this Dg species affects the low SLA of the
15/33

132



278
279
280
281
282
283
284
285
286
287
288

289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305

306
307
308
309
310
311
312
313
314
315
316

association, which proves that its stress resistance and competitive ability increase in stressful
environments [35]. A low LDMC in the Sr association indicates a rapid acquisition strategy in
leaves [38]. The P-Ss association was characterized by the greatest number of leaves related
to the physiognomy of the Dg species P. distans and S. marina [44,45]. This association had an
LDMC similar to that of the Tm-Gm association, which was lower than that of the Sr
association, indicating an acquisitive strategy in leaves [38]. All differences in traits between
associations could be related to the impact of salinity. It is well documented that an increase
in salinity, depending on the species and even variety, has a negative correlation with all
morphological traits of leaves, shoots, roots, and even flowers [46]. For example, Mohammadi
and Kardan [47] reported a noticeable response to increasing salinity, manifested by a
reduction in the dry mass of shoots and roots of selected halophytes.

The results of the biochemical trait analysis highlighted notable differences among the
considered associations, particularly in the prol and MDA contents, which were greater in the
P-Ss and Tm-Gm associations than in the Sr association. High prol accumulation is a
physiological response of plants to abiotic stress factors, which may be due to its synthesis,
reduced degradation, lower utilization, or protein hydrolysis [48]. In addition, under saline
conditions, there is an increase in the activity of prol synthesis enzymes, including pyrroline
carboxylic acid and glutamyl kinase [49]. A relatively high prol content can be due to plant
defence against high osmotic pressure in the soil solution, which allows water absorption
under high soil salinity. However, as shown in the example of S. europaea, the level of prol in
halophytes may be stable even with increasing salinity [42]. Some halophytes produce prol
analogues, e.g., glycine betaine, under salt stress to survive due to their ability to protect the
protein turnover machinery, stabilize proteins, and prevent enzymes from denaturing [50].
For glycophytic species, an increasing level of prol is observed with increasing salinity [51].
MDA is used to evaluate lipid peroxidation in cell membranes induced by salt stress [52,53,54].
A high MDA level can indicate greater oxidative stress under saline conditions [55], which can
be comparable for both the Tm-Gm and P-Ss associations in terms of lipid peroxidation and
lower for the Sr association.

Another marker of oxidative stress is H,0,, a reactive oxygen species (ROS) produced
in cells during normal aerobic metabolism. During the action of unfavourable external factors
(such as salinity), H20; is overproduced in plants, which can damage cell components and lead
to cell death [56,57,58]. A greater increase is observed in salt-sensitive plants than in salt-
tolerant plants under salt stress [53]. Our results demonstrated that the lowest oxidative
stress caused by H,0; was present in the Sr association, the stress caused by H.O; was greater
in the P-Ss association, and the stress caused by H,O; was greatest in the Tm-Gm association.
One of the elements involved in the response to oxidative stress is the induction of CAT and
APX, which are H,0;-metabolizing enzymes [56,57]. The highest activity of the mentioned
enzymes in the Tm-Gm association indicates the highest defence against oxidative stress
under salinity. Interestingly, APX activity was greater than CAT activity, demonstrating its

16/33

133



317
318

319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335

336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356

greater role in salt marsh vegetation. Cardenas Pérez et al. [42] reported similar results for the
halophyte S. europaea.

The photosynthetic pigment concentration related to productivity was greatest in the
Tm-Gm association, lower in the P-Ss association, and lowest in the Sr association. The
different responses of photosynthetic pigments to soil salinity levels have been reported in
the literature. In some species, a decrease in the level of chl or car was recorded under salt
stress, e.g., by Taibi et al. [59]. In others, an increase was observed but was not related to
increased productivity [60,61]. A decrease in chl content is considered a symptom of oxidative
stress [62]. This is related to the inhibition of chl synthesis and the activation of chl
degradation [63]. The results for S. europaea, the Dg species of the Sr association, confirmed
a decrease in chl content together with increasing salinity but not related to a decrease in
biomass production [42]. Car not only acts as a pigment but also as an antioxidant, and its high
content may indicate that its production is one of the most important protective mechanisms
against salinity stress in the Tm-Gm vegetation type [59]. Carbo acts together with prol as an
osmolyte responsible for the greater biochemical stability of cells. Research on various species
shows that an increase in the level of carbo is associated with greater plant resistance to
salinity [64,65]. Our results demonstrate that both prol and carbo play similar roles in the Sr
and Tm-Gm associations, while carbo plays a minor role compared to prol in the P-Ss
association.

PCA allows us to compare the functioning of the associations based on all analysed
traits together. However, to make this comparison clearer, we separated morphological and
biochemical traits. The first PCA axis of the morphological trait analysis can be interpreted as
a negative salinity gradient with Sr at the most saline sites and P-Ss and Tm-Gm at the least
saline sites, which has already been discussed. Such a sequence along the salinity gradient of
these associations has already been reported [16,17,45]. The second PCA gradient separating
the P-Ss association from the other two associations can be interpreted as a different strategy
of receiving resources—related to high RL and AA — resulting in relatively high SDW in the Sr
and Tm-Gm associations and, at the opposite axis end, the P-Ss association investing in higher
NoL. Taking into account biochemical parameters, the main differences between the
considered associations along the first PCA axis can be interpreted as a response to osmotic
stress, the latter expressed in the Sr association, where dominant species are adapted to
extreme salinity [42,66] and the most highly expressed in the P-Ss and Tm-Gm associations,
where the Dg species are less adapted to salinity and demonstrate more intensive defences.
This osmotic stress is most strongly related to the accumulation of prol but also to the
oxidative damage of lipids in cell membranes (MDA) and the protective response of car. The
biochemical factor related to the second PCA axis can be interpreted as a response to the
oxidative stress marked by H.0;, and the defence by APX was the highest in the Tm-Gm
association, where the Dg species are less adapted to salinity. A greater increase in H.0; and
APX in salt-sensitive plants than in salt-tolerant plants under salt stress has already been
reported [53].
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3.2. Validity of the databases

Our research indicated that results based on directly measured functional traits may
differ from those obtained based on average values from the databases. According to Kattge
et al. [67], plant traits are heterogeneous, have a low degree of standardization, and often
require auxiliary data to interpret the results, particularly in the context of biotic and abiotic
environmental stress. For habitats such as the analysed salt marshes, environmental factors
such as substrate parameters (e.g., salinity level) can be crucial [42,68,69]. Cardenas Pérez et
al. [42] showed that changing only the substrate salinity concentration may influence
fluctuations in both the morphological and biochemical traits of S. europaea. Such factors may
result in differences even within plants of the same age and within the same research area,
which may result in a mosaic of environmental parameters. Moreover, Cardenas Pérez et al.
[66] demonstrated that the local environment, i.e., maternal salinity, can determine trait
responses in the same species. Additionally, trait values may depend on the genotype or
ecotype of the plant species [13,70]. We found the greatest differences in the results based
on our own measurements and data from the LEDA Traitbase referring to LDMC and SLA. The
LDMC reflects an acquisitive strategy and may be related to population stability. Lower values
of LDMC can be interpreted as lower productivity related to the site of species collection but
a higher acquisitive strategy [37,38]. Majekova et al. [71] showed that higher LDMC values
might be related to greater population stability. The SLA also reflects adaptation to the local
environment. It is generally believed that plants grown in resource-rich environments use
higher SLA to enhance their photosynthetic capacity and productivity [33]. Species adapt to
smaller SLAs to improve stress resistance and competitive ability in stressful environments
[35,72]. Therefore, the SLA may strongly depend on the salinity level of the site where the
plants were collected. Independently of the trait data source, the results should be interpreted
with caution. For large datasets, average trait values from databases can be even better,
reflecting general differences and trends.
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3.3. Syntaxonomical integrity

Our results indicate the syntaxonomical integrity of inland salt marsh vegetation in
temperate Europe. The species composition of the syntaxonomical units distinguished based
on phytosociological principles [1] and statistical measures [6,16,73] reflects the different
strategies used by the analysed associations. Moreover, for the first time, we demonstrated
the key role of Dg species in linking phytosociological and functional vegetation approaches.
The Dg species, which reflect ecological relationships, constitute specific indicators of
syntaxonomical divisions according to the assumptions of Braun-Blanquet [1]. Even at the
lowest level of organization in the syntaxonomical hierarchy — associations — identifying Dg
species can be difficult [2]. With the use of the Cocktail method [73,74] and an expert
computer system [75], it is possible to obtain stable, repeatable, and consistent classification
outcomes, including Dg species identification, e.g., by Landucci et al. [76]. Our results
demonstrated that functional differences between associations are directly related to Dg
species rather than the whole species composition. This can make progress in research
focusing on association functioning by limiting measurements and calculations to a few Dg
species instead of all species. Additionally, our concept of phytosociological units as functional
units can be applied as a tool for the validation of existing phytosociological systems.

3.4. Conservation and protection implications

Our results highlight the importance of the legal protection of Dg species, which not
only constitutes the basis for the separation of syntaxonomical units but also, as we
demonstrated, plays a key role in the functioning of plant associations. Inland salt marshes are
legally protected in Europe under the Natura 2000 network as two habitat types: 1310 -
Salicornia and other annuals colonizing mud and sand and *1340 - Inland salt meadows
Glauco-Puccinellietalia [31,77]. However, the protection of these two habitats and their key
species should be integrated, which, unfortunately, is not always practised. An example is the
protection of vegetation in inland salt marshes in Poland. Habitats are protected under the
Natura 2000 network and as nature revers [20,78], but not all Dg species are legally protected.
Only three Dg salt-adapted halophytes, S. europaea., T. maritima, and G. maritima (Lysimachia
maritima) are protected by the law [79]. The other key halophytes in salt marsh associations,
such as S. marina, are unprotected. Of course, only rare specialists should be considered.
Although P. agustralis is included in a set of Dg species for the Tm-Gm association [16], it is a
common and expansive species and does not require protection. In addition, its expansion
may adversely affect more valuable and light-requiring species of typical halophytes, which
has been widely reported in the literature [19,80].

Most of the functional traits we analysed concerned growth parameters and leaves
dimensions, including these biochemical parameters, which are responsible for plant
persistence, especially in the context of salt stress [28]. Therefore, our results show that the
greatest attention when selecting protective treatments should be focused on sensitive
associations, i.e., Sr, followed by P-Ss and Tm-Gm. This confirms our previous findings reported

19/33

136



422
423
424

425

426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

454

455
456
457
458
459

by Lubinska-Mielinska et al. [27]. In this way, an approach based on functional traits may
facilitate the practical application of our research results to new protection strategies for
endangered habitats.

4. Materials and Methods

4.1. Plant material

We included three of the most common associations: Salicornietum ramosissimae (Sr),
Puccinellio-Spergularietum salinae (P-Ss), and Triglochino maritimae-Glaucetum maritimae
(Tm-Gm), which belong to two syntaxonomical classes typical of inland salt marshes. The list
of their Dg species, according to Lubinska-Mielinska et al. [16], is presented in Table 1 and
includes nine species in total, i.e., S. europaea, T. maritima, G. maritima (L. maritima), P.
australis, J. compressus, P. anserina, S. marina, P. distans, and A. prostrata. Plant samples were
collected on August 10, 2023, from the inland salt marsh in Inowroctaw, located in north-
central Poland (52°45'N, 18°13’E; Central Europe). This site was chosen because the three
selected associations are present in this relatively small area, forming a mosaic of small
patches. Moreover, strong soil salinity (>16 dS‘'m™?) has been stable in this area for several
years [81,82,83]. We dug out 15 individuals of each species together with a large layer of soil
around the roots and transported them to the laboratory in plastic bags to prevent moisture
loss. In the laboratory, leaves samples were immediately prepared for further biochemical
analyses, frozen in liquid nitrogen, and placed in a freezer at -80 °C. Morphometric analyses
were then carried out. Together with plants, soil samples (0-25 cm) were also collected, and
parameters were analysed by external services (see supplementary materials Table S3).
Because of the low saline groundwater table depth close to the surface, we reported the mean
values of the soil properties at this site. During the sampling period, the salinity was
approximately 36 dS'm™. Three of the nine analysed species are legally protected in Poland:
S. europaea., T. maritima, and G. maritima (L. maritima). Therefore, permission to collect and
work with the plants was provided by the Regional Director of Environmental Protection in
Bydgoszcz, number WOP.6400.9.2023.MWHK. The voucher specimen of the plant material has
been deposited in a publicly available herbarium of the Nicolaus Copernicus University in
Torun (Index Herbarium code TRN); the deposition number is not available (dr Dariusz
Kaminski undertook the formal identification of plant species). Collection of plant material
complies with relevant institutional, national, and international guidelines and legislation. All
methods were carried out in accordance with relevant guidelines.

4.2. Vegetation data

We used data from a database by Lubinska-Mielinska et al. [16] with vegetation plots
(relevés) for the three abovementioned syntaxonomical associations: Sr — 133 plots, P-Ss —
134 plots, and Tm-Gm — 56 plots, for a total of 323 plots. These data were used to calculate
weighted averages of the functional traits (community weighted means, CWMs) [84] for each

association based on the cover/abundance and measured parameters. To perform the
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calculations, we transformed the phytosociological data from the Braun-Blanquet [1] scale
into the van der Maarel [85] ordinal scale as follows: r=>1,+—>2,1->3,2->5,3>7,4->
8,5 = 9. Only nine Dg species [16], as mentioned above, were considered (see Table 1). Data
on the other species have been omitted. All species were considered only in comparisons
based on data from the LEDA Traitbase [28].

4.3. Morphological analyses

To evaluate morphological characteristics, 10 plants were randomly selected from
each species. Subsequently, measurements were taken for shoot length (SL) and root length
(RL) in centimetres (cm). Additionally, the number of leaves (NoL) was counted. Shoots fresh
weight (SFW), roots fresh weight (RFW), and leaves fresh weight (LFW) were assessed in grams
(g). Leaf mass (LM) was expressed in milligrams (mg). The dry weights of the shoots (SDW),
roots (RDW), and leaves (LDW) were determined after the samples were oven-dried at 80 °C
for 72 hours, as reported in g. Leaves area (LA) and assimilation area (AA) were scanned and
measured using digiShape 1.9 software [86], and the results are reported in square
centimetres (cm?). In the case of AA for S. europaea, the entire area of shoots was considered
to be affected by the assimilation functions. For T. maritima, the AA value is the LA multiplied
by two due to the double-sided structure of its leaves. A single ramet was measured as an
individual plant for ramet-producing species such as P. distans, T. maritima, P. australis, and
J. compressus. More details about the measurement methods are provided in Table S4.

Based on the measured parameters, five growth indices were calculated: shoot weight
ratio (SWR), root weight ratio (RWR), leaf weight ratio (LWR), leaf dry matter content (LDMC)

[mg/g], and specific leaf area (SLA) [cm?/g] according to the following formulas:
SDW

SWR = ]5;&7 (1)

where SDW is the shoots dry weight [g], and DW is the total dry weight [g].

RWR = 2¥ (2)
DW

where RDW is the roots dry weight [g], and DW is the total dry weight [g].

LWR =2 (3)
DW

where LDW is the leaves dry weight [g], and DW is the total dry weight [g].

LpMC = 2% (4)
LFW

where LDW is the leaves dry weight [mg], LFW is the leaves fresh weight [g],

SLA = =2 (5)

LDW

where LA is the leaves area [cm?], and LDW is the leaves dry weight [g].

Additionally, to compare the results based on our measurements with those based on
the LEDA Traitbase data, we recalculated our data to obtain the single leaf area (1LA)
expressed in cm? and the single leaf dry mass (1LDM) as the dry weight of one leaf according
to the LEDA protocol expressed in mg.
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4.4. Biochemical analyses

The biochemical traits related to photosynthetic activity, osmotic adjustment,
oxidative stress, and enzymatic activities were measured. All biochemical analyses were
performed with three replicates of 0.5 g fresh green leaves samples. In the case of S. europaea,
instead of leaves that are reduced in this species, the assimilation tissue of shoots was used
for measurements. Fresh plant material was frozen using liquid nitrogen and stored at -80 °C
except for carbo, where 0.1 g of dried sample was used.

4.4.1. Photosynthetic pigment content

The content of photosynthetic pigments, i.e., chlorophyll a (chla), b (chlb), total (chlt),
and carotenoid (car), was measured according to Lichtenthaler and Wellburn [87]. A total of
0.5 g of each fresh green leaves sample was ground in a liquid nitrogen mortar. Next, 10 ml of
80% acetone was added to the mortar with the ground sample and triturated until a green
liqguid was obtained. Then, the sample was transferred to a test tube and adjusted to a 10 ml
volume with 80% acetone. All the samples were centrifuged for 15 minutes at 5,000 RPM.
Absorption was measured at wavelengths of 663 nm, 646 nm, and 470 nm using a
spectrophotometer and 80% acetone as a blank. The pigment contents were calculated using
the following equations:

Chla = (((12.21- Abs 663) — (2.81 - Abs 646)) - ml Acetone)

mg plant sample [me/g FW] (6)
(((20-13 - Abs 646) — (5.03 - Abs 663)) - ml Acetone)
Chlb = [me/g FW] (7)

mg plant sample

((((1000 - Abs 470) — (3.27 - Chl a) — (104 - Chl b)) / 227) -ml Acetone)
Car = [mg/g FW] (8)

mg plant sample

The sum of chla and chlb was taken as the chlt content. The results are reported as milligrams
per gram of fresh weight [mg/g FW].

4.4.2. Proline content

The proline (prol) content was determined according to Bates et al. [88]. Each sample
(0.5 g) was ground in a liquid nitrogen mortar. Then, 10 ml of 3% sulfosalicylic acid was added
to the mortar with the crushed sample and further ground. Next, the sample was transferred
to a test tube. All the samples were centrifuged for 10 minutes at 13,000 RPM at 4 °C. Later,
2 ml of supernatant from each sample was transferred to a new tube, and 2 ml of ninhydrin
and 2 ml of glacial acetic acid were added. All the samples were placed in a water bath for one
hour at 100 °C. After cooling on ice, 4 ml of toluene was added to the test tubes, and the
samples were mixed. The absorbances of the samples were measured at 520 nm. Toluene was
used as a blank. The prol content was determined using the standard curve in the 0.5-4 mg/I
prol concentration range and equation y = 0.1964x + 0.0143, R? = 0.9748. The results are
reported as milligrams per gram of fresh weight [mg/g FW].

22/33

139



530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546

547
548
549
550
551
552
553
554
555
556
557
558

559
560
561
562
563
564
565
566
567
568

4.4.3. Total soluble carbohydrate content

To determine the total soluble carbohydrate (carbo) content in our samples, we used
the Sheligl method [89]. Plant materials (0.1 g of each sample) were used after oven-drying
for 72 hours at 80 °C. Each sample was ground into powder using an electric grinder and
mortar. The crushed samples were transferred to Falcon tubes, and 15 ml of warm 80% ethyl
alcohol was added. After mixing the samples, they were placed in a centrifuge for 10 min at
3,000 RPM. The solution was poured into Petri dish lids (5 cm in diameter) and placed for
60/90 minutes (until the alcohol evaporated completely) in a dryer at 50 °C-70 °C. Next, each
sample was rinsed from the bottom of the dish lid into a Falcon tube and 40 ml of distilled
water. Next, 5 ml of 5% ZnSO4 and 5 ml of 3% Ba(OH), were added to the test tubes. The
samples were centrifuged for 10 minutes at 3,000 RPM. Then, 2 ml of the supernatant was
transferred to another Falcon tube, and 1 ml of 5% phenol and 5 ml of 96-98% H,SO4 were
added. After 45 minutes of reaction, the absorbance was measured at 485 nm and mixture of
1 ml millilitre of phenol and 5 ml of H,SO4 was used as a blank. To obtain the results, a standard
curve for glucose was used in the range of 0-90 mg, with the following equation: y = 0.0091x
+0.0212, R? = 0.9808. The results are reported in milligrams per 100 g fresh weight [mg/100
g FW].

4.4.4. Hydrogen peroxide (H,0:) content

The hydrogen peroxide (H202) content was determined according to the method of
Velikova et al. [90]. The samples were ground in a mortar in liquid nitrogen. Next, 2 ml of 1%
TCA was added to each sample, and then ground further. Later, the samples were poured into
Eppendorf tubes and centrifuged for 10 minutes at 4 °C at 10,000 RPM. After that, 0.5 ml of
supernatant, 0.5 ml of 0.1 M potassium phosphate buffer, and 1 ml of 1 M potassium iodide
were added to new tubes. Potassium iodide was added in the dark. The samples were placed
in the dark on ice for one hour. The absorbance of the samples was measured at a wavelength
of 390 nm. We used 0.5 ml of 1% TCA, 0.5 ml of buffer, and 1 ml of potassium iodide as a
blank. We used a standard curve in the 0—40 nM H,0; concentration range and the equation
y =0.0615x + 0.0287, R? = 0.9954 to obtain the results. The results are reported as nanomoles
per gram of fresh weight [nmol/g FW].

4.4.5. Malondialdehyde (MDA) content

The malondialdehyde (MDA) content was measured according to Velikova et al. [90].
After grinding the sample in a mortar in liquid nitrogen, 2 ml of 1% trichloroacetic acid (TCA)
was added, followed by further grinding. Each sample was poured into Eppendorf tubes and
centrifuged for 5 minutes at 4 °C at 10,000 RPM. Next, 0.5 ml of the supernatant was
transferred to a new tube, and 1 ml of a mixture of 20% TCA and 0.5% thiobarbituric acid (TBA)
was added. The samples were placed in a water bath for 30 minutes at 95 °C. After that, the
samples were cooled on ice and placed in a centrifuge at 4 °C for 15 minutes at 10,000 RPM.
The absorbance of the supernatants was measured with a spectrophotometer at two
wavelengths — 532 nm for MDA and 600 nm — to determine changes caused by infection. A 1
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ml mixture of 20% TCA, 0.5% TBA and 0.5 ml of 0.1% TCA was used as the blank. The MDA
content was calculated according to the following formula:

Abs 532 — Abs 600 | sample volume

MDA =

155 sample fresh weight +1000 [mmol/g FW] (9)

where the sample volume was 1.5 ml, and the sample fresh weight was 0.5 g. The results are
given as millimoles per gram of fresh weight [mmol/g FW].

4.4.6. Soluble protein content

The protein content was measured according to the Bradford method [91]. The
samples were crushed in a mortar with liquid nitrogen and transferred to Eppendorf tubes.
Next, 1 ml of extraction buffer (consisting of a buffer and Tris, EDTA, Triton, and DDT) was
added. The samples were subsequently centrifuged for 30 minutes at 12,000 RPM at 4 °C. The
protein content was measured after adding 3 ml of Bradford’s reagent to new tubes and
adding 100 ul of the supernatant. They were allowed to complete the reaction for 30-60
minutes. The absorbance was measured at a wavelength of 595 nm. Bradford's reagent was
used as a blank. The results were used to express the enzyme activity (ascorbate peroxidase
and catalase) in the samples. For this purpose, a standard curve was determined for protein
concentrations in the range of 0-120 ug/ml, using the equation y = 0.0088x + 0.0387, R? =
0.9906. The protein content is expressed in milligrams of protein per millilitre [protein mg/ml].

4.4.7. Specific catalase (CAT) activity

For measurements of catalase (CAT), we used the same samples used for the protein
measurements. The method of Aebi [92] was used. The absorbance was measured at 240 nm
in 1.5 ml of phosphate buffer supplemented with 4.51 ul of H,0, and 50 pl of the supernatant.
The mixture of phosphate buffer and 30% H.0; was used as a blank. The following formula
was used to calculate the enzyme content in ml of the sample:

AAbs " Tv ' D

Enzyme = 0 [u/ml] (10)

where:

AAbs — difference in absorbance (240 nm for CAT/290 nm for APX) of the sample after 30
seconds.

Tv — the volume of the spectrophotometer cuvette used for the measurement (2 ml).

D — possible dilutions of the measured sample.

E — extinction coefficient (39,4 for CAT/2,8 for APX).

Ev — sample volume used for measurement (0.05 ml).

The results of the protein content were used to report the results of CAT expressed in units
per milligram of protein [u/mg protein].

4.4.8. Specific ascorbate peroxidase (APX) activity
The same samples prepared for protein and catalase activity measurements were used
to measure ascorbate peroxidase (APX) activity according to the method of Nakano and Asada
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[93]. Absorbance measurements were performed at 290 nm by mixing 2 ml of phosphate
buffer, 100 pl of ascorbic acid, and 4.51 ul of 30% H,0, and 50 ul of supernatant. As a blank,
2 ml of phosphate buffer, 100 ul of ascorbic acid, and 4.51 ul of 30% H,0,were used. The same
formula as for CAT (above) was used to calculate the enzyme content per ml of the sample
[u/ml]. The results of the protein content were used to report the results of APX expressed in
units per milligram of protein [u/mg protein].

4.5, Statistical and multivariate analyses

All nine Dg species based on individual morphological and biochemical functional traits
were compared by one-way analysis of variance (ANOVA) with Tukey's post hoc comparisons
due to the normal data distribution according to the Shapiro—-Wilk test.

We compared trait weighted averages of three analysed associations using the
nonparametric Kruskal-Wallis test with Dunn post hoc comparisons for morphological data
and the parametric ANOVA test for equal means with Tukey’s post hoc comparisons for
biochemical traits, depending on the distribution of the data with the proven Shapiro-Wilk
test. We used the unconstrained ordination method to explore and visualize relationships
between these analysed associations regarding functional traits. Due to the high value of the
stress index (> 0.5) for biochemical data in the nonmetric multidimensional scaling (NMDS)
analysis, we decided to use principal component analysis (PCA) separately for morphological
and biochemical traits. We also correlated traits with the first two ordination axes using
Spearman’s correlation coefficient (rs) to determine the pattern of the main differences. Due
to the large variability in the morphological trait values resulting from the use of many specific
units, the data had to be standardized before ordination analysis, which was carried out using
MVSP 3.1 software [94].

To determine the role of Dg species in association functioning, we compared the
results of the CWMs calculated based on Dg species with the CWMs calculated based on all
species in the plots. We included CH, LS, LM, LDMC and SLA from the LEDA Traitbase [28] and
made comparisons via Kruskal-Wallis tests with Dunn's post hoc test.

To validate the results obtained from field measurements with the results based on
the LEDA Traitbase data [28], we compared three associations for nine Dg species using the
Kruskal-Wallis test with Dunn's post hoc comparisons. For all analyses, we used PAST 4.12
software [95].

5. Conclusions

Based on the morphological and biochemical functional trait analyses, we
demonstrated the different salinity resistance strategies of associations typical of inland salt
marshes in temperate Europe. The Tm-Gm association had the highest values of most
measured morphological parameters related to biomass production but also had the lowest
salt resistance, as indicated by the highest osmotic and oxidative stress and oxidative stress
responses. The Sr association was the best adapted to both osmotic and oxidative stress. The
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lowest levels of prol, H,02, MDA, and antioxidant enzymes indicated the prevention of their
overproduction. The P-Ss association has the smallest biomass production. This association
was similar to that of the Tm-Gm association in managing osmotic stress but more adaptable
to oxidative stress under soil salinity. The Dg species of the investigated associations play key
roles in the functioning of the associations because including all species does not change the
main research findings. Validation of the results based on data from a trait database revealed
differences in results referring to sensitive to the local environment parameters —
photosynthetic strategies (SLA) and resources acquisition (LDMS). Therefore, an approach
based on functional traits may facilitate the practical application of our research results to
new approaches and protection strategies for endangered habitats.
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Figure S1 Comparison of functional traits based on own measurements and the LEDA Traitbase
data (Kleyer et al., 2008) for vegetation associations with nine diagnostic species data only.
Significantly different groups, according to the Kruskal-Wallis test with Dunn post hoc
comparisons, are denoted by different letters at p < 0.05. Abbreviations of associations: Sr —
Salicornietum ramosissimae (n = 133), P-Ss — Puccinellio-Spergularietum salinae (n = 134), Tm-
Gm — Triglochino maritimae-Glaucetum maritimae (n = 56), (L) — means that the data comes
from the Leda Traitbase.

Kleyer, M., Bekker, R. M., Knevel, I. C., Bakker, J. P., Thompson, K., Sonnenschein, M., et al. (2008). The LEDA Traitbase: a
database of life-history traits of the Northwest European flora.Journal of ecology, 96(6), 1266-1274.
https://doi.org/10.1111/j.1365-2745.2008.01430.x
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Table S3 The soil properties in the root zone in the sampling site (north-central Poland, Central
Europe; 52°45'N, 18°13'E). Abbreviations of averaged soil sample properties: SP — moisture of
soil saturated paste, EC. — electrical conductivity of soil saturated extract, pHe — reaction of
soil saturated extract, Corg — Organic carbon, Ny—total nitrogen.

Parameters Values
Depth [cm] 0-25
Current soil moisture [%] 57.5
SP [%] 127.4
ECe [mS/cm] 36.0
pHe 7.3
Corg [%] 7.54
N: [%] 0.555
C/N 14
CaCoOs [%] 35.2
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5. Dyskusja — najwazniejsze zagadnienia

5.1. Klasyfikacja syntaksonomiczna

W ramach niniejszej pracy doktorskiej (pierwsza publikacja) sklasyfikowano
roslinno$¢ wystepujaca na solniskach $rédladowych kierujac sie¢ koncepcja Braun-
Blanqueta (Braun-Blanquet, 1964). Oprocz znanej juz z obszaréw zasolonych roslinno$ci
reprezentujgcej klasy THE i FEP (Mucina i in., 2016), jako integralne czesci solnisk
srodladowych zidentyfikowano siedem klas reprezentujacych inne typy roslinnosci
(Ruppietea maritimae — RUP, Polygono-Poetea annuae — POL, Artemisietea vulgaris —
ART, Potamogetonetea — POT, Bidentetea — BID, Phragmito-Magnocaricetea — PHR
i Molinio-Arrhenatheretea — MOL). Jednak na solniskach klasy te wykazaly si¢ pewng
specyfika. Mianowicie, pule typowych dla nich gatunkéw wzbogacity rosliny uznane
za gatunki Dg, stale (Cs) i dominujagce (Dm) dla roslinno$ci charakterystycznej
na solniskach, w tym halofity. Rosliny te uwazane sg za ograniczone do waskiego
spektrum warunkow S$rodowiskowych, a tymczasem moga wykazywaé stosunkowo
szerokie reakcje ekologiczne. Przyktadowo uzyskane wyniki pokazaty, ze gatunek
0 najwyzszej tolerancji na zasolenie S. europaea wystepowal w ptatach roslinnosci trzech
klas typowych dla terenéw niezasolonych (ART, PHR i MOL). Takie szerokie spektrum
reakcji gatunkoéw jest zgodne z ustaleniami Piernik (2003a, 2012), ktora wykazata,
ze na glebach niezasolonych lub lekko zasolonych mozna zaobserwowac nawet halofity
obligatoryjne, do ktoérych wiasnie nalezy S. europaea (Wilkon-Michalska, 1963, 1970).
Wynika to z duzej tolerancji tych gatunkéw na wahania poziomu zasolenia gleby
i decyduje o specyfice badanej roslinnosci. Z drugiej strony powszechna obecnosé
na solniskach klas ro$linnosci typowych dla terenéw niezasolonych spowodowana
jest stosunkowo duzg odpornoscig na zasolenie wielu gatunkow glikofilnych roslin.
Na solniskach czesto spotyka si¢ ptaty roslinnosci o charakterze przejSciowym, reagujace
na lokalne warunki $rodowiskowe, ktéore maja nieco odmienny sktad gatunkowy
niz uznany za charakterystyczny. Pomimo obecnego stosowania metod numerycznych,
wplywa to na trudnosci w klasyfikacji przynaleznosci syntaksonomicznej takich ptatow,
poniewaz ostateczne decyzje dotyczace jednostek ro§linnosci pozostajg nadal subiektywne.
Jednak dzigki zaawansowaniu stosowanych narzedzi wszystkie te subiektywne decyzje
mogg by¢ sprawdzone 1 statystycznie uzasadnione (Tichy, 2002). Ponad 28%
przeanalizowanych w pracy zdjg¢ fitosocjologicznych zostalo zaklasyfikowanych

do siedmiu klas uznanych za nietypowe dla obszaréw zasolonych. Zatem w obliczu
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uzyskanych wynikow trzeba te grupy roslinnosci wzia¢ pod uwage jako integralng czesc

solnisk podczas planowania ich zarzadzania i ochrony.

5.2. Znaczenie czynnikow Srodowiskowych dla zréznicowania roslinnosci

Wyniki uzyskane w ramach pierwszej publikacji pokazaly, ze o rozmieszczeniu
ptatow zrdéznicowanej roslinnosci solnisk $rodladowych decyduja gradienty czynnikow
srodowiskowych, z ktoérych najwazniejszymi sg zasolenie, wilgotno$¢ gleby oraz
dostepnos¢ s$wiatta. Pozwolito to pozytywnie zweryfikowaé hipoteze badawcza
o zalezno$ci jednostek syntaksonomicznych ros$linnosci  $rodladowych  solnisk
od czynnikow Srodowiskowych. Uzyskane wyniki potwierdzaja, ze z najwyzszym
zasoleniem gleby najbardziej powigzana jest roslinno$¢ klasy THE, a nastepnie FEP.
Ponadto pokazuja, ze klasa PHR moze obejmowac roslinnos¢ nie tylko odporng na wysoka
wilgotnos$¢ gleby, lecz réwniez na do$¢ wysokie zasolenie i preferuje stosunkowo wysoka
zawarto$¢ azotu w glebie. Jest to wazne, poniewaz wysoka dostgpnos¢ azotu moze
zwigksza¢ tolerancje gatunkow na zasolenie (np. Sikder i in., 2020). Klase MOL
reprezentuje roslinno$¢ o zdecydowanie mniejszej odpornosci na zasolenie, jednak
na solniskach $roédladowych jej wymagania S$rodowiskowe zdaja si¢ pokrywac
z wymaganiami klasy PHR. Moze to oznaczaé, ze grupa zdj¢¢ zaklasyfikowana do klasy
PHR obejmuje dawne taki porosnigte przez P. australis w wyniku zaprzestania
ich uzytkowania (Bosiacka i in., 2011). W zr6znicowaniu zespotéw roslinnych
najwazniejszg role odgrywaja rowniez zasolenie, dostepnos¢ Swiatla 1 wilgotnosé, ale takze
odczyn 1 zawarto$§¢ materii organicznej w glebie. Warto podkresli¢, ze wyniki analiz
dyskryminacyjnych na bazie danych wykorzystujacych EIV  reprezentujacych
dhlugoterminowe warunki srodowiskowe oraz pomiary terenowe reprezentujacych warunki
czasowe w tym przypadku pokrywaja si¢. Ponadto wyniki uzyskane dla poszczegolnych
zespotéw na podstawie EIV znajduja potwierdzenie w literaturze z innych stanowisk
srodladowych w  Europie (Dit¢ i in.,, 2021, 2022). Zespot Sr charakteryzowat
si¢ najwyzszym EIV zasolenia, wilgotnosci 1 odczynu gleby w poréwnaniu do pozostatych
zespotow. Charakterystyczne dla tego zespolu wysokie zasolenie gleby zostato rowniez
potwierdzone analizami opartymi na pomiarach glebowych. Jako kolejny w gradiencie
zasolenia znajdowat si¢ zespot P-Ss, ktory charakteryzowaty rowniez stosunkowo niskie
wymagania wilgotnosci i preferencje do stosunkowo wysokiej zawartosci azotu W glebie.
P-Ss w gradiencie zasolenia czesto wystepuje po zespole Sr (Piernik, 2006; Piernik

11n., 1996). Analizy na podstawie EIV pokazaty réznice w preferencjach zawartosci azotu
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wyzsze U zespotu Tm-Gm oraz wyzsze preferencje co do dostepnosci §wiatla 1 temperatury
w przypadku zespolu Scorzonero parviflorae-Juncetum gerardii (Sp-Jg). Wyjasnia
to wystepowanie tego drugiego zespotu w cieplejszym klimatcie Europy Zachodniej.
Jendak inni badacze (Dité i in., 2022) nie stwierdzili réznic pomiedzy Tm-Gm a znanym
z Niemiec Sp-Jg w preferencjach s$rodowiskowych na podstawie EIV. Natomiast
poréwnania parametrow glebowych pokazaty, ze ptaty Tm-Gm sa typowe dla gleb o duzej
zawarto$ci materii organicznej 1 wysokiej zawartosci azotu ogolnego, a zespot Sp-Jg
preferuje gleby mineralne. Ponadto stwierdzono znacznie wyzsze warto$ci zasolenia
I pH gleby w ptatach porastanych przez zespét Sp-Jg. Jest to zgodne z wynikami
dotyczacymi sktadu gatunkowego, poniewaz stwierdzono wyrazne rdéznice pomigdzy tymi
jednostkami, w tym wigksza liczb¢ gatunkow Dg preferujacych nizsze zasolenie

dla zespotu Tm-Gm.

5.3. Funkcjonalny wzorzec roslinnosci

Wyniki badan przeprowadzonych w ramach drugiej publikacji (manuskrypt)
zweryfikowaty pozytywnie hipotez¢ o odregbnosci poszczegodlnych jednostek roslinnosci
ze wzglgdu na charakterystyczne zbiory ich cech funkcjonalnych. Stwierdzono,
Ze znaczacy procent zroznicowania pomi¢dzy klasami roslinnos$ci na solniskach wyjasniaja
cechy odpowiedzialne za trwato$¢ roslin, takie jak SLA, CH, CI, LDMC, LM i C (Kleyer
I in., 2008). Wiele z nich zwigzanych jest z parametrami lisci, ktore zwykle sa ze soba
skorelowane i reprezentowane przez tzw. spektrum ekonomii lici rownowazace koszty
budowy liscia z potencjatem wzrostu (Diaz i in. 2016; Wright i in., 2004). Liscie jako
krytyczne miejsca fotosyntezy i transpiracji (Zhou i in., 2020) sa niezb¢dne do wymiany
materiatow 1 energii w uktadzie gleba-roslina-atmosfera (Ackerly i in., 2002). Otrzymane
wyniki pokazuja jednak, ze ich role sa rozpoznawalne nie tylko na poziomie
funkcjonalnym gatunkow, ale takze na poziomie syntaksonomicznym. Obnizenie SLA
ma pomaga¢ w lepszej odpornosci roslin na stres i ich wyzszej zdolnosci konkurencyjnej
w $rodowiskach stresowych (Long i in., 2011), poniewaz duze liscie zwykle wymagaja
wickszych inwestycji w biomas¢ na jednostk¢ LA niz mate (Milla i in., 2008). Z kolei
niskie wartosci LDMC zwigzane sg z szybka i zdobywczg strategig roslin (Poorter
i de Jong, 1999; Reich, 2014). Zatem nizsze SLA i LDMC u roslinno$ci typowej
dla solnisk sa powigzane ze zmniejszong transpiracjag i1 koniecznoscig utrzymania
rownowagi osmotycznej w warunkach stresu solnego (Richards i in., 2005). Wynika

to z najwiekszego udziatu gatunkow halofilnych przystosowanych do zasolenia w klasach
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THE i FEP. Niskie warto$ci wigkszosci cech odpowiedzialnych za trwato$¢ odnotowane
dla klas THE i FEP podkreslaja wrazliwo$¢ tych jednostek na zmiany $rodowiskowe.
Wskazuja na to nie tylko cechy zwigzane z lis¢mi, ale takze niski udziat gatunkéw
o wysokiej klonalnosci, ktéora wplywa na lepsze przystosowanie roslin do zaburzen
srodowiskowych (KlimeSova i in., 2016). Do klas THE i FEP warto$ciami cech
funkcjonalnych nawigzywata najbardziej klasa POT, ktora charakteryzowala si¢ réwniez
niskimi warto$ciami cech zwigzanych z trwaloscig (LA, LM, CH, LDCM), zdolnoscia
do rozprzestrzeniania (RH 1 TV), a nawet znacznie nizszg wartoscig cech zwigzanych
z regeneracja (SN i SNPS). Jednak w przeciwienstwie do THE i FEP, ten typ roslinnos$ci
charakteryzowat si¢ najwyzszymi wartosciami SLA, CI, C i SM. Klasy, POT i BID, zostaly
sklasyfikowane jako podobne do siebie ze wzgledu na podobne warto$ci prawie
wszystkich cech trwatosci (LA, LM, CH, LDMC, CI i C), wszystkich cech regeneracji
(SM, SN, SNPS) oraz wybranych cech zwigzanych ze zdolno$cig do rozprzestrzeniania
(TV). Roznity si¢ jednak istonie dwiema cechami: POT charakteryzowata si¢ wyzsza
wartoscia SLA a BID wyzsza RH. Duze podobienstwo cech funkcjonalnych wykazaty
klasy PHR i MOL. Analizy zmiennych s$rodowiskowych pokazaty, ze obie klasy
na solniskach zajmujg siedliska o podobnych wlasciwosciach, co moze wyjasnia¢
ich podobienstwo cech funkcjonalnych. Jednak PHR charakteryzuja znacznie wyzsze
wartosci LM i nizsze SLA, co wskazuje na jej przystosowanie do srodowiska bardziej
podmoktego. Wysoka wartos¢ CH u ro$linnosci klasy PHR, cechy niezwigzanej
ze spektrum ekonomicznym lisci (Diaz i in. 2016, Wright i in., 2004), takze stanowi
typowa adaptacje do terenéw podmoktych, gdzie rosliny wydtuzajg sie, aby zapewnic
dostegp tlenu do tkanek (Colmer, 2003). Najwyzsze wartosci cech zwigzanych
z klonalno$cig u roslinnosci klas PHR, MOL oraz POT sg zwigzane z adaptacja
do zaburzen $rodowiskowych (KlimeSova i in., 2016) i $wiadczg rowniez 0 duzym
potencjale ekspansji gatunkow charakterystycznych dla tych grup, np. P. australis
po zaprzestaniu koszenia i wypasu gk (Burdick i in., 2001; Wilkon-Michalska, 1970).

Stwierdzono, ze zroznicowanie pomiedzy zespotami przystosowanymi do zasolenia
w obrebie klas THE 1 FEP mozna w najwigkszym stopniu wyjasni¢ cechami
odpowiedzialnymi za trwatos¢ (SLA, CI i LDMC) i regeneracje (SN 1 SNPS; Kleyer
i1in., 2008). Najnizsze SLA odnotowano dla zespotu Sr, w ktorym gatunkiem dominujacym
jest S. europaea przystosowana do duzego zasolenia gleby poprzez prawie catkowita

redukcje lisci i duzg migzszo$¢ tkanek (Cardenas-Pérez i in., 2021). Najnizsze warto$ci
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SN cechuja zespoty Sp-Jg i Tm-Gm, co wskazuje na ich niskg zdolno$¢ do regeneracji
generatywnej (Rosbakh 1 in., 2018). Jednakze cechy zwigzane z masa i liczba nasion
wptywaja nie tylko na zdolno$¢ roslin do regeneracji, ale takze w pewnym stopniu
na ich zdolno$¢ do rozprzestrzeniania si¢ i reakcji na zaklocenia (Leishman, 2001;
Westoby i in., 2002). Najwyzszg wartos¢ LDMC odnotowano dla Sp-Jg, co mozna
interpretowa¢ jako wyzszg produktywnos¢ tego zespolu, ale takze nizszy potencjal
zdobywczy (Polley i in., 2022; Reich, 2014). Ponadto Majekova i in. (2014) wykazali,
ze wyzsze wartosci LDMC moga wigza¢ si¢ z wyzszg stabilnos$cig populacji. Zespoty
Sp-Jg i Tm-Gm wykazaly najwyzsze parametry klonalnosci, co wskazuje na ich lepsza
adaptacj¢ do zaburzen S$rodowiskowych (KlimeSovd i in., 2016). Najwyzsze SLA
i najnizszy LDMC cechujg zespoty Agrostio stoloniferae-Juncetum ranarii (As-Jr) i P-Ss,
co wigze si¢ ze strategia szybka i zdobywcza tych zespotow (Reich, 2014), a ich najwyzsze

SN wskazuje na najwyzszg zdolno$¢ do regeneracji generatywne;j.

5.4. Wplyw zmiennych srodowiskowych na cechy funkcjonalne

Przeprowadzone analizy $srodowiskowego wzorca cech funkcjonalnych roslinnosci
solnisk $rodladowych, wykonane w ramach drugiej publikacji (manuskrypt), wykazaty
istotny zwiazek pomiedzy cechami funkcjonalnymi a parametrami $rodowiskowymi,
W tym ze sposobem zarzadzania terenu. Pozwolilo to na ustalenie jakie czynniki
determinujg cechy poszczegolnych ptatow roslinnych na solniskach srodladowych. Wyniki
pokazuja, ze czynnikami najbardziej ograniczajagcymi ro$linno$¢ solnisk sg zasolenie
1 wilgotno$¢, ktore w istotny sposob wptywaja na cechy funkcjonalne gatunkéw (Minden
i in., 2012; Minden i Kleyer, 2015; Piernik, 2012). Czynniki te wyjasniajg najwicksza
czg¢$¢ zmiennosci cech funkcjonalnych analizowanej roslinnosci, co wskazuje na stusznos¢
przyjetego zatozenia, ze parametry Srodowiskowe ksztaltuja cechy. Wptyw uzytkowania
gruntow, w tym wczesniejszych form zarzadzania, na cechy zbiorowisk solniskowych
wykazali rowniez Batriu i in. (2015). Stwierdzono, ze zasolenie jest ujemnie skorelowane
z wigkszoscig cech funkcjonalnych, co skutkuje réznymi strategiami funkcjonowania
ptatow, np. spadkiem SLA oznaczajacym nizsza wydajnos¢ fotosyntezy, ale takze
spadkiem LDMC oznaczajacym strategi¢ Szybszego i bardziej intensywnego pozyskiwania
zasobow. Podobne wyniki uzyskano na solniskach nadmorskich (Minden i in. 2012;
Minden i Kleyer 2015).
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5.5. Rola funkcjonalna gatunkéw diagnostycznych

Hipoteze o odrebnosci funkcjonalnej analizowanych syntaksonéw zweryfikowano
pozytywnie rowniez w oparciu o tylko gatunki Dg w ramach trzeciej publikacji
(manuskrypt). Analizy bazujace na wykonanych pomiarach cech morfologicznych
ujawnity istotne roéznice pomig¢dzy trzema rozpatrywanymi zespotami ros§linnymi, ktore
byly szczegdlnie widoczne w parametrach lisci (LWR, LFW i LDW, LM, SLA, LDMC
i LA), a takze RWR i SL. Najwyzsze wartosci tych parametrow charakteryzowaty zespot
Tm-Gm. Siedliska zajmowane przez Tm-Gm sa czgsto okreslane jako pastwiska lub tgki
kosne (Jarocinska i in., 2023; Nienartowicz i Piernik, 2004b), co znajduje odzwierciedlenie
w relatywnie wysokiej produkcji biomasy wyrazonej wysokimi wartosciami $wiezej
i suchej masy. Wysoka warto$¢ LA w zespole Tm-Gm wplywa bezposrednio na najwyzsze
SLA (Zhou i in., 2020), co moze $wiadczy¢é o zajmowaniu przez ten zespot siedlisk
bogatszych w zasoby, gdzie wyzszy poziom SLA stuizy zwigkszeniu wydajnosci
fotosyntezy (Yao i in., 2016). Stosunkowo wysokie LDMC dla zespotu Tm-Gm potwierdza
z jednej strony jego wyzsza produktywnos¢ (Polley i in., 2022), a z drugiej oznacza nizszy
potencjal strategii zdobywczej (Reich, 2014). Wyniki potwierdzaja takze istotng rolg
korzeni w produktywnosci poszczegdlnych zespoldw. Najwyzszy RWR u Tm-Gm mozna
powigzaé z najwigksza zdolnoscig do pobierania wody i sktadnikow odzywczych z gleby
(Lopez i in., 2023). Wysokie wartosci parametrow korzeni (RL, RWR) s$wiadcza
o plastycznosci, ktora jest przystosowaniem do funkcjonowania w warunkach stresu
solnego (Alshiekheid i in., 2023; Arif i in., 2019). Zespot Sr, w ktorym dominuje halofit
obligatoryjny S. europaea o zredukowanych lisciach i pedach o duzej migzszosci, ktore
przejety funkcje asymilacyjne (Cardenas-Pérez i in., 2022b), charakteryzuja najwyzsze
wartosci AA, SFW, SDW i1 SWR. Na wyzsza §wieza mase¢ U Sr znaczacy wpltyw moze
mie¢ akumulacja wody w tkankach, natomiast na wyzsza suchg mas¢ akumulacja jonéw
(Pirasteh-Anosheh i in., 2023). Redukcja lisci u tego gatunku Dg wptywa na niskie SLA
catego zespotu Sr, co dowodzi jego odpornosci na zasolenie i $wiadczy o duzych
zdolnosciach konkurencyjnych w warunkach stresu (Long i in., 2011). Zespot P-Ss
charakteryzowat si¢ najwyzszg NoOL, co zwigzane jest z fizjonomig gatunkow Dg tego
zespotu — S. marina, P. distans i A. prostrata (Akcin i in., 2015; Piernik, 2006).

Wyniki  analiz  biochemicznych pokazaly wyrazne rdznice pomigdzy
rozpatrywanymi zespotami roslinnymi, w tym szczegdlnie w zawartosci proliny i MDA,

ktore byly wyzsze dla zespotow P-Ss i Tm-Gm niz dla zespotu Sr. Wysoka zawarto$¢

162



proliny jest odpowiedzig fizjologiczng roslin na czynniki stresu abiotycznego, ktoéra
ma na celu ochrong gatunku przed wysokim cisnieniem osmotycznym roztworu glebowego
i pozwala roslinie na wchianianie wody w warunkach zasolenia roztworu glebowego.
Zawarto$¢ MDA wskazuje na poziom peroksydacji lipidow w blonach komoérkowych
wywotywanej przez stres (Hnilickova i in., 2021). Wysoki poziom MDA w warunkach
zasolenia moze wskazywa¢ na wyzszy stres oksydacyjny (Wang i in., 2022).
W analizowanych zespotach porownywalny poziom MDA odnotowano dla Tm-Gm i P-Ss,
a nizszy dla zespotu Sr. Innym markerem stresu oksydacyjnego jest H.O, — reaktywna
forma tlenu (ROS) wytwarzana w komodrkach podczas normalnego metabolizmu
tlenowego. Jednak podczas dziatania niekorzystnych czynnikow zewnetrznych
(np. zasolenia) w roslinach dochodzi do jego nadmiernej produkcji, co moze uszkadzaé
komponenty komérek i prowadzi¢ do ich $mierci (Sofo i in., 2015; Slesak
I in., 2007). Wyzszy wzrost zawartosci H202 obserwuje si¢ u ro$lin wrazliwych
na zasolenie niz u tych tolerujacych warunki stresu solnego (Kumari i in., 2013).
Otrzymane wyniki pokazuja, ze najnizszy stres oksydacyjny wyrazony przez niski poziom
H>O> odnotowano dla Sr, wyzszy u P-Ss, a najwyzszy dla zespotu Tm-Gm. Jednym
z elementow odpowiedzi na stres oksydacyjny jest indukcja CAT i1 APX, ktore
sg enzymami metabolizujagcymi H20> (Sofo i in.,, 2015). Najwyzsza aktywnos$¢
wymienionych enzymoéw U ro$linno$ci zespotu Tm-Gm wskazuje na jej najwigksza
mobilizacje do obrony przed stresem oksydacyjnym w warunkach zasolenia. Co ciekawe,
aktywno$¢ APX byla wyzsza niz CAT, co sugeruje jej wigkszg rolg w obronie przed
stresem oksydacyjnym w przypadku roslinnosci solnisk (Cardenas Pérez i in., 2022b).
Z kolei najwyzsze stgzenie barwnikoéw fotosyntetycznych zwigzanych z produktywnoscia
odnotowano dla zespotu Tm-Gm, nizsze u P-Ss, a najnizsze w Sr. W literaturze opisano
rozng reakcj¢ barwnikow fotosyntetycznych u poszczegdlnych gatunkéw na wzrost
zasolenia gleby. U niektorych z nich w warunkach stresu solnego notowano spadek
poziomu chl lub car, (np. Taibi i in., 2016), a U innych wzrost, ale niezwigzany z wyzsza
produktywnos$cig (Borghesi i in., 2011; Lim i in, 2012). Spadek poziomu chl uznawany jest
za objaw stresu oksydacyjnego (Smirnoff, 1996), co wigze si¢ z hamowaniem syntezy chl
i aktywacja jego degradacji (Santos, 2004). Car petnia nie tylko role barwnikow, ale takze
przeciwutleniaczy, a ich wysoka zawarto§¢ moze wskazywacé, ze stanowig one jeden
z najwazniejszych mechanizméw ochronnych podczas stresu zasolenia u roslinno$ci
zespotu Tm-Gm (Taibi i in., 2016). Weglowodany dziataja wspolnie z proling jako

substancje osmoregulacyjne odpowiedzialne za wigkszg stabilno$¢ biochemiczng komorek.
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Badania roznych gatunkow wykazaly, ze wzrost poziomu weglowodanow wigze
si¢ z wigkszg odpornoscig roslin na zasolenie (np. Almodares i in., 2008). Uzyskane
wyniki pokazujg, ze zaré6wno prolina, jak i weglowodany odgrywaja podobng rolg
u zespotow Sr i Tm-Gm, podczas gdy weglowodany sa mniej istotne w pordéwnaniu

z proling dla zespotu P-Ss.

Gtowny gradient roznicujagcy cechy funkcjonalne analizowanych zespotéw mozna
interpretowa¢ na podstawie przeprowadzonych analiz ordynacyjnych jako gradient
zasolenia. Analiza PCA cech morfologicznych pogrupowata poszczeg6lne zespoty wzdtuz
pierwszej osi ordynacyjnej w kolejnosci Sr, P-Ss i Tm-Gm, co wskazuje wiasnie
na gradient zasolenia zgodnie z wcze$niej uzyskanymi wynikami analiz zrdéznicowania
poziomu zasolenia gleby w ptatach tych jednostek roslinnych (pierwsza publikacja). Drugi
gradient PCA oddzielajacy zespdt P-Ss od dwdch pozostatych, mozna interpretowac jako
odmienng strategi¢ pozyskiwania zasoboéw wyrazong wysokimi wartosciami RL i AA
u tego zespotu, a takze stosunkowo wysokim SDW u zespotow Sr i Tm-Gm oraz wyzsza
NoL u P-Ss. Analiza ordynacyjna cech biochemicznych pozwolita zidentyfikowac,
ze gldbwna przyczyna zroznicowania cech funkcjonalnych, wynikajaca z zasolenia gleby
moze by¢ stres osmotyczny. Pierwsza 0§ ordynacyjna analizy PCA wskazuje na silng
reakcje na stres osmotyczny, zwigzang z akumulacja proliny, uszkodzeniami
oksydacyjnymi lipidow w btonach komorkowych (MDA) i odpowiedzig ochronng
ze strony car. Ten glowny gradient wyraza si¢ w najstabszej odpowiedzi u zespotu
Sr, ktorego gatunki Dg sg przystosowane do ekstremalnego zasolenia (Cardenas-Pérez
i in., 2022a, 2022b) i najsilniejszej u zespotow P-Ss i Tm-Gm, ktorych gatunki Dg
sg stabiej przystosowane do zasolenia i wykazujg wyrazne strategie obronne. Za czynnik
zwigzany z druga osig ordynacyjng mozna przyja¢ odpowiedz na stres oksydacyjny
wyrazony w wysokiej zawartosci H2O2 i duzej aktywnosci APX u zespotu Tm-Gm, gdzie
gatunki Dg sg stabiej przystosowane do zasolenia (Kumari i in., 2013). Odnoszac to do
drugiego gradientu roznicujacego w wynikach analizy PCA cech morfologicznych,
wyksztalcenie adekwatnej strategii pozyskiwania zasobéw mozna powigza¢ z odpowiedzig

na stres oksydacyjny.

Wyniki poréwnania wartosci cech funkcjonalnych dla zespotoéw obliczone
na podstawie wszystkich gatunkéw 1 wytacznie gatunkéw Dg wykazaly, ze rdznice
funkcjonalne pomigdzy zespotami sg bezposrednio zwigzane z gatunkami Dg, a nie

z calym sktadem gatunkowym. Moze to spowodowaé postep w badaniach skupiajacych
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si¢ na funkcjonowaniu zespotéw roslinnych poprzez ograniczenie pomiaréw i obliczen
do kilku gatunkow Dg zamiast do wszystkich gatunkow. Dodatkowo, zaprezentowang
koncepcje analizy jednostek syntaksonomicznych jako jednostek funkcjonalnych mozna

zastosowac jako narzedzie do walidacji istniejacych systeméw fitosocjologicznych.

5.6. Zastosowania w ochronie roslinnosci solnisk srédladowych

Wyniki klasyfikacji syntaksonomicznej pozwolity wyrdzni¢é zespoly typowe
dla solnisk, z ktérych Sr mozna zaliczy¢ do podlegajacego ochronie na terenie Europy
siedliska 1310 (Nienartowicz i Piernik, 2004a), a pozostate cztery zespoly reprezentujace
klase FEP (P-Ss, Tm-Gm, Sp-Jg i As-Jr) do siedliska *1340 (Nienartowicz i Piernik,
2004b). Jak potwierdzaja przeprowadzone analizy, najwazniejszymi czynnikami
srodowiskowymi ksztaltujgcymi ten typ roslinnosci sg zasolenie i wilgotno$¢ podtoza,
ktore sa czesto ze sobg powigzane, poniewaz stone wody gruntowe moga by¢ zrodtem
zasolenia gleb zaré6wno na stanowiskach naturalnych, jak i przemystowych (Piernik
1 Hulisz, 2011). Dlatego ros$linnos$¢ stonolubna jest wrazliwa na wszelkie regulacje wodne,
ktore moga wpltywac rowniez na pH gleby i zawartos¢ materii organicznej w podtozu.
Co wiecej, badania Cizkovej i in. (2020) pokazaly, ze poziom wody moze mieé wplyw
na liczebno$¢ poszczegdlnych gatunkow halofitow na solniskach. Kolejnym istotnym
czynnikiem jest dostgpnos¢ $wiatta, co s$wiadczy o koniecznosci odpowiedniego
zarzadzania solniskami, np. poprzez regularne koszenie, a takze wypasanie zwierzat
gospodarskich. Zgryzanie i wydeptywanie roslin powigzane z wypasem wplywajg
na tworzenie wolnych przestrzeni dla gatunkéw jednorocznych, np. S. europaea
czy S. marina (Bakker i De Vries, 1992). Wypas jest najwazniejszy w przypadku niskich
gatunkow halofitow takich jak S. europaea, Suaeda maritima (L.) Dumort. i G. maritima
(Jensen, 1985).

Wedtug Cadotte 1 in. (2015) zespoty roslinne mozna przewidywaé na podstawie
ich cech funkcjonalnych. Otrzymane wyniki analizy cech funkcjonalnych pozwalaja
stwierdzi¢, ze klasy typowe dla solnisk, czyli THE 1 FEP, charakteryzuja si¢ niskim
potencjatem trwalosci. Z kolei biorgc pod uwage zespoly, najnizszy potencjat
co do trwalosci i regeneracji odnotowano dla Sr (Kleyer i in. 2008). Potwierdzaja
to zaréwno analizy cech funkcjonalnych zespotow przeprowadzone w oparciu o dane z baz
(Kleyer i in. 2008; Klimesova i in., 2017), jak i cech zmierzonych na materiale ro§linnym
zebranym w terenie. Jednostki te sg zatem najbardziej wrazliwe na zmiany srodowiskowe.

Duza czg$¢ zmienno$ci pomiedzy analizowanymi zespolami mozna tlumaczy¢ cechami
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zwigzanymi ze wspomniang regeneracja roslin, ktore opieraja si¢ na parametrach nasion.
Zespoty ro$linne na solniskach tworza gtownie niskie gatunki, ktorych nasiona
nie wyksztalcity szczegoOlnych adaptacji do rozprzestrzeniania na duze odleglosci.
Erfanzadeh 1 in. (2010) wykazali, ze cechy rozprzestrzeniania si¢ nie s3 czynnikami
ograniczajacymi kolonizacj¢ roslin na solniskach. Jednak warto zauwazy¢, ze badania nad
rekultywacja rezerwatu halofitow wykonane przez Lubinska-Mielinskg 1 in. (2022)
pokazaty, ze w miejscach oddalonych od ptatow roslinnosci halofilnej nasiona halofitow
nie wystepuja w glebowym banku nasion. Dodatkowo niska SM roslinnosci zespotow
Sr i P-Ss, charakterystycznych dla miejsc najbardziej zasolonych, moze mie¢ wpltyw
na ich niestabilno§¢ w glebowym banku nasion. Moze to generowa¢ problemy
z rekultywacja tych zespolow. Na solniskach gradient zasolenia moze by¢ silnym filtrem
sprzyjajacym duzej liczbie halofitow 1 ograniczajagcym gatunki glikofilne. Jednak wraz
ze spadkiem zasolenia kluczowe znaczenie ma kontrolowanie ekspansji wyzszych i przez
to bardziej konkurencyjnych gatunkéw o duzych zdolnosciach klonalnych jak wspomniana
wczesniej P. australis (Bosiacka i in., 2011). Kolejnym problemem w ochronie
1 odtwarzaniu ro$linno$ci solnisk $rodladowych jest fragmentacja krajobrazu i wyspowa
struktura siedlisk, ktore wplywaja na rdéznorodno$¢ funkcjonalng poszczegélnych
systemOow ro$linnych (Zambrano i in., 2019). Wedlug Minden i Kleyer’a (2015) utrata
kilku gatunkow typowych dla solnisk nadmorskich z niewielkiej ich puli, moze pociggnaé
za sobg utratg ich specyficznego skladu cech, co z kolei moze znaczaco zmieni¢ relacje
pomiedzy Srodowiskiem a wlasciwosciami ekosystemow roslinnych danego terenu.
Ta sama zalezno$¢ dotyczy solnisk srodladowych 1 dlatego tak wazna jest ich skuteczna
ochrona. Podczas planowania dziatan ochronnych nalezy zatem zwrdci¢ szczeg6lng uwage

na jednostki najwrazliwsze pod wzglgdem funkcjonalnym.

Wyniki przeprowadzonych badan zwracaja rowniez uwage na znaczenie ochrony
prawnej gatunkoéw Dg, ktére stanowig nie tylko podstaw¢ wyodrebniania poszczegdlnych
jednostek syntaksonomicznych, ale takze, odgrywaja kluczowa role¢ w funkcjonowaniu
zespotow roslinnych na solniskach $rodladowych. Nalezaloby zintegrowa¢ ochrong
siedlisk 1 ich kluczowych gatunkéw, co niestety nie zawsze jest praktykowane. Przykladem
moze by¢ brak ochrony gatunkowej halofitu S. marina na terenie Polski (Dziennik Ustaw,
2014 — poz. 1409). Oczywiscie nalezy bra¢ pod uwage tylko rzadkie i wyspecjalizowane
gatunki, szczegélnie zaliczane do halofitow. Przykladowo pomimo, ze P. australis

zaliczono do grupy gatunkow Dg zespolu Tm-Gm to jest to gatunek pospolity
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i ekspansywny, ktory nie wymaga ochrony prawnej (np. Bosiacka i in., 2011; Burdick
i in., 2001).

Na koniec warto podkresli¢, ze zarowno W zarzadzaniu, jak i skutecznej ochronie
roslinnosci  europejskich solnisk  $§rodladowych najwazniejsze jest odpowiednie
zaangazowanie 0sOb odpowiedzialnych za tereny chronione, ktore zapewnia
systematyczne prowadzenie aktywnych zabiegow (np. Lubinska-Mielinska 1 in., 2022).
Znane s3 od lat skuteczne dziatania imitujgce tradycyjny sposob uzytkowania gruntow,
gwarantujace nie tylko utrzymanie, ale i poprawg¢ kondycji roslinnosci solniskowej
(Brandes, 1999). Podejscie oparte na cechach funkcjonalnych moze przynies¢ praktyczne
zastosowanie zaprezentowanych wynikow badan w tworzeniu nowych strategii

zarzadzania, ochrony i rekultywacji tych zagrozonych siedlisk.
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6. Podsumowanie

Przeprowadzone w ramach niniejszej pracy doktorskiej badania pokazaty, ze oprocz
klas typowych takich jak THE i FEP na solniskach $rodladowych klimatu umiarkowanego
reprezentowana jest rowniez roslinnos$c¢ klas typowych dla siedlisk niezasolonych. Stanowi
ona integralng czeS¢ solnisk i zawiera w swoim skladzie gatunki halofilne.
Zidentyfikowano w sumie siedem takich klas: RUP, POL, ART, POT, BID, PHR i MOL.
W kwestii preferencji $srodowiskowych wyodrebnione klasy rdéznig sie najbardziej
pod wzgledem zasolenia, wilgotno$ci, dostepnosci §wiatta oraz zawartosci azotu w glebie.
Natomiast typowe zespoty solniskowe (Sr, P-Ss, Tm-Gm, Sp-Jg i As-Jr) r6znig si¢ rowniez
preferencjami co do odczynu podloza i zawartosci materii organicznej w glebie.
Otrzymane wyniki wskazujg zatem na duze zréznicowanie analizowanego typu
ro$linnosci. Ponadto uzyskane wyniki badan pokazaly, ze analizowane jednostki
syntaksonomiczne maja takze znaczenie funkcjonalne. Do najwazniejszych cech
funkcjonalnych decydujacych o odrgbnosci poszczegolnych klas i zespotéw solniskowych
nalezg parametry odpowiedzialne za trwalo$¢ gatunkow, ktoére na ogoél sa ujemnie
skorelowane z zasoleniem gleby i dodatnio z jej wilgotnoscig oraz z zaprzestaniem
koszenia 1 wypasu. Dodatkowo dla zespotéw istotne sa roéwniez cechy zwigzane
z regeneracjy. Pod wzgledem analizowanych cech funkcjonalnych najwigksza wrazliwos¢
na zmiany $rodowiskowe wykazaly jednostki typowe dla solnisk. Na podstawie
pogtebionych analiz zar6wno morfologicznych, jak 1 biochemicznych cech funkcjonalnych
zespotow solniskowych (Sr, P-Ss, Tm-Gm) stwierdzono, ze wykazuja one zrdznicowane
strategie odporno$ci na zasolenie. Otrzymane wyniki zwracaja uwage na kluczowsg role
gatunkow Dg w funkcjonowaniu analizowanych zespotow. Wskazuje to na koniecznosé
integracji ochrony catych siedlisk z ochrong gatunkowag halofilnych gatunkéw
Dg. Identyfikacja wymagan oraz nowe podejs$cie oparte na cechach funkcjonalnych moga
postuzy¢ do stworzenia efektywniejszych strategii zarzadzania, ochrony i rekultywacji
solnisk $rodladowych istotnych dla zachowania roéznorodnosci biologicznej w obliczu

nowych globalnych zagrozen.
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7. WhnioskKi

1.

Roslinnos¢ europejskich solnisk §rédladowych strefy umiarkowanej wykazuje duze
zroznicowanie, co odzwierciedla jej klasyfikacja syntaksonomiczna.

O rozmieszczeniu jednostek syntaksonomicznych w gradiencie $rodowiskowym
decydujg roézne czynniki, z ktorych dla klas najistotniejsze sa: zasolenie,
wilgotnos¢, dostepnos¢ Swiatta i zawarto$¢ azotu, a dla zespolow: zasolenie,
dostepno$¢ $wiatta, zawarto§¢ materii organicznej, odczyn oraz wilgotnosé
podtoza.

Wyodrgbnione jednostki sytaksonomiczne solnisk $rodladowych maja rowniez
znaczenie funkcjonalne.

Sposréd analizowanych cech funkcjonalnych najistotniejsze dla odrgbnosci
wyrdznionych klas i zespotow sg te odpowiedzialne za trwato$¢ roslin. Wykazuja
one ujemna korelacj¢ z zasoleniem gleby, a dodatniag z wilgotnosciag podtoza
oraz zaprzestaniem koszenia i wypasu. Na zréznicowanie zespolow wptyw majg
rowniez cechy zwigzane z regeneracja gatunkow.

Niski potencjat trwatosci i1 regeneracji klas THE i FEP oraz zespolu Sr wplywa
na ich najwigksza wrazliwo$§¢ na zmiany $rodowiska i wskazuje na koniecznosé¢
szczegolnego zainteresowania pod katem ich ochrony.

Poszczegolne zespoly typowe dla solnisk $rodladowych wykazujg zréoznicowane
strategie adaptacyjne do warunkoéw stresu zasolenia.

Gatunki diagnostyczne odgrywaja kluczowag role w funkcjonowaniu zespotow
ro$linnych solnisk $rodladowych, dlatego nalezy zintegrowa¢ ich ochrong
gatunkowg z ochrona siedlisk.

Zidentyfikowane wymagania i cechy funkcjonalne analizowanej roslinno$ci nalezy
wzig¢ pod uwage przy tworzeniu nowych strategii zarzadzania, ochrony

1 rekultywacji solnisk $§rodladowych.
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