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Streszczenie

Rodzime malze stlodkowodne Europy petnig wazne funkcje w ekosystemach
srodladowych, m.in. uczestniczg w filtracji wody, obiegu materii, stabilizacji podtoza
oraz tworzeniu mikrosiedlisk dla innych organizmow. Jednocze$nie naleza do grup
szczegblnie narazonych na presje¢ Srodowiskowa, poniewaz charakteryzuja si¢
ograniczong mobilno$cig, dlugim cyklem zyciowym i czesto niewielkg zdolnoscig do
szybkiej odbudowy populacji po zaburzeniach. Do gltownych zagrozen dla malzy
stodkowodnych naleza degradacja siedlisk, zmiany rezimu hydrologicznego,
zanieczyszczenia oraz gatunki inwazyjne.

Jednymi z najbardziej rozpowszechnionych inwazyjnych matzy stodkowodnych
s przedstawiciele rodzaju Corbicula. Moga osiaga¢ wysokie zaggszczenia, konkurowaé
z rodzimymi matzami o pokarm i przestrzen, a takze zmienia¢ struktur¢ podtoza przez
obecno$¢ zywych osobnikéw oraz nagromadzenie pustych muszli. Taka modyfikacja
podtoza moze wplywac na wybor siedliska, lokomocje 1 zagrzebywanie si¢ rodzimych
malzy. Malze z rodzaju Corbicula moga by¢ réwniez bardziej odporne na niektore
czynniki abiotyczne, w tym okresowe obnizanie poziomu wody i ekspozycje na
powietrze, co moze mie¢ znaczenie w warunkach nasilajacych si¢ susz hydrologicznych.

Gléwnym celem niniejszej rozprawy bylto okreslenie, w jaki sposob inwazja
matzy z kompleksu Corbicula (Corbicula complex) i susza hydrologiczna wplywaja na
funkcjonowanie rodzimych malzy stodkowodnych Europy. Funkcjonowanie to
rozumiano jako zespot odpowiedzi organizmoéw na presj¢ biotyczng 1 abiotyczng,
obejmujacy wybor siedliska, behawior, przezywalno$¢, wzrost, kondycje fizyczna,
rezerwy energetyczne (poziom glikogenu mierzony w nodze) oraz parametry rownowagi
oksydacyjno-antyoksydacyjnej: poziom peroksydacji lipidow — TBARS, mierzony w
nodze 1 watrobotrzustce, oraz catkowity poziom oksydantéw — TOS i antyoksydantow —
TAS, mierzone w watrobotrzustce. Badania przeprowadzono na rodzimych malzach
reprezentujacych dwie rodziny: Unionidae, tj. Unio tumidus 1 Anodonta anatina, oraz
Sphaeriidae, tj. Sphaerium rivicola. Malze z rodzaju Corbicula traktowano zar6wno jako
czynnik przeksztatcajacy podloze 1 oddziatujgcy na rodzime Unionidae, jak 1 jako takson
porownawczy wobec rodzimego S. rivicola w warunkach suszy hydrologiczne;.

W ramach rozprawy wykonano trzy prace badawcze. W pierwszej pracy
okreslono wpltyw zywych matzy z rodzaju Corbicula oraz ich muszli na wybor podioza,

lokomocj¢ i zagrzebywanie si¢ matzy U. tumidus i1 A. anatina. W drugiej pracy okreslono
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dlugoterminowe konsekwencje pigciomiesigcznej ekspozycji terenowej rodzimych
Unionidae na obecno$¢ malzy Corbicula, uwzglgdniajac przezywalnos¢, wzrost,
kondycje fizyczna, zawartos¢ glikogenu oraz wskazniki stresu oksydacyjnego. W trzeciej
pracy poréwnano wplyw suszy hydrologicznej na przezywalnos¢ i behawior rodzimego
S. rivicola oraz inwazyjnych matzy Corbicula, analizujagc reakcje na obnizanie poziomu
wody, ekspozycje na powietrze i wysychanie podioza.

Wyniki pierwszej pracy wykazaty, ze modyfikacja podtoza przez matze Corbicula
wptywata na wybor siedliska i behawior rodzimych matzy Unionidae. Unio tumidus 1 A.
anatina unikaty podtoza zmodyfikowanego przez zywe osobniki matzy Corbicula oraz
ich puste muszle. Unio tumidus unikat podloza z muszlami matzy Corbicula juz przy
zageszczeniu 1400 muszli m™2, natomiast 4. anatina reagowala przy zageszczeniu 2100
muszli m. Oba gatunki unikaty Zzywych osobnikow malzy Corbicula przy zageszczeniu
1400 osobnikéw m2. Na zmodyfikowanym podtozu matze rodzime pokonywaly wigksze
odlegloséci w poréwnaniu z kontrolag, co wskazuje na trudnosci w znalezieniu
odpowiedniego miejsca do osiedlenia si¢, 1 zagrzebywaly si¢ plycej lub wolniej niz w
kontroli. Wyniki te wskazuja, ze matze Corbicula moga oddziatywaé jako organizmy
modyfikujace siedlisko, ograniczajac dostgpnos¢ odpowiednich mikrosiedlisk dla
rodzimych Unionidae.

Wyniki drugiej pracy wykazaly, Ze pigciomiesigczna obecno$¢ malzy Corbicula
w warunkach terenowych nie spowodowala silnego efektu letalnego u rodzimych
Unionidae. Smiertelno$¢ A. anatina i U. tumidus byta niska i nie zalezata od obecnosci
matzy Corbicula ani od ogdlnego zageszczenia malzy. Wptyw malzy Corbicula ujawniat
si¢ jednak na poziomie reakcji subletalnych. U matzy 4. anatina wysokie zageszczenie
ograniczalo przyrost dlugos$ci muszli. Przyrost szerokosci muszli i mokrej masy byt
wigkszy w wariantach z matzami Corbicula niz w kontrolnych o takim samym ogdélnym
zageszcezeniu, jednak efekt ten najprawdopodobniej wynikal ze zmniejszenia presji
wewnatrzgatunkowej, a nie z bezposredniego pozytywnego wptywu maltzy inwazyjnych.
U A. anatina obecno$¢ malzy Corbicula 1 wigksze zaggszczenie zwigkszaly poziom
TBARS w nodze, natomiast w watrobotrzustce poziomy TOS i TBARS byly nizsze w
wariantach z matzami Corbicula niz w kontrolach. U malzy U. tumidus nie stwierdzono
zmian wzrostu ani kondycji fizycznej, a poziom TBARS w nodze obnizat si¢ przy
wysokim zageszczeniu oraz po dodaniu malzy Corbicula przy stalej biomasie Unionidae.
W wariancie wysokiego zageszczenia z matzami Corbicula u malzy U. tumidus

stwierdzono réwniez nizszy poziom TAS 1 wyzszy poziom glikogenu niz w pozostatych
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wariantach. Wyniki te wskazuja, ze dtugoterminowy wplyw matzy Corbicula na rodzime
Unionidae byt gléwnie subletalny, narzadowo i gatunkowo specyficzny, a silniejsze
koszty fizjologiczne wystapity u A. anatina.

Wyniki trzeciej pracy wykazaly wyrazne rdéznice w odpornosci na susze
hydrologiczng migdzy inwazyjnymi malzami Corbicula i rodzimymi S. rivicola.
Wszystkie osobniki matzy Corbicula przezyly 15 dni ekspozycji na powietrze, nawet
przy 2% zawarto$ci wody w podtozu. U S. rivicola 50% $miertelno$¢ zaobserwowano po
5,3 dniach ekspozycji na powietrze, przy zawartosci wody w podtozu wynoszacej 12%,
a 90% $miertelnos$¢ po 7,9 dniach, przy zawartosci wody w podtozu wynoszacej 8,5%.
Oba taksony roznity sie takze strategia behawioralng. Sphaerium rivicola aktywnie
przemieszczaty si¢ w kierunku bardziej wilgotnych stref, ale skutecznos$¢ tej reakcji
zalezala od dystansu do refugium. Malze Corbicula nie wykazywaly migracji
horyzontalnej za opadajaca woda, lecz pozostawaty w miejscu i zagrzebywaly si¢ glebiej
w podtozu. Oznacza to, ze S. rivicola stosowaly gtownie strategi¢ ucieczki, natomiast
matze Corbicula strategi¢ przeczekania niekorzystnych warunkow.

Podsumowujac, wyniki rozprawy wskazuja, ze matze z rodzaju Corbicula moga
wplywa¢ na rodzime malze stodkowodne na kilku poziomach. Po pierwsze, zmieniaja
fizyczna strukture podtoza, przez co ograniczajg dostgpnos$¢ odpowiednich mikrosiedlisk
oraz utrudniaja zagrzebywanie i lokomocj¢ rodzimych Unionidae. Po drugie, ich
obecno$¢ moze wywolywac reakcje subletalne, obejmujace wzrost, stres oksydacyjny i
gospodarke energetyczna. Po trzecie, wigksza odpornos¢ matzy Corbicula na wysychanie
podioza moze sprzyjac ich przewadze nad bardziej wrazliwymi gatunkami rodzimymi w
warunkach suszy hydrologicznej. Inwazje matzy z rodzaju Corbicula powinny by¢ wigc
rozpatrywane jako element zmian globalnych, ktorego skutki zaleza nie tylko od
interakcji biotycznych, ale takZze od czynnikéw abiotycznych, takich jak obnizanie

poziomu wody 1 wysychanie podtoza.
Stowa kluczowe: malze slodkowodne, malze Corbicula complex, Unionidae,

Sphaeriidae, Unio tumidus, Anodonta anatina, Sphaerium rivicola, inwazje biologiczne,

susza hydrologiczna, podtoze, stres oksydacyjny, kondycja, wzrost
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Abstract

European native freshwater bivalves play important roles in inland ecosystems, including
water filtration, matter cycling, substratum stabilisation and the creation of microhabitats
for other organisms. At the same time, they are among the groups particularly vulnerable
to environmental pressures because they are characterised by limited mobility, long life
cycles and often a low capacity for rapid population recovery after disturbances. The main
threats to freshwater bivalves include habitat degradation, changes in hydrological
regimes, pollution and invasive species.

Among the most widespread invasive freshwater bivalves are representatives of
the genus Corbicula. These clams can reach high densities, compete with native bivalves
for food and space, and modify substratum structure through the presence of living
individuals and the accumulation of empty shells. Such substratum modification may
affect habitat selection, locomotion and burrowing of native bivalves. Corbicula clams
may also be more resistant to some abiotic factors, including periodic water-level decline
and air exposure, which may be particularly important under conditions of intensifying
hydrological droughts.

The main aim of this doctoral dissertation was to determine how the invasion of
clams of the Corbicula complex and hydrological drought affect the functioning of
European native freshwater bivalves. Functioning was understood as a set of organismal
responses to biotic and abiotic pressures, including habitat selection, behaviour, survival,
growth, physical condition, energy reserves measured as glycogen content in the foot, and
parameters of oxidative—antioxidant balance, including lipid peroxidation measured as
TBARS in the foot and digestive gland, as well as total oxidant status (TOS) and total
antioxidant status (TAS) measured in the digestive gland. The study was conducted on
native bivalves representing two families: Unionidae, i.e. Unio tumidus and Anodonta
anatina, and Sphaeriidae, i.e. Sphaerium rivicola. Corbicula clams were treated both as
a factor modifying the substratum and affecting native Unionidae, and as a comparative
taxon in relation to the native S. rivicola under hydrological drought conditions.

Three research studies were conducted as part of the dissertation. The first study
assessed the effects of living Corbicula clams and their shells on substratum choice,
locomotion and burrowing of U. tumidus and A. anatina. The second study determined
the long-term consequences of a five-month field exposure of native unionids to the

presence of Corbicula clams, considering survival, growth, physical condition, glycogen
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content and oxidative stress indicators. The third study compared the effects of
hydrological drought on the survival and behaviour of the native S. rivicola and invasive
Corbicula clams by analysing responses to water-level decline, air exposure and
substratum drying.

The results of the first study showed that substratum modification by Corbicula
clams affected habitat selection and behaviour of native unionids. Unio tumidus and A.
anatina avoided substrata modified by living Corbicula clams and their empty shells.
Unio tumidus avoided substrata with Corbicula shells already at a density of 1400 shells
m~2, whereas A. anatina responded at a density of 2100 shells m™. Both species avoided
living Corbicula clams at a density of 1400 ind. m™=. On modified substrata, native
unionids travelled longer distances than in the control, indicating difficulties in finding a
suitable place to settle, and burrowed more shallowly or more slowly than in the control.
These results indicate that Corbicula clams may act as habitat-modifying organisms,
limiting the availability of suitable microhabitats for native unionids.

The results of the second study showed that the five-month presence of Corbicula
clams under field conditions did not cause a strong lethal effect in native unionids.
Mortality of A. anatina and U. tumidus was low and did not depend on the presence of
Corbicula clams or on the overall density of bivalves. However, the effects of Corbicula
clams were expressed at the level of sublethal responses. In 4. anatina, high density
reduced shell length growth. Shell width growth and wet mass gain were higher in
treatments with Corbicula clams than in controls with the same overall density, but this
effect most likely resulted from reduced intraspecific pressure rather than from a direct
positive effect of the invasive clams. In 4. anatina, the presence of Corbicula clams and
higher density increased TBARS levels in the foot, whereas TOS and TBARS levels in
the digestive gland were lower in treatments with Corbicula clams than in controls. In U.
tumidus, no changes in growth or physical condition were found, and TBARS levels in
the foot decreased at high density and after the addition of Corbicula clams at constant
unionid biomass. In the high-density treatment with Corbicula clams, U. tumidus also
showed lower TAS levels and higher glycogen levels than in the other treatments. These
results indicate that the long-term effects of Corbicula clams on native unionids were
mainly sublethal, organ- and species-specific, and that stronger physiological costs
occurred in A. anatina.

The results of the third study revealed clear differences in resistance to

hydrological drought between invasive Corbicula clams and the native S. rivicola. All

14



Corbicula individuals survived 15 days of air exposure, even at 2% water content in the
substratum. In S. rivicola, 50% mortality was observed after 5.3 days of air exposure, at
12% water content in the substratum, and 90% mortality after 7.9 days, at 8.5% water
content in the substratum. The two taxa also differed in their behavioural strategies.
Sphaerium rivicola actively moved towards more humid zones, but the effectiveness of
this response depended on the distance to the refuge. Corbicula clams did not show
horizontal migration following the receding water line, but remained in place and
burrowed deeper into the substratum. This indicates that S. rivicola mainly used an escape
strategy, whereas Corbicula clams used a strategy of remaining in place and enduring
unfavourable conditions.

In summary, the results of this dissertation indicate that clams of the genus
Corbicula can affect native freshwater bivalves at several levels. First, they modify the
physical structure of the substratum, thereby limiting the availability of suitable
microhabitats and hindering burrowing and locomotion of native unionids. Second, their
presence may induce sublethal responses involving growth, oxidative stress and energy
metabolism. Third, the greater resistance of Corbicula clams to substratum drying may
favour their advantage over more sensitive native species under hydrological drought
conditions. Invasions of clams of the genus Corbicula should therefore be considered a
component of global change whose effects depend not only on biotic interactions, but

also on abiotic factors such as water-level decline and substratum drying.
Keywords: freshwater bivalves, Corbicula clams, Unionidae, Sphaeriidae, Unio tumidus,

Anodonta anatina, Sphaerium rivicola, biological invasions, hydrological drought,

substratum, oxidative stress, condition, growth
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1. Wprowadzenie do podjetej problematyki badawczej
1.1. Inwazje biologiczne w ekosystemach slodkowodnych

Inwazje biologiczne nalezg do jednych z najwazniejszych wspodtczesnych czynnikéw
wpltywajacych na roznorodno$¢ biologiczng, strukture zespoldw organizmoéw oraz
funkcjonowanie ekosystemow (Vila i in. 2011; Simberloff 1 in. 2013; Pysek i in. 2020;
IPBES 2023). Proces ten rozpoczyna si¢ od wprowadzenia gatunku, podgatunku lub
nizszego taksonu poza jego naturalny zasieg geograficzny w wyniku dzialalno$ci
cztowieka (Richardson 1 in. 2000; Hulme 2009; Blackburn 1 in. 2011; Instytut Ochrony
Przyrody PAN, b.d.). Nie kazdy gatunek obcy przetrwa i zadomawi si¢ na nowym terenie,
jednak niektére gatunki tworza stabilne, rozmnazajace si¢ populacje i/lub wywieraja
negatywny wplyw na gatunki rodzime, siedliska i procesy ekologiczne, prowadzac do
znacznych zmian w ekosystemach (Vila i in. 2011; Blackburn 1 in. 2014; Jeschke 1 in.
2014; Pysek 1 in. 2020). Zgodnie z definicjg zawartg w Ustawie z dnia 11 sierpnia 2021
r. oraz w Rozporzadzeniu Parlamentu Europejskiego 1 Rady (UE) Nr 1143/2014 z dnia
22 pazdziernika 2014 r. - inwazyjny gatunek obcy oznacza gatunek obcy, ktorego
wprowadzenie lub rozprzestrzenianie si¢ zagraza biordznorodnosci i powigzanym
ustugom ekosystemowym lub oddziatuje na nie w niepozadany sposéb (Instytut Ochrony
Przyrody PAN, b.d.). W najnowszej ocenie IPBES (Summary for Policymakers of the
Thematic Assessment Report on Invasive Alien Species and their Control) inwazyjne
gatunki obce zostaty wskazane jako jeden z pieciu gtownych bezposrednich czynnikow
utraty réznorodnosci biologicznej na $wiecie (IPBES 2023).

Znaczenie inwazji biologicznych stale rosnie, poniewaz liczba gatunkéw obcych
notowanych poza naturalnym zasiggiem wystepowania nadal si¢ zwicksza 1 nie wykazuje
oznak globalnego nasycenia (Seebens 1 in. 2017; PySek 1 in. 2020). Wzrost ten jest
zwigzany przede wszystkim z intensyfikacja handlu mig¢dzynarodowego, transportu,
turystyki, akwakultury, przemieszczania organizmoéw uzytkowych i ozdobnych oraz
przeksztatcaniem srodowiska przez cztowieka (Hulme 2009; Seebens 1 in. 2017; Sardain
1 in. 2019; Cuthbert 1 in. 2021). Prognozy wskazuja, ze do potowy XXI wieku liczba
zadomowionych gatunkow obcych moze nadal znaczaco wzrastaé, przy czym
szczegoblnie silny wzrost przewidywany jest m.in. dla Europy (Seebens iin. 2021). Wzrost
liczby inwazji biologicznych ma réwniez wymiar ekonomiczny, poniewaz gatunki

inwazyjne generujag wysokie 1 stale rosngce koszty zwigzane m.in. ze stratami
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gospodarczymi, zarzadzaniem S$rodowiskiem, ochrong infrastruktury i ograniczaniem
skutkow ich rozprzestrzeniania (Diagne 1 in. 2021; Cuthbert i in. 2021).

Ekosystemy stodkowodne sg szczegdlnie podatne na skutki inwazji
biologicznych, poniewaz tacza wysoka réznorodnos$¢ biologiczng z silng presja
antropogeniczng, fragmentacjg siedlisk oraz naturalng izolacja wielu zbiornikow
wodnych (Dudgeon i in. 2006; Strayer 2010; Reid i1 in. 2019; Albert i in. 2021). Pomimo
tego, ze wody $rodladowe zajmuja 0,8% powierzchni Ziemi, odgrywaja
nieproporcjonalnie istotng role¢ w utrzymaniu globalnej réznorodnosci gatunkowej
(Dudgeon i in. 2006; Reid i in. 2019; Albert i in. 2021). Globalna ocena zagrozenia fauny
stodkowodnej wykazata, ze okoto jedna czwarta ocenianych gatunkow jest zagrozona
wyginigciem, a gatunki inwazyjne i choroby naleza do istotnych czynnikéw presji obok
zanieczyszczen, budowy zapér wodnych, poboru wody, przeksztalcen rolniczych i
nadmiernej eksploatacji (Sayer i in. 2025).

Wody srodladowe sa réwniez szczeg6lnie narazone na introdukcje i wtorne
rozprzestrzenianie gatunkow obcych ze wzgledu na sieciowy charakter polaczen
hydrologicznych. Naturalne rzeki oraz sztuczne kanaly moga dziala¢ jako korytarze
dyspersji, taczac wczesniej izolowane zlewnie 1 ulatwiajac przemieszczanie si¢
organizméw pomiedzy regionami biogeograficznymi (Leuven i in. 2009; Panov i in.
2009; Nunes i in. 2015). W Europie duze znaczenie majg zarowno drogi naturalne, jak i
szlaki stworzone lub przeksztatcone przez cztowieka, w tym kanaly zeglugowe, a takze
transport srodlagdowy, akwakultura, zarybienia, handel organizmami akwariowymi oraz
przypadkowe przenoszenie organizmow (Panov i in. 2009; Nunes 1 in. 2015; Lucy 1 in.
2020).

Oddziatywanie gatunkéw inwazyjnych w ekosystemach stodkowodnych moze
przebiega¢ wielotorowo. Do najczg$ciej opisywanych mechanizméw naleza:
konkurencja o pokarm 1 przestrzen, przenoszenie pasozytow i1 patogenow, hybrydyzacja
z gatunkami rodzimymi oraz modyfikacja sieci troficznych (Strayer 2010; Gallardo 1 in.
2016; Ricciardi i in. 2017; Cuthbert i in. 2021). Gatunki inwazyjne moga oddziatywac
bezposrednio poprzez interakcje z gatunkami rodzimymi oraz posrednio przez zmiang
dostgpnosci zasobdw, wlasciwosci fizykochemicznych srodowiska, struktury siedliska
lub przeptywu materii w ekosystemie (Crooks 2002; Strayer 2012; Gallardo 1 in. 2016;
Pysek i in. 2020).

Szczegodlnie istotng grupa sa gatunki inwazyjne pelnigce role inzynierow

ekosystemu. Organizmy takie zmieniajg dostepno$¢ zasobow dla innych gatunkow
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poprzez fizyczne, chemiczne lub biologiczne przeksztatcanie srodowiska (Jones i in.
1994; Crooks 2002; Romero i in. 2015). W ekosystemach stodkowodnych efekty
inzynierii ekosystemowej moga obejmowac zmiang struktury podloza, przejrzystosci
wody, obiegu biogendw, tempa sedymentacji materii organicznej, dostepnosci tlenu w
podtozu, stabilnosci dna oraz liczby mikrosiedlisk dostepnych dla organizmow
bentosowych (Gutiérrez i in. 2003; Vaughn 2018; Atkinson i in. 2020). W konsekwencji
wpltyw gatunku inwazyjnego moze utrzymywac si¢ nawet wtedy, gdy bezposrednie
interakcje miedzy osobnikami sg ograniczone, poniewaz zmienione siedlisko nadal
oddziatuje na organizmy rodzime (Jones i in. 1994; Crooks 2002; Strayer 2012; Romero
iin. 2015).

Ocena skutkow inwazji biologicznych jest ztoZzona, poniewaz wpltyw gatunkoéw
obcych moze ujawniaé si¢ na réznych poziomach organizacji biologicznej: od zmian
behawioru i parametrow fizjologicznych, wzrostu osobniczego, przezywalnosci i sukcesu
rozrodczego populacji, po przebudowe sieci troficznych (Parker i in. 1999; Blackburn i
in. 2014; Jeschke 1 in. 2014; Crystal-Ornelas 1 Lockwood 2020). Skutki inwazji nie
zawsze sg natychmiast widoczne, np. jako $miertelno$¢ organizméw rodzimych. Czgsto
wczesniej pojawiajg si¢ efekty subletalne, takie jak zmiana aktywnos$ci, sposobu
wykorzystania siedliska, tempa wzrostu, kondycji lub odpornosci na stresory (Strayer
2012; Ricciardi 1 in. 2013; Crystal-Ornelas 1 Lockwood 2020). Z tego powodu
wspoélczesne badania nad inwazjami biologicznymi coraz cze¢$ciej tacza analizy
mechanizmow behawioralnych, fizjologicznych oraz siedliskowych (Jeschke 1 in. 2014;
Dick 1 in. 2017; Ricciardi 1 in. 2017; PySek 1 in. 2020).

Z punktu widzenia ochrony roznorodnosci biologicznej kluczowe jest
rozpoznanie nie tylko samej obecnosci gatunkéw obcych, ale takze mechanizméw ich
oddzialywania na gatunki rodzime i funkcjonowanie ekosysteméw. Same dane o
rozmieszczeniu gatunku inwazyjnego nie pozwalaja przewidzie¢ skali jego wptywu.
Dlatego coraz wigksze znaczenie majg badania eksperymentalne 1 terenowe pozwalajace
okresli¢, jakie mechanizmy odpowiadajg za oddzialywanie gatunku inwazyjnego i ktore
aspekty funkcjonowania organizmow rodzimych moga by¢ przez nie modyfikowane

(Ricciardi 1 in. 2013; Dick 1 in. 2017; Ricciardi 1 in. 2017; PySek 1 in. 2020).

18



1.2. Inwazyjne malze z kompleksu Corbicula

Jedng z istotnych grup inwazyjnych bezkregowcoéOw ekosystemow stodkowodnych sg
matze, wsrdd ktorych szczegodlne znaczenie majg przedstawiciele kompleksu Corbicula
(Sousa i in. 2008; Strayer 2010; Lopes-Lima i in. 2018; Modesto i in. 2025a). Matze te
sg uznawane za jedne z najbardziej rozpowszechnionych i problematycznych matzy
stodkowodnych, poniewaz tworza liczne populacje poza obszarem rodzimego
wystepowania i mogg silnie wptywac na funkcjonowanie zajmowanych ekosystemow
(Sousa i in. 2008; Cuthbert i in. 2021; Modesto i in. 2025a). W literaturze uzywany jest
termin ,,.kompleks Corbicula”, poniewaz identyfikacja taksonomiczna tych malzy jest
utrudniona przez zmienno$¢ morfologiczng, hybrydyzacje oraz obecnos¢ réznych linii
inwazyjnych (Pigneur i in. 2011; Morhun i in. 2022; Modesto i in. 2025a).

Rodzimy obszar wystepowania inwazyjnych matzy Corbicula to Azja Wschodnia
1 Potudniowo-Wschodnia (Morton 1986; Araujo i in. 1993; Komaru i in. 2013; Modesto
11n. 2025a). Poza obszarem rodzimym matze Corbicula zostaty stwierdzone w Ameryce
Po6tnocnej, Ameryce Poludniowej, Europie 1 Afryce (Korniushin 2004; Gomes i in. 2016;
MacNeil 1 in. 2025). W Europie matze Corbicula zostalty po raz pierwszy opisane na
poczatku lat 80. XX wieku, kiedy Mouthon (1981) odnotowal ich obecno$¢ w rzece
Dordogne we Francji oraz w estuarium Tagu w Portugalii (Mouthon 1981; Araujo 1 in.
1993; Minchin 2014). Od pierwszych stwierdzen matze Corbicula rozprzestrzenily si¢ w
gléwnych europejskich systemach rzecznych, w tym w dorzeczach Renu, Dunaju, Laby,
Loary, Rodanu, Sekwany, Tagu, Douro oraz Wisty i Odry, wykorzystujac zaréwno
naturalne korytarze rzeczne, jak i polaczenia stworzone przez czlowieka (Araujo 1 in.
1993; Bij de Vaate i Hulea 2000; Marescaux i in. 2010; Minchin 2014; Nentwig 1 in.
2018). Aktualne zestawienia wskazujg, ze morfotyp C. fluminea wystgpuje w co najmnie;j
26 panstwach Europy, C. fluminalis w co najmniej 12, a C. leana w co najmniej 3
panstwach (Bodon i in. 2020; Szarmach i in. 2023; Modesto i in. 2025a).

Znaczny sukces inwazyjny matzy Corbicula wynika z potaczenia cech historii
zycia, plastycznosci ekologicznej 1 zdolnosci do szybkiego wykorzystywania dostepnych
siedlisk (McMahon 2002; Sousa 1 in. 2008; Modesto i in. 2025a). Do najwazniejszych
cech sprzyjajacych inwazji malzy Corbicula naleza: szybki wzrost, wczesne osigganie
dojrzatosci plciowej, samozaptodnienie, wysoka ptodno$¢ i krotki czas generacji, co
warunkuje mozliwo$¢ tworzenia populacji o wysokim zageszczeniu (do kilku tysiecy

osobnikéw na metr kwadratowy) 1 biomasie (nawet do 90% biomasy catego bentosu), co
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powoduje, ze staja si¢ dominujacym elementem makrozoobentosu (McMahon 2002;
Sousa i in. 2008; Caffrey i in. 2011; Ilarri 1 in. 2011; Pigneur i in. 2014; Modesto i in.
2025a).

Ekspansj¢ matzy Corbicula ulatwia takze szeroka tolerancja na warunki
srodowiskowe (McMahon 2002; Sousa i in. 2008; Modesto i in. 2025a). Matze te moga
wystepowa¢ w wodach ptynacych i stojacych, w siedliskach naturalnych i silnie
przeksztatconych, a ich rozmieszczenie jest zwigzane m.in. z temperaturg, natlenieniem,
predkoscig przeptywu, dostepnoscia pokarmu i granulacjg podtoza (Sousa 1 in. 2008;
Ferreira-Rodriguez i Pardo 2016; Urbanska i in. 2018; Kelley i in. 2022). Preferuja
drobnoziarniste podioza, takie jak piasek $redni (Szarmach i in. 2023), ale w naturze
wystepuja tez w innych siedliskach (Sousa 1 in. 2008; Bielanski 2022). Skrajnie niskie
lub wysokie temperatury oraz silne niedotlenienie moga prowadzi¢ do gwattownych
spadkéw liczebnosci populacji (McDowell 1 in. 2017; McDowell i Sousa 2019; Modesto
1 in. 2025a). Taka dynamika populacji typu ,,boom—bust”, obejmujaca szybki wzrost
liczebno$ci 1 okresowe masowe $nigcia malzy, moze istotnie oddziatywaé na
funkcjonowanie ekosystemu poprzez nagle zmiany ilo$ci materii organicznej, zuzycia
tlenu i uwalniania zwigzkow azotowych (Cooper i in. 2005; McDowell i Sousa 2019;
Modesto i in. 2025a).

Wptyw matzy Corbicula na rodzime matze moze obejmowac kilka mechanizméow
(Ferreira-Rodriguez i in. 2018; Modesto i in. 2021; Geist i in. 2025; Modesto 1 in. 2025b).
Po pierwsze, wysokie zageszczenia matzy Corbicula mogg prowadzi¢ do konkurencji o
pokarm 1 przestrzen, szczego6lnie tam, gdzie inwazyjne i rodzime matze wykorzystuja
podobne mikrosiedliska (Strayer 1999; Modesto i in. 2021; Hopper 1 in. 2022; Geist i in.
2025). Po drugie, filtracja prowadzona przez matze Corbicula moze ograniczad
przezywalno$¢ plemnikow 1 glochidiéw rodzimych Unionidae (Modesto i in. 2019). Po
trzecie, modyfikacja podloza przez zywe osobniki 1 muszle malzy Corbicula moze
zmienia¢ behawior rodzimych matzy, utrudniajac zagrzebywanie, przemieszczanie si¢ i
wybor odpowiedniego mikrosiedliska (Ferreira-Rodriguez i in. 2018; Bolam 1 in. 2019;
Szarmach 1 in. 2024). Po czwarte, oddzialywanie to moze ujawnia¢ si¢ na poziomie
subletalnym, poprzez zmiany wzrostu, kondycji, rezerw energetycznych lub parametréw
fizjologicznych, bez natychmiastowego wzrostu $miertelnosci (Fritts 1 in. 2015; Modesto
1in. 2025b; Szarmach i in. manuskrypt).

Pomimo rosnacej liczby badan nad matzami z kompleksu Corbicula, wiedza o ich

wplywie na rodzime malze stodkowodne pozostaje niepetna 1 fragmentaryczna (Geist i
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in. 2025; Modesto i in. 2025a). Dobrze udokumentowano globalng ekspansje¢, wysoka
inwazyjnos$¢, zdolnos¢ do osiagania duzych zageszczen oraz wplyw na filtracje, obieg
materii 1 struktur¢ siedlisk dennych. Jednak nadal brakuje kompleksowych badan
laczacych kilka pozioméw oddziatywania na rodzime matze, tj. behawior, $miertelnos¢,
wzrost, kondycje fizyczng oraz odpowiedzi fizjologiczne (Sousa i in. 2008; Chappell i in.
2019; Geist 1 in. 2025; Modesto i in. 2025a). Szczego6lnie istotne jest rozpoznanie, czy
modyfikacje podtoza indukowane przez zywe matze Corbicula 1 ich muszle przektadajg
si¢ jedynie na krotkotrwate zmiany behawioralne, czy tez moga prowadzi¢ do
dhlugoterminowych, subletalnych konsekwencji dla rodzimych Unionidae (Szarmach i in.
2024; Szarmach i in. manuskrypt). Uzupehienie tej luki jest wazne dla zrozumienia
mechanizmow wplywu inwazyjnych matzy Corbicula na rodzime matze stodkowodne
Europy oraz dla oceny, w jakim stopniu inwazyjne matze moga przyczyniac si¢ do dalszej

degradacji siedlisk dennych i spadku trwato$ci populacji gatunkéw rodzimych.

1.3. Rodzime malze stlodkowodne Europy

Rodzime malze stodkowodne Europy stanowig zrdéznicowana grupg organizmow
bentosowych, obejmujaca gatunki rdéznigce si¢ wielkoscig ciata, dlugo$cia zycia,
wymaganiami siedliskowymi, strategig rozrodczg oraz stopniem poznania ich ekologii i
rozmieszczenia (Lopes-Lima 1 in. 2017; Lopes-Lima 1 in. 2018; Halabowski 1 in. 2024;
Lopes-Lima 1 in. 2025). Szczegdlne znaczenie dla niniejszej rozprawy doktorskiej majg
przedstawiciele rodzin Unionidae 1 Sphaeriidae, poniewaz obejmuja one zaréwno duze
malze denne, jak i drobniejsze gatunki czgsto pomijane w badaniach monitoringowych i
znacznie trudniejsze w oznaczaniu (Lopes-Limaiin. 2017; Halabowski 1 in. 2024; Lopes-
Lima 1 in. 2025). Malze te narazone sg na liczne presje srodowiskowe wynikajace z
dziatalnosci czlowieka, w tym degradacje¢ siedlisk, regulacje rzek, fragmentacj¢ koryt,
budow¢ zapér, zanieczyszczenia, eutrofizacje, pobor wody, zmiany rezimu
hydrologicznego oraz oddziatywanie gatunkéw obcych (Lopes-Limaiin. 2017; Reid 1 in.
2019; Sousa i in. 2023; Aldridge 1 in. 2023).

Rodzina Unionidae nalezy do najwazniejszych grup rodzimych malzy
stodkowodnych Europy, ale jednocze$nie jest jedna z grup szczegdlnie zagrozonych
spadkiem liczebnos$ci (Lopes-Lima 1 in. 2017; Lopes-Lima 1 in. 2018; Sousa 1 in. 2023;
Aldridge 11n. 2023). Do przedstawicieli tej rodziny nalezg m.in. gatunki z rodzajow Unio

1 Anodonta, zasiedlajace rozne typy wod stojacych i ptynacych, w tym rzeki nizinne,
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jeziora, starorzecza 1 zbiorniki zaporowe (Lopes-Lima i in. 2017; Piechocki i
Wawrzyniak-Wydrowska 2016). Unionidae czesto osiggaja stosunkowo duze rozmiary
ciata 1 znaczng biomas¢ w zespotach bentosowych, przez co ich obecno$¢ moze istotnie
wptywac na filtracj¢, obieg materii oraz strukture siedlisk dennych (Vaughn 2018; Zieritz
iin. 2022).

Wrazliwo$¢ Unionidae na presje srodowiskowa wynika z potaczenia cech
biologicznych, ktore ograniczaja tempo odbudowy populacji po zaburzeniach
srodowiskowych (Lopes-Lima i in. 2017; Modesto i in. 2018; Sousa i in. 2023). Wiele
gatunkéw Unionidae charakteryzuje si¢ stosunkowo dlugim czasem zycia, powolnym
wzrostem, poéznym osigganiem dojrzatos$ci piciowej oraz ograniczong zdolnoscig do
szybkiego zwiekszania liczebnosci po spadkach populacyjnych (Haag 2012; Lopes-Lima
1in. 2017; Sousa i in. 2023). Wazng cechg Unionidae jest ztozony cykl zyciowy, w ktorym
larwy — glochidia — przechodza pasozytniczy etap rozwoju na odpowiednich gatunkach
ryb zywicielskich (Modesto i in. 2018; Rock i in. 2022; Rock i in. 2024). Sukces
rozrodczy Unionidae zalezy roéwniez od zachowania tacznos$ci siedlisk oraz warunkow
umozliwiajacych przezycie mlodocianych stadiow po odczepieniu od zywiciela (Lopes-
Lima i in. 2017; Modesto i in. 2018; Sousa i in. 2023). Unionidae charakteryzuja si¢
ograniczong mobilno$cia, przez co mozliwosci aktywnego unikania nagtych Iub
dhlugotrwatych zmian srodowiskowych sa niewielkie (Schwalb i Pusch 2007; Lopes-Lima
1in. 2017; Cushway i in. 2025).

Dane z ostatnich lat wskazuja, ze regresja populacji Unionidae w Europie dotyczy
nie tylko gatunkow od dawna uznawanych za rzadkie, ale takze gatunkow wczes$niej
traktowanych jako szeroko rozprzestrzenione, ekologicznie plastyczne lub lokalnie
stabilne (Lopes-Lima 1 in. 2017; Ollard 1 Aldridge 2023; Lopes-Lima i in. 2023).
Przeglady dotyczace stanu ochrony europejskich matzy stodkowodnych wskazuja na
spadki liczebnosci, fragmentacje zasiggdw oraz niedostatek aktualnych danych
monitoringowych dla wielu populacji Unionidae (Lopes-Lima 1 in. 2017; Sousa 1 in.
2023; Lopes-Lima 1 in. 2025). Unio tumidus Philipsson, 1788 1 Anodonta anatina
(Linnaeus, 1758), byly uznawane za stosunkowo szeroko rozprzestrzenione, jednak
aktualne oceny wskazujg na pogarszajacy si¢ stan ich populacji i potrzebe uwzgledniania
ich w badaniach nad oddzialywaniem presji srodowiskowych (Lopes-Lima 1 in. 2017;
Lopes-Lima i Pri¢ 2024a,b). Wedlug aktualnych ocen IUCN U. tumidus zostat
sklasyfikowany w Europie jako gatunek bliski zagrozenia, natomiast A. anatina jako

gatunek narazony na wygini¢cie (Lopes-Lima 1 Prié 2024a,b). Z tego wzgledu badania
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nad wptywem czynnikow $rodowiskowych na Unionidae sg istotne nie tylko w
konteks$cie ochrony najrzadszych, ale réwniez w odniesieniu do gatunkdéw wczesniej
postrzeganych jako relatywnie stabilne populacyjnie (Lopes-Limaiin. 2017; Lopes-Lima
1 Prié 2024a,b; Szarmach i in. 2024).

W odréznieniu od duzych Unionidae, Sphaeriidae obejmuja drobne matze, czgsto
trudniejsze do wykrycia i oznaczenia, przez co s3 znacznie stabiej reprezentowane w
badaniach (Halabowski 1 in. 2024; Lopes-Lima i in. 2025). Wiedza o rozmieszczeniu,
wymaganiach siedliskowych, trendach populacyjnych i znaczeniu ekologicznym
Sphaeriidae jest znacznie bardziej fragmentaryczna niz w przypadku Unionidae, co
utrudnia oceng ich rzeczywistej wrazliwosci na presje (Halabowski i in. 2024; Lopes-
Lima 1 in. 2025). Niewielkie rozmiary ciata, trudno$ci w oznaczaniu 1 rzadkie
uwzglednianie w standardowych programach monitoringu moga sprawiaé, ze
pogorszenie stanu populacji Sphaeriidae pozostaje stabiej widoczne niz regresja duzych
matzy Unionidae (Halabowski i in. 2024; Lopes-Lima i in. 2025).

Jednym z przedstawicieli Sphaeriidae jest Sphaerium rivicola, gatunek rodzimy
dla Europy i zwigzany gltownie z wodami wolno plynagcymi oraz drobnoziarnistymi
podtozami, takimi jak piasek, mut i it (Piechocki i Wawrzyniak-Wydrowska 2016;
Stanicka i in. 2025). Sphaerium rivicola (Lamarck, 1818) jest gatunkiem silnie zaleznym
od warunkow panujacych w strefie przydennej i w powierzchniowych warstwach podtoza
(Piechocki 1 Wawrzyniak-Wydrowska 2016; Halabowski i in. 2024; Stanicka i in. 2025).
Wedtug oceny IUCN gatunek ten zostat sklasyfikowany jako narazony na wyginigcie, a
jego populacja wykazuje trend spadkowy, co wskazuje na potrzebg glebszego poznania
czynnikow ograniczajacych jego wystepowanie (Prié i Lopes-Lima 2024). W poréwnaniu
z Unionidae, biologia i ekologia S. rivicola sa stabiej poznane, dlatego badania nad
reakcja tych malzy na presj¢ Srodowiskowa moga uzupetlnia¢ luke dotyczaca
funkcjonowania drobniejszych rodzimych matzy stodkowodnych Europy (Halabowski 1
in. 2024; Szarmach 1 in. 2026).

Wrazliwos$¢ rodzimych matzy stodkowodnych Europy oraz obserwowane spadki
wielu populacji wskazuja na potrzebe¢ badania czynnikéw, ktére moga dodatkowo
ogranicza¢ ich funkcjonowanie w zmieniajacych si¢ ekosystemach $rodladowych
(Lopes-Limaiin. 2017; Sousaiin. 2023; Aldridge 1 in. 2023). Szczegdlne znaczenie majq
presje zwigzane ze zmianami globalnymi, w tym inwazje biologiczne oraz zaburzenia
klimatyczno-hydrologiczne, poniewaz moga one oddzialywa¢ zaré6wno na

przezywalnos$¢, jak 1 na behawior, wzrost, kondycj¢ oraz procesy fizjologiczne malzy
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(Reid iin. 2019; Cushway i in. 2025; Szarmach i in. 2024). U organizmow o ograniczonej
mobilnosci presje niewywotujace natychmiastowej $miertelnosci moga prowadzi¢ do
zmian subletalnych, ktore z czasem moga wpltywac¢ na sukces rozrodczy i trwatosé
populacji (Fritts 1 in. 2015; Strayer 2017; Said i Nassar 2022). Z tego wzgledu ocena
wplywu inwazji biologicznych i czynnikoéw zwigzanych ze zmianami klimatu na rodzime
malze stodkowodne jest istotna nie tylko dla poznania mechanizméw ich reakcji na stres
srodowiskowy, ale takze dla ochrony rodzimej bior6znorodnosci i funkcji ekosystemow

srodladowych Europy (Vaughn 2018; Zieritz 1 in. 2022; Sousa i in. 2023).

1.4. Susza hydrologiczna jako czynnik stresowy dla malzy stodkowodnych

Zmiany klimatu nalezag obecnie do gléwnych czynnikéw przeksztatcajacych
funkcjonowanie ekosystemoéw stodkowodnych, poniewaz wplywaja na temperature
wody, rezim przeptywu, sezonowo$¢ opaddéw, wahania poziomu wody i czestos$¢ zjawisk
ekstremalnych (Reid 1 in. 2019; IPCC 2023; Dudgeon 1 Strayer 2025). W ekosystemach
srédladowych jednym z najwazniejszych skutkéw tych zmian jest wzrost znaczenia
okres6w niskiego przeptywu i obnizonego poziomu wody, ktéore moga prowadzi¢ do
suszy hydrologicznej (Van Loon 2015; IPCC 2023; Sonny i in. 2026). Susza
hydrologiczna w wodach §rédladowych oznacza dlugotrwaty deficyt wody w systemie
hydrologicznym, przejawiajacy si¢ m.in. obnizeniem przeptywu w rzekach, spadkiem
poziomu wody w jeziorach 1 zbiornikach, zmniejszeniem doptywu oraz ograniczeniem
facznosci migdzy fragmentami siedlisk wodnych (Tallaksen 1 Van Lanen 2004; Van Loon
2015; Sonny 1 in. 2026). Z punktu widzenia organizméw bentosowych szczegdlnie
istotnym skutkiem suszy hydrologicznej jest cofanie si¢ linii brzegowej, odstanianie
strefy przybrzeznej oraz wysychanie powierzchniowych warstw podloza, poniewaz
procesy te bezposrednio zmniejszaja powierzchni¢ dostgpnych siedlisk 1 moga prowadzi¢
do ekspozycji organizméw wodnych na powietrze (Crausbay i in. 2017; Poznanska-
Kakareko 1 in. 2017; Cushway 1 in. 2025; Szarmach 1 in. 2026).

Prognozy wskazuja, ze wraz z postgpujacym ociepleniem klimatu susze
hydrologiczne moga stawac sie czestsze, dtuzsze 1 bardziej intensywne w wielu regionach
swiata (IPCC 2023; OECD 2025; Sonny i in. 2026). Analizy te wskazuja rowniez, ze
zmiany moga mie¢ wyrazny charakter sezonowy, co jest szczegdlnie wazne dla

organizméw zwigzanych z plytkimi siedliskami przybrzeznymi, poniewaz okresy
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niskiego poziomu wody mogg naklada¢ si¢ na wysoka temperatur¢ i zwigkszone
parowanie (IPCC 2023; Sonny i in. 2026).

Susza hydrologiczna wplywa na ekosystemy stodkowodne nie tylko poprzez
zmniejszenie ilosci wody, ale takze przez zmiang wielu powigzanych parametrow
srodowiskowych (Rolls i in. 2012; Bogan i in. 2017; Machuca-Sepulveda i in. 2024).
Spadek przeptywu i poziomu wody zmniejsza heterogenicznos¢ siedlisk, moze izolowaé
fragmenty rzek lub zbiornikow oraz prowadzi¢ do koncentracji organizmoéw w coraz
mniejszych refugiach wodnych (Rolls i in. 2012; Bogan 1 in. 2017; Machuca-Sepulveda
1 in. 2024). W takich warunkach moze wzrasta¢ konkurencja o przestrzen i zasoby, a
jednoczes$nie zmienia¢ si¢ presja drapieznicza oraz struktura zespotéw organizmoéw
wodnych (Lake 2003; Rolls 1 in. 2012; Machuca-Septlveda i in. 2024). Dtugotrwaty niski
przeptyw moze réwniez pogarsza¢ warunki fizykochemiczne wody, poniewaz wyzsza
temperatura, stabsze mieszanie, mniejsza objetos¢ wody i1 wicksza koncentracja
substancji rozpuszczonych moga sprzyja¢ spadkom natlenienia (Gémez-Gener i in. 2021;
Hejduk 1 in. 2025).

Na skutki suszy hydrologicznej szczeg6lnie narazone s3 organizmy o
ograniczonej mobilno$ci, takie jak matze stodkowodne (Gough i in. 2012; Mitchell i in.
2018; Cushway i in. 2025). Jedna z podstawowych reakcji malzy na ekspozycje na
powietrze jest zamykanie muszli, ktore ogranicza utrat¢ wody, ale jednocze$nie zmniejsza
mozliwo$§¢ wymiany gazowej, filtracji 1 usuwania produktow metabolizmu (Byrne i
McMahon 1994; Giiler 2020; Wright i in. 2024). Przetrwanie poza woda moze wiec
wigza¢ si¢ z obnizeniem aktywno$ci metabolicznej oraz wykorzystaniem rezerw
energetycznych, co pozwala przezy¢ krotkotrwaly stres, ale moze mie¢ konsekwencje dla
p6zniejszej kondycji, wzrostu i reprodukcji (Byrne i McMahon 1994; Gough 1 in. 2012;
Cushway 1 in. 2025). Druga wazng reakcja jest zagrzebywanie si¢ w glebszych,
wilgotniejszych warstwach podioza, ktore moze ogranicza¢ utratg¢ wody 1 zmniejszac
narazenie na ekstremalne temperatury powierzchniowej warstwy podtoza (Golladay 1 in.
2004; Gough i in. 2012; Wright i in. 2024). Trzecia mozliwa strategia jest
przemieszczanie si¢ w kierunku cofajacej si¢ linii wody Ilub wilgotniejszych
mikrosiedlisk, jednak ta strategia jest skuteczna tylko wtedy, gdy odlegtos¢ do refugium
jest niewielka, tempo spadku poziomu wody nie przekracza mozliwosci
lokomotorycznych zwierzgcia, a struktura podtoza umozliwia ruch (Gough i in. 2012;

Mitchell 1 in. 2018; Cushway i in. 2025). Czwarta strategia taczy aktywne
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przemieszczanie si¢ w kierunku bardziej wilgotnych mikrosiedlisk z po6zniejszym
zagrzebywaniem si¢ w podtozu (Gough i in. 2012).

Gatunki lepiej przystosowane do wahan poziomu wody moga dtuzej przezywac
ekspozycje na powietrze, skuteczniej ograniczac utrate wody lub cz¢sciej wykorzystywac
zagrzebywanie jako strategi¢ przetrwania (Gough 1 in. 2012; Mitchell i in. 2018; Wright
1 in. 2024). Z kolei gatunki mniej odporne moga by¢ bardziej zalezne od mozliwosci
aktywnego przemieszczenia si¢ do refugium wodnego (Gough i in. 2012; Nakano 2018;
Wright i in. 2024).

Susza hydrologiczna moze réwniez zmienia¢ relacje miedzy gatunkami
rodzimymi i inwazyjnymi, poniewaz dziala jako filtr srodowiskowy faworyzujacy
organizmy lepiej przystosowane do obnizenia poziomu wody, ekspozycji na powietrze i
wysychania podtoza (Bogan iin. 2017; Reid 1 in. 2019; Cushway 1 in. 2025). Jesli gatunek
inwazyjny wykazuje wigkszg tolerancj¢ na warunki suszy niz gatunki rodzime, epizody
niskiego poziomu wody moga ostabia¢ populacje rodzime i jednoczesnie zwigkszacd
przewage gatunku inwazyjnego po ponownym nawodnieniu siedliska (Didham i in. 2007;
Sorte 1 in. 2013; Reid 1 in. 2019). W przypadku malzy stodkowodnych szczegoélne
znaczenie moze mie¢ poroOwnanie gatunkow wspotwystepujacych w podobnych
siedliskach, poniewaz roznice w przezywalnosci, mobilnosci i1 zdolnosci do
zagrzebywania moga decydowa¢ o tym, ktére gatunki pozostang w strefach
przybrzeznych po epizodach obnizonego poziomu wody (Gough i in. 2012; Mitchell 1 in.
2018; Cushway i in. 2025).

Mimo rosngcej liczby badan nad skutkami suszy hydrologicznej dla ekosystemow
stodkowodnych, reakcje matzy na spadek poziomu wody, odstanianie dna i wysychanie
podloza pozostaja stabiej poznane niz reakcje wielu bardziej mobilnych grup zwierzat
wodnych (Poznanska i in. 2015a,b; Cushway i in. 2025; Machuca-Sepulveda i in. 2024).
Brakuje poréwnan gatunkéw rodzimych i1 inwazyjnych malzy w podobnych warunkach
hydrologicznych (Poznafiska 1 in. 2013). Kluczowe jest okreslenie, czy susza moze
sprzyja¢ gatunkom inwazyjnym malzy jako potencjalnie bardziej odpornym na
wysychanie w poréwnaniu z rodzimymi, wplywajac tym samym na relacje

konkurencyjne miedzy tymi organizmami oraz na strukture zespolow bentosowych.
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2. Badania wykonane w ramach rozprawy doktorskiej
2.1. Cele i hipotezy badawcze

Celem glownym niniejszej rozprawy bylo okreslenie, w jaki sposob inwazja malzy z
kompleksu Corbicula oraz susza hydrologiczna wplywaja na funkcjonowanie
rodzimych malzy slodkowodnych Europy. Badania przeprowadzono na rodzimych
malzach reprezentujacych dwie rodziny: Unionidae, tj. Unio tumidus i Anodonta anatina,
oraz Sphaeriidae, tj. Sphaerium rivicola. Malze z kompleksu Corbicula traktowano
zarowno jako czynnik oddzialujacy na rodzime Unionidae, jak 1 jako takson
porownawczy wobec rodzimych S. rivicola w warunkach suszy hydrologicznej. Wybrane
rodzime gatunki malzy U. tumidus, A. anatina i S. rivicola moga wspotwystepowac z
matzami z kompleksu Corbicula i wykazywac¢ podobne preferencje wzgledem podioza,
co umozliwia porownanie reakcji gatunku rodzimego i inwazyjnego na ten sam czynnik
stresowy (Poznanska-Kakareko 1 in. 2021, Szarmach i in. 2023; Stanicka i in. 2025).
Wskazano trzy cele szczegotowe:
1. Okreslenie wplywu modyfikacji podloza przez zywe malze z rodzaju Corbicula
oraz ich muszle na rodzime Unionidae.
W ramach tego zadania sprawdzono, czy U. tumidus 1 A. anatina unikaja podloza
zmodyfikowanego przez zywe malze Corbicula i/lub ich muszle oraz czy taka
modyfikacja wptywa na behawior malzy Unionidae. Badanie to stanowi tres¢
pierwszej publikacji: Szarmach 1 in. (2024) (poz. 1, str. 6).
Sformutowano trzy hipotezy badawcze. Po pierwsze, zatozono, ze rodzime
Unionidae, czyli U. tumidus 1 A. anatina, beda unikaty podloza z zywymi malzami
Corbicula oraz podtoza z ich pustymi muszlami. Po drugie, zatozono, ze obecnos¢
matzy Corbicula bedzie zaburza¢ naturalny behawior rodzimych Unionidae,
zwlaszcza lokomocj¢ 1 zagrzebywanie. Oczekiwano, Zze malze rodzime beda
zagrzebywaé si¢ plycej i1 przemieszcza¢ si¢ na krotsze dystanse z powodu
mechanicznych przeszkod tworzonych przez zywe malze Corbicula i/lub ich
muszle. Dopuszczono jednak takze mozliwos$¢, ze w przypadku aktywnego unikania
matzy Corbicula lokomocja Unionidae moze by¢ bardziej intensywna. Po trzecie,
zatozono, ze rodzime Unionidae beda silniej reagowac na puste muszle malzy
Corbicula niz na zywe osobniki, poniewaz puste muszle mogg znajdowac si¢ na
powierzchni podioza lub by¢ wymieszane z piaskiem pod r6znymi katami, podczas

gdy zywe matze sg zwykle pionowo zagrzebane w piasku.
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2. OkresSlenie dlugoterminowych konsekwencji wystepowania inwazyjnych
malzy z rodzaju Corbicula na rodzime malze Unionidae.
W ramach tego zadania analizowano skutki pieciomiesigcznej ekspozycji matzy U.
tumidus 1 A. anatina na obecno$¢ malzy Corbicula. Uwzgledniono $miertelnosc,
przyrost muszli, kondycje fizyczng, zawarto$¢ glikogenu oraz wskazniki
rownowagi oksydacyjno-antyoksydacyjnej, aby okresli¢, czy wplyw inwazji moze
ujawnia¢ si¢ jako odpowiedz subletalna przed pojawieniem si¢ wyraznych zmian
populacyjnych. Badanie to stanowi tre$¢ manuskryptu: Szarmach 1 in. (w
przygotowaniu) (poz. 2, str. 6).
Sformutowano trzy hipotezy badawcze. Po pierwsze, zatozono, ze dtugoterminowa
obecno$¢ matzy Corbicula bedzie negatywnie wptywaé na rodzime Unionidae,
ograniczajac ich wzrost, kondycje fizyczng i rezerwy energetyczne oraz zwigkszajac
stres oksydacyjny i/lub koszty jego redukcji. Po drugie, zatlozono, ze negatywne
efekty obecnosci matzy Corbicula beda najsilniejsze w warunkach wysokiego
zageszczenia, poniewaz w takich warunkach konkurencja o zasoby oraz lokalna
modyfikacja podiloza powinny by¢ silniejsze. Po trzecie, zatozono, ze reakcje na
obecno$¢ matzy Corbicula bgda gatunkowo specyficzne, czyli beda réznié si¢
migdzy A. anatina i U. tumidus.

3. Poréwnanie wplywu suszy hydrologicznej na inwazyjne malze z rodzaju
Corbicula oraz rodzime Sphaerium rivicola.
W ramach tego zadania sprawdzono, jak obnizanie poziomu wody 1 wysychanie
podtoza wplywaja na przezywalno$¢, migracje¢ oraz zagrzebywanie si¢ malzy
Corbicula 1 rodzimego S. rivicola. Rdzen badania stanowi proba odpowiedzi na
pytanie, czy susza hydrologiczna moze selektywnie sprzyja¢ matzom inwazyjnym
jako taksonom bardziej odpornym na wysychanie. Badanie to stanowi tres¢ drugie;j
publikacji: Szarmach 1 in. (2026) (poz. 3, str. 6).
Sformutowano dwie hipotezy badawcze. Po pierwsze, zalozono, ze badane taksony,
czyli matze Corbicula 1 S. rivicola, beda rozni¢ si¢ przezywalnoscia podczas
obnizenia poziomu wody i ekspozycji na powietrze. Oczekiwano, ze malze
Corbicula beda bardziej odporne na wysychanie niz S. rivicola. Po drugie, zatozono,
ze badane taksony beda reagowa¢ na obnizanie poziomu wody poprzez
przemieszczanie si¢ za cofajaca si¢ linia wody i/lub glebsze zagrzebywanie si¢ w
podtozu. W szczegolnosci zaktadano, ze matze S. rivicola beda przemieszczac sie

w kierunku wilgotniejszych mikrosiedlisk, natomiast matze Corbicula, jako
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bardziej odporne na wysychanie, beda wykorzystywaé strategi¢ pozostania w
miejscu 1 zagrzebywania si¢ w podiozu.

Prezentowana rozprawa doktorska sklada si¢ zatem z trzech powigzanych
tematycznie prac badawczych: pierwsza dotyczy odpowiedzi siedliskowo-
behawioralnych Unionidae na modyfikacje podtoza przez matze Corbicula, druga
rozszerza t¢ perspektywe o dlugoterminowe odpowiedzi, a trzecia wprowadza kontekst
suszy hydrologicznej jako czynnika mogacego zwigksza¢ przewage konkurencyjng

matzy inwazyjnych nad rodzimymi.

2.2. Metodyka badan

2.2.1. Wplyw modyfikacji podloza przez inwazyjne malze Corbicula na wybrane

rodzime malze Unionidae

Badania wykonane w ramach pierwszej pracy (Szarmach i in. 2024) miaty charakter
laboratoryjny i zostaly zaprojektowane tak, aby odtworzy¢ modyfikacje podioza przez
matze Corbicula i ich muszle, obserwowang w Srodowisku. Zakres pracy obejmowat dwa
eksperymenty.

W pierwszym eksperymencie okreslono, czy rodzime Unionidae unikaja podioza
przeksztalconego przez malze Corbicula oraz czy reaguja odmiennie na obecnos$c
zywych osobnikéw 1 muszli. Wykonano testy wyboru parami w zbiornikach o wymiarach
30 x 30 x 30 cm, podzielonych na dwie potowy. Kazda potowe zbiornika wypetniono
innym typem podtoza, tworzac warstwe o grubosci 10 cm. Wybdr podioza przez
Unionidae badano w obecno$ci piasku (mieszanina piasku S$redniego 1 grubego),
stanowigcego kontrole, oraz jednego z trzech wariantdéw modyfikacji tego podtoza
obserwowanych w terenie przez muszle matzy Corbicula:

- 4,5 1 muszli Corbicula, umieszczonych na powierzchni 4,5 1 piasku w stosunku
objetosciowym 1:1. Odpowiadato to zageszczeniu 8400 muszli m™2, przy czym dwie
potowki muszli liczono jako jednego osobnika;

- muszle wymieszane z piaskiem w stosunku objetosciowym 1:1;

- muszle wymieszane z piaskiem w stosunku objetosciowym 1:3, co odpowiadato
zageszezeniu 2800 muszli m2.

Przetestowano dwa scenariusze: obecno$¢ muszli na powierzchni piasku oraz muszli

wymieszanych z piaskiem. Z obserwacji wynika, ze matze Corbicula przed $miercig
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wynurzaja si¢ na powierzchni¢ podloza. Dlatego pierwszy scenariusz odzwierciedlat
sytuacje, gdy muszle matzy Corbicula wystepuja na powierzchni podtoza. Nastepnie, w
wyniku proceséw zachodzacych na dnie, takich jak sedymentacja oraz bioturbacyjna
aktywnos$¢ fauny bentosowej, muszle Corbicula moga zosta¢ wymieszane z podtozem.
Dlatego drugi scenariusz odzwierciedlat sytuacjg, w ktorej muszle s wymieszane z
podtozem. Muszle mieszano w gornej, S-centymetrowej warstwie piasku, poniewaz
Corbicula zagrzebujg si¢ jedynie w powierzchniowej warstwie podtoza.

Nastepnie przetestowano rozne zagegszczenia (obserwowane w Srodowisku)
muszli wymieszanych z piaskiem: 700, 1400 i 2100 muszli m™2 i zywych osobnikow
matzy Corbicula w tych samych zageszczeniach.

Celem bylo okreslenie minimalnego zageszczenia, ktére wplywa na wybor
siedliska przez Unionidae. Dodatkowo zbadano wybiorczo§¢ Unionidae migdzy zywymi
matzami Corbicula a ich muszlami przy zageszczeniach, ktore wczesniej uznano za
unikane w poréwnaniu z podtozem kontrolnym.

Na poczatku kazdego testu do zbiornika eksperymentalnego introdukowano
pojedynczego osobnika Unionidae na granicy mi¢dzy dwoma typami podtoza. Po 24 h
okreslano potozenie osobnika. Wykonano po 30 powtorzen kazdego wariantu dla kazdego
gatunku rodzimego.

Drugi eksperyment stuzyt okresleniu, czy modyfikacja podloza przez matze
Corbicula 1 ich muszle wptywa na behawior rodzimych Unionidae. Okre§lono behawior
matzy Unionidae na piasku (kontrola) oraz na piasku z r6znymi wariantami modyfikacji
podtoza przez malze 1 muszle Corbicula. Wybrano te warianty, ktore w pierwszym
eksperymencie byly unikane lub nieunikane. Eksperyment przeprowadzono w tych
samych zbiornikach, ktérych uzyto w cze$ci pierwszej. W kazdym zbiorniku
zastosowano jeden typ podtoza.

Na poczatku kazdego testu pojedynczego osobnika Unionidae umieszczano w
centrum zbiornika. Eksperyment rejestrowano przez 24 h za pomocg cyfrowych kamer
wideo CCTV IP SNB-6004 wyposazonych w promienniki podczerwieni LIR-CS32.
Wykonano po 15 powtorzen kazdego wariantu dla kazdego gatunku rodzimego.

Uzyskane nagrania analizowano, mierzac nast¢pujace parametry behawioralne:
czas rozpoczgcia ruchu, czas trwania zagrzebywania i poziom zagrzebania, dystans

lokomocji oraz czas lokomocji.
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2.2.2. Dlugoterminowe konsekwencje obecnosci malzy Corbicula dla wybranych

rodzimych malzy Unionidae

Badania wykonane w ramach manuskryptu (Szarmach i in. w przygotowaniu) miatly
charakter terenowy i zostaly zaprojektowane tak, aby odtworzy¢ zageszczenia malzy
Corbicula 1 rodzimych matzy Unionidae (4. anatina i U. tumidus) obserwowane w
srodowisku. Zakres pracy obejmowat jeden eksperyment.

Przed eksperymentem kazdego osobnika Unionidae zwazono, zmierzono jego
dhugo$¢, wysokos¢ i szeroko$¢ muszli oraz przypisano mu indywidualny numer, co
umozliwiato analiz¢ jego danych biometrycznych po eksperymencie. Na podstawie
wykonanych pomiaréw ustalono, ze $rednia mokra biomasa osobnika Unionidae
wynosita okoto 26 g. Sposrod osobnikow wybranych do eksperymentu w kazdym
powtdrzeniu i wariancie eksperymentalnym dodatkowo oznaczono po trzy Unionidae,
ktorych biomasa byta najblizsza warto$ci sredniej. Osobniki te przeznaczono do dalszych
analiz.

Na podstawie poczatkowych pomiardw malzy ustalono, ze biomasa jednego
osobnika Unionidae odpowiadata w przyblizeniu biomasie 38 osobnikow matzy
Corbicula. Informacj¢ t¢ wykorzystano do utworzenia czterech wariantow
eksperymentalnych (15 powtérzen dla kazdego rodzimego gatunku matza),
zastosowanych oddzielnie dla U. tumidus 1 A. anatina:

- kontrola o niskim zageszczeniu: 4 osobniki Unionidae (faczna biomasa 104 g, 65
osobnikow m™2),

- wariant o niskim zageszczeniu z matzami Corbicula: 3 osobniki Unionidae (78 g,
49 osobnikéw m2), oraz 38 osobnikdéw matzy Corbicula (26 g, 500 osobnikow m2;
taczna biomasa 104 g),

- kontrola o wysokim zageszczeniu: 8 osobnikoéw Unionidae (lgczna biomasa 208 g,
130 osobnikéw m™2),

- wariant o wysokim zaggszczeniu z matzami Corbicula: 4 osobniki Unionidae (104
g, 65 osobnikow m™2), oraz 150 osobnikdw matzy Corbicula (104 g, 2000
osobnikow m™2; taczna biomasa 208 g).

Zastosowane zageszczenia matzy Unionidae miescity si¢ w zakresie wartosci
notowanych w naturalnych populacjach (Weber, 2005; Schwalb i Pusch, 2007).

Zageszczenia malzy Corbicula rowniez odpowiadaly warto§ciom notowanym w
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populacjach europejskich: od kilkuset do ponad 2000 osobnikow m™ (Lois, 2010;
Hubenov i in., 2013).

Wykorzystano 10-litrowe plastikowe pojemniki o $rednicy dna 28 cm 1 wysokos$ci
25 cm, wypehione 10-centymetrowg warstwa piasku. W kazdym pojemniku, powyzej
poziomu piasku, wycigto trzy otwory, z ktérych kazdy miat 22 cm dtugosci i 9 cm
wysokosci. Otwory zabezpieczono siatka o wielkosci oczek 0,5 x 0,5 cm, aby umozliwi¢
swobodny przeptyw wody przez pojemniki.

Pojemniki umieszczono na glebokosci 1,5 m w strefie przybrzeznej Zbiornika
Wioctawskiego. Zostaty one zabezpieczone za pomoca stalowych pretow o dtugosci 2 m,
z ktorych 1 m byt wbity w podloze w celu stabilizacji uktadu eksperymentalnego i
zapobiezenia jego przemieszczaniu przez falowanie. Pojemniki pozostawaty zanurzone
przez 5 miesigcy, od lipca do konca listopada 2022 roku. Pod koniec listopada 2022 roku
zebrano wszystkie pojemniki eksperymentalne. Z kazdego pojemnika (czyli powtdrzenia
eksperymentu) pobrano trzy osobniki Unionidae, ktére wezesniej dodatkowo oznaczono
do dalszych analiz.

Po zakonczeniu ekspozycji terenowej oceniano roéwniez $miertelnosé, liczac zywe
1 martwe osobniki w kazdym pojemniku. Do oceny wzrostu wykorzystano zmiany
wymiardw muszli i biomasy osobnikow, natomiast kondycj¢ fizyczng okres$lano na
podstawie suchej masy tkanek migkkich w relacji do rozmiaréw matzy. Oceniano rowniez
rezerwy energetyczne poprzez pomiar zawartosci glikogenu w nodze oraz parametry
rownowagi oksydacyjno-antyoksydacyjnej, w tym poziom peroksydacji lipidow
(TBARS) w nodze oraz watrobotrzustce, calkowity status oksydacyjny (TOS) w
watrobotrzustce 1 catkowity status antyoksydacyjny (TAS) w watrobotrzustce.
Uwzglednienie tkanek petnigcych rézne funkcje (noga i watrobotrzustka) umozliwito
oceng, czy potencjalne skutki obecno$ci matzy Corbicula ujawniaja si¢ przede wszystkim
w tkankach zwigzanych z kontaktem z podiozem, lokomocjg 1 zagrzebywaniem, czy tez
w tkankach zwigzanych z metabolizmem 1 detoksykacja. Zakres tej pracy odpowiadat
potrzebie sprawdzenia, czy oddzialywanie malzy Corbicula na rodzime Unionidae, nawet
jesli nie powoduje bezposrednio $miertelnosci, moze mie¢ charakter dlugoterminowy 1i

subletalny.
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2.2.3. Wplyw suszy hydrologicznej na inwazyjne malze Corbicula i rodzime malze

Sphaerium rivicola

Badanie wykonane w ramach trzeciej pracy (Szarmach i1 in. 2026) miato charakter
laboratoryjny i zostalo zaprojektowane tak, aby odtworzy¢ dwa kluczowe elementy suszy
hydrologicznej z punktu widzenia organizméw dennych: spadek poziomu wody oraz
wysychanie piaszczystego podtoza. Zakres trzeciej pracy obejmowal trzy eksperymenty.

W pierwszym oceniano przezywalno$¢ malzy podczas obnizenia poziomu wody i
stopniowego wysychania podloza. Eksperyment przeprowadzono w 1-litrowych
plastikowych pojemnikach o §rednicy dna 10,4 cm, $rednicy gornej 12,3 cm i wysokosci
11 cm. Kazdy pojemnik wypeliono 3-centymetrowg warstwg piasku oraz 3-
centymetrowg warstwa wody kondycjonowanej. Introdukowano po trzy osobniki matzy
w jednym pojemniku. Zastosowano po 15 pojemnikéow dla wariantu suszy oraz po 15
pojemnikéw dla wariantu kontrolnego (zalanego woda), osobno dla matzy Corbicula i S.
rivicola.

W wariancie suszy, dwa dni po introdukowaniu matzy, codziennie przez trzy
kolejne dni odciggano 100 ml wody. W efekcie poziom wody obnizyt si¢ do powierzchni
podtoza. W wariancie kontrolnym staty poziom wody utrzymywano przez caty czas
trwania eksperymentu.

Od piagtego dnia, czyli od momentu, w ktorym powierzchnia podtoza zostala
odstonigta 1 wystawiona na dziatanie powietrza, codziennie oceniano przezywalnosé¢
matzy we wszystkich powtérzeniach. Smiertelnosé rejestrowano wizualnie, gdy osobnik
znajdowal si¢ na powierzchni, jego muszla byla szeroko otwarta, osobnik nie reagowat
na bodzce dotykowe, a obserwacje potwierdzal charakterystyczny zapach. Dodatkowo
kazdego dnia wszystkie osobniki z jednego powtdorzenia w kazdym wariancie sprawdzano
pod katem przezywalnosci. Przenoszono je do oddzielnych zbiornikow z woda, a ich
przezywalnos$¢ oceniano po 24 h na podstawie wysuwania syfonow i/lub nogi, rozwarcia
muszli oraz zdolno$ci do zamykania muszli.

Na podstawie tacznej $Smiertelnosci stwierdzonej obiema metodami obliczano
skumulowang liczbe oraz procent osobnikow zywych 1 martwych w kazdym dniu
eksperymentu. Eksperyment zaplanowano na 15 dni lub krocej, jezeli wczedniej
nastgpitaby catkowita $miertelnosc.

W drugim eksperymencie analizowano migracj¢ malzy w warunkach obnizania

poziomu wody, czyli zdolno$¢ przemieszczania si¢ w kierunku wilgotniejszych lub nadal
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zalanych stref podtoza. Pierwsza cze$¢ przeprowadzono w prostokatnych zbiornikach o
wymiarach dna 24 x 12 cm i1 wysokos$ci 20 cm. Zbiorniki wypetniono 3-centymetrowa
warstwg piasku oraz 3-centymetrowa warstwg wody. Kazdy zbiornik podzielono
szklanymi przegrodami na trzy rowne strefy. Jeden z krétszych bokéw zbiornika
uniesiono o 4,5 cm nad powierzchni¢ stolu laboratoryjnego, aby imitowa¢ naturalne
nachylenie brzegu i utworzy¢ gradient gtebokosci wody. Trzy osobniki jednego taksonu
introdukowano w poblizu uniesionego brzegu zbiornika. Dzien po introdukowaniu malzy
usuni¢to szklane przegrody, aby umozliwi¢ matzom migracjg.

W wariancie suszy codziennie przez sze$¢ kolejnych dni usuwano 150 ml wody,
aby przyspieszy¢ obnizanie poziomu wody. W wariancie kontrolnym przez caty czas
trwania eksperymentu utrzymywano stalty poziom wody. Po sze$ciu dniach w wariancie
suszy wyrdzniono trzy strefy podtoza:

- strefe gorng - wysychajaca jako pierwsza podczas obnizania poziomu wody,

- strefe §rodkowa - w ktérej pod koniec eksperymentu nie bylo wody na powierzchni, ale
w podtozu znajdowata si¢ woda interstycjalna,

- strefe dolng - pozostajaca pod woda do konca eksperymentu.

Dzien po uformowaniu si¢ stref, czyli 6smego dnia eksperymentu, przegrody
ponownie umieszczano w zbiornikach, a nastgpnie okreslano potozenie kazdego osobnika
w jednej z trzech stref. Zywotnoéé malzy oceniano tak samo jak w eksperymencie
pierwszym.

Jezeli osobniki danego taksonu migrowaty do dolnej strefy zbiornika
eksperymentalnego, co dotyczylo S. rivicola, przeprowadzano drugg cze¢s¢ eksperymentu
migracyjnego w zbiornikach dwukrotnie dluzszych. Zbiorniki wypetniono 3-
centymetrowg warstwa piasku oraz 6-centymetrowa warstwa wody, a jeden z krotszych
bokow uniesiono o 9 cm nad powierzchnig stotu laboratoryjnego.

Procedura byla taka sama jak wcze$niej, z tg rdznica, ze ze wzgledu na wigkszy
rozmiar zbiornika codziennie usuwano 300 ml wody, aby imitowac poréwnywalne tempo
obnizania poziomu wody. W kazdej czgsci doswiadczenia, pierwszej i1 drugie;j,
zastosowano po 15 powtdrzen dla wariantu suszy i 15 dla wariantu kontrolnego,
oddzielnie dla kazdego taksonu.

W trzecim eksperymencie oceniano zagrzebywanie si¢ w piaszczystym podilozu
jako potencjalng reakcje na spadek poziomu wody. Eksperyment przeprowadzono w
prostokatnych zbiornikach o wymiarach dna 14 x 14 cm i wysokos$ci 20 cm. Zbiorniki

wypetiono 10-centymetrowg warstwg piasku oraz 3-centymetrowg warstwga wody. W
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kazdym zbiorniku umieszczano trzy osobniki jednego taksonu. Liczba zbiornikow
wynosita 15 dla kazdego wariantu, osobno dla kazdego taksonu.

W wariancie suszy codziennie przez trzy kolejne dni usuwano 125 ml wody, aby
stopniowo obniza¢ poziom wody do powierzchni podtoza. W wariancie kontrolnym przez
caly czas trwania eksperymentu utrzymywano staly poziom wody.

Dzien po zréwnaniu poziomu wody z poziomem podioza oceniano glebokos¢
zagrzebania kazdego osobnika. Podloze podzielono na dziesig¢ poziomych warstw o
grubosci 1 cm kazda, a nastepnie okreslono liczbe osobnikéw obecnych w kazdej
warstwie. Osobnika przypisywano do tej warstwy, w ktorej znajdowat si¢ szczyt jego

muszli. Przezywalno$¢ malzy oceniano tak samo jak w eksperymencie pierwszym.

3. Wyniki i ich omowienie

3.1. Wplyw modyfikacji podloza przez inwazyjne malze Corbicula na wybrane

rodzime malze Unionidae

Wyniki pierwszej publikacji (Szarmach 1 in. 2024) wykazaty, ze modyfikacja podloza
przez malze z kompleksu Corbicula wptywala na wybdr siedliska oraz behawior
rodzimych matzy Unionidae. Zarowno U. tumidus, jak 1 A. anatina unikaly piasku
zmodyfikowanego przez zywe osobniki Corbicula oraz ich muszle, co potwierdzito
pierwsza hipoteze. Reakcja ta zalezala jednak od gatunku malza rodzimego i typu
modyfikacji podtoza. Matze U. tumidus unikaty podtoza z muszlami Corbicula juz przy
zageszcezeniu 1400 muszli m™2, natomiast 4. anatina reagowaty przy zageszczeniu 2100
muszli m2. Oba gatunki unikaty zywych osobnikow matzy Corbicula przy zageszczeniu
1400 osobnikéw m™=. Jednocze$nie w testach wyboru malze rodzime nie rozroézniaty
wyraznie podtoza z Zzywymi osobnikami i podtoza z pustymi muszlami matzy Corbicula.

Zaggszczenia, przy ktorych obserwowano unikanie zmodyfikowanego podioza,
mieszczg si¢ w zakresie wartosci notowanych w populacjach matzy Corbicula w
srodowisku naturalnym. W Ameryce Pétnocnej notowano zageszczenia dochodzace do
10000 osobnikow m™2, a w Europie nawet do 16000 osobnikow m™= (Marsh 1985;
Hubenov 1 in. 2013). Najbardziej prawdopodobnym mechanizmem tej reakcji byta
zmiana struktury podloza. Zywe matze Corbicula oraz ich muszle zwickszaly udzial
twardych elementow w piaszczystym podiozu. Dla malzy Unionidae takie podioze mogto

by¢ odpowiednikiem podtoza o wigkszej granulacji, ktérego unikaja (Poznanska-
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Kakareko i in. 2021). Poniewaz matze Corbicula 1 badane gatunki Unionidae moga
preferowac podobne, drobnoziarniste podtoza, ich wspotwystepowanie moze prowadzic¢
do konkurencji o przestrzen (Strayer 1999; Modesto i in. 2021; Hopper i1 in. 2022;
Poznanska-Kakareko i in. 2021).

Druga hipoteza, zaktadajaca wptyw Corbicula na behawior rodzimych Unionidae,
rowniez zostata potwierdzona. Modyfikacja podtoza wplywata zar6wno na rozpoczgcie
aktywnosci, jak 1 na lokomocj¢ oraz zagrzebywanie si¢ matzy Unionidae. Osobniki na
podtozu zmodyfikowanym przez Corbicula pdzniej rozpoczynaly ruch niz w kontroli. U
U. tumidus efekt ten byt istotny w obecnos$ci muszli lezacych na powierzchni piasku oraz
zywych osobnikow Corbicula przy zaggszczeniu 1400 osobnikéw m™=. U A. anatina
opoOznienie rozpoczecia ruchu wystepowato w obecnosci muszli na powierzchni i muszli
wymieszanych z piaskiem w proporcji 1:1, a takze w obecno$ci zywych osobnikow
Corbicula przy zageszczeniu 1400 osobnikow m2.

Zmiany dotyczyly takze lokomocji. W warunkach kontrolnych matze U. tumidus
nie wykazywaly lokomocji horyzontalnej, natomiast matze 4. anatina przemieszczaty si¢
w 60% przypadkow, pokonujac $srednio 126 cm. Na podtozu zmodyfikowanym przez
Corbicula, ktére bylo unikane w pierwszym eksperymencie, przemieszczato si¢ 37%
osobnikow U. tumidus 1 48% osobnikdw A. anatina. Malze U. tumidus pokonywaty
wigkszy dystans 1 przemieszczaly si¢ dluzszy czas w obecnos$ci muszli Corbicula
lezacych na powierzchni oraz muszli wymieszanych z piaskiem w proporcji 1:1, a redni
dystans wynosit 33 cm, podczas gdy w kontroli wynosit 0 cm. U malzy 4. anatina dystans
lokomocji nie rdznit si¢ miedzy wariantami, ale obecno$¢ muszli Corbicula na
powierzchni wydhuzala czas ruchu. Oznacza to, ze u U. tumidus obecno$¢ muszli
indukowata probe poszukiwania optymalnego mikrosiedliska, natomiast u 4. anatina
spowalniata przemieszczanie si¢ po zmodyfikowanym podtozu.

W kontroli zagrzebywaty si¢ wszystkie osobniki Unionidae, natomiast na podtozu
zmodyfikowanym przez Corbicula zagrzebywalo si¢ 82% osobnikow U. tumidus 1 75%
osobnikdw A. anatina. Obecno$¢ muszli na powierzchni skracata czas zagrzebywania obu
gatunkow. U U. tumidus $redni czas zagrzebywania zmniejszat si¢ z 75 minut w kontroli
do 23 minut w obecnosci muszli Corbicula na powierzchni, a w obecnosci muszli
wymieszanych z piaskiem w proporcji 1:1 wynosit 33 minuty. U 4. anatina $redni czas
zagrzebywania zmniejszat si¢ z 31 minut w kontroli do 0 minut w obecno$ci muszli na

powierzchni, kiedy to matze si¢ nie zagrzebywaly. W obecnos$ci zywych matzy Corbicula
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A. anatina zagrzebywala si¢ dluzej w wigkszosci wariantow z zywymi osobnikami,
srednio 74 minuty, z wyjatkiem podloza o zageszczeniu 700 osobnikow m2.

Roézny czas zagrzebywania najprawdopodobniej wynikatl z odmiennych reakcji
matzy. Krétsze zagrzebywanie w obecnosci muszli moglto by¢ podyktowane tym, ze
czg$¢ osobnikow nie byta w stanie rozpocza¢ lub kontynuowaé skutecznego
zagrzebywania w takim podlozu. Z kolei dtuzsze zagrzebywanie 4. anatina w obecnos$ci
zywych matzy Corbicula wskazuje, ze osiggni¢cie podobnego poziomu zagrzebania jak
w kontroli moglo wymaga¢ wiecej czasu. Podobne reakcje matzy Unionidae na
niepreferowane, gruboziarniste podioza opisywano juz wcze$niej; w poréwnaniu z
podlozem drobnoziarnistym obejmowaly one diluzszy czas zagrzebywania, plytszy
poziom zagrzebania oraz pokonywanie dluzszego dystansu (Lewis 1 Riebel 1984; Jonsson
11in. 2013; Hernandez i in. 2021; Poznanska-Kakareko 1 in. 2021).

Poziom zagrzebania zalezat takze od gatunku rodzimych Unionidae. Matze U.
tumidus zagrzebywaly si¢ ptycej we wszystkich wariantach podtoza zmodyfikowanego
przez Corbicula, z wyjatkiem wariantu z zywymi Corbicula przy zaggszczeniu 700
osobnikow m=. Matze Anodonta anatina zagrzebywaly si¢ plycej w obecnosci muszli
Corbicula przy minimalnym zaggszczeniu 2100 muszli m2. Silniejszy wptyw Corbicula
na zagrzebywanie U. tumidus moze wynika¢ z réznic morfologicznych miedzy
gatunkami Unionidae. Matze Anodonta anatina charakteryzujg si¢ wezsza muszla niz U.
tumidus, co moze zmniejszac opor podczas zagrzebywania i czgsciowo ttumaczy¢ stabsza
reakcje tego gatunku na warianty ze zmodyfikowanym podlozem (Levine 1 in. 2014).

W  kontekscie ekologii, zagrzebywanie jest jednym z podstawowych
mechanizmoéw ochronnych matzy Unionidae. Zmniejsza ono narazenie na drapiezniki
oraz na niekorzystne warunki abiotyczne, takie jak wahania poziomu wody, przesuszanie
podtoza, powodzie i skrajne temperatury (Schwalb i Pusch 2007; Gough i in. 2012; Haag
2012; Zajac 2014; Newton i in. 2015; Sousa i in. 2019; Nagayama 1 in. 2020; Meira i in.
2024). Malze pozostajace ptycej w podiozu lub na jego powierzchni moga by¢ tez
bardziej narazone na porastanie przez epibionty, w tym inwazyjne malze z rodzaju
Dreissena, ktore moga ograniczaé filtracje, oddychanie i odzywianie oraz mobilno$¢
Unionidae (McCarthy 1 in. 1997; Dzierzynska-Biatonczyk 1 in. 2018; Larson 1 in. 2016;
Miiller 1 in. 2021). Dlatego modyfikacja podtoza przez Corbicula moze zwigkszaé
podatno$¢ rodzimych matzy na inne stresory.

Trzecia hipoteza, zaktadajaca silniejsza reakcj¢ matzy Unionidae na puste muszle

niz na zywe osobniki Corbicula, nie zostata potwierdzona. W testach wyboru oba gatunki
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nie rozrdznialty podloza z Zzywymi matzami od podloza z pustymi muszlami. Wskazuje
to, ze dla wyboru siedliska wazny byt sam efekt fizycznej modyfikacji poditoza. Roznice
miedzy typami modyfikacji byly jednak widoczne w behawiorze malzy. Muszle,
zwlaszcza lezgce na powierzchni lub wymieszane z piaskiem, silnie ograniczaty
zagrzebywanie i zmieniaty lokomocje. Zywe osobniki Corbicula czeiciej wydhuzaly czas
zagrzebywania, zwlaszcza u A. anatina. Wynika to najprawdopodobniej z innego
utozenia muszli 1 zywych matzy Corbicula w podtozu. Puste muszle mogg leze¢ na
powierzchni lub pod réznym katem w podiozu, tworzac trudniejszag do penetracji
warstwe. Zywe osobniki s natomiast zwykle zagrzebane pionowo w powierzchniowe;
warstwie podtoza.

Wyniki pierwszej publikacji pokazuja wiec, ze matze z kompleksu Corbicula
moga oddziatywa¢ na rodzime Unionidae. Ich wplyw nie ogranicza si¢ do konkurencji o
pokarm i przestrzen (Strayer 1999; Modesto i in. 2019; Modesto i in. 2021; Hopper i in.
2022). Istotnym mechanizmem jest réwniez fizyczna zmiana struktury podtoza przez
zywe osobniki 1 puste muszle. Ma to szczegdlne znaczenie, poniewaz puste muszle
Corbicula moga utrzymywac¢ si¢ w Srodowisku przez wiele lat 1 tworzy¢ trwale,
trojwymiarowe struktury w podtozu (Ilarri i in. 2015; Ilarri 1 in. 2019). W populacjach o
duzym zageszczeniu lub takich, ktore okresowo doswiadczaja masowej $miertelnosci,
ilo$¢ pozostawionych muszli moze by¢ znaczna (Werner i Rothhaupt 2007; Ilarri 1 in.
2011; Bodis 1 in. 2014a, b; McDowell i Sousa 2019).

Podsumowujac, pierwsza publikacja wykazata, ze modyfikacja podtoza przez
matze Corbicula ogranicza przydatnos¢ siedlisk dla rodzimych Unionidae. Malze U.
tumidus 1 A. anatina unikaty podtoza zmodyfikowanego przez zywe matze i ich muszle,
a na takim podtozu zmienialy lokomocj¢ i zagrzebywaly si¢ stabiej lub wolniej. Skutki te
mogg prowadzi¢ do wypychania rodzimych matzy z preferowanych siedlisk do
suboptymalnych oraz zwigkszac ich ekspozycje na drapiezniki, biofouling 1 niekorzystne
warunki abiotyczne. Biorgc pod uwage szerokie rozprzestrzenienie matzy Corbicula i
wysokie zaggszczenia populacji oraz spadki liczebnosci matzy Unionidae w Europie,
modyfikacja podloza przez inwazyjne malze powinna by¢ traktowana jako jeden z
mechanizmow zagrozenia dla rodzimych malzy stodkowodnych (Lopes-Lima i in. 2017;

Aldridge 1 in. 2023; Lopes-Lima i in. 2023; Nakamura 1 in. 2023).
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3.2. Dlugoterminowe konsekwencje obecnosci inwazyjnych malzy Corbicula dla

wybranych rodzimych malzy Unionidae

Wyniki przedstawione w manuskrypcie wykazaly, ze pigciomiesi¢eczna obecnosc
inwazyjnych matzy Corbicula nie wywotala jednoznacznie negatywnego wpltywu na
rodzime malze Unionidae. Reakcje 4. anatina i U. tumidus zalezaly od gatunku,
zageszcezenia, analizowanego narzadu (noga i watrobotrzustka) oraz typu wskaznika.
Badania ujawnily zatem ztozono$¢ wptywu obecnosci matzy Corbicula na rodzime
malze.

Smiertelno$¢ rodzimych matzy Unionidae byta niska i nie zalezata od obecnosci
matzy Corbicula ani od ogdlnego zagegszczenia malzy, co jest zgodne z podobnymi
wynikami opisanymi przez Ferreira-Rodriguez i in. (2018). Smiertelnoéé¢ inwazyjnych
maltzy Corbicula w wariantach z matzami 4. anatina byta wyzsza niz w wariantach z
matzami U. tumidus oraz wyzsza w wariancie o wyzszym zageszczeniu niz w nizszym.

Reakcje na stresory czesto pojawiajg si¢ na poczatku na poziomie subletalnym,
obejmujac wzrost, kondycje fizyczna, poziom rezerwy energetycznej i rdéwnowage
oksydacyjno-antyoksydacyjna, zanim wystapi $miertelnos¢ lub spadek liczebnos$ci
populacji (Fritts i in. 2015; Said i Nassar 2022; Hillebrand 1 in. 2024). Dlatego kluczowe
znaczenie miaty wyniki dotyczace wzrostu, kondycji fizycznej, zawartosci glikogenu
oraz parametrow stresu oksydacyjnego.

Przyrost dtugosci muszli malzy 4. anatina byt wiekszy w wariantach o nizszym
zageszczeniu niz w wariantach o wyzszym zageszczeniu, a przyrost szerokosci byt
wigkszy w wariantach z matzami Corbicula niz w kontrolach o takim samym ogdélnym
zaggszczeniu oraz w wariantach o nizszym zageszczeniu niz w wariantach o wyzszym
zageszczeniu. Przyrost mokrej masy malzy A. anatina byt wigkszy w wariantach z
matzami Corbicula niz w kontrolach o takim samym ogoélnym zageszczeniu oraz w
wariantach o niZszym zaggszczeniu niz w wariantach o wyzszym zageszczeniu.
Prawdopodobnie wigkszy przyrost szerokosci muszli i mokrej masy A. anatina w
wariantach z matzami Corbicula wynikat ze zmniejszenia presji wewnatrzgatunkowej ze
strony innych osobnikow 4. anatina, a nie z pozytywnego wpltywu inwazyjnych matzy.
Efekty zalezne od zageszczenia sa spodziewane, poniewaz matze mogg konkurowac o
zawieszone czastki pokarmowe, przestrzen i korzystne mikrosiedliska w podlozu

(Ferreira-Rodriguez 1 in. 2018; Vaughn 2018). Wczeséniejsze badania wskazywaly tez, ze
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wzrost liczebno$ci matzy Corbicula moze ogranicza¢ wzrost i kondycje rodzimych malzy
oraz zwigksza¢ ich aktywnos¢ lokomotoryczng (Ferreira-Rodriguez i in. 2018).

Zaleznos¢ migdzy wielkoscig osobnikoéw matzy A. anatina a ich suchg masa
tkanek migkkich (kondycja fizyczna) réznita si¢ w wariancie kontrolnym o wysokim
zageszczeniu. W tym wariancie mniejsze osobniki charakteryzowaly sie wigksza, a
wicksze osobniki mniejszg suchg masg tkanek migkkich niz w pozostatych wariantach.
Wskazuje to na zmiang relacji miedzy wielkos$cig osobnika a kondycja przy wysokim
zageszcezeniu osobnikoOw wlasnego gatunku, a nie na efekt obecnosci matzy Corbicula. U
wigkszych osobnikdw malzy A. anatina wigksze znaczenie mogta mie¢ konkurencja
wewnatrzgatunkowa niz sama obecno$¢ malzy Corbicula. Odwrotny wzorzec u
mniejszych osobnikdw moze natomiast wskazywac, ze wysokie zagegszczenie osobnikow
wlasnego gatunku czasowo modyfikowato lokalne warunki w podtozu w sposdb mnie;j
niekorzystny. Mechanizm tego wzorca pozostaje jednak niejasny, poniewaz w trakcie
eksperymentu nie monitorowano polozenia osobnikdéw, glebokosci zagrzebania ani
aktywno$ci behawioralne;j.

Wyniki dotyczace stresu oksydacyjnego u A. anatina byty zalezne od narzadu. W
nodze poziom peroksydacji lipidow (TBARS) zalezal od interakcji zageszczenia i
obecno$ci matzy Corbicula. Poziom peroksydacji lipidéw byt wyzszy przy wigkszym
zageszczeniu, a w wariantach wysokiego zageszczenia byt wyzszy w obecnosci matzy
Corbicula niz w kontroli. Po dodaniu matzy Corbicula przy zachowaniu stalego
zageszczenia Unionidae poziom peroksydacji lipidow w nodze u A. anatina réwniez
wzrastal. Noga bierze udzial w zagrzebywaniu, lokomocji, utrzymywaniu pozycji i
bezposrednim kontakcie z podlozem, dlatego moze by¢ szczegdlnie wrazliwa na zmiang
warunkow siedliskowych (Fritts i in. 2015; Canliiin. 2023; Szarmach i in. 2024). Dlatego
wynik ten wskazuje, ze wieksze zageszczenie 1 obecno$¢ malzy Corbicula moglo
zwigksza¢ aktywno$¢ malzy A. anatina, tym samym prowadzi¢ do wyzszego poziomu
stresu oksydacyjnego w nodze.

Inny wzorzec stwierdzono w watrobotrzustce 4. anatina. Poziom oksydantow
(TOS) i peroksydacji lipidow byty nizsze w obecnosci matzy Corbicula niz w kontrolach,
a poziom peroksydacji lipidéw byl dodatnio skorelowany z poziomem oksydantow.
Wynik ten nie potwierdza zalozenia, ze malze Corbicula zwigkszaja stres oksydacyjny
we wszystkich narzadach rodzimych matzy. Sugeruje raczej, ze gtdéwny koszt obecnosci

malzy inwazyjnych byt zwigzany z noga, a nie z funkcjonowaniem watrobotrzustki.
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Poziom antyoksydantow (TAS) byt wyzszy w wariantach o wysokim
zageszczeniu niz w wariantach o niskim zageszczeniu. Obecno$¢ malzy Corbicula
zwigkszala poziom antyoksydantow wzgledem kontroli przy niskim, ale nie przy
wysokim zageszczeniu, a dodanie matzy Corbicula przy statej liczbie malzy A. anatina
réwniez zwigkszalo poziom antyoksydantow. Moze to wskazywa¢ na nasilenie
odpowiedzi obronnej lub kompensacyjnej w warunkach wiekszej presji srodowiskowe;.
Jednoczesnie brak roznic migdzy wariantami w zawartosci glikogenu sugeruje, ze reakcja
ta nie wigzata si¢ z wykrywalnym wyczerpaniem rezerw energetycznych, niezbednych
m.in. do utrzymania metabolizmu, wzrostu, rozrodu i odpowiedzi na stres (Fritts i in.
2015; Said i Nassar 2022; Hillebrand i in. 2024). Oznacza to, ze mimo zmian w zdolnosci
antyoksydacyjnej, malze A. anatina utrzymywaty rezerwy energetyczne na podobnym
poziomie takze przy wyzszym zageszczeniu 1 w obecno$ci malzy Corbicula.

Reakcja matzy U. tumidus rdznita si¢ od reakcji matzy A. anatina. U matzy U.
tumidus nie stwierdzono réznic mi¢dzy wariantami w przyroscie dtugosci i szerokosci
muszli ani mokrej masy. Poziom peroksydacji lipidow w nodze malzy U. tumidus
zmniejszal si¢ wraz ze wzrostem ogdlnego zageszczenia matzy i dodatkowo obnizat sie
po dodaniu malzy Corbicula, co moze wskazywaé na ograniczenie aktywnosci
lokomotorycznej w warunkach wigkszego zaggszczenia i obecnosci matzy Corbicula. W
krotkoterminowych testach behawioralnych U. tumidus zwigkszat lokomocj¢ na podtozu
zmodyfikowanym przez muszle malzy Corbicula, co mozna interpretowac jako probe
opuszczenia niekorzystnego siedliska. W dlugoterminowej ekspozycji taka strategia
mogla by¢ zbyt kosztowna, dlatego matze U. tumidus mogly ogranicza¢ aktywnos$¢
lokomotoryczng 1 przyjmowaé bardziej zachowawcza strategi¢ odpowiedzi na
niekorzystne warunki. Matze slodkowodne moga stosowaé rézne reakcje na stres
siedliskowy, w tym lokomocja horyzontalna, zagrzebywanie, ograniczanie aktywnosci
lub pozostawanie w podiozu do czasu poprawy warunkow (Gough i1 in. 2012;
Archambault 1 in. 2014; Galbraith 1 in. 2015).

W watrobotrzustce malzy U. tumidus nie stwierdzono rdéznic w poziomie
peroksydacji lipidow miedzy wariantami. Brak réznic miedzy wariantami w poziomie
oksydantow u matzy U. tumidus sugeruje, ze status oksydacyjny tego gatunku pozostawat
wzglednie stabilny. Jednoczes$nie poziom antyoksydantow byl nizszy w wariancie
wysokiego zageszczenia z matzami Corbicula niz we wszystkich pozostatych wariantach.
Moze to wskazywac, Ze obecno$¢ gatunku inwazyjnego nie nakltadata dodatkowej pres;ji

oksydacyjnej wymagajacej zwigkszonej odpowiedzi antyoksydacyjnej. Wzorzec ten jest
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zgodny z wyzszym poziomem glikogenu odnotowanym w tym samym wariancie, co
moze sugerowac, ze energia niewykorzystana na utrzymywanie podwyzszonej zdolnosci
antyoksydacyjnej mogla zosta¢ zmagazynowana w postaci glikogenu. Jednak nie
wptyneto to na ogdlng kondycje fizyczng U. tumidus migdzy wariantami. Podobnie
reakcje na obecno$¢ matzy Corbicula opisali Modesto i in. (2023), ktérzy wykazali, ze u
matzy U. delphinus obecnos$¢ zywych malzy Corbicula nie powodowata zmian
zawartosci glikogenu w nodze.

Podsumowujac, pierwsza hipoteza zostata potwierdzona u matzy A. anatina
glownie przez markery stresu oksydacyjnego w nodze. Poziom peroksydacji lipidow w
nodze wzrastat przy wyzszym zageszczeniu oraz byt wyzszy w wariancie wysokiego
zageszczenia z matzami Corbicula niz w kontroli, co wskazuje na wigksze koszty
fizjologiczne zwigzane z wykorzystaniem podtoza, zagrzebywaniem i/lub lokomocja.
Wazrost poziomu antyoksydantéw u malzy A. anatina roOwniez wspierat zatozenie, ze
wigksze zageszczenie i obecnos¢ malzy Corbicula zwigkszaly koszty utrzymywania
rownowagi oksydacyjno-antyoksydacyjnej. Hipoteza ta nie zostata jednak potwierdzona
u malzy A. anatina w odniesieniu do wzrostu, zawartosci glikogenu, $miertelnosci,
markerdéw stresu oksydacyjnego w watrobotrzustce ani kondycji fizycznej, poniewaz
rezerwy glikogenu byly utrzymywane, $miertelno$¢ pozostawata niska, poziomy
oksydantow 1 peroksydacji lipidow w watrobotrzustce byly nizsze w wariantach z
malzami Corbicula, a wzrost 1 kondycja fizyczna nie byly konsekwentnie obnizone. U
matzy U. tumidus pierwsza hipoteza nie zostata potwierdzona: $miertelnos¢, wzrost 1
kondycja fizyczna nie réznily si¢ miedzy wariantami, poziom oksydantow pozostawat
stabilny, poziom peroksydacji lipidow w nodze zmniejszal si¢ wraz ze wzrostem
zageszczenia 1 w obecnosci matzy Corbicula, poziom antyoksydantow byl nizszy w
wariancie wysokiego zageszczenia z matzami Corbicula, a poziom glikogenu byt w tym
wariancie wyzszy. Druga hipoteza zostata potwierdzona u malzy A. anatina przez
ograniczenie przyrostu muszli, podwyzszony poziom peroksydacji lipidéw w nodze oraz
wyzszy poziom antyoksydantow w warunkach wysokiego zaggszczenia, co wskazuje, ze
zwigkszone zageszczenie prowadzito do reakcji subletalnych. W przeciwienstwie do
tego, druga hipoteza nie zostata potwierdzona u matzy U. tumidus, poniewaz wysokie
zageszezenie nie ograniczato wzrostu, kondycji fizycznej ani rezerw glikogenu, a takze
nie zwigkszato markeréw stresu oksydacyjnego. Trzecia hipoteza zostata potwierdzona
przez wyraznie odmienne wzorce reakcji obu gatunkow. Obecno$ci matzy Corbicula nie

mozna wiec uznac¢ za jednolicie negatywng dla rodzimych malzy Unionidae. Negatywne
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efekty byly widoczne tylko w wybranych parametrach, szczegdlnie w markerach stresu
oksydacyjnego w nodze malzy 4. anatina, podczas gdy wiele innych reakcji u obu
gatunkoéw byto neutralnych lub w niektérych przypadkach pozornie korzystnych.
Wyniki przedstawione w manuskrypcie wskazuja, ze dlugoterminowy wptyw
matzy Corbicula na rodzime Unionidae byl ztozony i nie moze by¢ interpretowany jako
jednolicie negatywny ani oceniany wylacznie na podstawie $miertelnosci. Czes¢ reakceji
wskazywala na koszty subletalne zwigzane z wysokim zageszczeniem i obecnos$cig matzy
Corbicula, jednak inne odpowiedzi byly neutralne lub pozornie korzystniejsze w
wariantach mieszanych niz w kontrolach jednogatunkowych. Oznacza to, ze wzgledne
znaczenie malzy inwazyjnych i zageszczenia osobnikow wlasnego gatunku zalezy od
gatunku Unionidae, analizowanego narzadu oraz badanego wskaznika. Jednoczes$nie
mechanizmy stojgce za tymi wzorcami nie moga by¢ w pelni rozstrzygnigte, poniewaz w
eksperymencie nie mierzono bezposrednio dostgpnosci pokarmu, behawioru osobnikow,
glebokosci zagrzebania ani wlasciwosci fizykochemicznych podtoza. Zastosowanie kilku
wskaznikow, obejmujacych stres oksydacyjny, zawarto$¢ glikogenu, wzrost i kondycje
fizyczna, pozwolito jednak wykaza¢ reakcje subletalne, ktore nie bytyby widoczne na
podstawie samej przezywalnosci. Przyszte badania powinny wigc taczy¢ pomiary
fizjologiczne z obserwacjami behawioralnymi oraz analiza dostgpnosci pokarmu i
warunkow chemicznych w podtozu, aby okresli¢, ktore mechanizmy odpowiadaja za
reakcje subletalne i czy moga one przektada¢ si¢ na dlugoterminowe konsekwencje

populacyjne.

3.3. Wplyw suszy hydrologicznej na inwazyjne malze Corbicula i rodzime malze

Sphaerium rivicola

Wyniki drugiej publikacji wykazaty, Ze susza hydrologiczna, rozumiana jako obnizZenie
poziomu wody i1 wysychanie piaszczystego podtoza, rdznie wplywala na rodzime matze
Sphaerium rivicola 1 inwazyjne Corbicula. Roznice dotyczylty zarbwno przezywalnosci
podczas obnizenia poziomu wody 1 ekspozycji na powietrze, jak 1 strategii
behawioralnych zwigzanych z migracja z opadajaca woda oraz zagrzebywaniem do
warstw silniej uwodnionych. Jest to istotne, poniewaz malze slodkowodne maja
ograniczong mobilno$¢, a wiec ich mozliwo$¢ ucieczki przed szybkim spadkiem poziomu

wody jest ograniczona (DuBose 1 in. 2019; Cosgrove i in. 2022; Cushway 1 in. 2025).
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Pierwszy eksperyment potwierdzil hipoteze o wigkszej odpornosci malzy
Corbicula na susz¢. Wszystkie osobniki malzy Corbicula przezyty 15 dni ekspozycji na
powietrze, nawet gdy zawarto$¢ wody w podlozu spadta do 2%. Natomiast u matzy S.
rivicola 50% $miertelno$¢ zaobserwowano po 5,3 dniach ekspozycji na powietrze, przy
zawarto$ci wody w podtozu wynoszacej 12%, a 90% s$miertelno$¢ po 7,9 dniach, przy
zawarto$ci wody w podtozu wynoszacej 8,5%. Rdznice w przezywalnosci malzy S.
rivicola miedzy wariantem suszy a kontrolg pojawity si¢ migdzy trzecim a czwartym
dniem eksperymentu. Nalezy jednak zaznaczy¢, ze Smiertelnos¢ S. rivicola w kontroli
zaczeta wzrasta¢ od piatego dnia, dlatego wyniki dla tego gatunku trzeba interpretowaé
ostroznie. Mimo tego réznica migdzy 100% przezywalnos$cia matzy Corbicula a szybka
Smiertelnoscia S. rivicola w warunkach suszy byta wyrazna.

Przezywalno§¢ podczas ekspozycji na powietrze malzy Corbicula
najprawdopodobniej wynika z ich cech morfologicznych i fizjologicznych. Matze S.
rivicola maja stosunkowo cienka i porowatg muszle, co moze przyspiesza¢ utrate wody i
wysychanie tkanek migkkich (Piechocki i Wawrzyniak-Wydrowska 2016). Wigksza
przezywalno$¢ malzy Corbicula podczas ekspozycji na powietrze moze wynika¢ z ich
cech morfologicznych 1 fizjologicznych, w tym grubszej muszli i zdolnos$ci do
ograniczania metabolizmu (Ortmann i Grieshaber 2003; Ferreira-Rodriguez i Pardo
2016). Wczesniejsze badania wykazaty, ze malze Corbicula moga przezywac ekspozycje
na powietrze przez tydzien, a czas przezycia zalezy od temperatury i wilgotno$ci (Byrne
1 in. 1988; Guareschi 1 Wood 2020). W niniejszej pracy malze te przezyly w podtozu
piaszczystym 15 dni przy temperaturze powietrza okoto 19,5°C, co potwierdza ich
wysoka tolerancj¢ na wysychanie podloza.

Réznica ta ma znaczenie ekologiczne. W ostatnich dekadach susze hydrologiczne
w Europie Srodkowej trwaty érednio okoto 30 dni, a jedna z najdtuzszych susz w Polsce,
odnotowana w 2019 roku, trwata 158 dni (Baran-Gurgul 1 Watega 2025; Hejduk 1 in.
2021). Przy tak dlugich epizodach spadku poziomu wody zar6wno matze S. rivicola, jak
1 Corbicula moga ponosi¢ straty. Jednak krotkie epizody obnizenia poziomu wody i
odstonigcia dna, trwajace kilka dni, moga by¢ $miertelne dla malzy S. rivicola, a
jednoczesnie nie powodowac §miertelnosci matzy Corbicula. Oznacza to, ze susza moze
dziala¢ jako filtr Srodowiskowy, eliminujac bardziej; wrazliwe rodzime malze 1
pozostawiajac w siedlisku bardziej odporne malze inwazyjne.

Druga hipoteza, zaktadajaca reakcje behawioralng na obnizanie poziomu wody,

roOwniez zostala potwierdzona, ale oba taksony reagowaty w odmienny sposob. W drugim
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eksperymencie wigkszo$¢ osobnikow matzy Corbicula pozostawata w miejscu
introdukcji, czyli na odstonietym podtozu (w gérnej strefie nachylonego dna), niezaleznie
od wariantu eksperymentalnego (kontrola i susza). Zaledwie po dwa osobniki malzy
Corbicula przemiescity si¢ w kazdym wariancie. Oznacza to, ze matze Corbicula prawie
nie reagowaty na spadek poziomu wody migracja horyzontalna.

Inaczej zachowywaly si¢ matze S. rivicola. Gatunek ten aktywnie przemieszczat
si¢ w kierunku bardziej wilgotnej strefy lub do strefy zalanej (w dot nachylonego dna
zbiornika). Odsetek osobnikow opuszczajacych strefe odstoniety zalezat od odlegtosci do
refugium i1 wariantu eksperymentalnego. W krotkich zbiornikach, w warunkach suszy,
strefe odstonieta opuscito 71% osobnikdw, natomiast przy dtuzszym dystansie, w dtugich
zbiornikach - 36%. Spo$rdod osobnikow, ktore zaczely si¢ przemieszczac, 56—75% dotarto
do dolnej, zalanej strefy w krétkich zbiornikach oraz w dluzszych zbiornikach w
warunkach suszy. W kontroli gorng strefe opuscito 60% osobnikow w krotkich
zbiornikach i 11% w dhuzszych zbiornikach.. Zaden osobnik nie dotart do dolnej strefy w
dtuzszych zbiornikach kontrolnych.

Wyniki te wskazuja, Ze migracja malzy S. rivicola za cofajaca si¢ linia wody moze
by¢ skuteczna tylko wtedy, gdy odlegto$¢ do wilgotnego refugium jest niewielka (25 cm).
Przy wigkszej odleglosci mniej osobnikdéw opuszczato wysychajaca strefe, co wskazuje
na ograniczenia energetyczne lub fizjologiczne strategii migracji. Dla gatunku o niskiej
odporno$ci na wysychanie, takiego jak S. rivicola, aktywna migracja moze zwigkszac
szansg przezycia, ale tylko wtedy, gdy osobnik szybko dotrze do wilgotniejszego miejsca.
Jesli nie znajdzie refugium, koszt lokomocji moze dodatkowo przyspieszy¢ $mier¢.
Podobne ograniczenia skutecznosci reakcji behawioralnych na susz¢ opisywano u innych
malzy stodkowodnych, u ktérych przezycie zalezy od dostgpnosci wilgotnych miejsc i
mozliwosci ich osiggniecia (Gough 1 in. 2012; Cushway 1 in. 2025).

Trzeci eksperyment pokazat, ze malze Corbicula 1 S. rivicola roznily si¢ takze
zagrzebywaniem podczas obnizania poziomu wody. Wszystkie osobniki matzy Corbicula
zagrzebywaly si¢ w podtozu niezaleznie od wariantu eksperymentalnego. W warunkach
suszy osobniki zagrzebujace si¢ czgsciej osiggaly glebokos¢ wieksza niz 1 cm, a odsetek
osobnikow osiggajacych glebokos¢ wigksza niz 2 cm byt marginalnie wyzszy niz w
kontroli. Oznacza to, ze matze Corbicula reagowaty na obnizanie poziomu wody gtéwnie
przez pozostawanie w miejscu i glgbsze zagrzebywanie sie.

U malzy S. rivicola wzorzec byl odwrotny. Gatunek ten zagrzebywat si¢ czesciej

w kontroli niz w warunkach obnizania poziomu wody. Czg$ciej osiagal tez wieksza
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glebokos¢ w kontroli niz w wariancie suszy, a zaden osobnik S. rivicola nie zagrzebat si¢
glebiej niz na 2 cm. Oznacza to, ze pierwotne zalozenie, zgodnie z ktorym malze S.
rivicola moga reagowac zagrzebywaniem lub migracjag w kierunku zalanego refugium,
zostalo potwierdzone tylko czesciowo. Gatunek ten rzeczywiscie migrowat w kierunku
refugium, ale nie zwigkszat glebokosci zagrzebywania podczas obnizania poziomu wody.

Lacznie wyniki eksperymentéw behawioralnych wskazuja na dwie odmienne
strategie odpowiedzi na susze. Malze S. rivicola stosowaty strategi¢ ucieczki, czyli
aktywne przemieszczanie si¢ w kierunku zalanych miejsc. Strategia ta moze by¢
skuteczna przy kroétkiej odlegtosci do refugium, ale staje si¢ mniej skuteczna wraz ze
wzrostem dystansu. Matze Corbicula stosowaly strategie pozostania w miejscu, opartg
na zagrzebywaniu si¢ w wilgotnym podiozu 1 wysokiej odpornosci na ekspozycj¢ na
powietrze. Jest to zgodne z obserwacjami, ze gatunki bardziej odporne na susz¢ czesciej
pozostaja zagrzebane 1 stosuja strategie¢ przeczekania nickorzystnych warunkow,
natomiast gatunki bardziej wrazliwe czegSciej opuszczaja odstoniete podioze i probuja
znalez¢ refugium (Gough 1 in. 2012).

Réznice te moga wynika¢ z odmiennej presji Srodowiskowej w rodzimych
zasiggach wystepowania obu taksonow. W XX wieku susze wystepowaly czgsciej 1 byty
silniejsze w czesci rodzimego zasiggu malzy Corbicula, np. w dorzeczu Jangcy, niz w
srodkowoeuropejskim zasiggu S. rivicola (Laaha 1 in. 2017; Bai 1 in. 2024). Matze
Corbicula mogly wiec rozwina¢ wigksza tolerancje na susz¢ w wyniku presji selekcyjnej
w siedliskach czgsciej narazonych na okresowe obnizanie poziomu wody. Malze S.
rivicola, zwiazane z tagodniejszymi warunkami hydrologicznymi Europy Srodkowe;,
moga by¢ stabiej przystosowane do obnizenia poziomu wody 1 odstaniania dna.

Wyniki drugiej publikacji wskazuja, ze susza hydrologiczna moze wzmacnia¢
przewage matzy Corbicula nad rodzimymi malzami S. rivicola. Czgstsze 1 duzsze susze,
zwigzane ze zmianami globalnymi, moga zmienia¢ sktad zespoldw malzy przez rdznice
w przezywalnos$ci 1 behawiorze. W takim uktadzie bardzie; odporne matze inwazyjne
mogg przetrwaé epizody, ktére eliminuja bardziej wrazliwe gatunki rodzime. Podobny
mechanizm opisano dla Pisidium amnicum Muller, 1774 w rzece na Poélwyspie
Iberyjskim, gdzie po silnej suszy populacja gatunku rodzimego gwattownie spadta i
prawdopodobnie nie odbudowata si¢ z powodu zajecia niszy przez inwazyjne matze
Corbicula (Sousa i in. 2011; Halabowski 1 in. 2024).

Susza moze tez nasila¢ bezposrednie 1 posrednie oddziatywania matzy Corbicula

na gatunki rodzime. Podczas obnizania poziomu wody dostepnos$¢ zanurzonych refugiow
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maleje, a rodzime malze moga by¢ zmuszone do wspotwystepowania z maltzami
Corbicula na ograniczonej przestrzeni. Moze to zwigksza¢ konkurencj¢ o przestrzen i
pokarm. Dodatkowo matze Corbicula oraz ich muszle zmieniaja strukturg podtoza, co
moze utrudnia¢ zagrzebywanie si¢ rodzimych matzy i zmusza¢ je do pozostawania na
powierzchni lub zajmowania mniej korzystnych siedlisk (Werner i Rothhaupt 2007;
Labaut i in. 2021; Szarmach i in. 2024). W warunkach suszy mozliwo$¢ unikania takiego
podioza moze by¢ mniejsza, poniewaz liczba dostepnych wilgotnych miejsc jest
ograniczona.

Podsumowujac, pierwsza hipoteza zostala potwierdzona, poniewaz malze
Corbicula wykazaty wicksza odpornos¢ na ekspozycj¢ powietrzng i wysychanie podtoza
niz S. rivicola. Druga hipoteza réwniez zostata potwierdzona, ale reakcje behawioralne
obu taksondow byly rozne. Matze Sphaerium rivicola reagowaly glownie migracjg w
kierunku wilgotniejszych stref, natomiast matze Corbicula prawie nie migrowaty
poziomo, lecz zagrzebywaly si¢ w podlozu. Zalozenie, ze malze S. rivicola beda
wykazywaty wieksza tendencje do przemieszczania si¢ lub zagrzebywania w kierunku
bardziej wilgotnych mikrosiedlisk, potwierdzito si¢ wigc dla migracji horyzontalne;j, ale
nie dla zagrzebywania. Wyniki te pokazuja, ze matze Corbicula moga uzyskiwaé
przewage nad rodzimymi malzami S. rivicola nie tylko przez konkurencj¢ i modyfikacje
podtoza, ale takze przez wigksza odporno$¢ na susze hydrologiczng. W warunkach
czestszych 1 dtuzszych epizoddw obnizania poziomu wody moze to sprzyja¢ utrwalaniu
dominacji malzy z rodzaju Corbicula oraz zastgpowaniu bardziej wrazliwych gatunkow

rodzimych, takich jak S. rivicola.

4. Podsumowanie i wnioski

Przeprowadzone badania wykazaly, ze inwazyjne malze z kompleksu Corbicula moga
oddziatywa¢ na rodzime matze stodkowodne i/lub uzyskiwac nad nimi przewage na kilku
poziomach: przez fizyczna modyfikacje podtoza, wywotywanie reakcji subletalnych oraz
wiekszg odpornos¢ na susze hydrologiczng. Uzyskane wyniki wskazuja, ze wplyw matzy
Corbicula na rodzime malze jest ztozony, zalezny od struktury podtoza, zageszczenia
malzy inwazyjnych, gatunku rodzimego oraz warunkow §rodowiskowych.
Na podstawie przeprowadzonych badan mozna sformutowac nastepujace wnioski:

1. Inwazyjne malze z rodzaju Corbicula modyfikujg podloze zajmowane przez

rodzime malze Unionidae. Zaréwno zywe osobniki matzy Corbicula, jak i ich
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puste muszle tworzyly podtoze unikane przez Unio tumidus i Anodonta anatina.
Oznacza to, ze obecno$¢ matzy Corbicula moze ogranicza¢ dostepnosé
mikrosiedlisk odpowiednich dla rodzimych matzy, szczego6lnie tam, gdzie gatunek
inwazyjny osigga wysokie zaggszczenia.

Modyfikacja podloza przez malze Corbicula wpltywa na behawior rodzimych
malzy Unionidae. Na podlozu z zywymi osobnikami lub muszlami matzy
Corbicula rodzime matze zagrzebywaty si¢ ptycej, potrzebowaly wiecej czasu na
osiggnigcie podobnego poziomu zagrzebania lub zmienialy lokomocje
horyzontalng. Wskazuje to, ze matze Corbicula moga wptywac nie tylko na wybor
siedliska przez rodzime malze, ale takze ograniczaé ich strategie ochronne, jak
zagrzebanie 1 ucieczka.

Puste muszle malzy Corbicula sa trwalym elementem ich oddzialywania na
siedlisko. Wpltyw inwazyjnych matzy nie konczy si¢ wraz ze §miercig osobnikow,
poniewaz muszle pozostaja na podtozu i nadal zmieniajg jego strukture.

. Dlugoterminowa obecno$¢ malzy Corbicula w warunkach terenowych nie
spowodowala silnego efektu letalnego u badanych Unionidae. Smiertelno$¢ A.
anatina 1 U. tumidus byta niska i nie zalezata od obecnosci matzy Corbicula ani od
zaggszczenia malzy. Wskazuje to, ze skutki inwazji nie muszg by¢ widoczne na
poziomie przezywalnosci rodzimych matzy.

. Wplyw malzy Corbicula na rodzime Unionidae ujawnial si¢ glownie na
poziomie reakcji subletalnych. U malzy A. anatina wysokie zaggszczenie
ograniczato przyrost dlugo$ci muszli, a obecnos¢ matzy Corbicula 1 wigksze
zageszczenie ogOlnie wigzaly si¢ ze wzrostem peroksydacji lipidow w nodze.
Jednocze$nie brak obnizenia zawartosci glikogenu wskazywal, Zze zmiany te nie
prowadzily do wyraznego wyczerpania rezerw energetycznych. Wyniki te sugeruja,
ze stres u rodzimych malzy zwigzany z obecnoscig matzy Corbicula dotyczyt
gléwnie nogi, czyli narzadu pelnigcego funkcje lokomotoryczna, a nie ogdlnego
deficytu energetycznego.

Reakcje rodzimych malzy Unionidae na obecnos¢ malzy Corbicula byly
gatunkowo specyficzne. Malze Anodonta anatina wykazywaly wyrazniejsze
zmiany wzrostu 1 stresu oksydacyjnego w nodze, natomiast matze U. tumidus
reagowaty stabiej pod wzgledem wzrostu i wigkszo$ci parametrow fizjologicznych.
U matzy U. tumidus podwyzszony poziom glikogenu oraz obnizenie poziomu

peroksydacji lipidow w nodze w niektorych wariantach mogg wskazywac¢ na inng
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strategie reakcji, polegajaca raczej na ograniczeniu aktywnosci niz na zwigkszaniu
kosztownej lokomocji. Oznacza to, ze skutkdw obecno$ci matzy Corbicula nie
mozna uogolnia¢ na wszystkie rodzime malze, nawet jesli nalezg do tej samej
rodziny.

7. Malze z rodzaju Corbicula wykazaly wigksza odpornos¢ na wysychanie podloza
niz rodzime malze Sphaerium rivicola. Wszystkie osobniki malzy Corbicula
przezyly wielodniowa ekspozycje na powietrze, podczas gdy u S. rivicola
smiertelno$¢ dynamicznie rosta po odstonigciu podtoza. Wynik ten wskazuje, ze
susza hydrologiczna moze dziala¢ selektywnie na zespoty matzy, faworyzujac
taksony bardziej odporne na okresowe wysychanie.

8. Malze Sphaerium rivicola i malze Corbicula stosowaly odmienne strategie
behawioralne w odpowiedzi na obnizanie poziomu wody. Malze Sphaerium
rivicola aktywnie przemieszczaly si¢ w kierunku bardziej wilgotnych stref, ale
skuteczno$¢ tej strategii byta ograniczona dystansem do refugium. Matze Corbicula
pozostawaty natomiast w miejscu 1 zagrzebywaly si¢ glebiej w podtozu. Oznacza
to, ze S. rivicola stosuje strategi¢ ucieczki, zapewne skuteczng gltownie na
niewielkich odlegtosciach do refugium, natomiast matze Corbicula stosuja strategie
przeczekiwania niekorzystnych warunkow w zagrzebaniu.

9. Susza hydrologiczna moze zwi¢ksza¢ wzgledna przewage malzy Corbicula nad
bardziej wrazliwymi gatunkami rodzimymi. W warunkach czgstszych 1
dtuzszych epizodéw obnizania poziomu wody gatunki rodzime o niskiej odpornosci
na wysychanie moga ponosi¢ wysoka $miertelnos¢, podczas gdy inwazyjne maltze
Corbicula moga przetrwac te same warunki. Susza moze wigc zmienia¢ strukture
zespotdw malzy, zwigkszajac udziat taksonow bardziej odpornych na wysychanie.

10. Oddzialywanie malzy Corbicula na rodzime malze powinno by¢ rozpatrywane

w konteks$cie zmian globalnych. Wyniki rozprawy wskazuja, ze skutki inwazji

moga by¢ modyfikowane przez inne czynniki $rodowiskowe, zwlaszcza susze

hydrologiczna. Jednoczesne wystepowanie inwazyjnych malzy, modyfikacji

podloza i obnizania poziomu wody moze ogranicza¢ dostepno$¢ odpowiednich

mikrosiedlisk dla rodzimych malzy stodkowodnych.

Podsumowujac, malze z rodzaju Corbicula wptywaja na rodzime malze
stodkowodne nie tylko przez konkurencj¢ o pokarm i przestrzen. Jako organizmy

modyfikujace siedlisko zmieniajg strukture podioza, co utrudnia zagrzebywanie si¢ 1
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przemieszczanie rodzimych Unionidae. Ich obecnos¢ moze takze wywotywaé reakcje
subletalne, obejmujace wzrost, stres oksydacyjny i gospodarke energetyczna, nawet
wtedy, gdy nie obserwuje si¢ zwickszonej Smiertelnosci. Dodatkowo wigksza odpornosé
matzy Corbicula na wysychanie podtoza sprawia, ze w warunkach nasilajacych si¢ susz
hydrologicznych moga one uzyskiwaé przewage nad bardziej wrazliwymi gatunkami
rodzimymi.

Wyniki niniejszej rozprawy pokazujg, ze ocena zagrozen dla rodzimych matzy
stodkowodnych powodowanych przez inwazyjne matze powinna obejmowac nie tylko
$miertelnos¢, ale rowniez reakcje subletalne, z uwzglednieniem dtugotrwatych skutkow,
wywolanych np. modyfikacja podtoza przez inwazyjne gatunki. Szczeg6lne znaczenie
ma uwzglednienie pustych muszli matzy Corbicula jako elementu trwale i silnie
zmieniajgcego siedliska. Ponadto wyniki rozprawy wskazuja, ze skutki inwazji moga by¢
modyfikowane przez czynniki srodowiskowe powigzane ze zmianami globalnymi, jak
susza hydrologiczna. Czynnik ten moze sprzyja¢ przewadze konkurencyjnej inwazyjnych
malzy nad rodzimymi. Jednoczesne wystgpowanie inwazyjnych matzy, modyfikacji
podtoza i obnizania poziomu wody moze ogranicza¢ dostgpno$¢ odpowiednich
mikrosiedlisk dla rodzimych matzy stodkowodnych. W praktyce ochronnej oznacza to
potrzebe monitorowania nie tylko zywych osobnikéw malzy Corbicula, ale takze
nagromadzen ich muszli, zmian struktury podloza oraz dostepnosci wilgotnych lub

zanurzonych refugiow dla rodzimych matzy.
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Biological invasions cause biodiversity erosion on a global scale. Invasive species spreading beyond their natural
range compete with native fauna for food and space, push native species to suboptimal habitats, impairing their
behaviour and thus limiting their occurrence. Freshwater ecosystems are especially vulnerable to biological
invasions and their ecological and economic impacts. The invasive Asian clams (Corbicula spp.), due to their
opportunistic life style, can occur at densities of thousands ind. m~2. They act as ecosystem engineers trans-
forming bottom substrata through accumulation of shells. Our goal was to determine the effect of substratum
modification by living Corbicula and their shells on substratum choice and behaviour of Unio tumidus and
Anodonta anatina, two European freshwater mussel species of the highly imperilled Unionidae family. We
assessed their substratum selection in pairwise choice tests (pure sand vs. sand modified by living Corbicula or
their shells, sand modified by shells vs. living Corbicula). Next, we tested locomotion and burrowing of unionids
on pure substratum and substrata modified by Corbicula. Unionids avoided sand modified by living Corbicula and
their empty shells, not distinguishing between these two types of substratum modification. In the presence of
Corbicula, their burrowing was shallower or it took them longer to obtain the same depth as in the pure sand.
Additionally, on sand modified by Corbicula shells, we observed a locomotion increase (U. tumidus) or slowing
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down (A. anatina). Our research showed a novel mechanism of negative impact of Corbicula on unionids, con-
sisting in pushing them away from their optimal habitats. This may contribute to their habitat loss and future

declines in invaded ecosystems.

1. Introduction

Bivalves are aquatic ecosystem engineers crucial for benthic-pelagic
coupling (Gutiérrez et al., 2003). As efficient filter feeders (Howard and
Cuffey, 2006), they increase water transparency and affect nutrient
cycling (Vaughn and Hoellein, 2018). By depositing organic matter and
shells, they change the bottom quality, affecting the benthic fauna
(Atkinson and Vaughn, 2015; Vaughn, 2018; Ilarri et al., 2019).

Some bivalves have become invasive beyond their native ranges
(Crooks, 2001; Strayer, 2010; Keller et al., 2011), whereas others are
endangered due to habitat loss and fragmentation, pollution, exploita-
tion, climate change, and biological invasions (Lopes-Lima et al., 2014,
2017, 2018). These processes have led to decreased population sizes and
ranges, or even extinctions, resulting in homogenization of bivalve
communities at local, regional, and global scales (Sousa et al., 2023).
One particularly endangered bivalve group are freshwater mussels of the
Unionidae family (Lopes-Lima et al., 2017, 2021; Ollard and Aldridge,
2022; Aldridge et al., 2023).

A possible important threat to European Unionidae include the
introduction of clams of the Corbicula complex: C. fluminea (Miiller,
1774), C. leana Prime, 1867, C. fluminalis (Miiller, 1774), and their hy-
brids (Morhun et al., 2022). Originating from subtropical Asia (Lachner,
1970; Araujo et al., 1993; Komaru et al., 2013), they have spread to
Europe (Nentwig et al., 2018; Prié, 2023), America (Ludwig et al.,
2023), and Africa (Korniushin, 2004; Gomes-dos-Santos et al., 2019).
Even a single individual, capable of self-fertilisation, can create a stable
population of a density of up to 9000 ind. m~? (Caffrey et al., 2011;
Pigneur et al., 2014; Modesto et al., 2023). Corbicula can dominate the
benthic community, exceeding 95 % of its biomass (Sousa et al., 2008).
They compete with native mussels for food and space (Strayer, 1999;
Modesto et al., 2021; Hopper et al., 2022), impairing their physical
condition and locomotion (Ferreira-Rodriguez et al., 2018; Bolam et al.,
2019). The clams can also reduce sperm and glochidia of native unionids
by filter-feeding (Modesto et al., 2019).

Moreover, living Corbicula clams and shells remaining after their
death modify the substratum (Sousa et al., 2008; Bodis et al., 2014a,
2014b; McDowell and Sousa, 2019; Hopper et al., 2022). Thick shells
form 3-dimensional hard structures persisting for decades, and changing
local habitats (Ilarri et al., 2015, 2019). Therefore, Corbicula is consid-
ered an ecosystem engineer (Ilarri et al., 2012, 2014; Novais et al.,
2015). Large amounts of Corbicula shells rapidly accumulate in the
environment during the fast population growth and mass mortalities
(Werner and Rothhaupt, 2007; Ilarri et al., 2011; Bodis et al., 2014a,
2014b).

Corbicula clams may negatively affect co-occurring unionids, such as
Unio tumidus Philipsson, 1788 and Anodonta anatina (Linnaeus, 1758)
(Sousa et al., 2005; Beran, 2006; Piechocki and Szlauer-Lukaszewska,
2013; Dobler et al., 2022), since all these species prefer the same fine-
grained substrata (Poznanska-Kakareko et al., 2021; Szarmach et al.,
2023). In Europe, these unionids show ongoing declines (Lopes-Lima
et al., 2017). Their survival depends on the possibility of burrowing
(Balfour and Smock, 1995; Schwalb and Pusch, 2007; Poznanska-
Kakareko et al., 2021). Thus, if Corbicula shells form a physical barrier
inhibiting burrowing and locomotion of the native mussels, this may be
another serious mechanism of threat.

Our aim was to determine the impact of substratum modification by
living Corbicula clams (C. leana and hybrid of Corbicula sp.) on unionids:
U. tumidus and A. anatina. We hypothesized that the presence of
Corbicula would affect the substratum choice and behaviour of native
unionids. We assumed that (1) unionids would avoid living Corbicula

and their shells, and (2) Corbicula presence will disturb the natural
behaviour of unionids. We suspected that mussels would burrow to a
shallower depth and move over shorter distances due to mechanical
obstacles formed by Corbicula. Alternatively, if unionids actively avoid
Corbicula, their locomotion could be more intense in their presence.
Furthermore, we assumed that (3) unionids would respond more
strongly to Corbicula shells than to living clams. This is because of
different shell positions in the substratum (on the surface or mixed with
sand at different angles), in contrast to living clams, always vertically
burrowed in sand.

2. Materials and methods
2.1. Collection of unionid mussels, Corbicula clams and shells

We collected bivalves in the spring and summer of 2021 from several
locations in Poland, Central Europe. Adult native mussels (range: 65-85
mm, Table A.2) were obtained from the Koronowski Reservoir
(53°25'35.1"N 17°55'37.3'E) on the Brda River, a tributary of the Vistula
River (U. tumidus) (Fig. A.la) and from the Wioctawski Reservoir
(52°21'57.2"N  20°54'17.2'E) on the Vistula River (A. anatina)
(Fig. A.1b) by a diver from a depth of 2 m. Corbicula clams and their
shells were collected with a Surber net from a depth of 0.5-1 m at three
sites in the Oder River. Living C. leana (Fig. A.2a) were collected from
the Middle Oder River near Glogéw (51°40'36.9"N 16°01'48.8"E), and
individuals of another morphospecies, presumably a hybrid of C. leana
and C. fluminalis (Miiller, 1774) (Morhun et al., 2022), hereafter referred
to as Corbicula sp. (Fig. A.2b), were collected from the Lower Oder River
near Gryfino (53°14'50.3"N 14°28'52.9'E). All the above-mentioned
locations had water temperatures natural for the temperate climate in
central Europe and have been only recently invaded by Corbicula (own
observations). Fresh shells of both morphospecies were obtained from
the post-cooling channel of a power plant connected to the Lower Oder
River (53°12'42.2”N 14°28'02.7"E), which is a thermally polluted loca-
tion. Due to the thermophilic character of the Corbicula complex in
central Europe and their presence at this location for almost 20 years
(Domagata et al., 2004; Labecka et al., 2005), large numbers of empty
C. leana and Corbicula sp. shells have accumulated there, enambling
their collection for the experiments.

2.2. Stocking of bivalyes

We transported the living bivalves to the laboratory in 20-1 plastic
bags filled in 70 % with water from the collection site and in 30 % with
oxygen. The bivalves were stocked in an air-conditioned (20 °C) labo-
ratory with a photoperiod of 12 h light: 12 h darkness. We prepared
stock tanks (240 1 for 30 individuals of unionids, 84 1 for 100 individuals
of Corbicula, due to size differences) two weeks before animal collection.
Each tank was equipped with an internal filter and aeration system and
filled with sandy substratum of grain size (mean diameter: 0.67 mm,
range: 0.20-1.40 mm) within the preference range of all the species
tested (Poznanska-Kakareko et al., 2021; Szarmach et al., 2023). We fed
the bivalves with a solution of dried Chlorella algae twice a week. Every
week, we replaced 40 % of the tank volume with tap water, pre-
conditioned (aerated and filtered — pore size 30 Ppi) for a minimum of
48 h. We performed weekly measurements of water quality in the stock
tanks (oxygen, temperature, pH, conductivity; Table A.1a) with a mul-
timeter Multi340i (WTW GmbH, Weilheim, Germany).
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2.3. Substratum preparation

To conduct the experiments, we chose the same commercially
available sand as that used as the substratum in the stock tanks. Ac-
cording to Corenblit et al. (2013), McDowell and Sousa (2019), and our
field observations, Corbicula shell beds consist mainly of single valves.
Therefore, we used this form of shells in the experiments. We thoroughly
rinsed the sand and empty shells in tap water and cleaned the shells with
a brush. The sand and shells were then dried at 60 °C by 24 h in a lab-
oratory drier to reduce the presence of living organisms remaining after
washing, cooled and conditioned for 5 days in aerated water.

2.4. Experiment I: Impact of Corbicula on substratum choice by unionids

To investigate the effect of living Corbicula and their shells on the
habitat selection by Unionidae, we conducted pairwise choice tests in
30 x 30 x 30 cm tanks divided into two halves (Fig. 1). Each half of the
tank was filled with a different type of substratum (a layer of 10 cm). The
tanks were filled with conditioned tap water (filtered and aerated for at
least 48 h) up to a level of 10 cm above the surface of the substratum.

Unionid substratum selection was carried out in the presence of pure
sand (control) and one of three types of shell beds observed in the field:

e 4.51 of Corbicula shells (a mixture of both morphospecies) put on the
surface of 4.5 1 of sand in a 1:1 volume ratio (hereafter: shells on
surface (1:1)), which corresponded to 8400 shells m 2, counting two
single valves as one individual,

e shells mixed with sand in a 1:1 volume ratio (hereafter: shells mixed
(1:1)),

o shells mixed with sand in a 1:3 volume ratio (hereafter: shells mixed
(1:3)), which corresponded to 2800 shells m 2.

Two scenarios were simulated using shells on the sand surface and
mixed with sand, respectively. Based on our field and laboratory ob-
servations, Corbicula clams emerge to the surface before death and then
die. Therefore, the first scenario involved freshly dead Corbicula shells
appearing on the surface. Subsequently, due to processes occurring on
the bottom, such as sedimentation and the bioturbation activity of
benthic fauna, Corbicula shells may be mixed with sediments.

Experiment | (substratum selection)

Science of the Total Environment 948 (2024) 174764

Accordingly, the second scenario involved shells mixed with substra-
tum. Shells were mixed within the top 5-cm layer of sand, as Corbicula
only burrow into the surface layer of the substratum (Szarmach et al.,
2023).

Subsequently, we used various densities of shells mixed with sand
(700, 1400 and 2100 ind. m~2) corresponding to densities of living
Corbicula observed in the field (Cohen et al., 1984; Sousa et al., 2008;
Ilarri et al., 2011; Bonk et al., 2018). Next, we assessed the impact of
living Corbicula clams at the same densities (i.e. 700, 1400, 2100 ind.
m ). Living individuals of the two morphospecies were tested sepa-
rately due to potential interspecific differences in morphology, behav-
iour or chemical composition.

We offered unionids a choice between pure sand (control) and sand
with addition of different densities of living Corbicula or their shells to
determine the minimum density that affects unionid habitat selection.
We started the tests with the density of 1400 per m 2 and, depending on
the result obtained, we increased or decreased the clam density to
determine the lowest avoided value. We stopped testing after obtaining
a significant response of mussels to the presence of Corbicula in the
substratum. Additionally, we examined unionid selectivity between
living Corbicula clams and their shells at densities previously found to be
avoided in favour of pure sand.

At the beginning of each test, we introduced a single unionid indi-
vidual into each experimental tank, on the border between the two
substrata, with its longitudinal axis parallel to the border (Fig. 1). After
24 h, we determined the location of the unionid. We performed 30
replicates of each substratum configuration, each time with new unionid
individuals (thus, each individual was used only once in the study).
Altogether, we used 330 individuals of each unionid species. The length
of the tested unionids was measured before the experiment with a ruler
to the nearest 0.5 cm (Table A.2). We photographed living Corbicula
individuals and their shells before the experiment to determine their
length (Table A.2) using ImageJ 1.52n software (Schneider et al., 2012).
Furthermore, we measured water quality parameters (oxygen concen-
tration, temperature, pH, and conductivity) in the experimental tanks
(mean water temperature: 18.0 °C) after the experiment (Table A.1b)
using the multimeter Multi340i.

Experiment Il (burrowing & locomotion)
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« with empty clam shells at various densities

Fig. 1. Experimental setups.
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2.5. Experiment II: Impact of substratum modification by Corbicula on
unionid locomotion and burrowing

We determined the behaviour of unionid mussels on pure sand and
on sand with different types of Corbicula substratum modification
(determined as avoided and non-avoided based on results of experiment
I; see section 2.4 above). The experiment was carried out in the same
tanks as those used in Experiment I, under the same conditions (mean
water temperature: 17.7 °C, Table A.1c), except using only one type of
substratum in each tank (Fig. 1). At the beginning of each test, we
introduced a single unionid individual into the centre of the tank. We
recorded the experiment for 24 h (12 h light: 12 h darkness) with CCTV
IP digital video cameras (SNB-6004, Samsung, South Korea) equipped

a. Unio tumidus
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with infrared illuminators (LIR-CS32, IRLAB, Taiwan). We performed 15
replicates per each unionid species on each substratum. Each individual
was used only once in the study (altogether, 180 individuals of each
unionid species).

The obtained videos were analysed manually. Based on the earlier
studies (Poznanska-Kakareko et al., 2021; Szarmach et al., 2023), we
determined the following behavioural parameters: time of movement
(burrowing or locomotion) initiation (counting from the start of the
test), duration of burrowing activity, burrowing level (see section 2.6
below for the formula), locomotion distance, and locomotion time.

b. Anodonta anatina

Control (pure sand) i
shells on surface (1:1)

Control (pure sand) B I
shells mixed (1:1) _

Control (pure sand) |
shells mixed (1:3)

Control (pure sand) | |

shells 700

Control (pure sand) |
shells 1400

Control (pure sand)
shells 2100

Control (pure sand) |
C. leana 700 |

Control (pure sand)
C. leana 1400

Control (pure sand) |
Corbicula sp. 700 | |

Control (pure sand) |
Corbicula sp. 1400

shells 1400 |
C. leana 1400 \

shells 1400 |
Corbicula sp. 1400 |

shells 2100
C. leana 2100

shells 2100
Corbicula sp. 2100

Preference | 0 20 40 60 80
. Avoidance
D No selection

Fig. 2. Percentages of Unio idus and Anad

20 40 60 80 100%

Percentage of individuals selecting the habitat

individuals selecting particular substrata in pairwise choice tests in Experiment I. Green and red bars

indicate a significant preference for or avoidance of the particular substratum within a given pair, respectively (Chi-square tests of goodness of fit, see Table 1 for
details). Labels “1:1” and “1:3” indicate shell:sand volumentric proportions. Numbers are densities of living individuals or shells (two valves counted as a single

individual) expressed as ind. m~2
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2.6. Data analysis

We tested substratum choice by unionids using ){2 tests of goodness of
fit to check whether the observed distribution of mussels between the
two compared substrata differed significantly from a theoretical uniform
distribution (50 % on each substratum, assuming no selectivity).

To determine the mean burrowing level (MB) for each individual, we
used the following formula:

4 4
MB =" [25%%it] / > &
=0

i=1

where i is burrowing level, divided into 5 steps: 0 (mussel on the sur-
face), 1 (25 % of the mussel length buried), 2 (50 % of the mussel length
buried), 3 (75 % of the mussel length buried), 4 (mussel fully burrowed);
t; is time spent by the mussel at burrowing level i.

The data on burrowing and locomotion of unionids strongly violated
assumptions of a parametric test (normality and homoscedasticity,
checked with Levene and Shapiro-Wilk tests, respectively). Therefore,
we used sequential Bonferroni corrected Mann-Whitney tests to deter-
mine differences in mussel behaviour between the control treatment and
various types of substratum modification by Corbicula. We processed the
data using SPSS 26.0 package (IBM Inc.).

3. Results
3.1. Experiment I: Impact of Corbicula on substratum choice by unionids

Unio tumidus and A. anatina avoided substratum modified by
Corbicula shells at the minimum density of 1400 and 2100 shells m’z,
respectively (Fig. 2, Table 1a-b). Both unionid species avoided living
Corbicula (both morphospecies) at a minimum density of 1400 ind. m 2
and did not distinguish between empty shells and living clams (Fig. 2,

Table 1a-b).

3.2. Experiment II: Impact of substratum modification by Corbicula on
unionid locomotion and burrowing

All Unionidae individuals were active. Unionids exposed to sub-
stratum modified by Corbicula tended to delay their movement initiation

Table 1

Impact of Corbicula complex on substratum choice of Unio tumidus and Anodonta
anatina in Experiment I. Results of Chi-square tests of goodness of fit comparing
the distribution of individuals within a particular pair of substrata to the uniform
distribution (50:50 %, assuming no selectivity). Cases of significant selectivity
indicated in bold.

Substrata’ a. U. tumidus b. A. anatina

7 P P P
Control vs. shells on surface (1:1) 26.13 <0.001 19.20 <0.001
control vs. shells mixed (1:1) 8.53 0.003 13.33 <0.001
control vs. shells mixed (1:3) 6.53 0.011 8.53 0.003
control vs. shells 700 ind. m ? 213 0.144 N/A N/A
control vs. shells 1400 ind. m 2 6.53 0.011 0.53 0.465
control vs. shells 2100 ind. m~> N/A N/A 4.80 0.028
control vs. C. leana 700 ind. m™ 0.13 0.715 0.13 0.715
control vs. C. leana 1400 ind. m~> 6.53 0.011 4.80 0.028
control vs. Corbicula sp. 700 ind. m 2 0.13 0.715 0.53 0.465
control vs. Corbicula sp. 1400 ind. m 2 4.80 0.028 4.80 0.028
shells vs C. leana 1400 ind. m 2 0.00 1.000 N/A N/A
shells vs. Corbicula sp. 1400 ind. m 2 0.53 0.465 N/A N/A
shells vs. C. leana 2100 ind. m™> N/A N/A 0.53 0.465
shells vs. Corbicula sp. 2100 ind. m™> N/A N/A 1.20 0.273

N/A - not available (the test was not carried out because a density threshold for
avoiding Corbicula has already been obtained for a given species / substratum
modification type).

! control — pure sand, 1:1, 1:3 — shell to sand volumentric proportions, ind. —
living individuals or two shell valves counted as a single individual.
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compared to their behaviour on controls (Fig. 3a-b). For U. tumidus, this
effect was significant in the presence of shells on the surface (1:1) and
living Corbicula sp. at a density of 1400 ind. m 2 (Fig. 3a, Table 2a). For
A. anatina, significant effects were observed in the presence of shells
(1:1, on the surface and mixed with sand), living C. leana at a density of
1400 ind. m~2 and living Corbicula sp. at densities of 1400 and 2100 ind.
m~2 (Fig. 3b, Table 2a).

On sand, U. tumidus did not show any horizontal locomotion,
whereas 60 % of A. anatina moved horizontally (mean distance: 126
cm). In addition, 37 % U. tumidus and 48 % A. anatina crawled on sand
modified by Corbicula, which was avoided in experiment 1. Unio tumidus
covered longer distances and moved for a longer time in the presence of
shells on the surface or mixed with sand (1:1) compared to the control
(mean distance: 33.0 cm and 0.0 cm, respectively) (Fig. 3c, A.3;
Table 2b-¢). The distances travelled by A. anatina did not differ between
the control and any substratum modification treatments. However,
A. anatina moved for a longer time on sand with shells on the surface
(Fig. 3d, A.3; Table 2b-c).

All unionids burrowed in pure sand, while 82 % individuals of
U. tumidus and 75 % of A. anatina burrowed in sand modified by
Corbicula. The burrowing time of U. tumidus and A. anatina was shorter
in the presence of shells on the surface (mean time: 23 min, and 0 min,
compared to mean time on sand: 75 min, and 31 min, respectively) and
the same was true for U. tumidus in the presence of shells mixed in sand
(1:1) (mean time: 33 min) (Fig. 4a-b; Table 2d). On the other hand,
A. anatina burrowed for a longer time in sand modified by living
Corbicula (mean time: 74 min) (both morphospecies, except Corbicula sp.
at 700 ind. m 2) (Fig. 4b, Table 2d).

Unio tumidus showed a lower burrowing level when exposed to all
types of substratum modification by Corbicula except living C. leana at a
density of 700 ind. m2 (though a tendency was visible also in this case)
(Fig. 4c, A.4; Table 2e). Anodonta anatina had a lower burrowing level in
sand modified by Corbicula shells at a minimum density of 2100 m 2
compared to sand (Fig. 4d, A.4, Table 2e).

4. Discussion

We demonstrated that Corbicula can affect the substratum choice and
behaviour of European unionids. Consistently with hypothesis 1,
U. tumidus and A. anatina avoided sand modified by living Corbicula and
their shells at a density of at least 1400 ind. m~2. Corbicula densities of as
much as 10,000 and 16,000 ind. m 2 were observed in North America
(Marsh, 1985) and Europe (Lake Constance, Hubenov et al., 2013),
respectively. Thus, clam densities avoided in our study do occur in
freshwater ecosystems, indicating that they are likely to degrade the
quality of unionid habitats. The presence of Corbicula shells or living
clams changes the substratum quality, especially increasing grain size
(other organisms can perceive Corbicula shells as large substratum par-
ticles). Poznanska-Kakareko et al. (2021) showed that coarse substrata
are avoided by unionids, which is a likely mechanism of Corbicula
avoidance in our study.

Sand modification by Corbicula clams also changed the unionid
behaviour, in accordance with hypothesis 2. In particular, the unionids
reduced their percentage burrowing level and increased locomotion,
especially U. tumidus. Unionids showed similar responses to non-
preferred coarse substrata: they burrowed longer and to a shallower
depth, and showed higher locomotion than on their preferred fine-
grained substratum (Lewis and Riebel, 1984; Annie et al., 2013;
Hernandez et al., 2021; Poznanska-Kakareko et al., 2021).

Unionid burrowing is their defence against vertebrate and inverte-
brate predators (Haag, 2012; Zajac, 2014; Sousa et al., 2019; Nagayama
et al., 2020; Meira et al., 2024) and adverse abiotic conditions, such as
water level fluctuations, floods, droughts, and suboptimal temperature
(Tallqvist, 2001; Schwalb and Pusch, 2007; Flynn and Smee, 2010;
Gough et al., 2012; Newton et al., 2015). Limited burrowing of native
mussels by Corbicula may also expose them to biofouling, e.g. by
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Fig. 3. Time of movement initation (a-b), and locomotion distance (c-d) of Unio tumidus and Anodonta anatina responding to substratum modification by Corbicula in
Experiment II. Asterisks indicate significant differences in mussel behaviour between a given treatment and the control treatment in the pure sand (Mann-Whitney
tests with the sequential Bonferroni correction; See Table 2a-b for details). Red bars indicate substrata significantly avoided by mussels in favour of the pure sand
control, whereas green bars show Corbicula densities that were non-avoided by mussels in Experiment I (see Fig. 2).

dreissenid mussels (Dzierzynska-Biatoniczyk et al., 2018). Fouling
adversely affects unionids by interfering with their feeding, breathing
(McCarthy et al., 1997; Larson et al., 2016; Miiller et al., 2021), and
movement (Appledorn and Bach, 2007). A change in unionid burrowing
may also affect the reproduction success of such fish as the European
bitterling Rhodeus amarus (Bloch, 1782), incubating embryos in unionid
mantle cavity (Smith et al., 2004).

The increase in the unionid locomotion in the presence of Corbicula
shells, observed in our study, may be due to the search for a more
suitable microhabitat and avoidance of competition. This is confirmed
by the results of Ferreira-Rodriguez et al. (2018), who observed
increased unionid movement with increasing density of living Corbicula.
On a long term, this may result in the deteriorated condition of mussels
forced to prolonged locomotion (Ferreira-Rodriguez et al., 2018). In our
study, U. tumidus delayed their activity initiation in the presence of
Corbicula, which suggests that, despite a longer final distance covered,
their movement in substratum modified by Corbicula was more difficult.
Worse physical condition may negatively affect the reproduction of

unionids, additionally limiting their occurrence (Hua et al., 2013; Lopes-
Lima et al., 2017; Lopes-Lima et al., 2021).

Hypothesis 3 was not confirmed in our study. Unionids avoided
shells independent of their position, on the surface or mixed with sand.
However, A. anatina avoided living Corbiula at 1400 ind. m- 2 whereas
their shells only at 2100 ind. m~2 This suggests a stronger impact of
living clams compared to their shells. On the other hand, we noted no
difference in habitat selection when comparing the same densities of
shells and living Corbicula, which indicated a similar effect of living
Corbicula and their shells on unionids. However, consistently with hy-
pothesis 3, we observed differences in unionid behaviour depending on
the substratum modification type. The burrowing level of U. tumidus was
lower in all types of substrata modified by Corbicula. Whereas, A. anatina
reduced its burrowing only in response to shells. In the presence of living
Corbicula, it took A. anatina longer to obtain the same burrowing level as
in control. This indicates that A. anatina is affected more by shells than
by living Corbicula. This may result from the fact that randomly arranged
Corbicula shells create a more compact substratum layer than living
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Table 2

Impact of Corbicula complex on behaviour of Unio tumidus and Anod:

in Experiment II. Results of pairwise Mann-Whitney tests comparing various
types of sand modification by living clams or their shells to the control pure
sand. Significant differences indicated in bold (P < 0.05) when the significance
holds with the sequential Bonferroni correction.

Variable Substrata’ Mann-Whitney U test” *

Control (pure sand) vs. - s A gnaia

z P z P
a. Time of shells on surface (1:1) —-4.38 <0.001 -3.38 0.001
movement shells mixed (1:1) -2.32 0.020 -2.88 0.004
initiation shells mixed (1:3) 1.91 0.056 1.62 0.105
shells 700 ind. m 2 ~1.87  0.062 N/A N/A
shells 1400 ind. m 2 -0.64 0520 -1.95  0.051
shells 2100 ind. m 2 N/A N/A -2.47 0014
C. leana 700 ind. m~? -0.91 0361 -259 0.010
C. leana 1400 ind. m ™2 -0.21 0.836 —3.36 0.001
C. leana 2100 ind. m~? N/A N/A -2.05 0.040

Corbicula sp. 700 ind. m 2 —2.14 0.033 -2.55 0.011
Corbicula sp. 1400 ind. m % -3.26  0.001 -3.46  0.001
Corbicula sp. 2100 ind. m~? N/A N/A -3.07 0.002

b. Locomotion shells on surface (1:1) -499 <0.001 -239 0.017
distance shells mixed (1:1) -3.71 <0.001 -0.11 0.915
shells mixed (1:3) -1.44 0.150 -1.86 0.062

shells 700 ind. m 2 —-1.00 0.317 N/A N/A

shells 1400 ind. m~2 -1.44 0.150 -0.49 0.625

shells 2100 ind. m~2 N/A N/A —-0.58 0.559

C. leana 700 ind. m~? - - -259  0.010

C. leana 1400 ind. m * -1.00 0317 -274  0.006

C. leana 2100 ind. m * N/A N/A -1.96  0.050

Corbicula sp. 700 ind. m 2 - - -1.69 0.091

Corbicula sp. 1400 ind. m 2 —1.79 0.073 -2.54 0.011
Corbicula sp. 2100 ind. m™  N/A N/A -271  0.007

¢. Locomotion shells on surface (1:1) —-4.99 <0.001 -3.44 0.001
time shells mixed (1:1) -3.71 <0.001 -0.62 0.534
shells mixed (1:3) —1.44 0.150 -2.47 0.013

shells 700 ind. m~2 -1.00 0317 N/A N/A

shells 1400 ind. m > -1.44 0150 -0.02  0.983

shells 2100 ind. m ? N/A N/A -0.11 0914

C. leana 700 ind. m ? - - -252  0.012

C. leana 1400 ind. m 2 1.00 0.317 2.27 0.023

C. leana 2100 ind. m~2 N/A N/A  -1.69 0.091

Corbicula sp. 700 ind. m~? - - —1.44 0.150

Corbicula sp. 1400 ind. m™>  —1.79 0.073 -2.50 0.012
Corbicula sp. 2100 ind. m™®  N/A N/A -2.52 0.012

d. Duration of shells on surface (1:1) -3.58 <0.001 -4.99 <0.001
burrowing shells mixed (1:1) -3.27 0.001 -1.09 0.276
activity shells mixed (1:3) —0.68 0.493 -0.58 0.560

shells 700 ind. m~* -0.04 0967 N/A N/A
shells 1400 ind. m~* -0.19 0852 044  0.663
shells 2100 ind. m 2 N/A N/A 224 0.025
C. leana 700 ind. m 2 -1.54 0.124 -2.86 0.004
C. leana 1400 ind. m 2 -1.20 0.229 -4.07 <0.001
C. leana 2100 ind. m~> N/A N/A -2.68  0.007
Corbicula sp. 700 ind. m~2  —0.27 0.787 -2.20 0.028
Corbicula sp. 1400 ind. m 2 —0.44 0.663 -3.46  0.001
Corbicula sp. 2100 ind. m 2 N/A N/A -3.13  0.002
e. Burrowing shells on surface (1:1) —-4.71 <0.001 -4.99 <0.001
level (%) shells mixed (1:1) —-4.68 <0.001 -4.21 <0.001
shells mixed (1:3) -2.39 0.017 -4.51 <0.001
shells 700 ind. m™2 -3.50 <0.001 N/A N/A
shells 1400 ind. m~? -2.59 0.010 -2.34 0.019
shells 2100 ind. m 2 N/A N/A -3.50 <0.001
C. leana 700 ind. m 2 -1.14 0254 -0.19  0.852
C. leana 1400 ind. m 2 —-326 0.001 -164 0.101
C. leana 2100 ind. m~* N/A N/A -110  0.272

Corbicula sp. 700 ind. m 2 -3.13 0.002 -0.77 0.443
Corbicula sp. 1400 ind. m 2 -3.46  0.001 -2.14 0.033
Corbicula sp. 2100 ind. m~2 N/A N/A  —-0.02 0.983

1 1:1, 1:3 — shell to sand volumentric proportions, ind. — living individuals or
two shell valves counted as a single individual.

2 N/A - not available (the trials were run with the substratum types that were
also used for a given species in Experiment I).

3 dash — no movement observed in both groups to be compared.
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Corbicula. A stronger impact of Corbicula on the burrowing of U. tumidus
than that of A. anatina is probably due to the morphological differences
between the unionids (Levine et al., 2014). Anodonta anatina is narrower
than U. tumidus, which results in a lower resistance of the former when
burrowing into the substratum.

Probably the difficulty to burrow into sand with clam shells caused
changes in locomotion of both unionids. Unio tumidus travelled longer
distances and for a longer time on sand with shells. On the other hand,
the presence of Corbicula shells slowed down locomotion and delayed its
initiation in A. anatina, which needed more time to cover the same
distance on the modified substratum then in control conditions (no
differences in distance, but a longer locomotion time). During the
breeding season, unionids move and form aggregations to increase their
reproductive success (Amyot and Downing, 1998; Zajac and Zajac,
2011). Thus, substratum modification by Corbicula, interfering with
unionid mobility, is likely to reduce their fitness. However, further
studies need to be performed to check this hypothesis.

5. Conclusion

We demonstrated that the substratum modification by Corbicula af-
fects the habitat selection by native mussels, impairs their burrowing
and affects horizontal locomotion (increasing in U. tumidus, slowing
down in A. anatina). All of this may result in the greater exposure of
mussels to adverse abiotic factors, biofouling, and predators. Our results
may be of conservation importance, given the widespread distribution of
Corbicula and the recent declines in unionids (Aldridge et al., 2023;
Lopes-Lima et al., 2023; Nakamura et al., 2023). In addition to the
already identified mechanisms of the negative impact of Corbicula, such
as competition or filtration of sperm and glochidia, we have shown
habitat modification by Corbicula shells as another threat to unionids.
Even after death, the invader can still affect unionids and its legacy may
be very long-lasting. They may die massively in one year, contributing
with a great amount of shell material, to recover to high densities again
within a few years. Since empty shells remain in the habitat for decades
(Ilarri et al., 2019), this legacy may be very impactful.

With climate warming, the invasion of thermophilic Corbicula clams
is likely to increase in temperate areas, making them more widespread,
and more abundant in already invaded areas. Their impact is expected to
be intensified, limiting the range and abundance of native Unionidae
mussels. Therefore, the findings reported here deserve conservation
attention. Future managament measures devoted to unionids living in
sympatry with Corbicula need to take into account not only the role of
living Corbicula but also their empty shells.
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Fig. 4. Duration of burrowing activity (a-b), and burrowing level (c-d) of Unio

idus and Anod

responding to substratum modification by Corbicula in

Experiment II. Asterisks indicate significant differences in mussel behaviour between a given treatment and the control treatment in the pure sand (Mann-Whitney
tests with the sequential Bonferroni correction; See Table 2d-e for details). Red bars indicate substrata significantly avoided by mussels in favour of the pure sand
control, whereas green bars show Corbicula densities that were non-avoided by mussels in Experiment I (see Fig. 2).
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Table A.1. Water parameters in stocking and experimental tanks

Oxygen Oxygen
contentration concentration Temperature Conductivity
(mg/l) (%) ) pH (uS/cm)
a. Stocking tanks
Mean 8.42 95.4 21.2 8.4 727
SD 0.14 1.7 0.5 0.1 51
Min 8.18 92.5 20.5 8.2 675
Max 8.65 98.2 21.9 8.6 868
b. Experiment I
Mean 7.85 83.5 18.0 8.43 640
SD 0.64 6.7 0.6 0.06 16
Min 6.56 70.5 17.1 8.28 615
Max 8.78 91.9 18.9 8.54 674
c. Experiment I1
Mean 8.58 90.8 17.7 8.54 645
SD 0.81 8.3 0.7 0.10 18
Min 6.82 73.3 16.7 8.34 619
Max 9.23 99.6 18.9 8.66 680

SD — standard deviation

Table A.2. Average length (mm) of Unio tumidus, Anadonta anatina, Corbicula leana,

Corbicula sp. and shells of Corbicula complex

Research material Mean SD Min Max
Unio tumidus 73 4 65 85
Anodonta anatina 74 5 65 85
Corbicula leana 17 1 15 20
Corbicula sp. 17 1 15 20
Shells of Corbicula complex 18 1 15 21

SD — standard deviation
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Fig. A.1. Shell morphology of Unio tumidus and Anadonta anatina used in the study

84



Fig. A.2. Shell morphology of Corbicula leana and Corbicula sp. used in the study
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Fig. A.3. Locomotion time in various substrata by Unio tumidus and Anodonta anatina

responding to Corbicula substratum modification in Experiment II. Asterisks indicate

significant differences in mussel behaviour between a given treatment and the control

treatment in the pure sand (Mann-Whitney tests with the sequential Bonferroni

correction; See Table 2c¢ for details). Red bars indicate substrata significantly avoided by

mussels in favour of the pure sand control, whereas green bars show Corbicula densities

that were non-avoided by mussels in Experiment I (see Fig. 2).
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Abstract

Biological invasions are a major component of global change, yet their sublethal
consequences for native freshwater bivalves remain poorly understood. Unionid mussels
are particularly vulnerable to environmental stressors because of their long-life span, low
mobility and complex life cycles, but the physiological mechanisms through which
invasive bivalves affect native unionids are still insufficiently resolved. We evaluated the
effects of five-month field exposure of two European unionids, Anodonta anatina and
Unio tumidus, to invasive Corbicula clams under low- and high-density treatments. We
assessed mortality, growth, physical condition, glycogen content and oxidative stress
biomarkers, including thiobarbituric acid reactive substances (TBARS), total oxidant
status (TOS) and total antioxidant status (TAS). Unionids mortality remained low,
especially in A. anatina, whereas mortality of Corbicula was high. Responses of native
unionids were species-, tissue- and endpoint-specific. In A. anatina, high-density
treatment reduced growth, while treatments with Corbicula were associated with higher
width and weight increments than conspecific controls. Digestive-gland TOS and TBARS
levels were lower in the presence of Corbicula, whereas foot TBARS increased under
high-density conditions, indicating tissue-specific oxidative costs potentially linked to
sediment-mediated or behavioural stress. Glycogen content in A. anatina did not differ
among treatments, suggesting no strong energetic depletion. In contrast, U. tumidus
showed mostly neutral responses in growth, TOS and TBARS, although reduced TAS

and elevated glycogen in the high-density Corbicula treatment indicated a distinct
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physiological response. These findings show that the impacts of Corbicula on native
unionids are not uniformly negative, but depend on species identity, tissue function and
are density dependent. Sublethal physiological responses may therefore reveal invasion
effects before mortality or population decline becomes evident. This provides critical
information for the development and implementation of effective conservation measures
for unionids, helping to prioritize management actions, and support the long-term

recovery and sustainability of their populations and habitats.

1. Introduction

Unionid mussels play a crucial role in freshwater ecosystems due to their ability to modify
habitats and influence ecosystem processes (Vaughn, 2018). Through intensive filtration,
they improve water clarity, enhance nutrient cycling, and stabilise benthic habitats
(Atkinson et al., 2017; Zieritz et al., 2022, 2025). They also create complex microhabitats
that promote biodiversity by influencing the structure and composition of
macroinvertebrate communities (Ollard et al., 2023). Their sensitivity to environmental
change and longevity make unionids valuable bioindicators of aquatic ecosystem health
(Buelow and Waltham, 2020; Ferreira-Rodriguez et al., 2023). In addition, unionids
exhibit life-history traits that make them particularly vulnerable to environmental
stressors, including late sexual maturity, low fecundity, and a parasitic larval stage, the
glochidium, which requires suitable fish hosts for successful development (Lopes-Lima
et al.,, 2017; Modesto et al., 2018; Rogers et al., 2023; de Moulpied et al., 2024).
Consequently, unionid populations often struggle to recover after disturbances
(Nakamura et al., 2023; Lopes-Lima et al., 2023; Rogers et al., 2023; de Moulpied et al.,

2024).
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Unionids face numerous anthropogenic threats, including water pollution, habitat
loss and fragmentation (Liu et al., 2023; Ollard and Aldridge, 2023; Rogers et al., 2023).
More recently, the intensification of biological invasions has emerged as a major and
growing concern (Tan et al., 2023). Non-native species may outcompete native species
for resources and habitat, introduce novel pathogens, and alter environmental conditions,
sometimes contributing to local population declines or extinctions (Prestes et al., 2024).
The effects of invasions are particularly severe in freshwater ecosystems, which are
characterised by high biodiversity and natural isolation (Ahmed et al., 2022).

Among non-native taxa, Asian clams from the Corbicula complex (Cyrenidae,
Bivalvia) are particularly concerning because of their broad ecological tolerance, early
maturity, high reproductive capacity, including self-fertilization reproduction, and rapid
spread (Modesto et al., 2025b). Corbicula clams have rapidly expanded their range across
Europe (Bodon et al., 2020), North America (Benson and Williams, 2021), South
America (Leal et al., 2021; Hiinicken et al., 2024), Africa (Clavero et al., 2012), and
Australia (NSW DPI, 2025). Climate change, particularly rising water temperatures and
altered hydrological regimes, may further facilitate the spread and establishment of
Corbicula clams in suitable freshwater habitats (Crespo et al., 2015), thereby increasing
their potential pressure on native species (Modesto et al., 2025a).

The impacts of Corbicula clams on native unionids may arise through several, non
exclusive mechanisms. As efficient suspension feeders, Corbicula clams can compete
with native unionids for suspended food resources, and modify seston quantity and
quality (Ferreira-Rodriguez et al., 2018; Haag et al., 2021; Modesto et al., 2021). Further,
through biodeposition of their shells, excretion, and sediment disturbance, they may also
alter nutrient cycling, oxygen conditions, and the physical structure of benthic habitats

(Chappell et al., 2019; Ilarri et al., 2018, 2019; Hopper et al., 2022; Szarmach et al., 2023,
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2024). In addition, Corbicula clams may impair the survival of parasitic larvae (glochidia)
of native freshwater unionids (Modesto et al., 2019). Such changes may affect native
unionids at the sublethal level, including altered growth, energy allocation, burrowing
behaviour, and oxidative balance (Fritts et al., 2015; Said & Nassar, 2022; Hillebrand et
al., 2024; Modesto et al., 2025b; Szarmach et al., 2024) that in extreme cases can lead to
an increased mortality.

Native unionids, including Anodonta anatina (Linnaeus, 1758) and Unio tumidus
Philippson, 1788 are increasingly threatened by ongoing environmental change. Both
species are experiencing population declines in Europe, with U. tumidus currently
classified as near threatened and A. anatina as vulnerable (Lopes-Lima and Prié,
2024a,b). Moreover, both are classified as threatened or endangered in several European
countries, including Germany, Austria, Czechia, and Ireland (Lopes-Lima et al., 2017).
Therefore, it is essential to understand the mechanisms underlying these declines,
including the impacts of non-native species.

Despite the growing body of evidence that Corbicula clams may negatively affect
unionid populations, their long-term physiological and ecological impacts remain poorly
understood. To address this knowledge gap, the present study evaluates the long-term
effects of invasion by Corbicula clams on European populations of U. tumidus and A.
anatina. Specifically, we focus on growth, physical condition, including glycogen level,
and oxidative stress (estimated using thiobarbituric acid reactive substances (TBARS),
total oxidant status (TOS), and total antioxidant status (TAS) as indicators). These
indicators capture sublethal signs of environmental stress (Fritts et al., 2015; Said and
Nassar, 2022; Hillebrand et al., 2024). By identifying species- and tissue-specific
sublethal responses to invasive Corbicula clams, our findings may support the use of

biochemical biomarkers as early-warning indicators in unionid monitoring, enabling
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conservation actions before increased mortality or population decline becomes evident.

Based on the expected overlap in habitat use and feeding mode between native unionids
and invasive Corbicula clams, it was hypothesised that (1) the long-term presence of
Corbicula clams would negatively affect native unionids by reducing their growth,
physical condition, and energy reserves, while increasing mortality, oxidative stress
and/or costs of its reduction. It was further predicted that (2) these effects would be
strongest under high-density conditions, where resource competition and local
environmental modification were expected to be more intense. Because unionid species
may differ in their ecological traits, physiological tolerance, and ability to cope with
invasive clams, (3) species-specific differences in responses were also expected between

A. anatina and U. tumidus.

2. Materials and Methods

2.1. Bivalve collection and stocking

Bivalves were collected in June 2022 from the Wioctawek Reservoir (52°21'57.2"N,
20°54'17.2"E), a large lowland dam reservoir located in the lower course of the Vistula
River in central Poland. The reservoir has a strongly fluvial, channel-like character and a
very short water retention time of approximately 4.5-5 days, which makes it function
more as a run-of-river, super-rheolimnic, and well-oxygenated reservoir than as a typical
lacustrine dam reservoir (Polak, 2004; Dembowska, 2009; Kentzer et al., 2010). It is
considered a nutrient-rich/eutrophic system (Sigareva et al., 2011), inhabited by a rich
benthic community (Poznanska et al., 2009).

Unionids (U. tumidus and A. anatina) were collected by professional divers from
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a depth of 2-3m, where Corbicula clams are not present. Corbicula clams were collected
using a Surber net from the nearshore zone of the reservoir at depths ranging from 0.5 to
1.0m. The bivalves were transported to an air-conditioned laboratory in 10-litre plastic
bags filled with water from the collection site. The laboratory was maintained at a
constant air temperature of 20°C, with a controlled photoperiod of 12 hours light and 12
hours darkness. Stock tanks (240-1 for Unionidae, 84-1 for Corbicula clams) were
prepared two weeks in advance prior to the bivalve arrival to ensure optimal conditions.
All tanks were equipped with internal filters (pore size: 30 PPI), aeration systems, and
sandy substratum (mean diameter: 0.67mm, range: 0.20—1.40mm) matching the habitat
preferences of the bivalves tested (Poznanska-Kakareko et al., 2021; Szarmach et al.,
2023).

The bivalves were kept in the laboratory for one week before the experiment
began. During this period, they were fed twice a week with a suspension of crushed
Chlorella sp. tablets, a diet previously tested as suitable for bivalves. Water quality
parameters (dissolved oxygen, temperature, pH, and conductivity) were monitored once

a week (Appendix S1) with a multimeter Elmetron CX-461 (Poland).

2.2. Experimental preparation of bivalves

Collected unionids were gently dried on blotting paper, individually weighed using a
laboratory scale (accuracy: 0.01g) (RADWAG AS 310.R2 PLUS, Poland), and measured
with a digital caliper for shell length, height, and width both before the experiment
(Appendix S2). Corbicula clams were also dried and weighed before the experiment, and
their shell length was measured using photographs taken before the experiment and

ImagelJ software (Appendix S2). After these measurements, each unionid was assigned a
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unique numerical identifier and labelled with fast drying nail varnish, which allowed its
biometric data to be tracked throughout the study. The mean individual wet biomass of
the collected unionids was approximately 26g (SD 3.0g; range 20.2-38.8g) (Appendix
S2). Based on the initial biomass measurements of Corbicula clams, we determined that
one unionid individual had a mean wet biomass approximately equivalent to that of 38
Corbicula clams. This information was used to establish four experimental treatments,
which were applied separately to U. tumidus and A. anatina:
I. Low density control treatment: 4 unionids (total biomass: 104g, SD 3.7g, 65 ind. m™).
II. Low density treatment with Corbicula clams: 3 unionids (78g, SD 2.1g, 49 ind. m™2)
with 38 Corbicula clams (26g, 500 ind. m™2), i.e. 1 unionid individual replaced with the
equivalent mass of Corbicula clams (total biomass: 104g).
III. High density control treatment: 8 unionids (total biomass: 208g, SD 4.4g, 130 ind.
m2).
IV. High density treatment with Corbicula clams: 4 unionids (104g, SD 3.0g, 65 ind. m™)
with 150 Corbicula clams (104g, 2000 ind. m2), i.e. 4 unionid individuals replaced with
the equivalent mass of Corbicula clams (total biomass: 208g).
The individuals were assembled so that the total biomasses of species in each replicate
matched the values stated above. This setup allowed us to check the potential effects of
Corbicula clams on unionid unionids assuming the constant total bivalve biomass (i.e.
comparing the impact of conspecifics to that of Corbicula: treatment I vs IT and III vs IV),
as well as the effect of addition of Corbicula clams to a given biomass of unionids
(treatment I vs IV). Each treatment was replicated 15 times for each native unionid
species.

The experimental densities of unionids were within the range reported from

natural populations, in which densities of up to 138.7 ind. m™2 and local densities of 22—
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289 ind. m 2 have been recorded (Weber, 2005; Schwalb and Pusch, 2007). The densities
of Corbicula clams used in the study also reflected values recorded in European
populations, where the clams may occur at densities from several hundred to more than

2000 ind. m™ (Sousa et al., 2007, 2008; Lois, 2010; Hubenov et al., 2013).

2.3. Experimental setup

10-litre plastic cages (bottom diameter: 28 cm; height: 25 cm) filled with a 10 cm layer
of sand were used as mesocosms to expose bivalves in the above-listed treatments in the
natural environment. Three holes were cut above the sand level around the circumference
of each cage, each measuring 22 cm in length and 9 cm in height, with 5 cm gaps between
the holes along the cage circumference. The holes were covered with mesh (mesh size:
0.5 x 0.5 cm) to allow free water flow through the cages. The cages were placed at a depth
of 1.5m in the nearshore zone of the Wloctawek Reservoir, between the unionid and
Corbicula clam collection sites, and secured using 2-m steel rods, with 1m immersed into
the sediments to stabilise the experimental setup and prevent displacement by
hydrodynamical forces. In total, the experiment involved 120 experimental cages
(replicates). Experimental treatments were randomly assigned to cages, and the spatial
distribution of cages in the field was randomized to minimize potential bias related to
local environmental heterogeneity. The cages remained submerged for 5 months from
July to the end of November 2022. Abiotic water parameters were measured at least once

a month (Appendix S1).

2.4. Sample collection and bivalve processing
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At the end of November 2022, all experimental treatments were collected. Three unionid
individuals were collected from each cage (replicate) and transported to the laboratory for
further biometric and biochemical measurements. The remaining native unionids were
immediately released back into their original habitat. All Corbicula individuals were

collected, transported to the laboratory and euthanised.

2.5 Mortality

In the field, before releasing the remaining unionids, alive individuals were counted in
each cage (replicate). Mortality was calculated as the percentage of dead individuals
relative to the initial number introduced into each cage. Bivalves were considered alive if
they responded to mechanical stimulation (gentle probing of the foot or mantle), exhibited
normal valve closure behaviour, or showed movement of the foot. Individuals that did not

respond or remained open with exposed soft tissues were classified as dead.

2.6. Biometric measurements

The three labelled unionid individuals from each replicate were weighed and measured

using the same procedure as before the field exposure. Moreover, the soft tissue of one

individual randomly selected from these three was carefully dissected and dried at 60°C

for 48 hours to obtain the dry mass.

2.7. Physiological parameters

Two labelled unionids from each cage were used for physiological parameter analysis.
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Each individual was placed on ice, and the adductor muscles were carefully cut to open
the bivalve shell. The entire foot and digestive gland were dissected from each unionid.
The digestive gland was selected because it plays an essential role in metabolism, nutrient
storage, and detoxification processes, making it highly sensitive to environmental stress
and oxidative damage (Canli et al., 2023). The foot was chosen as a representative
muscular tissue due to its direct exposure to environmental factors and involvement in
locomotion and burrowing, which may reflect overall physiological stress (Fritts et al.,
2015). After dissection, each organ was separated and washed in phosphate buffered
saline (PBS, pH 7.4) to remove impurities and then blotted dry with filter paper. The
organs were weighed using a laboratory scale (accuracy: 0.0001g) and immediately snap-
frozen in liquid nitrogen. The samples were stored at —80°C until further analysis.

For physiological parameter measurements, the entire frozen organ was
homogenised in PBS at a ratio of 1 ml of PBS per 100 mg of tissue. Homogenisation was
performed on ice using an ultrasonic homogenizer (Sonics Vibra-Cell; Sonics &
Materials, Inc., USA) to prevent oxidative damage. After homogenization, an aliquot of
the crude homogenate was retained for the TBARS assay. The remaining homogenate
was centrifuged at 10,000 x g for 10 min at 4°C, and the resulting supernatant was

collected for subsequent assays.

2.7.1. Lipid peroxidation (TBARS Assay)

Lipid peroxidation was assessed as a proxy of oxidative stress experienced by unionids.
The assay involves the reaction of lipid peroxidation products, primarily
malondialdehyde (MDA), with thiobarbituric acid (TBA), resulting in the formation of

MDA-TBA adducts, which are measured collectively as TBARS. In this study, TBARS
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levels were measured in the foot and digestive gland of each unionid using a modified
method based on Kovachich and Mishra (1980), with the following modifications.

The assay was performed using tissue homogenates prepared as described above.
Standard solutions were prepared by dissolving 1,1,3,3-tetramethoxypropane in ethanol
to obtain MDA standard concentrations ranging from 1.25 to 30 uM. For the assay, an
aliquot of the crude tissue homogenate or standard solution was mixed with equal
volumes of 0.37% thiobarbituric acid (TBA) in 25mM HCIl and 15% (w/v) trichloroacetic
acid (TCA) in 25mM HCI, maintaining a 1:1:1 ratio. The mixture was incubated at 95°C
for 15 min in a dry block thermostat Bio TD-100 (Biosan, Latvia), and then immediately
cooled on ice for 10 min. The samples were centrifuged at 1,500 rpm for 5 min at 4°C,
and the supernatant was collected for absorbance measurement. Aliquots of each sample
were pipetted in duplicate into a 96-well microplate, and absorbance was measured at 532
nm using a multimode microplate reader Epoch 2 (BioTek Instruments, Inc., USA).
TBARS levels were calculated from the MDA standard curve and expressed as
nanomoles of MDA equivalents per milligram of tissue (nmol MDA Eq./mg tissue) for

both the foot and the digestive gland.

2.7.2. Oxidative and antioxidant status (TOS and TAS Assays)

The oxidative and antioxidant status of digestive glands were assessed by determining
Total Oxidant Status (TOS) and Total Antioxidant Status (TAS) according to the methods
described by Erel (2005), using commercial assay kits (Rel Assay Diagnostics, Turkey).
These parameters provide a comprehensive view of the redox balance in the digestive
glands. Elevated TOS levels indicate an increased oxidative load, while TAS reflects the

overall antioxidant capacity of the tissue (Canli et al., 2023).
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For the TOS assay, an aliquot of the supernatant was used. The method is based
on the oxidation of ferrous ions by oxidants in the sample, resulting in the formation of
ferric ions, which then form a coloured complex with a chromogenic substrate. The color
intensity is proportional to the total amount of oxidant molecules present in the sample.
Each sample was measured in duplicate. Colorimetric changes in the assay were detected
using a multimode microplate reader Epoch 2 (BioTek Instruments, Inc., USA) at 530
nm. The method was calibrated with hydrogen peroxide (H20:). Results are expressed in
terms of micromolar hydrogen peroxide equivalent per liter of tissue supernatant (umol
H>0: Eq./L tissue supernatant).

For the TAS assay, 200 pul of the tissue homogenate was also used. The assay
quantifies antioxidants by measuring their ability to reduce dark blue-green-coloured 2,2'-
azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical cations to a colourless
form. The degree of decolourisation is proportional to the total antioxidant capacity of the
sample. Each sample was measured in duplicate. Colorimetric changes in the TAS assay
were detected using a multimode microplate reader Epoch 2 (BioTek Instruments, Inc.,
USA) at 660 nm. The method was calibrated with Trolox. Results are expressed as
millimolar Trolox equivalents per liter of tissue supernatant (mmol Trolox Eq./L tissue

supernatant).

2.7.3. Glycogen content

Glycogen content was measured in the foot tissue of unionids using the Glycogen Assay
Kit (MAKO16, Sigma-Aldrich, USA) to assess energy reserves. Glycogen serves as the
primary storage form of glucose in animal tissues and is a reliable indicator of the

metabolic condition of an organism.
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Foot tissue homogenates were boiled for 10 min to inactivate endogenous
enzymes and then centrifuged at 18,000 x g for 10 min at 4°C. An aliquot of the resulting
supernatant (50 pL) was used for the assay. The enzymatic reaction was initiated by
adding 50 uL of the glycogen detection reagent provided in the kit, and the mixture was
incubated at room temperature for 30 min. Absorbance was measured at 570 nm using a
microplate reader. Glycogen levels were expressed as micrograms of glycogen per

microlitre of tissue supernatant (ug glycogen/uL tissue supernatant).

2.5. Data analysis

We analysed mortality of unionids and Corbicula clams with Generalized General Mixed
Models (binomial distribution, logit link function) including Corbicula presence (only for
unionid mortality), unionids species (4. anatina and U. tumidus) and density (low, high)
as fixed factors, and cage as a random factor.

To analyse unionid growth, we calculated individual increments in their wet
weight, length, width, and height (as percentages of initial values). We analysed these
parameters for each unionid species separately with General Linear Mixed Models
including Corbicula presence and density as fixed factors, and cage as a random factor.

We used dry unionid weight to estimate physical condition of unionids, to reduce
the bias introduced by the presence of water in the mantle cavity. General Linear Mixed
Models, separate for each unionid species, included soft tissue dry weight as a dependent
variable, Corbicula presence and density as fixed factors, unionid size as a covariate, and
cage as a random factor. Size covariate was calculated as a cubit root of a product of
unionid length, width, and height, thus being a joint measure of their growth in all linear

dimensions. Unionid dry weight and size were log-transformed to linearize their
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allometric power relationship. We assumed that, for unionids of the same linear
dimensions, the higher dry weight would indicate better physical condition.

We analysed biochemical parameters in unionid tissues (TBARS in digestive
gland and in foot, TOS and TAS in digestive gland, glycogen in foot) for each unionid
species separately with General Linear Mixed Models including Corbicula presence and
density as fixed factors, and cage as a random factor.

Moreover, we assumed that the biochemical parameters could be related to each
other. To check this, we re-analysed TBARS in digestive gland including TAS and TOS
as covariates (as the levels of oxidants and antioxidants are likely to interact to shape the
final level of oxidative stress effects). We also re-analysed TOS including TAS as a
covariate to check if the level of oxidants is related to the amount of antioxidants in the
body.

All the models initially included all interactions of fixed factors and covariates.
Then, we simplified the models by removing non-significant interactions of the highest
order. For fixed effects with more than two levels, we applied pairwise contrasts to check
significant differences between particular groups. For Corbicula presence * density
interactions, we compared Corbicula present vs. absent treatments for each density, as
well as low vs. high density for each Corbicula treatment. Additionally, we compared
unionids kept at high density with Corbicula vs those kept at low density without
Corbicula. These treatments included the same numbers of unionids and differed from
each other in the presence/absence of additional Corbicula individuals.

We dealt with significant interactions involving covariates and categorical factors
in the following way: (i) first, we checked slope significances (regression coefficient
B=0) for each level of the categorical factor (we skipped this step for size vs weight

relationships, as their occurrence is obvious); (ii) then, we compared significant slopes
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between various levels of the categorical factor (B1=B2); (iii) finally, for parallel and
non-significant slopes, we applied pairwise contrasts to check differences between the
means for particular levels of the categorical factor.

If more than one covariate were involved in an interaction (see the TBARS
analysis), we run partial models for each level of the categorical factor included in the
interaction to check relationships between the covariates (viz.: TOS and TAS) in each
group.

All analyses were performed using SPSS 29.0 (IBM Corporation).

3. Results

3.1. Mortality

A higher mortality rate was recorded in U. tumidus (12% of mortality) compared to 4.
anatina (3%) (Appendix S3A & S4A). Neither Corbicula presence nor bivalve density
affected unionid mortality (Appendix S4A). Corbicula clams exhibited higher mortality
in the treatments with 4. anatina (76%) than in those with U. tumidus (54%) (Appendix
S3B & S4B), and in the high vs low density treatment (67% and 58%, respectively)

(Appendix S3B & S4B).

3.2. Growth rate

Shell length increases in 4. anatina depended on the effect of general bivalve density, but
not on the presence of Corbicula (Table 1A). Anodonta anatina exhibited a greater

increase in shell length under low-density treatments compared to high-density treatments
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(Fig. 1A, Table 1A). No difference in length increase of U. tumidus was observed between
the treatments (Fig. 1B, Table 1A).

Shell width increase of A anatina depended on the general bivalve density and
Corbicula presence (Fig. 1C, Table 1B). Higher increases in width of A. anatina were
observed in the treatments with Corbicula clams than in the control treatments of the
same density, as well as in the low-density vs high-density treatments (Fig. 1C, Table
1B). No effect of the Corbicula presence was observed when the clams were added to a
constant A. anatina density (low density control vs high density Corbicula treatment)
(Fig. 1C, Table 1B). No difference in shell width increase of U. tumidus was observed
between the treatments (Fig. 1D, Table 1B).

No difference in shell height increase of A. anatina and U. tumidus was observed
between the treatments (Fig. 1E,F, Table 1C).

Wet weight increase of 4. anatina depended on the general bivalve density and
Corbicula presence (Fig. 1G, Table 1D). The higher weight increase was observed in
treatments with Corbicula clams compared to controls of the same general density, as
well as in the low-density vs high-density treatments (Fig. 1G, Table 1D). No effect of
the addition of Corbicula clams to a constant unionid density was observed when
comparing the low-density control with the high-density Corbicula treatment (Fig. 1G,
Table 1D).

No difference in weight increase of U. tumidus was observed between the

treatments (Fig. 1H, Table 1D).

3.3. Lipid peroxidation (TBARS Assay)

3.3.1. Foot
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TBARS level in A. anatina foot depended on a bivalve density*Corbicula presence
interaction (Table 2A). TBARS level was higher under high-density compared to low-
density treatments (Fig. 2A, Appendix S5A). Moreover, TBARS level was higher in the
presence of Corbicula clams relative to the control in the high density, but not in the low
density treatment (Fig. 2A, Appendix S5A). Finally, when Corbicula clams were added
to a constant unionid density, the TBARS level in A. anatina increased (Fig. 2A,
Appendix S5A).

Unio tumidus showed reduced TBARS level under the high-density compared to
low-density treatment (Fig. 2B, Table 2A, Appendix S5A). When Corbicula clams were
added to a constant unionid density, the TBARS level in U. tumidus decreased (Fig. 2B,

Appendix S5A).

3.3.2. Digestive gland

TBARS level in the digestive gland of A. anatina depended on a significant bivalve
density*Corbicula presence interaction (Table 2B). TBARS level was lower in the
presence of Corbicula clams compared to the controls (Fig. 2C, Appendix S5B). Within
the controls, a higher TBARS level was observed under the low vs high density conditions
(Fig. 2C, Appendix S5B). The addition of Corbicula clams to a constant unionid density
reduced the TBARS level (Fig. 2C, Appendix S5B). Moreover, TBARS level in 4.
anatina was positively correlated with TOS, but not with TAS, irrespective of treatment
(Fig. 3A,B, Table 3A).

No treatment-related differences in TBARS level were observed in U. tumidus

(Fig. 2D, Table 2B). The model including relationships between various biochemical
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parameters revealed a significant effect of a 3-way interaction Corbicula
presence*TOS*TAS on TBARS level (Table 3A, Appendix S6A,B). In the control
treatment, the TBARS level was high either under conditions of high TOS combined with
low TAS, or under low TOS combined with high TAS, but not when both these
parameters were either low or high (Fig. 3C, Appendix S6B). No relationships between
TOS, TAS, and TBARS in U. tumidus were significant in the presence of Corbicula clams

(Fig. 3C, Appendix S6A).

3.4. Total Oxidant Status (TOS Assays) and Total Antioxidant Status (TAS Assays;

digestive gland)

TOS level in A. anatina depended on general bivalve density and Corbicula presence
(Table 2C). TOS was markedly lower in the treatments with Corbicula clams than in the
controls of the same general density, as well as under low-density vs high-density
conditions (Fig. 2E, Appendix S5c). The addition of Corbicula clams to the constant 4.
anatina density further reduced TOS (Fig.2E, Appendix S5C).

TAS level in 4. anatina depended on a bivalve density*Corbicula presence
interaction (Table 2D). TAS was higher in the high-density than in low-density
treatments, as well as in the presence of Corbicula clams compared to the control under
low, but not in high density conditions (Fig. 2G, Appendix S7D). Moreover, the addition
of Corbicula clams to a fixed number of unionids increased TAS in A. anatina (Fig. 2G,
Appendix S5D). Additionally, TAS and TOS levels were positively correlated under the
low-density control condition, but not in the other treatments, as indicated by a significant
bivalve density*Corbicula presence*TAS interaction (Table 3B, Appendix S7).

For U. tumidus, no treatment-related differences in TOS were detected (Fig. 2F,
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Table 2C). TAS level in U. tumidus depended on a bivalve density* Corbicula presence
interaction (Fig. 2H, Table 2D, Appendix S5D): TAS was reduced in the high-density

treatment with Corbicula clams relative to all other treatments (Fig. 2H, Appendix S5D).

3.5. Physical condition

No treatment-related differences in glycogen content were detected in 4. anatina (Fig. 21,
Table 2E). Glycogen content in U. tumidus depended on a bivalve density*Corbicula
presence interaction (Fig. 2J, Table 2E). Glycogen level was elevated in the high-density
Corbicula treatment compared to all other treatments (Fig. 2J, Appendix S5e).

Soft tissue dry mass of A. anatina depended on a 3-way interaction bivalve
density*Corbicula presence*unionid size (Appendix S8A). The slope for the high-
density control treatment was less steep than those for the other treatments (Fig. 4A,
Appendix S9). This indicates that smaller individuals kept in the high density without
Corbicula clams exhibited higher soft tissue weight, whereas larger individuals from the
same treatment showed lower soft tissue weight compared to the remaining treatments
(Fig. 4A, Appendix S9). In U. tumidus, no effects of treatments on the relationship

between unionid size and soft tissue dry weight were detected (Fig. 4B, Appendix S8B).

4. Discussion
The present study shows that the effects of long-term exposure of native unionids to
Corbicula clams were not uniform and cannot be interpreted as a simple negative impact
of the invader.

The low mortality of native unionids, especially A. anatina, indicates that the

presence of Corbicula clams and the experimental conditions did not produce strong
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lethal effects, and follow similar results as reported by Ferreira-Rodriguez et al. (2018)
for Unio delphinus in the Iberian Peninsula. Unionid responses to stressors appear first at
sublethal levels, including changes in growth, oxidative balance, and energy reserves,
before mortality occurs (Fritts et al., 2015; Said and Nassar, 2022; Hillebrand et al., 2024).
In contrast, mortality of Corbicula clams was high, particularly in treatments with 4.
anatina and under high-density conditions, suggesting that the invasive clams themselves
experienced substantial stress. Such mortality may have reduced the intensity of direct
competition, but could have also altered local conditions through shell deposition,
decomposition, oxygen use, and ammonia production (Szarmach et al., 2024). However,
this did not affect unionid mortality in our experimental setup. Similar observations were
reported by Modesto et al. (2025b), who found no changes in unionid mortality during
field exposure to simulated Corbicula die-offs. For unionids, the presence of Corbicula
clams was associated with mixed, species- and tissue-specific responses rather than
uniformly negative or uniformly favourable effects. Some parameters suggested sublethal
costs, whereas others were neutral or apparently more favourable in treatments with
Corbicula than in conspecific controls. Positive effects were associated with favourable
responses, including changes in growth rate and oxidative stress in digestive gland,
glycogen content and physical condition. Thus, the observed responses cannot be
attributed to the reduced density of Corbicula clams during the exposure.

In the present study, shell length of 4. anatina increased more under low-density
than under high-density conditions, whereas increments in shell width and body weight
were higher in treatments with Corbicula clams than in treatments with conspecific
unionids. However, the absence of such an effect when Corbicula was added while
maintaining a constant unionid density suggests that this apparent positive response was

not necessarily driven by facilitation by the invader, but may instead reflect reduced
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intraspecific pressure from conspecific unionids.

Density dependent effects are generally expected in suspension-feeding bivalves,
as individuals may compete for suspended food particles, space, and favourable sediment
microhabitats (Ferreira-Rodriguez et al., 2018; Vaughn, 2018). In contrast, previous field
and experimental studies have shown that increasing Corbicula abundance can reduce
freshwater unionid growth and physiological condition, as well as increase locomotor
activity in Unio delphinus (Spengler, 1793) (Ferreira-Rodriguez et al., 2018). These
contrasting results may partly reflect differences in environmental conditions. The
experiment by Ferreira-Rodriguez et al. (2018) was conducted under lotic conditions in a
large river, whereas the present study was carried out in a highly productive, eutrophic
reservoir, where high food availability may have weakened trophic competition between
Corbicula and unionids.

The relationship between unionid size and soft tissue dry mass in A. anatina
differed mainly in the high-density control treatment. In this treatment, smaller
individuals exhibited relatively higher soft tissue dry mass, whereas larger individuals
showed relatively lower soft tissue dry mass compared to the remaining treatments. This
indicates the flattening of the size—condition relationship under high conspecific density,
rather than a simple positive or negative effect of Corbicula presence. For larger A.
anatina, this pattern may suggest that high conspecific density imposed stronger
constraints than the presence of Corbicula, possibly through crowding or spatial
interference among unionids. The opposite pattern in smaller individuals may indicate
that high conspecific density modified the local substratum in a way that was less
detrimental, or even temporarily favourable, for smaller unionids. However, because
individual position, burrowing depth and behaviour were not monitored, the mechanism

behind this size-dependent pattern remains unclear and should be assessed in future
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studies.

The oxidative stress results for A. anatina reveal a clear tissue-specific pattern.
Lipid peroxidation (TBARS) in the foot were elevated under high-density conditions and
reached their highest values in the high-density treatment with Corbicula. Because the
foot is involved in burrowing, locomotion, positioning, and direct contact with the
substrata, it may be particularly sensitive to habitat modification (Fritts et al., 2015; Canli
et al., 2023; Szarmach et al., 2024). This mechanism is supported by evidence that
substratum modification by living Corbicula clams and their shells reduces substratum
suitability for native unionids: A. anatina exhibited impaired burrowing and locomotion
in the substratum with Corbicula (Szarmach et al., 2024). Moreover, increasing
intraspecific density may similarly modify local habitat conditions, producing in our
study effects comparable to those caused by Corbicula clams. Thus, elevated oxidative
stress in the foot of 4. anatina may indicate the physiological cost of maintaining position,
burrowing, or responding to altered sediment conditions. This explanation is further
supported by shell growth results, which showed reduced increments with increasing
density. Therefore, 4. anatina may have reallocated energy from shell growth towards
coping with, or avoiding, unfavourable habitat conditions. Similar effects of invasive
Sinanodonta woodiana (Lea, 1834) on habitat selection and behaviour of European
unionids were shown by Wisniewski et al. (2024).

In contrast, oxidative status (TOS) and lipid peroxidation (TBARS) in the
digestive gland of 4. anatina were lower in treatments with Corbicula than in the controls.
These results do not support the simple expectation that Corbicula increases oxidative
stress in the digestive gland, resulting in their negative impact on native unionids. The
positive relationship between oxidative status (TOS) and lipid peroxidation (TBARS)

supports the biological link between oxidative load and lipid peroxidation (Said and
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Nassar, 2022; Canli et al., 2023). However, the lower oxidative status (TOS) and lipid
peroxidation (TBARS) levels in the presence of Corbicula suggest that the digestive
gland was not the main tissue experiencing stress caused by the invader. This effect can
be accounted for the high food availability in the eutrophic Wiloctawek Reservoir
(Kentzer et al., 2010). Under such conditions, unionids likely had sufficient food
resources and therefore did not strongly compete for food. Instead, competition was
probably more related to living space and substratum use, which is supported by the
higher oxidative stress (TBARS level) in the foot with increasing density.

Antioxidant status (TAS) of A. anatina was higher in the high-density treatments
than in the low-density treatments and increased in the presence of Corbicula. This may
suggest that A. anatina increased its defensive or compensatory response to higher density
and the presence of Corbicula. However, the lack of treatment-related differences in
glycogen content suggests that this response was not associated with detectable depletion
of energy reserves, which are required for maintenance, growth, reproduction and stress
responses (Fritts et al., 2015; Said and Nassar, 2022; Hillebrand et al., 2024). Thus,
neither intraspecific competition nor interactions with Corbicula appeared to be strong
enough to produce detectable changes in foot glycogen levels in 4. anatina, indicating
that energy reserves were maintained across treatments, including higher-density and
mixed-species conditions.

The response of U. tumidus was different than that of A. anatina. Growth did not
differ between the treatments and was generally very low. The relatively low shell growth
of U. tumidus may partly reflect species-specific growth dynamics. Previous comparative
data showed that U. fumidus can exhibit lower length-at-age and a lower von Bertalanffy
growth constant than A. anatina, indicating a slower approach to asymptotic shell size

(Lundquist et al., 2019). However, this pattern appears to be population- and/or habitat-
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dependent, as recent data from Finland reported very similar growth constants for 4.
anatina and U. tumidus (Abdelsaleheen et al., 2024).

Lipid peroxidation (TBARS) in U. tumidus foot decreased with increasing general
density and was further reduced by the addition of Corbicula. This pattern may indicate
that, under higher-density conditions and in the presence of the invader, U. tumidus
reduced its locomotor activity as a protective or stress-avoidance strategy, allowing
individuals to persist until habitat conditions improved. Such a response suggests a
different strategy from that observed in A. amatina. Unionids can adopt different
behavioural strategies under unfavourable habitat conditions, including horizontal
movement to avoid unsuitable areas, vertical burrowing, reduced activity, or remaining
buried as a form of stress avoidance (Gough et al., 2012; Archambault et al., 2014;
Galbraith et al., 2015). This interpretation of reduced foot lipid peroxidation (TBARS) in
U. tumidus as a possible signal of reduced locomotor activity under higher-density
conditions and after the addition of Corbicula contrasts with the short-term behavioural
patterns reported by Szarmach et al. (2024), who showed that substratum modification by
living Corbicula and their shells altered unionid habitat choice and behaviour, with U.
tumidus increasing locomotion on sand modified by Corbicula shells. This discrepancy
may reflect differences between short-term avoidance responses and long-term exposure.
During short-term exposure, U. tumidus may actively search for a more suitable
microhabitat, whereas during long-term exposure, prolonged searching may become
energetically inefficient, leading to reduced locomotion and a more conservative strategy.
Thus, while 4. anatina may have responded to altered substratum conditions by
maintaining activity and reallocating energy from growth, U. fumidus may have adopted
a different long-term strategy based on reduced movement and stress avoidance.

The lack of treatment-related differences in oxidative status (TOS) in U. tumidus
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suggests that oxidative status remained relatively stable across treatments. Nevertheless,
antioxidant status (TAS) was lower in the high-density treatment with vs without
Corbicula, which may indicate that the presence of the invader did not impose additional
oxidative pressure requiring an increased antioxidant response. This pattern is consistent
with the higher glycogen levels recorded in the same treatment, suggesting that energy
not invested in maintaining elevated antioxidant capacity may have been stored as
glycogen instead. Similar neutral or non-negative physiological responses to Corbicula
were reported by Modesto et al. (2025b), who showed that the effects of the invader on
native unionids; in their study U. delphinus did not show significant changes in foot
glycogen content in response to live Corbicula. The higher glycogen and lower
antioxidant status (TAS) observed in the present study may indicate that, during a long-
term exposure, U. tumidus maintained oxidative balance and energy reserves. Increased
glycogen could reflect improved energy storage, reduced activity, altered metabolic
allocation, or an indirect trophic subsidy, because glycogen reserves may respond to food
availability, reproductive allocation, environmental stress, and metabolic demand (Fritts
et al., 2015; Said and Nassar, 2022; Hillebrand et al., 2024). However, this apparent
energetic advantage was not reflected in greater shell or body weight increments, nor in
improved overall physical condition, as no treatment-related differences in physical
condition were detected.

Overall, hypothesis 1 was supported for A. anatina by foot oxidative stress
markers: foot lipid peroxidation (TBARS) increased under higher density conditions and
in higher density condition with Corbicula than in control indicating higher physiological
costs associated with substratum use, burrowing and/or locomotion. The increase in
antioxidant status (TAS) in A. anatina also supported the prediction that higher density

and Corbicula presence increased the costs of maintaining oxidative balance. However,
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hypothesis 1 was not supported for A. anatina regarding growth, glycogen content,
mortality, oxidative stress markers in the digestive gland and physical condition, because
glycogen reserves were maintained, mortality remained low, oxidative status (TOS) and
lipid peroxidation (TBARS) in the digestive gland were lower in the treatments with
Corbicula, and growth and physical condition was not consistently reduced. For U.
tumidus, hypothesis 1 was not supported: mortality, growth and physical condition did
not differ among the treatments, oxidative status (TOS) remained constant, foot lipid
peroxidation (TBARS) decreased with the increasing density and in the presence of
Corbicula, antioxidant status (TAS) was lower in the high-density treatment with
Corbicula, and glycogen levels were higher in this treatment. Hypothesis 2 was supported
for A. anatina by reduced shell growth, elevated foot lipid peroxidation (TBARS) and
higher antioxidant status (TAS) under high-density conditions, showing that increased
density resulted in sublethal stress responses. In contrast, hypothesis 2 was not supported
for U. tumidus, because high density did not reduce growth, physical condition or
glycogen reserves, and did not increase oxidative stress markers. Hypothesis 3 was
supported by the clearly different response patterns of the two species. Thus, the presence
of Corbicula clams cannot be considered uniformly detrimental to native unionids.
Negative effects were evident only in selected parameters, particularly in the foot
oxidative stress response of 4. anatina, whereas several other responses in both species
were neutral or, in some cases, apparently favourable.

Taken together, our results indicate that the effects of Corbicula on native
unionids were complex and cannot be interpreted as uniformly detrimental or inferred
from mortality alone. Although some responses suggested sublethal costs associated with
high density and the presence of Corbicula, others were neutral or apparently more

favourable in mixed-treatments than in conspecific controls. This highlights that the
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relative effects of invasive clams and conspecific density depend on species identity,
tissue type and the endpoint considered. Because food availability, individual behaviour,
burrowing position and sediment chemistry were not measured directly, the mechanisms
underlying these patterns cannot be fully resolved from the present data. However, the
combination of oxidative stress biomarkers, glycogen content, growth and physical
condition provided complementary information that would not have been evident from
survival alone. Future studies should therefore combine physiological endpoints with
behavioural observations, seston availability and sediment chemistry to determine which
mechanisms drive these sublethal responses and whether they translate into longer-term

population-level consequences.
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Figure 1. Growth rates of Anodonta anatina and Unio tumidus in experiment. Differences
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Figure 2. Biochemical results of Anodonta anatina and Unio tumidus in experiment.
Differences between treatments are indicated by asterisks. TBARS (lipid peroxidation
products), TOS (Total Oxidant Status), TAS (Total Antioxidant Status).

Figure 3. Biochemical analyses of Anodonta anatina and Unio tumidus in experiment.
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Status), TAS (Total Antioxidant Status).

Figure 4. Relationships between soft tissue dry weight and size in Anodonta anatina (A)
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between slopes.

129



1020

1021

1022

1023

1024

1025

1026

Table 1. Effects of bivalve density and Corbicula presence on the growth (percentage

increase relative to the initial parameter value) of Anodonta anatina and Unio tumidus

(General Linear Mixed Models). Cage was included in the models as a random factor.

Non-significant higher order interactions were removed in the model simplification

procedure.
Growth Species
parameter Source df
A.Length  Anodonta  Density 1,61 9.277 0.003
increase anatina Corbicula 1,61 2.662 0.108
Cage 54,120 0.954 0.568
Unio Density 1,57 0.446 0.507
tumidus Corbicula 1, 57 0.448 0.506
Cage 53,116 0.998 0.492
B. Width Anodonta  Density 1,61 8.985 0.004
increase anatina Corbicula 1,61 5.647 0.021
Cage 54, 121 0.754 0.877
Unio Density 1,58 0.157 0.694
tumidus Corbicula 1, 58 0.748 0.391
Cage 53,115 1.141 0.276
C.Height = Anodonta  Density 1,62 2.736 0.103
increase anatina Corbicula 1,62 0.590 0.445
Cage 54,120 0.922 0.625
Unio Density 1,57 0.002 0.962
tumidus Corbicula 1,57 0.177 0.676
Cage 53,115 0.865 0.719
D. Wet Anodonta
wight Density 1, 64 7.582 0.008
increase anatina Corbicula 1,63 6.617 0.012
Cage 54,121 0.711 0.920
Unio Density 1,57 1.826 0.182
tumidus Corbicula 1,57 0.011 0.917
Cage 53,115 0.939 0.595
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Table 2. Effects of the general bivalve density and Corbicula clam presence on

thiobarbituric acid reactive substances (TBARS), total oxidant status (TOS), total

antioxidant status (TAS), and glycogen content in Anodonta anatina and Unio tumidus

(General Linear Mixed models). Cage was included in the models as a random factor.

Non-significant higher order interactions were removed in the model simplification

procedure.
Factor Species Source df F P
A. TBARS  Anodonta Density 1,56 50.610 <0.001
(foot) anatina Corbicula 1, 56 0.380 0.540
Density * Corbicula 1, 56 4.236 0.044
Cage 52,61 1.347 0.131
Unio Density 1, 58 8.212 0.006
tumidus Corbicula 1, 58 3.251 0.077
Cage 52,58 1.072 0.397
B. TBARS  Anodonta Density 1,55 8.223 0.006
(digestive anatina Corbicula 1,55 23.578 <0.001
gland) Density * Corbicula 1,55 6.006 0.017
Cage 52,61 1.715 0.022
Unio Density 1,57 2.180 0.145
tumidus Corbicula 1,57 2.774 0.101
Cage 52,58 1.266 0.191
C. TOS Anodonta Density 1,55 52.629 <0.001
(digestive anatina Corbicula 1,55 93.859 <0.001
gland) Cage 52,61 1.728 0.020
Unio Density 1,58 2.242 0.140
tumidus Corbicula 1, 58 1.561 0.217
Cage 52,58 0.979 0.529
D. TAS Anodonta Density 1,56 38.263 <0.001
(digestive anatina Corbicula 1,56 8.255 0.006
gland) Density * Corbicula 1,56 13.984 <0.001
Cage 52,61 1.675 0.027
Unio Density 1,55 21.945 <0.001
tumidus Corbicula 1,55 17.711 <0.001
Density * Corbicula 1,55 11.031 0.002
Cage 52,58 2.005 0.005
E. Glycogen Anodonta Density 1, 56 1.210 0.276
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1038
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1040

(foot) anatina Corbicula 1,56 0.710 0.403
Cage 52,61 2.137 0.002

Unio Density 1,54 5.455 0.023

tumidus Corbicula 1,54 18.896 <0.001

Density * Corbicula 1,54 21.399 <0.001

Cage 52,58 2.485 <0.001

Table 3. Effects of the general bivalve density and Corbicula clam presence on

relationships among thiobarbituric acid reactive substances (A), total oxidant status (B)

in digestive gland of Anodonta anatina and Unio tumidus (General Linear Mixed

models). We assumed that: (i) TBARS may depend on TAS and TOS, (ii) TOS may

depend on TAS. Cage was included in the models as a random factor. Non-significant

higher order interactions were removed in the model simplification procedure.

Factor Species  Source df F P
A. TBARS Anodonta Cage 53,58 2.031 0.004
anatina  Density 1,104 0.019 0.891

Corbicula 1, 108 0.281 0.597

TAS 1,58 0.283 0.597

TOS 1,58 13.481 0.001

Unio Cage 52,50 1.223 0.238

tumidus ~ Density 1,51 1.514 0.224

Corbicula 1, 50 3.707 0.060

TAS 1,50 2.681 0.108

TOS 1,50 3.280 0.076

Density * Corbicula 1, 80 3.428 0.068

Density * TAS 1,50 3.912 0.053

Corbicula * TAS 1, 50 3971 0.052

Density * TOS 1,50 0.001 0.972

Corbicula * TOS 1, 50 3.982 0.051

TAS * TOS 1,50 2.336 0.133

Corbicula * TAS * TOS 1, 50 4.887 0.032

B. TOS Anodonta Cage 52,56 2.107 0.003
anatina  Density 1,59 1.225 0.273

Corbicula 1, 59 0.113 0.738

TAS 1,56 5.058 0.028

Density * Corbicula 1, 56 4.500 0.038

Density * TAS 1,56 8.439 0.005

Corbicula * TAS 1, 59 6.197 0.016
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Density * Corbicula * TAS 1,56 10.811 0.002

Unio Cage 53,57 0.857 0.714
tumidus  Density 1,110 2.507 0.116
Corbicula 1, 107 1.994 0.161
TAS 1,57 0.379 0.541
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Figure 2. Biochemical results of Anodonta anatina and Unio tumidus in experiment.

Differences between treatments are indicated by asterisks. TBARS (lipid peroxidation

products), TOS (Total Oxidant Status), TAS (Total Antioxidant Status).
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Figure 3. Biochemical analyses of Anodonta anatina and Unio tumidus in experiment.
Hashtags indicate statistically significant slopes (B#0), asterisks show significant
differences between means. TBARS (lipid peroxidation products), TOS (Total Oxidant

Status), TAS (Total Antioxidant Status).
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Evaluating the long-term consequences of invasion by Corbicula clams for European
unionid mussel communities

Brief legends for Appendices S1 to S9
S1. Abiotic water parameters in the laboratory tanks and at the field experimental site

S2. Mean shell dimensions (mm) and weight (g) of bivalves before and after the
experiment (standard deviations in parentheses)

S3. Mortality of Anodonta anatina, Unio tumidus and Corbicula clams in experiment.
Differences between treatments are indicated by asterisks.

S4. Effects of unionid species, bivalve density and Corbicula presence on the mortality
of Anodonta anatina, Unio tumidus, and Corbicula clams in the field experiment
(Generalized Linear Models, binomial distribution, logit link function). Non-significant
higher order interactions were removed in the model simplification procedure.

S5. Pairwise Comparisons for significant effects of General Linear Mixed models from
Table 2

S6. Disentangling the effect of a 3-way interaction Corbicula presence*TAS*TOS
interaction on the TBARS level in the digestive gland of Unio tumidus (Table 3). Separate
models for the treatments with and without Corbicula presence.

S7. Disentangling the effect of a Bivalve density*Corbicula presence*TAS interaction
on TOS the level in the digestive gland of Anodonta anatina (Table 3)

S8. Effects of bivalve density and Corbicula presence on physical condition of Anodonta
anatina and Unio tumidus, measured as unionid soft tissue dry weight per unit shell size
(cubic root of length*width*height) (General Linear Mixed Models). Cage was included
in the models as a random factor. Non-significant higher order interactions were removed
in the model simplification procedure.

S9. Disentangling the effect of a Bivalve density*Corbicula presence*shell size
interaction on soft tissue dry weight of Anodonta anatina (Appendix S8)



Appendices

S1. Abiotic water parameters in the laboratory tanks and at the field experimental site

Laboratory Field
Oxygen Mean 10.28 8.88
concentration SD 0.69 2.68
[mg/1] Range 9.02-11.55 5.36-12.85
Oxygen Mean 96.89 76.39
saturation [%] SD 5.50 11.61
Range 84.70-104.80 63.80-97.40
Temperature ~ Mean 12.6 16.1
[°C] SD 0.8 7.5
Range 10.8-13.6 8.9-23.2
pH Mean 8.0 7.9
SD 0.2 0.3
Range 7.5-8.2 7.6-8.4
Conductivity  Mean 744 824
[uS cm™] SD 44 59
Range 665-815 712-896

S2. Mean shell dimensions (mm) and weight (g) of bivalves before and after the

experiment (standard deviations in parentheses)

Research  Anodonta Unio Corbicula
material anatina tumidus clams
Length  Before 66.0 (5.7) 62.5(2.9) 12.3 (1.3)
After 70.4 (3.4) 63.9 (2.8) 20.7 (2.2)
Height Before 342 (1.6) 32.5(2.5) -
After 37.3(43) 33.0(1.2) -
Width  Before 22.5(1.4) 229(1.0) -
After 23.9(1.7) 23.3(1.0) -
Weight Before 26.1 (3.3) 26.5(3.0) 0.70(0.08)
After 294 (3.9) 27.8(2.5) 2.62(0.28)
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S3. Mortality of Anodonta anatina, Unio tumidus and Corbicula clams in experiment.
Differences between treatments are indicated by asterisks.

S4. Effects of unionid species, bivalve density and Corbicula presence on the mortality
of Anodonta anatina, Unio tumidus, and Corbicula clams in the field experiment
(Generalized Linear Models, binomial distribution, logit link function). Non-significant
higher order interactions were removed in the model simplification procedure.

Taxon Source df F P
A. Unionidae  Species 1,116 11.194 0.001
Density 1,116 0.270 0.604

Corbicula 1,116 0.018 0.893

B. Corbicula Species 1,57 66.504 <0.001
Density 1,57 6.792 0.012
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SS. Pairwise Comparisons for significant effects of General Linear Mixed models from

Table 2
Density Corbicula Anod(?nta Un.zo
anatina __ tumidus
A. TBARS low present vs absent 0.249
foot high present vs absent 0.032
low vs high present <0.001  0.006
low vs high absent <0.001
low present
Vs <0.001
high absent
B. TBARS low present vs absent <0.001
digestive high present vs absent 0.030
gland low vs high present 0.711
low vs high absent <0.001
low present
Vs <0.001
high absent
C. TOS low present vs absent <0.001
digestive high present vs absent )
gland low vs high present
low vs high absent <0.001
low present
Vs <0.001
high absent
D. TAS low present vs absent  <0.001  0.395
digestive high present vs absent 0.432 <0.001
gland low vs high present 0.035 <0.001
low vs high absent <0.001 0.174
low present
\& <0.001 <0.001
high absent
E. Glycogen low present vs absent 0.766
foot high present vs absent <0.001
low vs high present <0.001
low vs high absent 0.013
low present
Vs <0.001
high absent
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S6. Disentangling the effect of a 3-way interaction Corbicula presence*TAS*TOS
interaction on the TBARS level in the digestive gland of Unio tumidus (Table 3).
Separate models for the treatments with and without Corbicula presence.

Source df F P
A. Corbicula TAS 1,25 0.293 0.593
presence TOS 1,25 0.276 0.604
TAS * TOS 1,25 0.842 0.367
B. Corbicula TAS 1,30 6.290 0.018
absence TOS 1,30 6.704 0.015
TAS * TOS 1,30 6.167 0.019

S7. Disentangling the effect of a Bivalve density*Corbicula presence*TAS interaction

on TOS the level in the digestive gland of Anodonta anatina (Table 3)

Density

Corbicula

Slope Comparisons

significance of means!
low present 0.897
high present 0.567
low absent 0.005
high absent 0.269
lml?i;lsl present <0.001
high present vs absent <0.001

! For non-significant slopes
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S8. Effects of bivalve density and Corbicula presence on physical condition of
Anodonta anatina and Unio tumidus, measured as unionid soft tissue dry weight per
unit shell size (cubic root of length*width*height) (General Linear Mixed Models).
Cage was included in the models as a random factor. Non-significant higher order
interactions were removed in the model simplification procedure.

Species Source df F P

A. Anodonta Density 1,48  2.145 0.150

anatina Corbicula 1,48 2.582 0.115
Shell size 1,48 68.787 <0.001
Density * Corbicula 1,48 4.141 0.047
Corbicula * shell size 1,48 2.568 0.116
Density * shell size 1,48 2.139 0.150

Density * Corbicula * Shell size 1,48  4.222 0.045

B. Unio Density 1,54 0.002 0.962
tumidus Corbicula 1,54 0937 0.337
Shell size 1,54 21349 <0.001

S9. Disentangling the effect of a Bivalve density* Corbicula presence*shell size
interaction on soft tissue dry weight of Anodonta anatina (Sppendix S8)

Density Corbicula Comparison  Comparison

of slopes of means!
low vs high  present 0.616 0.227
absent 0.021 -
low  present vs absent 0.706 0.191
high 0.029 -
low absent
\& 0.920 0.918

high  present
! For the same slopes
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Abstract

Hydrological droughts driven by climate change threaten freshwater biodiversity, including relatively
immobile bivalve fauna, unable to escape from air-exposed areas. Furthermore, they may exacerbate
biological invasions by more resistant alien species. We measured survival and behavioural responses
(migration following receding water line and burrowing) of the vulnerable native fingernail clam
Sphaerium rivicolaand the invasive Asian clam (Corbicula complex) to water level reduction and sandy
substratum drying in a laboratory setting, to assess their susceptibility to a hydrological drought.
Corbicula exhibited higher drought resistance with all clams surviving 15 days of air exposure,
whereas S. rivicola reached LT

(time at which 50% mortality occurred) in 5 days and LT, (time at

50 90

90% mortality) in 8 days. During water level reduction, S. rivicola migrated by crawling downwards
to wetter areas and reduced their burrowing depth, whereas Corbicula clams remained in place,
burrowing deeper into the sediments. We demonstrate that the invasive Corbicula clams are superior
to S. rivicola in surviving air exposure, and their burrowing confers an advantage in drought-prone
habitats. In the context of climate change, increased drought frequency and duration may facilitate

Corbicula’s dominance and replacement of less drought-resilient native bivalves, such as S. rivicola.

Key words: Behaviour, Bivalvia, fingernail clams, substratum air exposure, water level reduction

Introduction

Biological invasions and climate change are recognised as two of the most
significant drivers of global biodiversity loss and ecosystem degradation in the
21* century (Capon et al. 2021; Dudgeon and Strayer 2025). Rising global
temperatures are predicted to disrupt weather patterns, leading to increasingly
frequent and intense extreme events, such as heavy rainfall, floods, and prolonged
hydrological droughts (Gosling and Arnell 2016; IPCC 2023). In fresh waters,
drought is typically characterised by the retreat of shorelines due to increased
evaporation and reduced precipitation. They lead to diminished inflow, ultimately
resulting in drying of water bodies, which may become intermittent or totally
disappear. Such changes pose a significant threat to organisms inhabiting near-
shore and littoral bottom zones (Crausbay et al. 2017).
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Prolonged drought events lead to a reduction in habitat heterogeneity. Moreover,
drought affects community structure and ecosystem functioning through exacer-
bating intra- and interspecific competition for limited space and other resources
(Machuca-Septlveda et al. 2024), reducing oxygen level, and raising concen-
trations of dissolved substances, including metabolic waste (Cooke et al. 2022;
Pozojevi¢ et al. 2023; Diwan 2025). All these mechanisms result in increased mor-
tality of aquatic organisms.

Key organisms inhabiting freshwater littoral zones include bivalves, which are
providers of essential ecosystem services. They filter particulate matter suspended
in the water column, thus improving water clarity, and contributing to nutrient
cycling through accumulation and biodeposition (Bakshi et al. 2023). Moreover,
bivalves are considered ecosystem engineers, modifying benthic habitats through
shell deposition, which enhances substratum complexity and provides refuges for
benthic organisms (Albertson et al. 2024). However, bivalves are characterised by
limited mobility, which makes it more difficult for them to escape from rapidly
changing hydrological conditions, such as water level decrease and substratum
drying (Cushway et al. 2025). Consequently, bivalves are especially exposed to
negative effects of droughts (DuBose et al. 2019; Cosgrove et al. 2022; Lopez et al.
2022; Stocks and McCaffrey 2025).

One such potentially sensitive species is a representative of fingernail clams
(Sphaeriidae), the river orb mussel Sphaerium rivicola (Lamarck, 1818), which is
classified vulnerable in Europe and globally, with a decreasing population trend
(Van Damme 2011; Prié¢ and Lopes-Lima 2024). Sphaerium rivicola predomi-
nantly inhabits slow-flowing rivers with fine-grained substrata composed of sand,
mud and silt (Piechocki and Wawrzyniak-Wydrowska 2016; Vasilieva et al. 2025;
Stanicka et al. 2025). Sphaerium rivicola remains insufficiently studied among
freshwater bivalves, likely belonging to those most sensitive to environmental
changes (Collas et al. 2018; Halabowski et al. 2024).

One potential novel competitor for S. rivicola is the invasive Asian clam
(Corbicula complex): both taxa co-occur and share similar habitat preferences
(Szarmach et al. 2023; Stanicka et al. 2025). Due to their high plasticity and
broad environmental tolerance, Asian clams outcompete native bivalves for
space and other resources, thereby forcing native species into suboptimal hab-
itats (Modesto et al. 2021; Szarmach et al. 2024). Depending on the levels
of drought resistance exhibited by Corbicula complex and S. rivicola, sever-
al scenarios are possible when these taxa meet in habitats undergoing global
changes: (i) Competition by Corbicula clams may add to the negative effects of
drought, further exacerbating declines in S. rivicola populations; (ii) Droughts
may shape dominance structure of future bivalve assemblages, the more resis-
tant taxon replacing the other in drying habitats (thus drought would either
enable Corbicula clams to replace S. rivicola, or protect the latter from the
invader); (iii) Both species may decline from drying habitats, if they are unable
to withstand extreme conditions.

Nevertheless, specific effects of hydrological drought on S. rivicola and
Corbicula clams remain poorly understood. Addressing this knowledge gap is
essential for understanding the mechanisms driving species displacement in
freshwater ecosystems under climate change scenarios. Therefore, the aim of
our study was to assess the impact of hydrological drought, specifically water
level reduction and substratum drying, on survival, migration, and burrowing
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behaviour of S. rivicola and Corbicula clams. We hypothesised that the taxa
tested would differ in their survival under air exposure (Hypothesis 1: Drought
Resistance Hypothesis), and respond behaviourally to water level reduction
(Hypothesis 2: Escape Response Hypothesis) by (i) migrating horizontally
following the receding water line and/or (ii) burrowing deeper into the sedi-
ments. We assumed that the thicker shell of Corbicula clams is likely to act as a
more effective barrier against evaporation, but also to generate higher energetic
costs of movement. Therefore, we expected longer survival time of Corbicula
clams, as well as greater tendency of S. rivicola to burrow and/or move to more
humid microhabitats.

Materials and methods

Clams’ collection

Clams were obtained during the spring and summer of 2023 and 2024 from
the Whoctawek Reservoir, a middle section of the River Vistula located in cen-
tral Poland (52°21.57'N, 20°54.17'E). They were collected using a Surber net
from sandy substratum at a depth of 0.5-1.0 m. Individuals of S. rivicola were
collected approximately 20 m away from the nearest occurrence of Corbicula
clams, with a reed belt in between, to ensure that their physical condition was
not influenced by interspecific interactions, thereby preventing a potential bias
in the experimental results.

Laboratory maintenance of clams

Clams were transported in 10-litre plastic buckets filled with water from the collec-
tion site to the laboratory equipped with air-conditioning (19.5 °C, corresponding
to the summer mean air temperature in Poland; Rozbicka and Rozbicki 2023) and
photoperiod of 12 h light / 12 h dark. Each taxon was maintained separately in
84-litre stock tanks prepared three weeks in advance, equipped with internal filcers
and aerators. The bottoms of the stock tanks were covered with a 10 cm layer of
sand (mean grain diameter: 0.67 mm, range: 0.20-1.40 mm) previously found to
be preferred as substracum by both S. rivicola (Stanicka et al. 2025) and Corbicula
clams (Szarmach et al. 2023).

Water changes were performed weekly by replacing approximately 40% of the
tank volume with tap water conditioned and aerated for at least 48 hours. Abiotic
water parameters (mean = SD): oxygen concentration 8.2 £ 0.7 mg/l; oxygen
saturation 96.3 * 5.3%; temperature 19.7 + 0.1 °C; pH 8.4 + 0.1; conductivity
680 £ 30 uS/cm, were monitored weekly using a multiparameter probe (Elmetron
CX-461, Poland). The clams were fed twice a week with powdered dried Chlorella
sp., and always three days prior to the experiment.

Experimental conditions

Experiments were conducted under the same photoperiod, air conditioning, and
substratum quality settings as those experienced by clams during stocking. The air
temperature was maintained at 19.5 £ 0.3 °C, and the relative air humidity was
maintained at an average of 54.6 + 7.7%.
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Prior to the experiments, clams were photographed, and their shell length was
measured using Image] 1.52n software (Schneider et al. 2012). The mean shell
lengths of S. rivicola and Corbicula individuals were 13.9 and 14.3 mm, respec-
tively (ranges: 11.1-16.5 and 12.0-16.9 mm). Different individuals were used for
each experiment, and no clam was tested more than once.

Experiment 1: Survival during water level reduction and substratum
drying

The experiment was conducted in 1-litre plastic containers (bottom diameter:
10.4 cm, top diameter: 12.3 cm, height: 11 cm) certified for food contact (Fig. 1A),
each filled with a 3-cm layer of sand (see above for the grain diameter) and a 3-cm
layer of water conditioned and aerated for at least 48 h. For each species separately,
three individuals were placed in a container, using 15 containers for the drought
treatment and 15 for the control treatment.

In the drought treatment, starting two days after clam introduction, 100 ml of
water was removed daily for three consecutive days to simulate drought, finally
resulting in the water level drop to the substratum surface. In the control treat-
ment, a constant water level was maintained throughout the experiment by adding
aerated and conditioned water.

From the fifth day (immediately when the substratum surface became
exposed to air) onwards, clam viability was assessed daily in all replicates.
Mortality was recorded visually when an individual was on the surface and its
shell was widely open, with no response to tactile stimuli, and confirmed by
characteristic odour. Moreover, on each day, all individuals from one replicate
per treatment were checked for mortality. They were transferred to separate
tanks with water and their viability was evaluated after 24 h, based on siphon
extension and/or foot protrusion or shell gaping and ability to close the valves.
Based on the total mortality observed with these two approaches pooled, we
calculated cumulative numbers and percentages of surviving and dying indi-
viduals on each experimental day. The experiment was planned to end after 15
days or earlier, if the total mortality was reached.

Experiment 2: Behavioural response — migration following the water
level reduction

The first part of this experiment was performed in rectangular tanks (bottom: 24
x 12 c¢m, height: 20 cm; Fig. 1B) filled with a 3-cm layer of sand and a 3-cm layer
of water. Each tank was divided into three equal zones using glass partitions. One
of the shorter edges (Fig. 1B) of the tanks was elevated by 4.5 cm above the labo-
ratory bench surface to simulate a natural riverbank slope, creating a water depth
gradient. Three individuals of a single taxon were introduced near the elevated
edge of the tank (upper zone; Fig. 1B). One day after the clam introduction, the
glass partitions were removed to enable free migration of the clams. In the drought
treatment, 150 ml of water was removed daily for six consecutive days to accelerate
the water level reduction. In the control treatment, a constant water level was
maintained throughout the experiment duration.

After six days, three distinct substratum zones (Fig. 1B) were identified in the
drought treatment:
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(i) the upper zone, in the upper part of the slope, first to dry when the water
level was dropping;

(i)  the middle zone, in the middle part of the slope, with infiltration water in
the substratum, but no surface water at the end of the experiment;

(iii) the lower zone, in the lower part of the slope, covered with water until the

end of the experiment.

One day after these zones were formed (i.e. on the eighth day of the experiment),
the partitions were reinserted, and the position of each clam individual in one of the
three zones was recorded. Clam viability was assessed as described in Experiment 1.

A. Experiment 1: B. Experiment 2: Migrations C. Experiment 3:
Survival Burrowing
123
120
] distance
initial /
& water level (small tank) 0
30 ) ;\;\\é\'b\" initial water level
30
30
sandy 0-10 mm below surface 10
substratum 10-20 mm below surface 10,
104 >20 mm below surface
80
sandy substratum

distance/
(large tank)

site of initial
introduction
of mussels

lower 20ne:
Submeg ¥
/ "ged,
e s . 'y
UbStratu o With Water

on the SUrface

Figure 1. Experimental setups. Dimensions given in mm. The clams were tested on sandy substratum under gradually decreasing water
level (drought treatment) or constantly submerged (control treatment) conditions in (i) circular containers (Experiment 1: Survival), (ii)
rectangular glass tanks (two sizes) with inclined bottom to imitate a slope of a lake shore or river bank (Experiment 2: Migrations), or (iii)

square glass tanks (Experiment 3: Burrowing).
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If individuals of a given taxon migrated to the lower zone of the experimental
tank (i.e. in the case of S. rivicola, see Results), the second part of the migration
experiment was conducted in tanks twice as long (Fig. 1B, hereafter the tanks from
the first and second part of the experiment are referred to as small and large tanks,
respectively) using new individuals, to evaluate the ability of clams to migrate over
an extended distance. The tanks were filled with a 3-cm layer of sand and a 6-cm
water layer, with one of the shorter edges clevated 90 mm above the laboratory
bench surface (Fig. 1B). The procedure remained as described above, except that,
because the tank was larger, 300 (instead of 150) ml of water was removed daily
to simulate comparable drought conditions. In each part of the experiment (first
and second), for each species separately, 15 replicate containers were used for the
drought treatment and 15 for the control treatment.

Experiment 3: Behavioural response — burrowing in response to water
level reduction

This experiment was conducted in rectangular tanks (bottom: 14 x 14 cm,
height: 20 cm) (Fig. 1C) filled with a 10-cm layer of sand and a 3-cm layer of
water. Three individuals of a single taxon were placed in each tank (number of
tanks: N = 15 per treatment). While in the drought treatment, 125 ml of water
was removed daily during three consecutive days to reduce the final water level to
the substratum surface, a constant 3-cm water level was maintained throughout
the experiment in the control treatment. One day after the water level reached
the substratum surface in the drought treatment, the burrowing depth of each
individual was assessed. The substratum was divided into ten 1-cm thick hori-
zontal layers and the number of individuals present in each layer was recorded.
An individual was classified into the layer in which its umbo was located. Clam
viability was assessed as described in Experiment 1.

Abiotic measurements

Abiotic water parameters were measured daily during each experiment. In the
drought treatments, measurements were taken only until the water level was suffi-
cient to immerse the probe (Suppl. material 1: table S1). Substratum water content
was determined using 5 cm? of sediment collected from the upper 2-cm layer. Sub-
stratum samples were weighed to the nearest 0.001 g before and after drying them
in a laboratory oven (Multiserw-Morek SLW 115 STD, Poland) at 105 °C for
24 h (Suppl. material 1: tables S2, S3).

In Experiment 1 (survival during water level reduction and substratum dry-
ing), substratum water content was recorded daily in order to identify changes
during viability checks of the clams (Suppl. material 1: table S2). In Experi-
ment 2 (behavioural response — migration following the water level reduction),
substratum water content was recorded separately for each zone in the drought
treatment at the end of the experiment. In the control treatment, measurements
were limited to the upper and lower zones, as the water level remained con-
stant (Suppl. material 1: table S3). In Experiment 3 (behavioural response —
burrowing in response to water level reduction), substratum water content was
measured at the end of the experiment, concurrently with the determination of
clams burrowing depth (Suppl. material 1: table S2).
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Statistical analysis

In Experiment 1, we modelled clam mortality due to air exposure with a probit
regression with a Schneider-Orelli correction for control mortality. We estimated
air exposure times of 50 (LT, )) and 90% mortality (LT, ). The model was built
only for S. rivicola, as we observed no mortality of Corbicula clams during the
duration of the experiment. Additionally, to evaluate the rate of sediment drying,
we modelled the relationship between substracum water content and exposure time
(starting from the first day of substracum air exposure) using a linear regression.
In Experiment 2, for clams responding to decreasing water level on an inclined bot-
tom, as well as for those migrating in the corresponding control tanks, we calculated:
(1) Percentage of individuals leaving the upper zone:

(Middle zone + Lower zone) x 100%
(Upper zone + Middle zone + Lower zone)

(2) Percentage of translocating individuals which reached the submerged refuge
in the lower zone:

Lower zone x 100%
(Middle zone + Lower zone)

where Upper, Middle, and Lower zones represent the total number of clams in
these particular tank zones (Fig. 1, Suppl. material 1: fig. S1)

As Corbicula clams showed very limited relocation in Experiment 2 (see the
Results), we only analysed variables 1-2 for S. rivicola locomotion. We applied
a Generalized Linear Mixed Model (binomial distribution, logit link function)
including treatment (drought and control) and distance (small and large tanks) as
fixed factors, and tank as a random factor.

Finally, in Experiment 3, to evaluate the burrowing activity and depth of clams
(see Fig. 1C), we calculated:

(3) Percentage of burrowing individuals:

(Layerl + Layer2 + Layer3) x 100%
(Layer0 + Layerl + Layer2 + Layer3)

(4) Percentage of individuals burrowing deeper than 1 cm relative to all burrowing

individuals:

(Layer2 + Layer3) x 100%
(Layerl + Layer2 + Layer3)

(5) Percentage of individuals burrowing deeper than 2 cm relative to all burrowing
individuals:

(Layer3) * 100%
(Layerl + Layer2 + Layer3)

where Layers 0-3 represent numbers of clams: Layer 0 — on the surface; Layer
1 — burrowed at a depth < 1 cm; Layer 2 — burrowed at a depth of 1-2 cm; Layer
3 — burrowed at a depth > 2 cm into the substratum (Suppl. material 1: fig. S2).
We analysed variables 3—5 with Generalized Linear Mixed Models (binomial
distribution, logit link function). Preliminarily, we planned the models to include
species and treatment (drought and control) as fixed factors, and tank as a random
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factor. However, as all Corbicula individuals burrowed in the substratum (see
the Results), variable 3 was tested only for S. rivicola. Moreover, as no S. rivicola
burrowed deeper than 2 ¢m, variable 5 was tested only for Corbicula clams.

Results

Experiment 1: Survival during water level reduction and substratum
drying

No mortality of Corbicula clams was observed throughout the entire period of
air exposure (15 days), even when the substratum water content dropped to 2%.
On the other hand, §. rivicola clams exhibited 50% mortality after 5.3 days of
air exposure (substratum water content: 12%), and 90% mortality after 7.9 days
(substratum water content: 8.5%; Fig. 2). Sphaerium rivicola mortality in con-
trol tanks started to increase since day 5 of air exposure (Fig. 2). Differences in
the survival of S. rivicola between the drought and control treatments appeared
between the 3" and 4" day of the experiment.

Experiment 2: Behavioural response — migration following the water
level reduction

Most Corbicula clams remained at their introduction site, i.e. in the upper zone of
the inclined tank bottom, irrespective of their exposure to drought (Suppl. material
1: fig. S1). Only two individuals of Corbicula clams moved in each experimental
treatment (drought and control). Translocation of S. rivicola from the upper zone
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Figure 2. Mortality of S. rivicola clams exposed to water level reduction and substratum drying and in control conditions, as well as cor-

responding substratum water content in Experiment 1. Lines are predicted by the models (corrected for control mortality), shaded areas

represent 95% confidence intervals, and symbols stand for raw data points.
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depended on distance and drought treatment (Table 1: A). More clams left the
upper zone in small tanks (71% of individuals) in the drought treatment (exposed
to the water level reduction) compared to large tanks (36%) and control conditions
(small control tanks 60%; large control tanks 11%), respectively (Fig. 3). Proba-
bility that a crawling clam will reach the lower zone depended on an interaction
distance*treatment (Table 1: B). Percentages of migrating clams reaching the lower
zone in drought-exposed large tanks, as well as in control and drought-exposed
small tanks did not differ from one another (range: 56-75% of individuals). How-
ever, no individuals reached the lower zone in large control tanks (Fig. 3).

Experiment 3: Behavioural response - burrowing in response to water
level reduction

All Corbicula clams burrowed in the sediments, irrespective of their exposure to
drought (Suppl. material 1: fig. S2). Sphaerium rivicola burrowed significantly
more often in control than in drought-exposed tanks with decreasing water level
(Table 1: C, Fig. 4, Suppl. material 1: fig. S2). While burrowing Corbicula clams
more frequently reached depths greater than 1 cm under drought conditions (Fig. 4),
S. rivicola often burrowed deeper under control conditions (Suppl. material 1: fig.
§2), resulting in a significant species x treatment interaction (Table 1: D). Sphaerium
rivicola never burrowed to a depth higher of 2 cm (Suppl. material 1: fig. S2, Fig. 4),
whereas the difference between percentages of Corbicula clams reaching this depth
was marginally higher in drought-exposed than in control tanks (Table 1: E, Fig. 4).

Table 1. Generalized Linear Mixed Models (binomial distribution) to test the effect of drought (water level reduction) on clam migrations

on the inclined bottom in Experiment 2 and clam burrowing in Experiment 3. The initial models also included a random factor tank (not

shown: in Experiment 2, the estimat

model; in Experiment 3, the random

ed variance of the random effect was near 0 and thus the random term was removed from the final

effects were non-significant).

Variable Effect F df P Pairwise comparisons
Experiment 2!
A. S. rivicola leaving the upper zone Treatment | 8.7 1, 56 0.005*
Distance ‘ 35.1 1, 56 <0.001*
| Interaction | 2.2 1,56 | 0.146
B. S. rivicola moving to the lower zone Distance Treatment P
Treatment 413.4 1,43 <0.001* [ Large (L) DvsC | < 0.001*
Distance ‘ 425.1 1,43 <0.001* Small (S) | DvsC 0.181
Interaction ‘ 348.0 1,43 <0.001* LvsS Drought (D) ‘ 0.199
LvsS Control (C) <0.001*

Experiment 3*
C. S. rivicola burrowing

D. Both clams species burrowing > 1 cm

E. Corbicula sp. burrowing > 2 cm

Treatment 36.4 1,28 <0.001*

Species Treatment P
Treatment 311.5 1, 44 <0.001* Csp DvsC 0.002*
Distance | 191.5 1, 44 <0.001* Sr DvsC <0.001*

Interaction | 423.6 1, 44 <0.001* Csp vs Sr v Drought (D) v <0.001*
Csp vs Sr Control (C) | <0.001*
Treatment 4.1 1,28 0.053

Asterisks indicate significant effects and differences.

Csp — Corbicula clams, St — Sphaerium rivicola.

Treatment — drought (water level reduction) or control.

"Experiment 2: Behavioural response — migration following the water level reduction.
*Experiment 3: Behavioural response — burrowing in response to water level reduction.
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Figure 3. Migrations of S. rivicola clams on the inclined bottom exposed to drought (red) or under control conditions (blue) in Experi-
ment 2 (behavioural response — migration following the water level reduction). Data are presented as means predicted by the Generalized
Linear Mixed Models with 95% confidence intervals. Diamonds indicate percentages of clams leaving the upper zone, triangles show
percentages of relocating clams that managed to reach the lower zone. Asterisks indicate significant differences between the drought and
control treatments (* P < 0.05, ** P < 0.01, ** P < 0.001).
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Figure 4. Burrowing of S. rivicola and Corbicula clams into sandy sediments exposed to drought (water level reduction) (red) or under
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control conditions (blue) in Experiment 3. Data are presented as means predicted by the Generalized Linear Mixed Models with 95%
confidence intervals, except S. rivicola at a depth > 2 cm (no individuals reached this depth) and burrowing Corbicula (all individuals

burrowing). Asterisks indicate significant differences between the drought and control treatments (* P < 0.05, ** P < 0.01, *** P < 0.001).
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Discussion

Our results show differences in survival, migration and burrowing behaviour
between the vulnerable European S. rivicola and the invasive Corbicula clams when
exposed to drought conditions. Under experimental air exposure and substratum
drying, Corbicula survived longer that S. rivicola, supporting Hypothesis 1 on
the higher drought resistance of this invader. While the invasive clam (Corbicula
complex) survived the entire experimental period, S. rivicola exhibited 90% mor-
tality after a relatively short period of air exposure, at a substracum water content
of 8.5%. Under similar conditions, other taxa, including soft-bodied organisms
not protected by hard shells, such as chironomid larvae Stictochironomus sticticus
(Fabricius, 1781), were still able to survive (Poznanska et al. 2017). These results
are consistent with the status of S. 7ivicola as a drought-sensitive species (Collas et
al. 2018; Halabowski et al. 2024). The shell of S. rivicola is relatively thin-walled
and porous (Piechocki and Wawrzyniak-Wydrowska 2016), potentially facilitating
faster desiccation of the soft tissues, which would explain its earlier mortality. It
should be noted that the control mortality of S. rivicola increased from the 5%
day of air exposure, thus the results obtained for this species should be treated
with care. However, the difference in survival under drought conditions between
S. rivicola and Corbicula clams is striking.

Guareschi and Wood (2020) reported that Corbicula clams can survive up to
one week of aerial exposure under cool and humid conditions. Byrne et al. (1988)
showed that during aerial exposure Corbicula clams survived one day at 35 °C,
three days at 25 °C and 14 days at 15 °C. In our study, all Corbicula clams sur-
vived 15 days at an air temperature of approximately 19.5 °C, providing addition-
al evidence of their high tolerance to adverse environmental factors. As reported
by Ortmann and Grieshaber (2003), Corbicula clams are capable of maintaining
valve closure for up to 12 hours due to the ability to reduce the metabolic rate
(Ortmann and Grieshaber 2003), which allows them to survive prolonged periods
of unfavourable environmental conditions (Ferreira-Rodriguez and Pardo 2016).
The high resistance of the invasive Corbicula to drought aligns with broader pat-
terns in freshwater invasions, where resilient invaders are able to withstand harsh
conditions, under which their native competitors cannot survive. Resistance is
species-specific, depending on physiological and morphological differences and,
in consequence, different survival strategies (Poznariska et al. 2015; Giiler 2020).
Viviparus viviparus (L.), a prosobranch snail, survived three weeks in dry sand
(Poznariska et al. 2015), whereas large unionid mussels can survive over 40 days of
air exposure given moist refuges (Giiler 2020). Even a small (9 mm in shell height),
thin-shelled pulmonate snail Physa acuta Draparnaud, 1805, can survive two days
in dry, sandy substratum (Gulanicz et al. 2018).

Over the last 50 years, the average duration of hydrological droughts in Central
Europe has been about 30 days (Baran-Gurgul and Walega 2025). In Poland, one
of the longest recent events occurred in 2019, lasting 158 days (Hejduk et al. 2021).
During such a prolonged water-level decline, populations of native S. rivicola as
well as invasive Corbicula clams may experience high mortality. According to our
results, short drought episodes would also be lethal to the native S. rivicola, but
not to the invasive Corbicula clams. For populations of S. rivicola occurring in
shallow parts of rivers, survival is only possible during short droughts lasting a
few days, with water-level fluctuations not exposing a large part of the bottom, as
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successful migrations of this species following the receding water line are limited to
short distances. However, S. rivicola may also inhabit deeper river sections (Lewin
2014). Such habitats provide an opportunity to withstand even extreme hydro-
logical droughts and subsequently recolonize shallower zones, provided that these
niches are not already occupied by other, more resistant bivalves, such as inva-
sive Corbicula clams. However, the scenario with Corbicula clams acting as carlier
colonizers and superior competitors in shallow near-shore areas seems likely given
the higher resistance of this taxon to air exposure.

Hypothesis 2 was also supported: the two clams exhibited contrasting
behavioural strategies to cope with the water level reduction. Sphaerium rivicola,
upon water level decrease, migrated downwards towards wetter microhabitats.
Migration of this vulnerable species was more pronounced over the shorter
distance, as more individuals were able to leave the upper dry zone and reach
the wet refuge. Over the longer distance, fewer individuals left the upper zone,
although a similar proportion of those that left successfully reached the wet refuge
in the lower zone. This suggests that increasing distance to the water refuge limits
the effectiveness of migration as a response to water level reduction and indicates
the presence of energetic or physiological constraints. The escape strategy, com-
bined with the low resistance of this species to substratum drying, demonstrate
that it must find a wet refuge at a short distance and in a short time to avoid death.
In contrast, Corbicula rarely migrated horizontally; instead, their strategy was to
burrow into the moist substratum as the water level decreased. The response of
freshwater bivalves to drought is closely linked to their tolerance of adverse condi-
tions. Drought-resistant species, such as Corbicula, typically burrow and remain in
place until the water level rises again (Gough et al. 2012). They can survive these
periods due to several adaptations, including sealing the shell margins with mucus
to reduce water loss, lowering metabolic rate and oxygen consumption, and/or
tolerance to transient metabolic acidosis (McMahon and Williams 1984; Byrne
et al. 1991; Ortmann and Grieshaber 2003; Gough et al. 2012). In contrast,
drought-sensitive species, such as S. 7ivicola, which lack such physiological adapta-
tions, emerge from the substratum and remain on its surface, probably due to the
developed mechanism of active searching for refugia, such as small residual pools
in the riverbed (Gough et al. 2012). This escape seems to be the main behavioural
response of this species to drought. However, escaping seems risky compared to
the strategy of burrowing in place, as a failure to locate water may hasten mortality
due to the additional energetic costs of locomotion.

In the 20™ century, droughts occurred more frequently and with greater inten-
sity in the native range of Corbicula clams (e.g., Yangtze River Basin) compared to
the native range of S. rivicola in Central Europe (Laaha etal. 2017; Bai et al. 2024).
Therefore, following its introduction to Europe, Corbicula clams may now exhibit
higher drought tolerance due to historical selection pressure in its native, drought-
prone habitats. In contrast, S. rivicola, having evolved under milder hydrological
conditions, appears less adapted to withstand a prolonged emersion.

More frequent and longer hydrological droughts occurring due to ongoing global
change can accelerate shifts in bivalve community composition via differential sur-
vival and behaviour, including facilitation of the replacement of more sensitive
native species (. rivicola) with more resistant invasive taxa (Corbicula clams). Such
a phenomenon was observed in an Iberian river with a large population of invasive
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Corbicula clams. A population of the native pea clam Pisidium amnicum Muller,
1774, experienced a mass mortality during a severe drought in 2005, from which
it has never recovered, likely due to Corbicula clams that entered its ecological
niche (Sousa et al. 2011; Halabowski et al. 2024). Thus, drought events may act as
ecological filters, inhibiting vulnerable native species, whereas invasive populations
persist or recover quickly. Moreover, the presence of invasive species may prevent
the recovery of native populations that would have happened in non-invaded hab-
itats. Our results align with this scenario — the superior desiccation endurance and
adaptive behaviour of Corbicula clams give it a strong advantage in drought-affected
habitats, potentially allowing it to occupy the niche vacated by S. rivicola. On
the other hand, Corbicula populations can experience “boom-bust” dynamics and
mass die-offs under extreme conditions (McDowell and Sousa 2019). Nonethe-
less, under drought conditions, likely to become increasingly frequent with climate
change (IPCC 2023), Corbicula seems likely to outcompete more sensitive natives
or replace them after their extinction due to abiotic stress.

Corbicula clams affect freshwater environments through intensive suspension
feeding, bioturbation, and competition for food and space (Geist et al. 2025).
Their high filtration activity reduces the availability of trophic resources for
native bivalves, leading to decreased condition and inhibited growth (Haag et
al. 2021; Robb-Chavez et al. 2022). Bioturbation and the mass accumulation
of individuals and their shells alter the structure of bottom sediments, result-
ing in changed habitat conditions and simplification of benthic assemblages
(Werner and Rothhaupt 2007; Labaut et al. 2021). Notably, the presence of
empty Corbicula shells may physically prevent native mussels from burrowing
effectively, forcing them to remain on the surface or occupy suboptimal habitats
(Szarmach et al. 2024). Under drought conditions, when the availability and
size of submerged refugia are reduced, these interactions may become even more
pronounced. Native bivalves remaining in water refugia together with Corbicula
clams despite their tendency to avoid such habitats may face increased inter-
specific competition for limited space (Szarmach et al. 2024). Consequently,
a drought may intensify the negative effects of Corbicula on native bivalves
through both habitat limitation and forced coexistence within restricted refugia.
As a consequence, displacement of native species, reduced reproductive success,
and local population declines are observed, ultimately leading to habitat ho-
mogenization and degradation (Sousa et al. 2014; Labaut et al. 2021; Goulder
and Wong 2024). Therefore, further studies explicitly addressing interactions
between Corbicula clams and native bivalves under drought conditions are need-
ed to better understand their combined effects on freshwater communities.

This study has important conservation implications. In the long term, droughts
combined with biological invasions can hasten local extinctions of the vulnerable
S. rivicola and probably also other Sphaeriidae, resulting in losses in biodiversity
and ecosystem services. Thus, conservation strategies should take drought-invasion
interactions into account. Effective management should involve maintaining
minimum flow regimes, creating artificial refuges, and preserving riparian
vegetation (shrubs, trees, reeds) that offers shade and reduces substratum drying,
thereby protecting vulnerable native bivalves during droughts. Additionally,
controlling Corbicula spread could reduce competitive pressure, giving the natives
a better chance to recover post-drought.
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Table S1. Mean abiotic water parameters in stock and experimental tanks (standard

deviations in parentheses). Numbers correspond to the three experiments conducted.
Small / Large — tanks 24/48 cm in length.

Oxygen Oxygen

concentratio saturation =~ Temperature Conductivity
Experiment Treatment n [mg/L] [%] [°C] pH [uS cm™]
'Survival control 9.1 (0.4) 101.3 (3.8) 19.9 (0.3) 8.1(0.2) 788 (38)
'Survival drought 9.1(0.2) 1019 (2.8) 20.0 (0.4) 8.2(0.1) 782 (58)
2Migration ~ small tanks / control 9.2(0.2) 101.6 (2.6) 19.7 (0.3) 8.1(0.1) 666 (122)
2Migration ~ small tanks / drought 9.0(0.4) 1015 (3.5) 19.9 (0.4) 8.8(0.7) 602 (50)
2Migration large tanks / control 8.2 (0.5) 92.6 (3.5) 19.5(0.3) 8.5(0.0) 614 (17)
2Migration large tanks / drought 7.7 (0.5) 87.0 (14.5) 19.7 (0.6) 8.4 (0.0) 616 (29)
3Burrowing ~ control 7.5 (0.7) 88.8 (6.0) 20.4 (0.8) 8.5(0.1) 735 (84)
SBurrowing drought 7.0 (0.1) 89.0 (1.0) 20.1(0.3) 8.4(0.0) 754 (11)

Table S2. Mean and standard deviation (in parentheses) substratum water content in
Experiment 1 (survival during water level reduction and substratum drying) and 3

(behavioural response — burrowing in response to water level reduction) (see Fig. 1 for

details). *The final water content was determined after 8 days of treatment for S. rivicola
and after 15 days for Corbicula clams.

Initial water

Final water

Experiment Clams Treatment content [%]  content [%]*

'Survival S rivicola  control 21.8 317.7
S. rivicola drought 18.3 38.1
Corbicula control 21.5 18.9
Corbicula drought 19.5 2.1

*Burrowing S, rivicola control - 20.4 (0.9)
S. rivicola drought - 17.1 (1.7)
Corbicula control - 19.4 (1.0)
Corbicula drought - 16.6 (1.8)

Table S3. Mean and standard deviation (in parentheses) substratum water content (%) in
various substratum zones in Experiment 2 (behavioural response - migration following
the water level reduction) (see Fig. 1 for details).

Tanks Clams Treatment Upper zone!  Middle zone>  Lower zone®
Small S, rivicola  control 20.8 (1.0) i 20.7(0.3)
S. rivicola  drought 18.8 (1.7) 192(13)  19.8(L.1)
Corbicula control 20.1 (0.3) - 20.3 (1.4)
Corbicula  drought 19.8 (0.3) 20.1(13)  20.5(0.5)
Large S. rivicola control 19.3 (2.5) - 20.1 (0.6)
S. rivicola drought 18.8 (0.6) 19.1 (0.9) 19.7 (0.3)
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and control tanks in Experiment 2 (behavioural response - migration following the
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