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Streszczenie

Matze stodkowodne to jedna z najszybciej ginacych grup zwierzat na Ziemi, a sposrod gatunkow
mieczakow uznanych za globalnie zagrozone, najliczniej reprezentowane sa malze z rodziny
skdjkowatych (Unionidae). Jednoczesnie jest to jedna z najstabiej poznanych grup zwierzat. Niewiele
wiadomo na temat ich biologii, wymagan siedliskowych, rozmieszczenia w przestrzeni, interakcji
miedzy innymi gatunkami. Malze te zyja w siedliskach slodkowodnych, najsilniej zagrozonych w
skali globalnej, zatem kwestia okreslenia wymagan siedliskowych Unionidae stuzy¢ moze zarowno
ich ochronie gatunkowej, jak i wlasciwemu zarzadzaniu wodami stodkimi.

Prezentowana rozprawa doktorska obejmuje trzy publikacje naukowe dotyczace badan
prowadzonych w latach 2013-2018, w Zalewie Pinczowskim (wojewddztwo $§wietokrzyskie). Sposroéd
sze$ciu rodzimych gatunkéw malzy z rodziny Unionidae wystepujacych w Polsce, az pie¢ wystepuje
w Zalewie Pinczowskim: szczezuja pospolita (dnodonta anatina), szczezuja wielka (Anodonta
cygnea), szczezuja splaszczona (Pseudanodonta complanata), skéjka malarzy (Unio pictorum)
i skojka zaostrzona (Unio tumidus). Jest to zatem doskonate miejsce do badania siedliskowych
uwarunkowan réznic w biologii poszczegdInych gatunkéw malzy z rodziny Unionidae.

W populacjach Unionidae wystepuja bardzo istotne rdznice w strategiach reprodukcyjnych,
przejawiajace si¢ r6ézng liczbg legdw wyprowadzanych w ciggu roku. W pracy (I) modelowatem, co
staloby si¢ z hipotetyczng populacja malzy (pod wzgledem tempa wzrostu populacji
i prawdopodobienstwa jej wyginiecia), ktora uwalnia t¢ samg liczbe glochidiow (pasozytniczych
larw), przystepujac do rozrodu od jednego do pigciu razy w trakcie sezonu reprodukcyjnego,
w nieprzewidywalnych warunkach siedliskowych, rézniacych si¢ prawdopodobienstwem zarazenia
ryby zywicielskiej. Ocenilem, w jaki sposdb warunki siedliskowe oraz liczba lggéow wplywaja na
parametry populacji istotne z punktu widzenia jej trwalosci, tj. na wielko$¢ populacji, wskaznik
wyginigcia, wspofczynnik zmiennosci $redniej wielkosci populacji i $redni czas do wyginigcia.
Wykazatem, ze liczba lggow jest czynnikiem, ktory silne wptywa na dostosowanie osobnikow.

Jak dotad znane jest zjawisko bardzo szybkiego zanikania populacji Unionidéw, jednak nic nie
wiadomo o przyczynach tak szybkiego tempa wymierania, jak réwniez nic nie wiadomo
o mechanizmach odpowiedzialnych za roznice w liczebnosciach gatunkow, co jest zreszta szerszym
problemem ekologicznym. W pracy (II) opisalem zjawisko masowego $niecia okolo jednej trzeciej
z ogolnej liczby osobnikow maltzy wystepujacych w Zalewie Pinczowskim, ktére wystapito latem
2018 roku, w ciggu zaledwie kilku dni. Analiza probek wody pobranych tuz po s$nieciu malzy,
wykazala niezwykle wysokie stezenie fosforanow i azotynow. Sugerowalem, ze ruch todzi motorowej
musiat zaburzy¢ osady jeziorne, negatywnie wplywajac na procesy fizjologiczne malzy i tym samym
powodujac ich masowa $miertelnos¢. Najwyzsza $miertelno$¢é odnotowano w przypadku

P. complanata (81%), a nastepnie U. pictorum (58%), A. cygnea (26%), U. tumidus (15%)
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i A anatina (5%). Smiertelnos¢ byla istotnie zwiazane z rozmiarem (wiekiem) matzy tylko
u A. cygnea, przy czym s$miertelnos¢ byla wyzsza u mniejszych (mtodych) osobnikow. Uzyskane
wyniki wykazaly znaczng réznice w poziomie tolerancji na zaburzenia siedliska miedzy gatunkami
malzy wystepujacymi w Zalewie Pinczowskim.

Jednym z najszerzej obserwowanych zjawisk, ktére sa powigzane z zanikaniem niektorych
malzy slodkowodnych, jest brak rekrutacji mtodych osobnikéw, jednak niewiele wiadomo
o przyczynach tego zjawiska. W pracy (III) opisatem wplyw zmiany przeptywu w Zalewie
Pinczowskim na rekrutacje (obecnos¢ i liczebno$¢) mlodych maltzy. Odkrytem, ze niewielki wzrost
przeplywu w zbiorniku po zbudowaniu dodatkowego kanalu ulgi, pozytywnie wplynat na rekrutacje
u trzech z pigciu gatunkow malzy wystepujacych w zalewie. Odkrylem rowniez, ze po zbudowaniu
tego dodatkowego odplywu nisze mlodocianych A. cygnea i Unio spp. zmienily sie, ujawniajac
réznice w ich wymaganiach hydrologicznych. Pokazatem tez, ze podobnie jak w wodach ptynacych,
ztozone parametry hydrauliczne majg istotne znaczenie dla malzy z rodziny Unionidae w wodach
stojacych.

Powyzsze wyniki sugeruja, ze liczba legow nalezy do czynnikdéw najsilniej wplywajacych na
dostosowanie osobnikdw, tymczasem jest to czynnik, ktéry do tej pory nie byl nawet opisany dla
poszczegdlnych gatunkow, natomiast na skutek interakcji malzy z gatunkami ich ryb zywicielskich,
jest to czynnik niezwykle zmienny. Wplyw czynnikow $rodowiska nieozywionego na wystgpowanie
i biologie malzy jest znany na bardzo ogdlnym poziomie, podczas gdy omawiane badania identyfikuja
bezposrednie czynniki: wplyw naglych zmian wlasnosci fizyczno-chemicznych wody na smiertelnose,
jak i zmiany warunkow hydrologicznych na rekrutacjg, ktéra jest kluczowym czynnikiem dla

dynamiki populacji.



Summary

Freshwater mussels are the fastest dying group of animals on Earth, and Unionidae is the most
numerous family of mollusc species recognized as globally endangered. At the same time, these
mussels are among the least known groups of animals: little is known about their biology, habitat
requirements, spatial distribution or interactions with other species. Freshwater habitats are some of
the most endangered worldwide; defining the habitat requirements of unionids will therefore be useful
for both species conservation and the appropriate management of freshwaters.

This PhD thesis includes three scientific publications on research conducted in Lake Pinczow
(Swietokrzyskie province) between 2013 and 2018. Five of the six species of unionid mussels native
to Poland inhabit this lake: duck mussel (4nodonta anatina), swan mussel (4dnodonta cygnea),
depressed river mussel (Pseudanodonta complanata), painter’s mussel (Unio pictorum) and swollen
river mussel (Unio tumidus). It is therefore an excellent place for studying the habitat conditions
responsible for interspecific differences in the biology of unionid mussels.

There are very significant differences in reproductive strategies between unionid populations,
manifested by the different numbers of broods produced during the year. In the first paper (I)
I modelled what would happen to a hypothetical mussel population (in terms of population growth rate
and the probability of its extinction) that released the same number of glochidia (parasitic larvae)
during one to five reproductive events during a season, in unpredictable habitat conditions differing in
the probability of host fish infestation. I evaluated how the number of spawning events would affect
population parameters that are important from the point of view of population persistence, i.e. its size,
extinction rate, coefficient of variation of mean population size and the mean time to extinction.
I showed that the number of broods was a factor strongly influencing individual fitness.

The very rapid disappearance of unionid populations is a familiar phenomenon. Nothing is
known, however, about why such extinctions should take place so fast, nor is anything known about
the mechanisms causing differences in numbers between species; this is a serious ecological problem.
In the second paper (II) I described the massive die-off of approximately one-third of the unionid
mussels inhabiting Lake Pinczow that took place within the space of just a few days in the summer of
2018. Analysis of water samples taken immediately after the die-off revealed extremely high
concentrations of phosphates and nitrites. I suggested that motorboat movements must have disturbed
the lake sediments, negatively affecting the physiological processes of mussels and thereby causing
their mass mortality. The highest mortality was recorded in the rarest species P. complanata (81%),
followed by U. pictorum (58%), A. cygnea (26%), U. tumidus (15%) and A. anatina (5%). Mortality
was significantly related to the size (age) of the mussels only in 4. cygnea, and was higher in smaller
(young) individuals. The results showed significant differences in levels of tolerance to habitat

disturbances between mussel species occurring in this floodplain lake.



One of the most widely observed phenomena associated with the disappearance of some
freshwater mussels is the non-recruitment of juveniles, but little is known about why this happens. In
the third paper (III) I described the impact of a change in the water regime of Lake Pinczéw on the
recruitment (presence and number) of young mussels. I found that a slight increase in the discharge
from this waterbody, following the construction of an additional outflow pipe, positively influenced
recruitment in three of the five mussel species inhabiting the lake. I also found that after this additional
outflow had been built, the niches of 4. cygnea and Unio spp. juveniles changed, revealing differences
in their hydrological requirements. 1 also showed that, as in lotic habitats, complex hydraulic
parameters are absolutely crucial to unionid mussels in lentic conditions.

The above results suggest that the number of broods is one of the factors strongly affecting the
fitness of individual mussels. To date, this factor has not been described even for individual species; it
is extremely variable, because of the interaction between mussels and their host-fish species. Although
the impact of environmental factors on the occurrence and biology of bivalve molluscs is known at
a very general level, these three papers identify direct factors: the impact of sudden changes in the
physicochemical properties of water on mortality, as well as changes in hydrological conditions on

recruitment, a key factor in population dynamics.



Wstep

Matze stodkowodne naleza do najbardziej zagrozonych grup zwierzat na $wiecie; dlatego
w ostatnich latach zwigksza si¢ liczba badan dotyczacych ich ekologii i ochrony, rowniez w Europie
(Lopes-Lima i in., 2017, 2018). Malze stodkowodne pelnia wiele waznych funkcji w ekosystemach
wodnych, ktére okresla si¢ terminem ustugi ekosystemowe (ang. ecosystem services). Do
najwazniejszych ustug ekosystemowych, do ktorych przyczyniajg sie malze zalicza sie: oczyszczanie
wody (biofiltracja), obieg i akumulacja sktadnikéw odzywczych, modyfikacja podloza i sieci
troficznych (Vaughn i Hakenkamp, 2001; Strayer, 2008; Vaughn i in., 2008; Haag, 2012, Vaughn,
2017). Niektére gatunki (np. Margaritifera margaritifera) spelniaja  kryteria gatunkow
wskaznikowych, flagowych i parasolowych, co czyni je idealnymi celami ochrony wod (Geist, 2010).
Jednak matze stodkowodne, cho¢ nie tak dawno szeroko rozprzestrzenione i liczne, a nawet
wykorzystywane na masowa skale do celow komercyjnych (Williams i in., 1993; Haag, 2012),
zanikaja (Lydeard i in., 2004), a identyfikacja czynnikow prowadzacych do ich ustepowania, jest nadal
powaznym wyzwaniem naukowym (Fereira-Rodriguez i in., 2019).

Zalew Pinczowski (Fig.1; 50°31'9"N, 20°31'5" E) to niewielki (powierzchnia ok. 11ha), ptytki
(maksymalna glebokos¢ 1,5 m), naturalnie eutroficzny zbiornik, ktory powstat podczas regulacji rzeki
Nidy w Pinczowie. Zostal oddany do uzytku w 1973 roku, a nastepnie zmodernizowany w latach 80. -
wykonany zostal przekop skracajacy bieg rzeki, a dotychczasowe koryto poszerzono, tworzac w ten
sposob zalew. Starorzecze biegnace powyzej przeksztalcono w doprowadzalnik, a ponizej, po drugiej
stronie drogi wojewddzkiej nr 766, wykonano kanat odprowadzajacy wodg do starorzecza (Struzynski,
2007; Zajac i in., 2016). Jednak wylot wody ze zbiornika nie zostal wykonany zgodnie z projektem.
W trakcie wykonywania robdt ziemnych napotkano na pozostalosci betonowej konstrukcji dawnego
mostu i zamiast dwoch rurociggéow o srednicy 80 cm, zastosowano jeden, tej samej srednicy, o wlocie
umieszczonym o 36 cm wyzej od rzgdnej projektowanej (Struzynski, 2007). W rezultacie tego btedu,
kanal wylotowy uniemozliwial zapewnienie odpowiedniego przeplywu wody przez zbiornik.
W gldwnej czgsci zbiornika woda stagnowatla, a jej ruch byl spowodowany gléwnie podmuchami
wiatru i rozproszeniem ciepla. Niewielka glebokos¢ wody i niewystarczajacy przeptyw spowodowaty
wystgpienie wielu negatywnych proceséw, takich jak zarastanie zbiornika i doprowadzalnika
ros$linnoscia wodna, zamulanie si¢ zbiornika i doprowadzalnika, dalsze wyptycanie zbiornika
i wydhluzenie czasu wymiany wody w zbiorniku (Struzynski, 2007; Struzynski i Wyrebek, 2013), co
w konsekwencji doprowadzito do pogorszenia jakosci wody i coraz wigkszej eutrofizacji zbiornika.
Jako rozwiagzanie problemu niewystarczajacego przeptywu, zaproponowano budowe dodatkowego
kanatu odprowadzajacego wode z zalewu bezposrednio do Nidy (Struzynski, 2007), ktory zostat
wybudowany w listopadzie 2013 roku.
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Fig.1. Ogolny schemat lokalizacji Zalewu Pinczowskiego wraz z doprowadzalnikiem i odprowadzalnikiem.
Strzatki oznaczaja kierunek przeptywu wody. Czerwonym kolorem zaznaczono lokalizacj¢ dodatkowego kanatu

odprowadzajacego zbudowanego w 2013 roku

Zalew peli funkcje rekreacyjng - przy zalewie znajduje si¢ czynne kapielisko, a w ciagu
prawie calego roku aktywnie funkcjonuje tam takze zrzeszenie wedkarzy oraz klub wodny. Jest takze
obiektem cennym przyrodniczo. Sposrod szesciu gatunkéw Unionidae wystepujacych w Polsce, az
pie¢ wystepuje w Zalewie Pinczowskim: szczezuja pospolita (Anodonta anatina), szczezuja wielka
(Anodonta cygnea), szczezuja splaszczona (Pseudanodonta complanata), skojka malarzy (Unio
pictorum) i skojka zaostrzona (Unio tumidus). W Polsce, 4. cygnea i P. complanata, sa gatunkami
zagrozonymi i chronionymi (Zajac, 2004a,b). Z kolei w Europie, P. complanata oceniono jako
gatunek podatny na zagrozenia (ang. Vulnerable; Van Damme, 2011), podczas gdy pozostale gatunki
oceniono jako gatunki "mniejszej troski" (ang. Least Concern), chociaz trendy populacji okreslono
jako malejace u 4. anatina (Lopes-Lima, 2014a) i A. cygnea ( Lopes-Lima, 2014Db).

Czynniki rzadzace rozmieszczeniem i liczebnoscia malzy stlodkowodnych w ekosystemach
wod stojacych sa slabo poznane. Dotychczas wykazano, ze podstawowe parametry zbiornikow
wodnych, takie jak glebokos¢ wody, odlegtosé od brzegu i wzdluz brzegu oraz grubos¢ warstwy
osadow, maja istotny wplyw na liczebnos¢ i rozmieszczenie malzy (Zajac i in., 2016). Ponadto jako
czynniki wplywajace na liczebnos$¢ i rozmieszczenie malzy wymienia sie: falowanie (Cyr, 2008),
sedymentacj¢ (Cyr i in., 2012), rodzaj podtoza (Kat, 1982), dostepnos¢ swiatla, temperature wody,
dostepno$é pokarmu i predkos¢ przeplywu wody (Dillon, 2004), naptyw réznych zwigzkéow
egzogennych (Richardson i Mackay, 1991), zawartos¢ tlenu (Zajac, 2002), obecnos$¢ zwiazkow
toksycznych (Wetzel, 2001) i poziom wody (Dillon, 2004; Golab i in., 2010). Mimo, Zze problem nie
zostal jeszcze wyjasniony, istnieje coraz wiecej dowoddw na to, ze warunki hydrauliczne odgrywaja
znaczacg role w ksztaltowaniu siedlisk malzy Unionidae. Wiele badan wykazalo, ze warunki
hydrauliczne w poblizu dna sg dobrymi predyktorami odpowiednich mikrosiedlisk dla matzy (Statzner
i in., 1988; Layzer i Madison, 1995; Lydeard i in., 2008) lub wykazalo istotny wplyw ekstremalnych
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warunkéw hydraulicznych np. wysokie i niskie przeplywy w trakcie powodzi badz suszy (Zigler i in.,
2008; Allen i Vaughn, 2010; Daraio i in., 2010). Wiadomo réwniez, ze malze stodkowodne sa
szczegblnie wrazliwe na zmiany warunkow hydrologicznych, ktére maja szczegoélne znaczenie
w tworzeniu zbiorowisk maltzy (Strayer i in., 2004; Allen i Vaughn, 2010). Badania te prowadzono
jednak w duzych rzekach. Mate, stojace zbiorniki wodne wydajg si¢ by¢ zaniedbywane, podczas gdy
to wilasnie starorzecza byly typowym miejscem wystgpowania Unionidow w warunkach naturalnej
doliny rzecznej (Zajac, 2002), jednak ze wzgledu na brak tego siedliska w krajach rozwinigtych jest
ono pomijane w badaniach.

Wsrdd najwazniejszych zagrozen dla biordéznorodnosci ekosysteméw stodkowodnych
wymienia sie: utrate, fragmentacje i degradacje siedlisk, nadmierna eksploatacje populacji,
zanieczyszczenie wod, wprowadzanie gatunkdéw obceych i zmiany klimatu (Dudgeon i in., 2006; Geist,
2011). Europejskie matze stlodkowodne sa podatne na wszystkie te zagrozenia (Lopes-Lima i in.,
2017). Jednak inne, nieznane dotychczas czynniki moga réwniez odgrywac znaczaca role w procesie
zanikania populacji malzy stodkowodnych. Jednym z do$¢ spektakularnych zjawisk majacych bardzo
negatywne konsekwencje dla matzy sa ich masowe $niecia (ang. massive die-offs). Sa to epizodyczne
zdarzenia, w trakcie ktérych setki, a nawet tysiagce malzy umiera w krdotkim czasie (kilku dni lub
tygodni), ktore w naturze zwiazane sa najczesciej z dynamika populacji tej grupy zwierzat. Jednak
czesto$é wystepowania masowych $nie¢ malzy wzrasta od 1982 roku i obecnie znaczaco przekracza
naturalny poziom czestosci wystepowania takich $nie¢ (Neves, 1987). Etiologia masowych $nie¢
pozostaje w duzej mierze nieznana, i podejrzewa si¢ tylko niewielkg liczbe czynnikow
o powodowanie tego zjawiska, np. choroby (Neves, 1987), zatrucia (Fleming i in., 1995), powodzie
(Hastie i in., 2001; Sousa i in., 2012), susze (Gagnon i in., 2004; Haag i Warren, 2008; Galbraith i in.,
2010; Bédis i in., 2014; Sousa i in., 2018) oraz gospodarka wodna (Gotab i in., 2010). Ponadto
w przypadku wielu gatunkow malzy, zasadniczym problemem jest brak wiedzy na temat ich biologii
i wymagan siedliskowych (Lopes-Lima i in., 2018; Ferreira-Rodriguez i in., 2019).

Jednym z najwazniejszych symptomdéw spadku liczby matzy stodkowodnych na catym
swiecie jest brak rekrutacji (Roper i Hickey, 1994; Beasley i Roberts, 1999; Hastie i Toy, 2008).
W sprzyjajacych warunkach Unionidae moga osiggnaé bardzo duze liczebnosci i biomase; jednak
w coraz wickszej liczbie populacji od dziesigtkow lat nie obserwowano mtodych osobnikéw, co
prowadzi do starzenia si¢ tych populacji (Payne i Miller, 1989), i w konsekwencji do ich wyginigcia.
Zatem wysoka zmienno$¢ w rekrutacji w czasie lub przestrzeni oraz przezywalnosci osobnikdw
milodocianych, moze stuzy¢ jako wczesny sygnal ostrzegajacy o zblizajacej si¢ katastrofie (Strayer,
2014).

Skojkowate (Unionidae) sg rozdzielnopiciowe. Samice skladaja jaja do specjalnie
przeksztalconych ptatow zewnetrznych skrzeli (marsupiow), gdzie sa zapladniane przez plemniki
wciggane wraz ze strumieniem wody. Z zaptodnionych komérek jajowych powstaja larwy (glochidia).

Cykl zycia skojkowatych charakteryzuje si¢ unikalnym okresem pasozytnictwa larwalnego na rybach
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zywicielskich (Fig. 2A; Kat, 1984; Haag, 2012; Modesto i in., 2018), ktéry ma kluczowe znaczenie
dla pomys$lnego rozmnazania (Strayer, 2008; Brodie i in., 2014). Co wigcej, cykle zyciowe skojek
(Unio) i szczeznj (Anodonta) roznig si¢ od siebie czasem skladania jaj do marsupiow
i uwalniania dojrzalych glochidiow z marsupidéw (Fig. 2B). U szczezuj, jaja sa sktadane i zapladniane
w drugiej polowie sezonu wegetacyjnego, glochidia sa przetrzymywane w marsupiach przez okres
zimowy i uwalniane jednorazowo na wiosne kolejnego roku. Z kolei u skojek, jaja sa skladane,
zapladniane i uwalniane raz lub kilka razy w trakcie tego samego roku (do 2 razy u Unio pictorum

i Unio tumidus, Piechocki, 1999; do 7 razy u Unio crassus, Zajac i Zajac, 2018).

A

e
os\ ada(\\ /))/ Ogoé /4_
@@)0/19/7/ Sty
Ryba o
zywicielska @ % ..
Do > Cykl zyciowy @g ~Szczezuje
skéjkowatych g | thaz AU
< )
%.
% Osobniki
Larwy  goroste

(Glochidia)

2 %%% o dmer\\e

Fig. 2. Cykl zyciowy malzy skoérkowatych Unionidae (A) oraz roznice w czasie skladania i uwalniania

1 Dojrzewanie larw Il Uwalnianie larw

glochidiow przez szczezuje i skojki przy zalozeniu wyprowadzania przez skdjki trzech legdw w sezonie

rozrodczym (B). Sty - styczen, Kwi - kwiecien, Lip - Lipiec, Paz - Pazdziernik

Po uwolnieniu z marsupiow, glochidia muszg przyczepic¢ sie do odpowiedniego zywiciela, bez ktdrego
larwy nie moga si¢ dalej rozwijac i przeksztatca¢ w mtode matze. Ten etap ma kluczowe znaczenie
w cyklu zyciowym matzy, poniewaz mimo iz kazda samica moze uwolni¢ setki tysiecy glochidiéw, to
ponad 99,9999% glochidiow nigdy nie trafia na odpowiedniego zywiciela (Young i Williams, 1984;
Jansen i Hanson, 1991) i ginie w ciggu 48 godzin. Ponadto, skutecznos¢ zarazenia ryby zywicielskiej
moze zaleze¢ od reakcji uktadu odpornosciowego gospodarza (Reuling, 1918; Arey, 1932;
Chowdhury i in., 2017), wieku i dtugosci ciata gospodarza (Taeubert i in., 2012; Cmiel i in., 2018)
oraz szczepu gatunku ryby zywicielskiej (Taeubert i in., 2010). Co wigcej, o sukcesie reprodukcyjnym
mogg rowniez decydowac warunki siedliskowe panujace w trakcie sezonu rozrodczego, ktoére czesto
dla malzy sg zupelnie nieprzewidywalne (np. nizéwki i wezbrania wod, brak lub pojawienie si¢
odpowiedniego zywiciela).

Dotychczasowe badania nad matzami w Zalewie Pinczowskim (Zajac, 2002, Zajac i in., 2016)
wykazaly ze rozmieszczenie matzy w zbiorniku nie jest losowe. Osobniki wszystkich gatunkow
wystepuja w strefie wzdluz potudniowego brzegu jeziora, osiggajac najwyzsze zageszczenia na

glebokosci ok. 0,5 m. Wraz z gradientem odleglosci wzdluz poludniowego brzegu zalewu
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zaobserwowano istotny statystycznie spadek liczebnosci u gatunkdéw A. anatina 1 U. pictorum, ale nie
u A. cygnea, ktorego liczebnos¢ jest stata. Wykazano takze, istotng statystycznie, dodatnig korelacje
liczebnosci populacji A. anatina, U. pictorum, i A. cygnea z gruboscig warstwy osadow dennych.
Uogolniony model liniowy wptywu odleglosci od brzegu, odlegtosci wzdtuz brzegu, glebokosci wody
oraz grubosci warstwy osadow na liczebno$¢ malzy wykazal, ze istnieje kompromis (ang. trade-off)
pomiedzy glebokoscia wody i odlegltoscia od brzegu, ktory moze by¢ odpowiedzialny za
wystepowanie obserwowanej optymalnej strefy wystepowania malzy w Zalewie Pinczowskim (Zajac i
in., 2016). Mimo to nadal wiele pytan pozostaje bez odpowiedzi: jak losowe i nieprzewidywalne
warunki siedliskowe wplywaja na liczebnos¢ populacji? Czy katastrofy oddziatujg tak samo na
wszystkie gatunki? Czy przeplyw przez zbiornik ma wplyw na warunki zycia matzy wystepujacych w
zbiorniku? Odpowiedzi na te pytania przedstawia niniejsza rozprawa doktorska.

Poniewaz etap przyczepiania si¢ glochidiow do ryby zywicielskiej jest kluczowy w cyklu
reprodukcyjnym malzy, w pracy (I) sprawdzilem, jak stochastyczne warunki srodowiskowe panujace
na tym etapie wplywaja na sukces reprodukcyjny matzy, w zaleznosci od przyjetej przez nie strategii
reprodukcyjnej. Skonstruowalem model matematyczny dla hipotetycznego gatunku matza, ktory moze
uwalnia¢ glochidia od jednego do pigciu razy w trakcie sezonu reprodukcyjnego, i ktory napotyka
zmienne i nieprzewidywalne warunki $rodowiskowe w trakcie kazdego epizodu uwalniania
glochidiow. Zatozylem, ze w trakcie uwalniania glochidiéw moga wystapi¢ warunki "zle", czyli takie
ktére utrudniaja skuteczny rozréd (np. brak odpowiednich gatunkéw ryb zywicielskich), warunki
"neutralne", ktére nie wplywaja w zaden sposdb na rozrod malzy, oraz warunki "dobre", ktdre
umozliwiaja skuteczniejszy rozréd (np. pojawienie si¢ szczepu ryb zywicielskich, ktore sa bardziej
podatne na zarazenie glochidiami). Zamodelowatem pig¢ scenariuszy: (1) scenariusz "dobry", w
ktérym prawdopodobienistwo wystapienia dobrych warunkéw do rozrodu bylo najwyzsze, (2)
scenariusz "neutralny", w ktorym warunki dobre, neutralne i zte maja takie samo prawdopodobienstwo
wystapienia, oraz (3) trzy warianty "zlego" scenariusza, w ktorych prawdopodobienstwo wystapienia
ztych warunkéw bylto wysokie, i wzrastalo w kolejnych zlych scenariuszach. W kazdym scenariuszu
modelowano sto kolejnych sezondéw reprodukcyjnych, oraz wykonano tysigc powtorzen kazdego
scenariusza. Otrzymane w ten sposob dane analizowalem statystycznie, dzigki czemu moglem
sprawdzi¢, jaki wplyw w danym scenariuszu ma przyjecie przez populacje malzy konkretnej strategii
reprodukcyjnej (liczby epizodéw reprodukcyjnych) na podstawowe parametry populacji: ostateczna
wielko$¢ populacji (po stu sezonach rozrodczych), tempo wzrostu populacji, wspdtczynnik
wymierania (jaki procent z tysigca realizacji kazdego scenariusza zakonczyl sie wymarciem populacji
przed uptywem 100 sezondéw rozrodczych), wspdtczynnik zmiennosci ostatecznej wielkosci populacji,
oraz $redni czas do wymarcia populacji.

W pracy (II) opisalem zjawisko masowego $nigcia malzy, ktore wystapito w Zalewie
Pinczowskim w lecie 2018 roku. Zaobserwowane zjawisko masowego $nigcia mozna traktowac jako

naturalny test skrajnych warunkdéw (ang. stress test) na stabilnos$¢ ekologiczna populacji matzy
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wystepujacych w zbiorniku. Badania przeprowadzono dwanascie dni po pojawieniu si¢ $niecia malzy,
przed rozlozeniem si¢ ich cial, co umozliwilo ilosciowe okreslenie $miertelnos¢i w czasie
analizowanego epizodu u wszystkich gatunkow matzy wystepujacych w Zalewie, wykazujac wyrazne,
istotne roznice migdzygatunkowe, oraz w przypadku jednego gatunku, istotne rdznice pomiedzy
$Smiertelnoscia mlodych i dorostych osobnikow. Badania laboratoryjne probek wody pobranych
w trakcie badan pozwolily ustali¢ prawdopodobna bezposrednia przyczyne, ktéra wywotata $nigcie
malzy. Dodatkowo, dla najmniej licznego gatunku w Zalewie Pinczowskim (szczezui splaszczonej)
ocenitem prawdopodobienistwo wystgpienia efektu Allego w wyniku masowego $nigcia osobnikow
tego gatunku.

W pracy (III) opisalem wptyw zwigkszenia przeplywu wody w Zalewie Pinczowskim, po
wybudowaniu dodatkowego kanatu odprowadzajacego wode, na rekrutacje mlodych osobnikow
malzy. Wykazalem, ze po wybudowaniu dodatkowego kanatlu odprowadzajacego wode z zalewu,
istotnie wzrosta predko$¢ i turbulentno$¢ przeptywu. Wykazalem, ze zmiana warunkow
hydraulicznych miata istotny wplyw na wystepowanie mlodych osobnikdéw (rekrutow) u trzech
z pieciu gatunkdéw malzy wystepujacych w Zalewie Pinczowskim, a dla jednego gatunku, réwniez
miala istotny wplyw na liczebno$¢ rekrutow. Wykazalem takze, ze po zmianie warunkéw
hydraulicznych, zmienily si¢ nisze mlodocianych osobnikéw tych gatunkéw, ujawniajac wyrazne
réznice w ich wymaganiach siedliskowych (pod wzgledem warunkéw hydraulicznych). Co wigcej,
praca ta, jako pierwsza na S$wiecie wykazala, ze tak samo jak w wodach ptynacych, warunki

hydrauliczne maja istotny wptyw na populacje malzy wystepujace w srodowisku wéd stojacych.
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Whnioski

Wyniki symulacji wskazuja ze, gdy prawdopodobienstwo wystapienia korzystnych warunkdéw
w trakcie uwalniania glochidiow jest wysokie, najlepsza strategia reprodukcyjna jest uwolnienie
wszystkich glochidiow w postaci duzego, pojedynczego legu. W przypadku gdy prawdopodobienstwo
wystgpienia korzystnych, neutralnych i niekorzystnych warunkow w trakcie uwalniania glochidiow
jest takie samo, wszystkie strategie reprodukcyjne sa réwnie dobre. Natomiast, gdy
prawdopodobienistwo wystapienia niekorzystnych warunkéw w trakcie uwalniania glochidiow jest
najwyzsze, strategia uwalniania glochidiow "na raz" jest najgorsza strategia reprodukcyjng, a im
wyzsze jest prawdopodobienstwo wystapienia niekorzystnych warunkow, tym lepsza strategia
reprodukcyjng jest uwalnianie glochididéw w postaci wielu, mniejszych legdw (artykut I).

Gatunki stosujgce strategie pojedynczego, duzego legu (np. szczezuje), w dobrych siedliskach,
powinny osiaga¢ wieksza liczebno$¢ niz gatunki stosujace strategiec wielu mniejszych legdw (np.
skdjki). Z kolei w gorszych, mniej przewidywalnych siedliskach, to gatunki stosujace strategie wielu
mniejszych legow (np. skojki) powinny osigga¢ wigksza liczebnos$é niz gatunki stosujace strategie
pojedynczego, duzego legu (np. szczezuje; artykut I).

Praktyczne dzialania ochronne (np. restytucja gatunkow), powinny byé latwiejsze i mniej
czasochlonne do przeprowadzenia w przypadku gatunkéw malzy stosujacych strategie pojedynczego,
duzego legu, niz w przypadku gatunkéw stosujacych strategie wielu mniejszych legdw (artykut I).

Strategia wickszej liczby legdw w trakcie sezonu reprodukcyjnego, niezaleznie od warunkdéw
srodowiskowych panujacych w trakcie uwalniania glochidiéw, charakteryzuje si¢ mniejsza
zmienno$cia liczebno$ci populacji, niz strategia duzego pojedynczego legu (artykut I).

Dla gatunkéw, ktore moga uwalnia¢ glochidia wigcej niz raz w trakcie sezonu
reprodukcyjnego, najkorzystniejsza jest strategia dwdch legéw w sezonie rozrodczym (artykut I).

Najbardziej prawdopodobna przyczyna masowego s$niecia malzy w Zalewie Pinczowskim
w 2018 roku byto uwolnienie ogromnej ilosci zwiazkow fosforu zdeponowanych w osadach dennych,
do ktorego przyczynito si¢ plywanie po zalewie todzia motorowa wyposazona w silnik o zbyt duzej
mocy (artykut II).

Istotne réznice w $miertelnosci pomigdzy gatunkami malzy wystepujacymi w zalewie
Swiadczg o istotnych rdéznicach w tolerancji tych gatunkow na zaburzenia siedliska, takie jak
gwaltowny wzrost stezenia zwigzkow fosforu, wzrost metnosci wody (artykut I1).

Najbardziej wrazliwym na zaburzenia siedliska okazala si¢ szczezuja splaszczona
(Pseudanodonta complanata). Wysoka wrazliwos$¢ tego gatunku na stres srodowiskowy sugeruje, ze
szczezuja splaszczona moze byé uznana za gatunek parasolowy w ochronie wspodlistniejacych
gatunkow malzy i naturalnie eutroficznych zbiornikdw wodnych (siedliska z Dyrektywy Siedliskowe;,

kod 3150; artykut II)

16



Mimo, ze doroste osobniki szczezui wielkiej (Anodonta cygnea) wykazaty wyzsza tolerancje
na stres srodowiskowy niz osobniki mtodociane, to kolejne zaburzenia siedliska, prowadzace do
masowych $nig¢, moga wypaczy¢ strukture wiekowa populacji i w dluzszej perspektywie prowadzic¢
do jej starzenia si¢ i wymarcia (artykut II).

Zaburzenia siedlisk i masowe $niecia (takie jak to zaobserwowane w Zalewie Pinczowskim),
w przypadku matych populacji malzy, moga prowadzi¢ do wystapienia efektu Allego (artykut II).

Zwickszenie przeplywu przez Zalew Pinczowski po wybudowaniu nowego kanatu
odprowadzajacego wode, korzystnie wplyneto na proces rekrutacji u trzech z pieciu gatunkow malzy
wystepujacych w zalewie (4. cygnea, U. pictorum, U. tumidus). Dla pozostalych gatunkéw
(A. anatina, P. complanata) nowy kanal odprowadzajacy nie wplynal istotnie na rekrutacje (artykut
I11).

Zwickszenie przeptywu wody przez zalew istotnie wplyneto na wystepowanie mlodych
osobnikow A. cygnea, U. pictorum i U. tumidus, ale jedynie w przypadku osobnikéw mlodocianych
A. cygnea istotnie wplynglo rowniez na ich liczebnos¢. Moze to swiadczy¢, o tym ze: (1) pomimo
poprawy warunkow rekrutacji dla mlodych skojek (U. pictorum i U. tumidus), to nadal nie s3 to
warunki optymalne dla tych gatunkéow lub (2) istnieje inny, niezbadany czynnik ograniczajacy ich
liczebnos¢.

Przed budowa nowego kanatu, mlode osobniki A. cygnea, U. pictorum i U. tumidus
zajmowaly bardzo podobne nisze. Zwigkszenie przeplywu ujawnito wyrazne réznice w wymaganiach
hydrologicznych pomiedzy mlodymi osobnikami szczezui wielkiej (4. cygnea) a skojkami
(U. pictorum i U. tumidus). Mlode osobniki 4. cygnea preferuja miejsca o wigkszej predkosci
przeplywu i bardziej laminarnym przeptywie niz mtode skojki (artykut I1I).

Warto rowniez podkresli¢, ze artykul (III) jest pierwsza tego typu praca na swiecie, ktora
wykazata, ze podobnie jak w $rodowisku wod ptynacych, warunki hydrauliczne majg istotny wptyw

na populacje malzy wystepujacych w wodach stojacych.
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Abstract The life cycle of unionids is characterized
by a obligatory period of larval parasitism on a fish
host, any disturbance of which might cause a large-
scale decline in the mussel population. Because the
probability of fish infestation is so important, we
modelled what would happen to a population (in terms
of population growth and probability of extinction), if
the same number of glochidia were released in one or
more separate spawning events, by a hypothetical
mussel population living in conditions differing in the
probability of fish infestation (a “neutral” scenario, a
“good” one and three variants of a “bad” one). The
single brood strategy was the best in the “good”
scenario. However, when the frequency of unfavour-
able stochastic events increased (“bad” scenarios), all
strategies led to population decline, the single brood
strategy being the worst. In “good” and moderately
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“bad” conditions the double brood strategy performed
better than the other multiple brood strategies, but as
infestation conditions deteriorated, a greater number
of spawning events ensured a slower population
decline and longer persistence. Our model can facil-
itate a better understanding of this problem and set up
a framework for further tests in other unionid species
and their environmental conditions.

Keywords Extinction - Growth rate - Habitat
stochasticity - Modelling - Population size - Population
dynamics

Introduction

Important components of aquatic ecosystems (Vaughn
& Hakenkamp, 2001; Gutiérrez et al., 2003), fresh-
water mussels (Unionida) are among the most threat-
ened animal groups on the planet (Lopes-Lima et al.,
2017; 2018). The life cycle of unionids is character-
ized by a unique obligatory period of larval parasitism
on a fish host (Kat, 1984; Haag, 2012; Modesto et al.,
2018), which is critical for successful reproduction
(Strayer, 2008; Brodie et al., 2014); this aspect of their
biology remains poorly studied (Ferreira-Rodriguez
et al., 2019). The first question that comes to mind is
whether the enormous numbers of larvae produced by
mussels (from 2,000 to more than 10,000,000
glochidia; Bauer, 1987; Haag, 2013) are released
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during one event or over longer periods. In the former
case, a hypothetical mussel significantly increases the
density of larvae in the water and, all other things
being equal, the probability of infestation will
increase. In the latter case, although the multiplication
of breeding events reduces the density of larvae
released at a given moment, it spreads the risk of
complete breeding failure caused by environmental
stochasticity (Goodman, 1984). Continuous release is
unlikely, because the density of the larvae would then
be extremely low.

Most unionid species are reported to produce only a
single brood per year, although the production of
multiple broods has been described in North America
for the genera Utterbackia, Glebula, Popenaias
(Haag, 2012 and citations within) and Elliptio (one
to three broods; Price & Eads, 2011; one to five broods
in Elliptio steinstansana; Haag, 2012). In Europe,
multiple broods has been described for Unio crassus
(up to five broods; Hochwald, 2001; up to seven
broods; Zajac & Zajac, 2018), U. pictorum and U.
tumidus (up to two broods in both species; Piechocki,
1999).

In this study we present a model of a hypothetical
unionid species differing in its glochidia-releasing
strategies, which faces stochastic variation in the
likelihood of fish host presence/infestation. On the
basis of this model, we simulated 100 consecutive
breeding seasons of this hypothetical mussel popula-
tion, capable of generating from one to five broods in
each season, in unpredictable environmental condi-
tions (affecting infestation probability). This study
aims to evaluate how the number of spawning events
affects population parameters important from the
point of view of population persistence, i.e. its size,
extinction rate, coefficient of variation of mean
population size and the mean time to extinction in an
environment varying in the probability of an event
disturbing mussel reproduction.

Methods
Model description
We constructed a population model based on data

relating to Anodonta cygnea, collected by Zajac
(2001) in Lake Zalew Pinczowski, Poland (for a

@ Springer

detailed description of the study area, see Zajac et al.,
2016).

Let us suppose that the modelled mussel population
consists of I € Z* age classes. Let g be the proportion
of glochidia which successfully attach to the host fish,
r the glochidial survival rate to the end of the first year,
s; the survival rate of individuals at age i, A;; the
number of individuals at age i during season j and F;;
the number of females at age i during season j. The
number of glochidia G, released by each female in age
class i is given by the equation

G; = ae” (1)

where a and b are fixed parameters.
The number of recruits R; by the end of season j is
given by
i=I
R, = Z FiGigr (2)
i=1
The number of adult individuals N; by the end of
season j is given by
i=1
Ni=Rii+ Y Aiisi 3)
i=1
The model’s validation and parameterization are
given in the Supplementary Materials.

Single versus multiple brood strategy simulations

Let us assume that S spawning events take place
during season j, where S € {1,2,...,5}. Let us further
assume that during each season, one of three events
influencing the proportion of glochidia attached to the
host fish (g) occurs during the whole season: (1) a
“neutral” one, when the disturbing event does not
affect the mussels’ breeding; (2) a “good” one, when
the disturbing event increases the proportion of
attached glochidia (e.g. river not in spate) and (3) a
“bad” one, when the disturbing event decreases the
proportion of attached glochidia (e.g. river in spate,
suitable host fish individuals absent). Let us also
assume that n spawning events are disturbed in a given
season, where n < S. Thus, (1) in the case of a
“neutral” event, g is set at its default value, (2) in the
case of a “good” event, g is multiplied by 1 + §(e.g. if
2 of 5 spawning events are affected by a “good” event,
g is multiplied by 1.4), or (3) in the case of a bad event,
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g is multiplied by S—EH (e.g.if 2 of 5 spawning events are
affected by a “bad” event, g is multiplied by 0.6).

Let P, P, and P, be the respective probabilities of
occurrence of a “bad”, “neutral” and “good”event
during season j. We simulated a total of five scenarios:
(1) a “neutral” scenario, where P, = 1/3, P, = 1/3,
P,=1/3; (2) a “good” scenario, where P, = 1/4,
P, =1/4, P, =1/2 and three alternative “bad” sce-
narios: (3a), where P, = 1/2, P, = 1/4, P, = 1/4; (3b),
where P, = 3/5, P, = 1/5, P, = 1/5 and (3c), where
P, =12/3,P, = 1/6, P, = 1/6. Simulations were run for
100 consecutive seasons. In each scenario, we mod-
elled five strategies differing in the number of
spawning events: the Single Brood Strategy (SBS, 1
spawning event during each season) and four variants
of the Multiple Broods Strategy (MBS, from 2 to 5
spawning events during each season). Both events
influencing glochidial attachment and the number of
spawning events affected by the stochastic event are
randomly selected at the beginning of each simulated
season. We obtained 1000 realizations of each
scenario for each modelled strategy. Below, we
present an example of the random selection of an
event influencing glochidial infestation and the num-
ber of spawning events affected.

To show up the differences between strategies, we
compared the final population size (at ¢t = 100) for
each strategy in each scenario. Also, for each strategy
in each scenario, we obtained the extinction rate
(E,)—the percentage of simulation realizations result-
ing in the extinction of the modelled population, the
mean annual growth rate of the population (A) and the
mean time to extinction (£,), calculated using only
realizations resulting in the extinction of the modelled
population. We used coefficients of variation of mean
population size (CV) to compare the relative variabil-
ity in the number of individuals between strategies in
each scenario.

Example

We exemplify the method of randomly selecting an
event influencing glochidial infestation and the num-
ber of spawning events affected by the event using the
MBS strategy with five spawning events in a “bad”
scenario (3c¢). Since in this scenario P, = 2/3, P, = 1/
6, P, =1/6 and the number of spawning events n
equals 5, at the beginning of each season we randomly

draw two numbers x (which will determine the
stochastic event) and y (which will determine the
number of affected spawning events), where x €
{1,2,...,6} and y € {1,2,....5}. The selection of a
stochastic event occurring during the season is based
on the value of x. If x < 4, then a “bad” event occurs,
if x =35, then a “neutral” event occurs and if x = 6,
then a “good” event occurs. Let us assume that in 3
consecutive draws the randomly selected values are
x;=3,v;=4,x2=1,y>=5and x3 = 6, y; = 2. This
means that during the first simulated season a “bad”
event occurred, which affected 4 spawning events,
during the second season a “bad” event also occurred,
affecting all five spawning events, while during the
third season, a “good” event occurred, which affected
2 spawning events.

Statistical analysis

The statistical analyses were conducted using Statis-
tica 13. Because the assumption of homogeneity of
variance was not fulfilled, the differences in final
population size, as well as the differences in mean
annual population growth rates and the differences in
the mean time to extinction between the simulated
strategies in each scenario were tested using the
Kruskal-Wallis test. We tested the differences
between extinction rates using the test between
proportions. We tested the influence of the probability
of occurrence of a “bad” event and the number of
spawning events on the extinction rate (logit trans-
formed) using a General Linear Model (dependent
variable: extinction rate (transformed); continuous
predictor: probability of a “bad” event occurring;
ordinal predictor: number of spawning events).

Results

Single versus multiple broods strategy simulations
“Neutral” scenario

After a period of initial fluctuations, all the strategies
followed a similar trajectory until 60 seasons, when
outcomes of the strategies began to differ from each
other to a modest extent. The differences in final

population size between the strategies were significant
(Table 1; Fig. 1A; Kruskal-Wallis test; H = 28.1;
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Table 1 Basic parameters of populations adopting different breeding strategies in the simulated scenarios: (1) “neutral” scenario,
(2) “good™ scenario, (3) “bad™ scenario
Scenario Number of spawning events (strategy) Ni—100 SDus=100 A Ccv E, E,
“Neutral” (1) 1 (SBS) 710.8 889.8 0.06 81.5 0 =
2 (MBS) 716.2 683.7 0.07 67.7 0 -
3 (MBS) 662.9 601.1 - 0.01 67.9 0 -
4 (MBS) 750.9 749.7 0.12 64.7 0 -
5 (MBS) 7474 839.0 0.11 69.4 0 -
“Good” (2) 1 (SBS) 42821.0 38727.1 43 160.6 0 -
2 (MBS) 26097.9 21703.6 3.7 142.6 0 -
3 (MBS) 7529.4 8164.2 25 127.5 0 -
4 (MBS) 12018.1 10218.8 219 120.9 0 -
5 (MBS) 10027.9 8314.3 2.7 117.4 0 -
“Bad” (3a) 1 (SBS) 3.0 72 —-53 152.0 51.4 77
2 (MBS) 118.4 201.3 e 7 88.8 0.2 85
3 (MBS) 77.9 107.9 —2.1 87.8 0.5 95
4 (MBS) 71.4 83.8 =22 88.2 0.1 96
5 (MBS) 64.3 75.5 —-23 88.0 0.2 91
“Bad” (3b) 1 (SBS) 0.03 0.3 - 94 208.1 98.4 59
2 (MBS) 7.7 14.2 — 44 133.9 26.9 85
3 (MBS) 7.9 11.9 =43 129.6 20.4 88
4 (MBS) 9.4 15.7 —42 126.1 18.2 89
5 (MBS) 11.1 20.4 - 4.0 122.2 13.4 89
“Bad” (3c) 1 (SBS) 0.0 0.0 — 133 240.8 100 43
2 (MBS) 1.1 3.8 — 62 164.6 74 78
3 (MBS) 1.4 33 — 6.0 155.9 67.5 82
4 (MBS) 2.0 4.0 =357 149.2 55 84
5 (MBS) 2.6 4.9 —54 145.0 485 86

N,=j00 mean final population size after 100 seasons (at t = 100), SDy=j00 standard deviation of mean final population size, 2 mean
annual population growth rate (expressed as a percentage), CV coefficient of variation of mean population size, E, extinction rate (the
percentage of realizations of simulations which resulted in the extinction of the population), E, mean time to extinction (in seasons)
calculated for the realizations of simulations which resulted in the extinction of the population

P < 0.0001), whereas the differences in the mean
annual population growth rates between the strategies
were not significant (Table 1; Fig. 2A; Kruskal-
Wallis test; H = 2.49; P = 0.65). The coefficients of
variation were higher in SBS than in MBS (Table 1).
None of the realizations of this scenario resulted in the
extinction of the modelled population (Table 1), and it
was clear that, in the absence of extremely rare
coincidences, the population would almost certainly
not decrease or become extinct.

@ Springer

“Good” scenario

In a good environment all the strategies differed
distinctly from one another (Fig. 1B). The differences
in final population size were significant (Table 1;
Fig. 1B; Kruskal-Wallis test; H = 1895.0;
P < 0.0001).The final result of the simulations was
inversely proportional to the number of broods: the
fewer the broods, the larger the final population size
(Fig. 1B). A similar pattern was found in the mean
annual population growth rate and the coefficient of
variation. The differences in mean annual population
growth rates between strategies were significant



Hydrobiologia

800 A "Neutral’ scenario (1)

700
600
500
400
300
200
100

Mean population size

0 10 20 30 40 50 60 70 80 90 100
Season

800 C "Bad” scenario (3a)
700
600
500
400
300
200
100

Mean population size

0 10 20 30 40 50 60 70 80 90 100
Season

800 E
700
600
500
400

"Bad” scenario (3c)

300
200
100

Mean population size

0 10 20 30 40 50 60 70 80 90 100
Season

Mean population size

Mean population size

50000 B "Good” scenario (2)

45000
40000
35000
30000
25000
20000
15000
10000

5000

0 10 20 30 40 50 60 70 80 90 100
Season

800 D "Bad” scenario (3b)
700
600
500
400
300
200
100

0 10 20 30 40 50 60 70 80 90 100
Season

Legend

Single Brood Strategy

Multiple Brood Strategy - 2 spawning events
Multiple Brood Strategy - 3 spawning events
Multiple Brood Strategy - 4 spawning events
Multiple Brood Strategy - 5 spawning events

Fig. 1 Effects of breeding strategy on population size over 100 simulated seasons for the “neutral” scenario (A), the “good™ scenario

(B) and the 3 variants of the “bad” scenario (C-E)

(Table 1; Fig. 2A; Kruskal-Wallis test; H = 190.3;
P < 0.0001). The coefficient of variation was the
highest in SBS and the lowest in MBS(5), although the
difference was small (Table 1). However, even small
differences in population growth rate translated into
large differences in population size over 100 seasons
(Fig. 1B). None of the realizations of this scenario

resulted in the extinction of the modelled population
(Table 1), and it was clear that, in the absence of
extremely rare coincidences, the population would
almost certainly not decrease or become extinct.
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Fig. 2 A Differences in mean annual population growth rates
(1) between strategies in the modelled scenarios. B Differences
in extinction time of a population between strategies in the
modelled “bad” scenarios. C Relationship between the

“Bad’ scenarios

In the “bad” scenarios, all the populations declined;
nevertheless, the population adopting any variant of
MBS reached a much larger population size than the
population adopting SBS. SBS decreased the fastest,
whereas MBS decreased at a much slower rate
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(Fig. 1CDE). An interesting aspect of the bad scenario
3a was that strategy MBS(2) decreased more slowly
than all the other MBS variants; in scenarios 3b and 3c,
the differences between them disappeared. In all the
bad scenarios and in all strategies, the population size
decreased more rapidly with increasing probability of
bad events (the slowest in 3a, accelerating in 3b and
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faster still in 3c). The differences in final population
size between strategies were significant in all the
modelled scenarios (Table 1; Fig. ICDE; 3a: Krus-
kal-Wallis test; H = 2177.2, P < 0.0001; 3b: Krus-
kal-Wallis test; H=1661.2, P <0.0001; 3c:
Kruskal-Wallis test; H = 741.3, P < 0.0001).

The differences in mean annual population growth
rates between strategies were significant in all the
modelled scenarios (Table 1; Fig. 2A; 3a: Kruskal-
Wallis test; H = 203.5, P < 0.0001; 3b: Kruskal—
Wallis test; H =201.4, P < 0.0001; 3c: Kruskal-
Wallis test; H = 186.1, P < 0.0001). In all the bad
scenarios, the biggest difference in population growth
rate was found between SBS and MBS(2), where SBS
declined more rapidly than MBS(2) (Figs. ICDE, 2A).
Nonetheless, it is worth noting that: (1) the mean
annual growth rate did not change much along with the
increasing number of broods, (2) strategies MBS(3-5)
became slightly worse than MBS(2) in scenario 3a;
they did not change in scenario 3b, but increased in
scenario 3c together with the number of broods, where
MBS(2) lost its predominance and MBS(5) became
the best. Even so, these changes were minimal in
comparison to the change from SBS to MBS(2).

The differences in the mean time to extinction
between strategies were significant in each modelled
scenario (Table 1; Fig. 2B; 3a: Kruskal-Wallis test;
H=124, P=0.015; 3b: Kruskal-Wallis test;
H =931.9, P <0.0001; 3c: Kruskal-Wallis test;
H =1943.3, P < 0.0001). MBS clearly extended the
mean time to extinction compared to SBS (from 8
seasons in scenario 3a to 35 seasons in scenario 3c;
Table 1).

Coefficients of variation were higher in SBS
compared to MBS (Table 1). Also, the extinction rate
was significantly higher in SBS than in any variant of
MBS in every simulated bad scenario (Table 1; test
between  proportions; 3a: P < 0.0001; 3b:
P < 0.0001; 3c: P < 0.0001).

The extinction rate depended on the probability of
occurrence of a “bad” event. If P, took a value < 0.3,
then E, = 0 in each strategy in each scenario; but if
P,> 0.8, then E, = 1 in each strategy in each scenario
(Fig. 2C). GLM analysis performed for values of P,
ranging from 0.3 to 0.8 showed that both the number of
spawning events (Ns,) and the probability of a “bad”
event(P;) had a significant influence on the extinction
rate (Fig. 2C; GLM; P, F = 181.9, P < 0.0001; Ng,,
F =13.9, P = 0.0009). The greater the probability of a

“bad” event occurring, the higher the extinction rate,
but the more spawning events during the season, the
lower the extinction rate (GLM; P, f = 0.90; Ng,,
p=—025).

Discussion

The natural way of developing a theory is to validate it
on the basis of falsifiable predictions, which either
confirm the model or suggest that it should be rejected
or modified. One can predict that, other things being
equal, species adopting SBS should perform much
better in good conditions than any of the other
strategies; MBS2 is second-best. However, SBS and
MBS(2) should also disappear much faster than
MBS(3-5) in a “bad” environment. It turns out that
in practical conservation actions, it should be easier
and faster to restore SBS species, whereas the
restoration of MBS species may be slower.

In general, species living in “bad” environmental
conditions (in terms of host fish infestation) should be
characterized by MBS, whereas species living in
“good” conditions should adopt SBS. Nonetheless,
since MBS guarantees a less variable population size,
the two-brood strategy should be the most effective
trade-off between SBS and MBS, and this number of
broods should be the most common among species
that are capable of producing more than one brood
(e.g. Utterbackia, Glebula, Popenaias, Elliptio, Unio).
Some problems in testing the predictions of this model
may be related to the boundaries between SBS and
MBS, which do not have to be clear-cut. Species can
exhibit a more “mixed” strategy than those assumed
in this model, like investing more in one spawning
event, or saving some energy for later, smaller broods.

By having the capacity to generate from one to
seven broods, it seems that Unio species may be a
good object for studying the factors regulating the
occurrence of MBS. A real practical problem arising
when we wish to confirm these predictions may derive
from the fact that SBSvsMBS strategies are poorly
understood in freshwater mussels, because we know
hardly anything about their reproductive effort.
Hochwald (2001) points out that because temperature
affects the mussels’ metabolism, and hence, also their
body growth constant and life span, it is quite likely
that the number of spawning repetitions is a trait that
varies passively in response to environmental factors
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(e.g. food, temperature). Also, Haag (2012) suggests
that glochidial production is determined mainly by
physical and energetic constraints. The possibility of
multiple clutches in Unionidae mussels is still a matter
of discussion. Haag & Staton (2003) suggest that there
is no evidence of multiple clutches in Unionidae. On
the other hand, Piechocki (1999) and Hochwald
(2001) show that Unio species have the ability to
produce up to 5 broods per year, whereas Zajac &
Zajac (2018) report 5 broods in U. crassus per season
in the River San and up to as many as 7 broods per
season in the River Biata. Other researchers suggest
that multiple peaks in the numbers of glochidia
released are attributable to variations in physical
conditions stimulating glochidia release events rather
than the production of multiple broods (Bruenderman
& Neves, 1993; Hove & Neves, 1994) and that only a
small percentage of the reproductive complement is
released during such events (Haag & Warren, 2000).

One important question that remains to be answered
is why an organism should not breed as often as
resources allow? We agree that it should, but the
consequences will be the same as in the case of some
genetically fixed strategies. If the mussel under
consideration were an “income breeder” (sensu
Stearns, 1992), having no large energy reserves and
only accumulating everyday low level energy income
during short periods of time to produce many but small
broods, the situation of this species would be similar to
that of an MBS species. In contrast, a “capital
breeder”, having stored energy, e.g. from the previous
season, would be able to invest it all in one big
spawning event, achieving a high density of larvae and
a high infestation rate. The capital breeder would be
much more effective in good conditions, but in the
face of unpredictable infestation opportunities, the
income breeder (analogous to MBS) would perform
better, not only because it was better adapted to poorer
feeding conditions, but because it could deal better
with unpredictable infestation by spreading the risk of
failure over a longer period of time.

In this study we present a general mathematical
framework of the consequences of adopting a certain
reproductive strategy under stochastic environmental
conditions. However, we are aware that life history
traits in Unionidae are highly variable within and
among species, and our model must be parameterized
and corroborated/falsified using real data. In addition,
we have assumed that brood size is the same in each
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spawning event in MBS, and that negative population
trends in MBS may be compensated for by the
increased number of broods (e.g.the mean number of
spawning events in U. crassus in the River Biata is
three, but the maximum can reach as many as seven
per season; Zajac & Zajac, 2018). Nevertheless, the
total reproductive effort in all strategies in the model
must be assumed equal; otherwise, MBS would
always result in greater population growth owing to
increased reproductive output.

Very little or nothing in known about energy
allocation in reproduction and related trade-offs
(number vs size of the offspring, parent growth vs
reproduction, etc.). Also, we were unable to assess the
relative costs (energetic or otherwise) of single versus
multiple brood production. Thus, since we lack the
required information to make the model more realistic
and informative, we were forced to keep it simple.
Even so, the results obtained with our model, which
formulates the problem explicitly, identifies knowl-
edge gaps and addresses some hither to unidentified
questions, shows that MBS multiple brooding seems
to be marginally better in consistently bad conditions,
when a population is heading towards extinction. Is
this negative trend compensated for by a larger total
annual glochidial output in MBS compared to SBS? If
so, is reproduction based on stored reserves (allowing
for SBS) or current income (forcing MBS)? What is
the actual level of environmentally induced variation
of infestation success and what level of it would give
MBS an advantage over SBS? Field studies answering
these questions, though highly desirable (Ferreira-
Rodriguez et al., 2019), appear very difficult to carry
out. The derivation of explicit mathematical models,
validated using field data, can at least clarify the
interplay of factors influencing the demography of
freshwater mussels, in consequence leading to a better
formulation of the problems to be solved and a better
understanding of the mussels’ ecology.
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Supplementary materials

Model calibration and testing

The model was calibrated using the data collected by Zajac (2001) in Lake Zalew Pinczowski (for
a detailed description of the study area, see Zajac et al., 2016). The model was programmed in Scil.ab
6.0. The number of age classes was set at 10, the initial number of individuals at 673. The age
structure of the population in the starting season and the mortality in the age classes are illustrated in
figures S1A,B. The relationship between the age of a female and the number of glochidia released is
shown in figure SIC. Parameters a and b (eqn 1) were estimated using nonlinear estimation in
Statistica 13 and were set at a=1748.8572 and b=0.4046. The proportion of glochidia which
successfully attach to the host fish (g) was set at 0.0001 (0.01%), and the rate of glochidia which
survive to the end of their 1* year was set at 0.1. The simulation was run for 100 consecutive seasons.
The results of the deterministic simulation for 100 years showed a fading oscillatory pattern,
repeated over 10-season periods, with an increasing population during the first 5 seasons (and a local
maximum in the 5™ season) and a decreasing population during the next 5 seasons (fig. S1D). This
corresponded to the assumed 10-year life span of individuals. The local maximum in the 5™ season of
the 10-season period was a result of the assumed initial age structure of the modelled population (fig.
S1A). The most numerous age class at time t=0 (age 4) reached age 10 and, in consequence, the
maximum assumed reproductive output at time t=5 (fig. S1D). The assumed 100% mortality of
individuals at age 10 (fig. S1B) resulted in a decrease in the number of individuals. The fading
oscillations were the result of the fixing of the population age structure in the following years (figs.
S1E,F,G) caused by the assumed mortality rate, which in consequence caused the number of
individuals to stabilize at a value of 745 at time t=67 (fig. S1D). The mean number of individuals in
the modelled population was 739.83 (SD=12.81; median=741; minimum number of individuals 673;

maximum number of individuals 788; fig. S1C).
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Fig. S1 Starting values, based on field data, and the results of a deterministic simulation to test and
calibrate the model: (A) initial age structure of the population (673 individuals in 10 age classes), (B)
mortality rate in age classes, (C) the relation between female age and the number of glochidia released,
(D) result of model validation, (E) age structure of the population at time t=10, (F) age structure of the

population at time t=40, (G) age structure of the population at time t=70.
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coming overloaded with nutrients, impoverishing many valuable and vanishing habitats, such as floodplain lakes.
These changes need to be reversed if the occurrence of endangered aquatic species is to be restored. In this paper
we analyse the impact of a change in the water regime of a naturally eutrophic floodplain lake, which harbours a
large diversity of Unionidae (large freshwater mussels), a globally threatened taxonomic group that provides im-
portant ecosystem functions and services. We found that a slight increase in the discharge from this waterbody,
following the construction of an additional outflow pipe, positively influenced recruitment in three of the five
mussel species inhabiting the lake. We also found that, after the construction of this additional outflow, the
niches of juveniles of Anodonta cygnea and Unio spp. changed, revealing differences in their hydrological require-
ments. Our results suggest that, as in lotic habitats, complex hydraulic parameters are highly significant to

unionid mussels in lentic conditions.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

= Corresponding author.

E-mail address: cmiel@iop.krakow.pl (AM. Cmiel).

https://doi.org/10.1016/j.scitotenv.2019.135467

1. Introduction

Freshwater lakes provide mankind with many services (Postel and
Carpenter, 1997); some of these services, however, are often debilitated
by eutrophication (Scharf, 1999), when waterbodies are overloaded
with nutrients from external sources. Natural eutrophic floodplain
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lakes (habitat code 3150 in the Habitat Directive) are among the most
threatened (Wilk-WoZzniak et al., 2019); Even if left intact during river
regulation, they are continuously diminishing in area, as they are af-
fected by biological succession. There is no natural mechanism restoring
them, because within most floodplains, lateral erosion of channels has
been stopped by channel regulation; small lakes separated from the
channel by levees seem to diminish at the fastest rate (Zajac, 2001,
2002).

Recent decades have seen a vast improvement in the techniques
used to restore shallow eutrophic lakes (Moss et al., 1996; Jeppesen,
1998). Nevertheless, some of these approaches bring about such large
disturbances to benthic communities that their structures may be mod-
ified (Kornijow and Gulati, 1992). Macroinvertebrates are a critical
component of small and shallow lake biotopes, where coupling be-
tween benthic and pelagic habitats is very strong (Schindler and
Scheuerell, 2002). They interact with fish, periphyton and plants
(Jones and Sayer, 2003), as well as with pelagic zooplankton (Burks
et al., 2001). Macroinvertebrate assemblages in floodplain lakes are fre-
quently characterised by large biomasses of freshwater mussels from
the family Unionidae (Zajac et al., 2016). These are relatively long-
lived, sedentary, filter-feeding bivalves found in dense multispecies ag-
gregations inhabiting the sediments of waterbodies. Mussels have a
complex life cycle, including an obligatory parasitic phase on a host
fish. Moreover, by intensively filtering water, they provide important
ecosystem services (Vaughn, 2018) and positively influence ecosystem
functions (Gutiérrez et al., 2003). Despite their importance, however,
they are among the most endangered groups of animals on the planet
(Lydeard et al., 2004). In recent decades a growing number of studies
have been conducted concerning their ecology and conservation
(Lopes-Lima et al., 2018).

The factors governing the distribution and abundance of freshwater
mussels in lentic environments are poorly understood. It has been dem-
onstrated that basic features of lentic waterbodies like water depth, dis-
tance from and along the shore, and sediment layer influence their
distribution (Zajac et al., 2016). In addition, wave action (Cyr, 2008), lit-
toral zone sedimentation (Cyr et al., 2012), substrate type (Kat, 1982),
light, temperature, food and flow rate (Dillon, 2004), inflow of various
exogenous compounds (Richardson and Mackay, 1991), oxygen con-
tent (Zajac, 2002), toxic compounds (Wetzel, 2001) and falling water
level (Dillon, 2004; Gotab et al., 2010) can be considered factors
influencing their distribution and abundance. Even though the problem
is far from being explained, there is increasing evidence that hydraulics
play a significant role in shaping such habitats. A number of studies have
demonstrated that near-bed hydraulic conditions are good predictors of
suitable microhabitats for mussels (e.g. Layzer and Madison, 1995;
Statzner et al., 1988; Lydeard et al., 2008) or the importance of hydraulic
conditions during extreme events such as high and low flows (Zigler
et al., 2008; Daraio et al.,, 2010; Allen and Vaughn, 2010); these studies
were conducted in large rivers, however. Small, lentic waterbodies in
floodplains appear to have been neglected; but since unionid distribu-
tions are related to hydraulic conditions, they too may be affected by
flow modifications.

One of the most important symptoms of the decline in freshwater
mussels around the world is the lack of recruitment (Roper and
Hickey, 1994; Beasley and Roberts, 1999; Hastie and Toy, 2008).
Under favourable conditions, unionids can achieve very high abun-
dances and biomasses; however, increasing numbers of their formerly
abundant populations have become relicts, with a characteristic lack
of recruitment, which leads to population ageing and decline (Payne
and Miller, 1989). Although this phenomenon is widely reported as
being crucial for understanding the decline of unionids, its causes and
mechanism are still not understood.

This paper reports on the effects of slight flow changes in the natu-
rally eutrophic floodplain lake Zalew Pinczowski, inhabited by a well-
studied (Zajac, 2001; Zajac et al., 2016), formerly abundant and
species-rich assemblage of freshwater mussels, which has recently

shown signs of ageing and decline. The aim of this study was to demon-
strate how changes in flow velocity and the Reynolds number affected
the recruitment (presence and number) of juvenile mussels.

2. Materials and methods
2.1. Study site and water flow regime

The waterbody known as Zalew Pinczowski (Fig. 1A; detailed de-
scription in Struzynski, 2007; Zajac et al., 2016) is an old riverbed left
after the main channel of the River Nida was straightened in 1973. In
the 1980s the old channel was widened. The lake is supplied by a chan-
nel following the previous course of the river. The water intake from the
Nida is located ca. 1.8 km upstream of the lake. The outflow channel also
follows an old channel ca. 1.3 km in length (Struzynski, 2007). The orig-
inal regulation did not provide adequate water flow through the lake.
The main part of it contained almost still water; water movement was
caused by wind and dispersion of heat rather than discharge (the reten-
tion time was about 8 days). The shallow water and insufficient flow in
Zalew Pifczowski caused it to silt up, become shallower, and increased
the duration of water exchange (Struzynski and Wyrebek, 2013), which
in consequence led to a deterioration in water quality. By way of a solu-
tion, an additional spillway with a pipeline connecting the lake directly
to the Nida was proposed (Struzynski, 2007) and constructed in No-
vember 2013. The maximum water level in the lake stipulated in the
water permit from 1991 was 185.80 m a.s.l. The water level in the lake
measured on 3 June 2007 was at an altitude of 185.68 m a.s.l., while at
the original pipeline mouth it was 184.92 m a.s.l. After the introduction
of the second outlet, the elevation of the water surface in the Nida rose.
While the weir elevation had been stated at 185.70 m a.s.l.,, the water el-
evation measured on 30 November 2015 lied at 185.83 m a.s.l. which
was 40 cm below the shore full elevation. Zalew Pinczowski is used by
anglers and fish are annually restocked by local angling club in Pificzéw.

2.2. Study species and mussel sampling

Zalew Pifnczowski is inhabited by five species of freshwater mussels
(Unionidae) belonging to two genera: (1) Unio: swollen river mussel
(Unio tumidus) and painter's mussel (Unio pictorum) and (2) Anodonta:
duck mussel (Anodonta anatina), swan mussel (Anodonta cygnea) and
depressed river mussel (Pseudanodonta complanata). Two of these spe-
cies, A. cygnea and P. complanata, are endangered in Poland and
protected by law (Zajac, 20044, 2004b). In Europe, P. complanata was
assessed as Vulnerable (Van Damme, 2011), whereas the other species
were assessed as Least Concern, although population trends were iden-
tified as decreasing in A. anatina (Lopes-Lima, 2014a) and A. cygnea
(Lopes-Lima, 2014b).

The data were collected along the southern shore of Zalew
Pinczowski. Thirteen transects, each 10 m long, were delineated per-
pendicular to the shore at intervals of 50 m from each other. They cov-
ered the whole littoral area, extending from the edge of the emergent
vegetation to the flat bottom of the lake. On each transect, the water
depth and silt layer were both measured every 0.5 m (Fig. 1B). At the
same points bottom samples were collected from an area of 0.385
x 1 m using a 38.5 cm wide dredge rake with nylon netting (3 mm
mesh). Surveys were performed at the beginning of October in 2013,
2015 and 2016; at this time of year, juveniles are easier to detect be-
cause of their shell length (=10 mm).

There is no universal definition of the juvenile life stage in freshwa-
ter mussels (Ries et al., 2016). Some studies have defined juveniles
based on shell length (e.g. <25 mm, Haag and Warren, 2007), whereas
others have used age (e.g. <1 year old, Jones and Neves, 2011; or even
<10 years old, Strayer and Malcolm, 2012). Because species of the
genus Anodonta reach sexual maturity at 1-4 years, and Unio species
generally mature between 2 and 4 years of age (Lopes-Lima et al.,
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Fig. 1. General view of Zalew Pificzowski, showing the transect positions, measured cross-sections and location of measuring points used in model validation (A), transect sampling
scheme (B), flow velocity and direction (obtained from the numerical model) before (C) and after (D) the construction of the new outflow culvert. (E) Box plots of the flow velocity
(left Y axis) and Reynolds number (right Y axis) before (2013) and after (2015, 2016) the construction of the new outflow culvert.

2017),individuals aged 1 and 2 were classified in this study as juveniles,
while individuals aged 3 or older were classified as adults.

2.3. Hydraulic model

The morphology of the lake bottom was measured using a
Humminbird Legend 1000 Realtime Sonar, while geodetic measure-
ments were performed with a Topcon GTS 226 tachymeter. The value
characterising the bottom roughness in the reservoir was determined

using Chow (1959) tables. Fourteen cross-sections and a series of shore-
line measurements were made to trace the current shape of the lake
(Fig. 1A). After the implementation of the additional pipeline, measure-
ments of the overflow geometry and the water conducting culvert were
carried out on 30 November 2015, both in the part located in the lake
and in the vicinity of the outflow into the Nida.

Flow velocity in the reservoir and in the area of the supply and outlet
channels was measured on 1, 3 or 6 measuring levels (depending on the
water depth) using a Nautilus Sensa Z300 hydrodynamic sensor at a
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frequency of 2 Hz within a period of 1 min. However, the flow velocity
measurements made in the reservoir were mostly not successful, be-
cause their values were below the level of detection of the used device.
For this reason, the actual velocity measurements were used to calculate
the average speed in the measuring verticals and the discharge of water
supplied and flowing out from the reservoir, while the distribution of
water velocity in the reservoir itself was determined using a two-
dimensional numerical model obtained in CCHE2D software (Zhang,
2006). The model was calibrated based on measurements of the water
table in the inlet and outlet channels and in the reservoir itself. After
the construction of the additional outflow culvert, the model was vali-
dated by comparing the flow velocities obtained by the model to the
values measured using a Nautilus Sensa Z300 hydrodynamic sensor at
a frequency of 2 Hz within a period of 1 min, at 12 measuring points lo-
cated along the southern shore of Zalew Pinczowski (Fig. 1A). The re-
sults of the validation are presented in the Supplementary materials.
The maximum discharge capacity in 2013 was 195 dm?/s, so water
flow simulations were carried out for such a discharge. In 2015 and
2016, when the additional outlet was in operation, simulations were
performed for the following water distributions: flow in the inlet chan-
nel - 1000 dm?/s, flow in the “old” outlet - 195 dm?/s, flow in the “new”
outlet - 805 dm?/s. All flow velocity values in the reservoir presented in
this study are the result of numerical modelling.

The search for the hydraulic conditions ensuring good conditions for
the mussel species was based on the flow velocity and the Reynolds
number. The former reflects traction forces, while changes in the latter
reflect changes in energy exchange and mixing forces. Reynolds number
is one of the basic parameters characterising fluid movement, used to
describe the hydrodynamic similarity of various systems. The Reynolds
number is used to determine the turbulence of fluid streams (particle
vibrations), and thus the intensity of turbulence in the transverse and
vertical systems, referred to the main direction of flow vector.

2.4, Statistical analysis

The frequency of unionids found in the bottom samples exhibited a
typical Poisson distribution. Thus, the differences in the numbers of ju-
venile individuals of a given species between years were tested using
the Kruskal-Wallis and multiple comparisons of mean ranks for all
groups post-hoc tests (Siegel and Castellan, 1988).

The differences in the mean Reynolds number, mean flow velocity
and mean silt layer thickness between years were tested using the
Kruskal-Wallis test, because the classical ANOVA assumption of homo-
geneity of variance, even after Box-Cox transformation, was not
satisfied.

Because of the high and significant correlation between flow velocity
and the Reynolds number (Re; N = 742; r = 0.93; p < 0.0001), Reynolds
number standardised residuals (ReSR; obtained using linear regression
between flow velocity and Reynolds number) were used instead of the
Reynolds number itself in subsequent statistical models. Using ReSR in-
stead of Re allows us to put it together with flow velocity into one
model, which is not possible in case of flow velocity and Re (co-linearity
of predictors). The disadvantage of such approach is that we cannot ob-
tain information on direct influence of Re itself on analysed dependent
variable, we only can interpret the influence of Re together with flow
velocity.

To test the influence of the hydraulic conditions on the presence and
number of juvenile mussels, generalized linear models (GLZ; logit; bino-
mial; and GLZ; log; Poisson; respectively) were constructed for each
species. The same set of predictors was used in each model; categorical
predictor: year; continuous predictors: distance along the shore, dis-
tance from the bank, flow velocity, Reynolds number standardised re-
sidual, along with interactions between the predictors (which allow
the relationship between the response and one predictor to vary with
the values of another predictor): distance along shore and distance
from the bank, distance along shore and flow velocity, distance along

shore and Reynolds number standardised residual, distance from the
bank and flow velocity, distance from the bank and Reynolds number
standardised residual, year and flow velocity, year and Reynolds num-
ber standardised residual, flow velocity and Reynolds number
standardised residual, distance along shore, distance from the bank
and flow velocity. The best subset of variables for each species was de-
termined using best subsets model building procedure and Akaike In-
formation Criterion (AIC; Akaike, 1974).

3. Results

Before the construction of the additional outflow culvert, the highest
water flow velocities (up to 5 mmy/s; Fig. 1C) were recorded in the inlet
part of the lake and in the area nearest to the primary (“old") outlet.
Mean water velocities were 2 mmy/s in the narrow NW part of the
lake, and only 1 mm/s in the wide, main part (over large areas the
speed is even lower: 0.8 mmy/s, Fig. 1C). After the construction of the ad-
ditional outflow culvert, water velocities increased to ca. 10 mmy/s in the
narrow part of the lake, and to ca. 3-4 mmy/s in the main, wide part of
the lake (ca. 100 m from the outlets, Fig. 1D); within 25 m of the outlet,
the water velocity was close to 10 mm/s. A zone of backflows came into
existence along the right-hand shore of the lake between the end of the
narrow part and secondary outlet (Fig. 1D), but these reversed flow
speeds were small (max. 1 mmy/s). Basic statistics of flow parameters
in 2013, 2015 and 2016 were presented in Table 1.

The differences in mean flow velocity between years were signifi-
cant (Table 1; Fig. 1E; Kruskal-Wallis test; H = 194.7; p < 0.0001), and
the differences in mean Reynolds number likewise differed significantly
between years (Table 1; Fig. 1E; Kruskal-Wallis test; H = 132.0; p <
0.0001). The differences in mean silt layer thickness between years
were not significant (Table 1; Kruskal-Wallis test; H = 4.01; p =
0.1344) and silt layer thickness was excluded from the subsequent
analysis.

A total of 3229 individuals of Unionidae were found. The most nu-
merous population was that of A. cygnea (1432 individuals; 44.3%),
followed by U. tumidus (771 ind.; 23.9%), U. pictorum (673 ind.; 20.8%)
and A. anatina (226 ind.; 7.1%). The least numerous population was of
P. complanata (127 ind.; 3.9%). The most numerous species among the
juvenile individuals (476 ind. in total) was A. cygnea (70.2% of all re-
cruits), followed by U. tumidus (16.6%), U. pictorum (12%), A. anatina
(0.7%) and P. complanata (0.5%). Because of the very small numbers of
A. anatina and P. complanata juveniles, these species were excluded
from the subsequent analysis.

The percentage of juveniles in the A. cygnea population was 16% in
2013, 24% in 2015 and 39% in 2016. Similarly increasing percentages
of juveniles between seasons were found in U. pictorum and
U. tumidus: 3.5% and 2.2% in 2013, 14.5% and 8.8% in 2015 and 12%
and 25% in 2016, respectively. The distribution of A. cygnea,
U. pictorum and U. tumidus juveniles in Zalew Pifczowski before and
after the construction of the additional outflow channel in relation to
flow velocity and Reynolds number standardised residual is presented

Table 1
Basic statistics of flow velocity, Reynolds number and silt layer thickness before (2013)
and after (2015, 2016) the construction of the additional outflow channel.

Variable Year Mean Standard Median Minimum Maximum
deviation
2013 09 0.8 0.7 0.04 35
Flow velocity [mm/s] 2015 5.2 39 438 0 17.6
2016 44 3.7 38 0 165
2013 625 705 362 1 3333
Reynolds number 2015 3414 3253 2421 0 12,348
2016 2732 2820 1814 0 12,434
. . 2013 120 6.6 11.0 0 43.0
S"“"ye;ct:l’fk“e“ 2015 128 101 100 0 75.0
2016 121 104 100 0 60.0
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in the Supplementary materials. The age distribution of the mussel pop-
ulations in Zalew Pificzowski before and after the construction of the ad-
ditional outflow channel is illustrated in Fig. 2.

3.1. The influence of flow parameters on the presence and number of
Juveniles

By using AIC, the top three models supporting the presence of juve-
niles and top three models supporting the number of juveniles were
identified for each mussel species. The detailed summary of model se-
lection procedure was presented in the Supplementary materials
(Table S2).

3.1.1. Presence/absence of juveniles

The detailed summary of the influence of predictors selected using
best subsets model building procedure on the number of juveniles for
each species was presented in the Supplementary materials
(Tables S3-S5). In this paper, we present only significant predictors
influencing the number of the juveniles of each mussel species
(Table 2).

Generalized linear models showed that the Reynolds number
standardised residual and change in flow velocity after the construction
of the additional outflow channel are positively influencing the occur-
rence (absence/presence) of juveniles among all the species (Table 2).
Nevertheless, each species also had additional specific predictors
influencing their occurrence.
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For A. cygnea juveniles, distance from the bank and the interaction
between distance from the bank and distance along shore are positively
influencing their occurrence, while the interactions between distance
along shore and Reynolds number standardised residuals, distance
from the bank and flow velocity and also distance from the bank and
Reynolds number standardised residual are negatively influencing the
occurrence of A. cygnea juveniles (Table 2).

For U. pictorum juveniles, distance from the bank has positive, while
the interaction between distance from the bank and flow velocity has a
negative influence on their occurrence (Table 2).

In the case of U. tumidus juveniles, the interaction between distance
along the shore and distance from the shore has a positive influence,
while the interaction between distance along shore and Reynolds num-
ber standardised residuals and the interaction between distance along
shore and flow velocity have the negative influence on their presence
(Table 2),

3.1.2. Number of juveniles

There were no predictors that were significant for all of the species;
moreover, interactions between predictors were rather species specific
(Table 2). None of the selected predictors had significant influence on
the number of juveniles in either U. pictorum and U. tumidus in any of
the identified models (Supplementary materials).

In A. cygnea the interaction between distance along the shore and
distance from the bank had positive influence on the number of juve-
niles, while the interaction between distance from the bank and flow
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Fig. 2. Age distribution of mussel populations before (2013) and after (2015, 2016) construction of the “new” outflow culvert.
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Table 2

The summary of the influence of identified significant predictors and significant interactions between predictors on the number and presence of Anodonta cygnea juveniles and presence of
Unio pictorum and Unio tumidus juveniles in Lake Zalew Pificzowski. Green background with “+" symbol indicates the positive influence, while red background with “—" symbol indicate

negative influence of a given predictor/interaction between predictors.

Number of  Presence of Presence Presence
Identified significant predictors and significant Anodonta Anodonta of Unio of Unio
interactions between predictors cygnea cygnea pictorum tumidus
Juveniles Jjuveniles juveniles Jjuveniles
Distance along shore =
Distance from the bank i +
Reynold's number standardised residual + + =+
Distance along shore*Distance from the bank i i o

Distance along shore*Reynold's number
standardised residual

Distance from the bank*flow velocity

Distance from the bank*Reynold's number
standardised residual

Change in flow velocity between 2013 and 2015

Distance along shore*flow velocity

velocity and the interaction between distance along the shore and flow
velocity, negatively influence the number of juveniles (Table 2).

4. Discussion

In Europe, eutrophication is a serious environmental problem and an
important obstacle to the implementation of the European Water
Framework Directive. Many lake restoration projects still involve a
large proportion of trial and error, where the mechanisms for successful
restoration remain largely blurred (Sendergaard et al., 2007). Moreover,
restorations are often conducted primarily to improve water quality and
are not designed as a scientific experiment (Mehner et al.,, 2002).

Freshwater mussels are especially sensitive to changes in hydrolog-
ical conditions, which are of particular importance in structuring mussel
communities (Strayer et al.,, 2004; Allen and Vaughn, 2010) and may in-
fluence recruitment dynamics (Hardison and Layzer, 2001; Morales
et al., 2006). Among the many lake restoration techniques used in shal-
low eutrophic lakes in Europe (e.g. fish removal, sediment dredging or
removal, oxygenation, reduction of phosphorous and nitrogen), only
flow improvement was applied in Zalew Piiiczowski. Preliminary simu-
lations performed by Struzynski (2007) showed that reducing the re-
tention time would be sufficient to halt the slow but on-going
degradation of the lake. As he had predicted, the construction of an ad-
ditional outflow channel increased flow velocity, reducing retention
time and increasing the Reynolds number ca. 4-fold. The results showed
that both the change in flow velocity between seasons (interaction be-
tween year and flow velocity) and the more turbulent flow (Reynolds
number standardised residuals) were the key, positive factors that af-
fected the presence of juveniles of all analysed species. Even though
the Reynolds number standardised residual itself had a positive influ-
ence on the presence of juveniles of all the species, the interaction of
Reynolds number standardised residuals with distance along the
shore as well as that between distance along the shore and flow velocity
both had a negative influence on the presence of juveniles. This is easily

explained by the fact that Zalew Pificzowski is not homogeneous and its
width changes with the distance along the shore. Moreover, the
narrower parts of the lake were more affected by the change in flow
hydraulics.

The change in flow velocity between 2013 and 2015 (before and
after the construction of the additional outflow channel) strongly af-
fected the occurrence of juveniles in all analysed mussel species. A key
to understanding the underlying mechanism could be the relationship
between flow velocity and mussel feeding. In their experiments on the
blue mussel (Mytilus edulis), Widdows et al. (2002) demonstrated that
current velocities >0.06 m/s gave rise to sufficient vertical mixing and
a relatively constant algal cell concentration down the water column.
At slower currents there was an increasing cell depletion zone within
the water column surrounding the mussels' siphons with declining
flow velocity. The degree and height of the significantly algal-depleted
water extended to 5 cm from the siphons at 0.02 m/s, 10 cm at
0.008 m/s and 15 cm at 0.004 m/s. Their results suggest that before
the construction of the new outflow channel, the water velocity in the
zone from 0 to 10 m from the shore (ca. 0.005 m/s) could have been
slow enough to create an algal-depleted zone, which could have been
sufficiently large to prevent filter feeding by juveniles. A low concentra-
tion of algal cells owing to the high density of adults, and a too slow flow
velocity could have been limiting factors responsible for the low recruit-
ment to populations and in consequence, their ageing. Moreover, as the
velocity of water decreases, it loses the ability to carry sediment. Thus, at
low flow velocities, floodplain lakes or old river channels may become
sediment “traps”, eventually smothering mussels that cannot adopt to
soft substrates (Isom, 1969).

The possible effects of sediments on unionid mussels are multifold.
Mussels are potentially affected by changes in suspended and bed mate-
rial load, and bed sediment composition associated with increased sed-
iment production and runoff (Brim Box and Mossa, 1999). Increases in
fine sediments, whether deposited or suspended, may impact freshwa-
ter mussels by interfering with feeding and/or respiration. Widdows
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et al. (1979) showed that inorganic silt in suspension reduced the
amount of food available to the marine mussel Mytilus edulis through di-
lution, while in another marine species Mercenaria mercenaria, increas-
ing sediment loads significantly lowered clearance rates and algal
ingestion rates (Bricelj and Malouf, 1984) and significantly lowered
growth rates in juveniles (Bricelj et al., 1984). High suspended solids
concentrations may also responsible for observed declines in some
mussel populations, by negatively affecting mussels reproduction, re-
gardless of whether they were organic (Gascho Landis et al.,2013) or in-
organic (Gascho Landis and Stoeckel, 2016) particles.

A similar mechanism may be in operation in the case of the Reynolds
number: this was higher after the second outlet had been built, posi-
tively affecting the presence of juveniles, although its interactions
with distance from the shore or distance along the shore negatively af-
fected juvenile occurrence. Because the Reynolds number combines
mean water column velocity, substrate roughness and kinematic viscos-
ity to describe near-bed turbulence, following Parasiewicz et al. (2012)
it may be assumed that it reflects a minimum threshold of turbulence
needed to remove waste products. Steuer et al. (2008), too, suggested
that the minimum Reynolds number might be required during low
flows to deliver food or transport waste products, while Strayer
(2014) suggested that the physical energy regime (current speeds, tur-
bulence) are important in determining whether mussel biodeposits re-
main in place or are swept away. On the other hand, it was
demonstrated that small-scale turbulence (Rehmann et al., 2003) and
hydrodynamic forces (Horvath and Crane, 2010) could increase the
mortality of Dreissena polymorpha veligers. It is thus possible that
freshly transformed Unionidae juveniles may also be adversely affected
by turbulence. Moreover, high boundary turbulence (or shear stress)
can displace juvenile mussels. The increase in the mean Reynolds num-
ber after the construction of the additional outflow channel appears to
have positively affected mussel recruitment in general, although in
some specific localities of Zalew Pinczowski, the turbulence may have
been too great to permit the successful colonisation of juveniles or
high enough to increase juvenile mortality.

Increases in nutrient loading have both positive and negative effects
on mussel populations (Strayer, 2014). In very nutrient-poor environ-
ments, the quantity and quality of food may be insufficient to support
mussels, and increases in food quality and quality associated with in-
creased nutrient loading could increase mussel growth rates (Reis and
Araujo, 2016) and fecundity (Strayer, 2014). Also, fish biomass or pro-
ductivity generally increase with increased nutrient loading (Kalff,
2001) and could thereby benefit mussel populations by increasing
host fish availability for mussels. On the other hand, extreme eutrophi-
cation may decrease food quality, prevent juvenile recruitment or even
lead to increased mortality of both juveniles and adult mussels (Strayer,
2014). Thresholds of acceptable nutrient loading for freshwater mussels
have not yet been specified; however, Strayer (2014) suggested that in-
creased temporal or spatial variability in recruitment or survival of juve-
niles could serve as an early warning of impending disaster. It is thus
possible, that the low level of recruitment observed in Zalew Pifczowski
in 2013 was such an early warning of poor habitat conditions, as a result
of insufficient flow, and in consequence of an increasing nutrient load in
the lake. By increasing retention time, an additional outflow channel
could therefore reduce nutrient load and thus have a positive effect on
mussel recruitment.

One can also see that the juvenile mussels' niches changed after the
construction of the additional outflow channel (Fig. 3). In 2013, before
the construction of the channel, juveniles of all species occupied quite
similar niches, with flow velocities from 0 to ca. 3.2 mm/s and more tur-
bulent flow (positive Reynolds number standardised residuals). This
significantly changed after the change in flow dynamics. It is quite evi-
dent (Fig. 3) that A. cygnea juveniles did not occur at all in more laminar
(negative ReSR) and slower flows (<10 mm/s). It also seems that they
did not prefer the more turbulent flows when the flow velocity was
>14 mmy/s. The highest number of A. cygnea juveniles was found

where the velocity of the flow was high but its turbulence the least.
However, when the flow velocity was lower (e.g. <10 mmy/s) more
A. cygnea juveniles were found when the flow was more turbulent.
Moreover, after the change in water discharge, clear differences in the
hydrological requirements between A. cygnea and Unio spp. juveniles
emerged. In the localities preferred by A. cygnea juveniles (high flow ve-
locity, the least turbulent flow), only single Unio spp. juveniles were
found in 2015, and in 2016 no Unio spp. juveniles were found at all.
Also, there are only slight differences in hydrological requirements be-
tween U. pictorum and U. tumidus juveniles. In 2015, juveniles of both
these Unio species were found under almost any conditions related to
flow velocity and ReSR, albeit in small numbers. In 2016, both Unio spe-
cies occupied similar niches (flow velocity < 18 mm/s), but it appeared
that U. pictorum juveniles preferred a more turbulent flow (ReSR > ca.
—2.5) than U. tumidus (ReSR > ca. —3.5). Another interesting result is
that the change in hydrology in Zalew Pinczowski influenced mainly
the occurrence of juveniles, but did not affect their number (both Unio
species) or did so only slightly (A. cygnea). This suggests that although
the hydrology of the lake improved, it may still have been below the
optimum.

The life cycle of freshwater mussels includes a parasitic stage,
in which the larvae need to attach to fish to continue its develop-
ment (Modesto et al., 2018), thus the distribution and abundance
of host fish may influence the distribution and abundance of mus-
sel juveniles. Mussels species inhabiting Zalew Pifnczowski are
host generalists (Lopes-Lima et al., 2017) and can use many fish
species as hosts. Some fish species, such as Common carp
(Cyprinus carpio), European perch (Perca fluviatilis), Northern
pike (Esox lucius), Roach (Rutilus rutilus), Sander (Sander
lucioperca) are suitable hosts for all analysed mussels species
and are annually restocked in the lake. Electrofishing conducted
in 2015 (in April, July and August) showed that suitable host
fish are available during the whole reproductive period of mussels
and were found in the whole littoral zone of the lake (own, un-
published data). However, host fish species are generally classi-
fied as primary or marginal hosts, and they may differ
significantly in both infestation intensities and transformation
rates of glochidia into juveniles (Haag and Warren, 2003). More-
over, different strains of the same fish species may be
characterised by distinct susceptibilities to glochidial infestation
(Taeubert et al., 2010). Another major aspect of mussel dispersal
is the dispersal biology of the host fish (Schwalb et al., 2010). Dis-
persal via host fish is important at the catchment scale and at the
regional scale, and the abundance of host fish, the movement be-
haviour of the hosts, influence the dispersal abilities of mussels
(Schwalb et al., 2011). Fish movements can vary with season, dis-
charge conditions and ecosystem (Woolnough et al., 2009), host
fish home ranges increase exponentially with fish size (Minns,
1995) and fish hosts parasitised with glochidia exhibit altered be-
havioural patterns in comparison with non-infected fish (Horky
et al., 2014). It is thus possible that at a small scale, e.g. a small
lake such as Zalew Pificzowski, the spatial distribution and move-
ment behaviour of host fish may affect the mussel distribution.
These are issues that should definitely be studied in greater detail
in the future (Ferreira-Rodriguez et al., 2019).

An important aspect regarding all the mussel species in 2013
was the ageing of their populations. In that year, the percentages
of juveniles in the mussel populations were generally low. Three
years later (two years after the change in hydrology), however,
the percentage of juvenile individuals increased by ca. 2 times in
A. cygnea, ca. 4 times in U. pictorum and ca. 12 times in U. tumidus.

One of the species whose recruitment was not affected by the
change in hydrology was P. complanata, always the least abundant
species in Zalew Pificzowski (since 2003; Zajac et al., 2016). It is
quite common in the rivers and lakes of Poland, though always
in rather small numbers (Zajac, 2004b). However, this species is
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Fig. 3. The influence of Reynolds number standardised residual (ReSR) and flow velocity on numbers of Anodonta cygnea, Unio pictorum and Unio tumidus juveniles, before (2013) and after

(2015, 2016) the construction of the additional outflow channel.

usually found in lotic freshwater ecosystems and shows a prefer-
ence for deeper waters (Mclvor and Aldridge, 2007). Thus, it is
possible that in Zalew Pificzowski, P. complanata occurs in higher
numbers farther away from the shore (>10 m), where the water
depth and flow velocity are higher, and in consequence, was not
detected during the surveys.

The second species whose recruitment was not affected by the
change in hydrology was A. anatina. This is a generalist species that
inhabits both lentic and lotic habitats; it can also exist in both oligo-
trophic and eutrophic waters (Zettler et al., 2006). Once very com-
mon in Zalew Pificzowski (Zajac K. - unpubl. data from 1998, Zajac
et al,, 2016), it is now in decline and is currently the second-least
abundant species in the lake, although to date, no specific threats
to A. anatina have been reported (Lopes-Lima, 2014a). The only pos-
sible explanation is that the population found in the 1990s was a
remnant of those that had numerously inhabited the lake in earlier
succession stages, and the subsequent silting up of the lake was dis-
advantageous to A. anatina. It will be possible to test this hypothesis
over a longer time scale, when siltation and eutrophication of the
lake start to decrease as a result of the increased flow.

In conclusion, our results show that additional outflow channel re-
duced the retention time and significantly changed the water regime
in Zalew Pinczowski. The change in the water regime positively influ-
enced recruitment in three of the five mussel species inhabiting the
lake, revealed differences in hydrological requirements between mussel
species. Our results also showed, that as in lotic environments, complex
hydraulic parameters play a significant role with regard to unionid mus-
sels in lentic environments.

Declaration of competing interest

The authors declare no conflict of interest.
Acknowledgements

This study was financed by the statutory funds of the Institute of Na-
ture Conservation, Polish Academy of Sciences (the part relating to the
mussels) and by the statutory funds of the Department of Water Engi-

neering and Geotechnics, University of Agriculture in Krakow (hydrol-
ogy and interpretation of hydraulic parameters).

Please cite this article as: A.M. Cmiel, A. Struzynski, M. Wyrebek, et al., Response of freshwater mussel recruitment to hydrological changes in a
eutrophic floodplain lake, Science of the Total Environment, https://doi.org/10.1016/j.scitotenv.2019.135467




AM. Cmiel et al. / Science of the Total Fnvironment xxx (Xxxx) Xxx 9

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2019.135467.

References

Akaike, H., 1974. A new look at the statistical identification model. IEEE Transactions Au-
tomatic Control 19, 716-723. https://doi.org/10.1109/TAC.1974.1100705.

Allen, D.C., Vaughn, C.C,, 2010. Complex hydraulic and substrate variables limit freshwater
mussel species richness and abundance. J. N. Am. Benthol. Soc. 29, 383-394. https://
coi.org/10.1899/09-024.1.

Beasley, C.R., Roberts, D., 1999, Assessing the conservation status of the freshwater pearl
mussel in the north of Ireland - relevance of growth and age characteristics.
. Conchol. 36, 53-61.

Bricelj, V.M., Malouf, R.E., 1984. Influence of algal and suspended sediment concentrations
on the feeding physiology of the hard clam Mercenaria mercenaria. Mar. Biol. 84,
155-165. https://doi.org/10.1007/BF00393000.

Bricelj, V.M., Malouf, R.E., De Quillfeldt, C., 1984. Growth of juvenile Mercenaria
mercenaria and the effect of resuspended bottom sediments. Mar. Biol. 84,
167-173. https://doi.org/10.1007/BF00393001.

Brim Box, J., Mossa, ]., 1999. Sediment, land use, and freshwater mussels: prospects and
problems. J. N. Am. Benthol. Soc. 18, 99-117. https://doi.org/10.2307/1468011.

Burks, R.L., Jeppesen, E., Lodge, D.M., 2001. Pelagic prey and benthic predators: impact of
odonate predation on Daphnia among complex structure, J. N. Am. Benthol, Soc. 20,
683-696. https://doi.org/10.2307/1468092.

Chow, V.T., 1959. Open-channel hydraulics. McGraw-Hill Civil Engineering Series.
McGraw-Hill, New York.

Cyr, H., 2008. Physical forces constrain the depth distribution of the abundant native mus-
sel Elliptio complanata in lakes. Freshw. Biol. 53, 2414-2425, https://doi.org/10.1111/
j.1365-2427.2008.02070.x.

Cyr, H., Storisteanu, M.L, Didgway, M.S., 2012. Sediment accumulation predicts the distri-
bution of a unionid mussel (Elliptio complanata) in near shore areas of a Canadian
Shield lake, Freshw. Biol. 57, 2125-2140. https://doi.org/10.1111/j.1365-
2427.2012.02855.x.

Daraio, J.A,, Weber, L]., Newton, T]., Nestler, .M., 2010. A methodological framework for
integrating computational fluid dynamics and ecological models applied for juvenile
freshwater mussel dispersal in the Upper Mississippi River. Ecol. Model. 221,
201-204. https://doi.org/10.1016/j.ecolmodel.2009.10.008.

Dillon, R.T., 2004. The Ecology of Freshwater Molluscs. Cambridge Univ. Press, New York,
USA.

Ferreira-Rodriguez, N., Akiyama, Y.B., Aksenova, 0.V, Araujo, R., Barnhart, M.C,, Bespalaya,
Y.V., Bogan, A.E., Bolotov, LN., Budha, P.B., Clavijo, C,, Clearwater, S.J., Darrigran, G., Do,
V.T., Douda, K., Froufe, E., Gumpinger, C., Henrikson, L., Humphrey, C.L., Johnson, N.A.,
Klishko, 0., Klunzinger, M.W., Kovitvadhi, S., Kovitvadhi, U., Lajtner, J., Lopes-Lima, M.,
Moorkens, E.A., Nagayama, S., Nagel, K.0., Nakano, M., Negishi, ].N., Ondina, P.,
Qulasvirta, P., Prié, V., Riccardi, N., Rudzite, M., Sheldon, F., Sousa, R., Strayer, D.L.,
Takeuchi, M., Taskinen, J., Teixeira, A., Tiemann, |.S., Urbanska, M., Varandas, S.,
Vinarski, M.V., Wicklow, BJ., Zajac, T., Vaughn, C.C., 2019. Research priorities for
freshwater mussel conservation assessment, Biol. Conserv. 231, 77-87. https://doi.
org/10.1016/j.biocon.2019.01.002.

Gascho Landis, AM., Stoeckel, J.A., 2016. Multi-stage disruption of freshwater mussel re-
production by high suspended solids in short- and long-term brooders. Freshw.
Biol. 61, 229-238. https://doi.org/10.1111/fwb.12696.

Gascho Landis, A.M., Haag, W.R,, Stoeckel, ].A., 2013. High suspended solids as a factor in
reproductive failure of a freshwater mussel. Freshwater Science 32, 70-81. https://
doi.org/10.1899/12-093.1.

Gotab, MJJ., Lipinska, A.M., Cmiel, AM., 2010. The consequences of water release from a
dam reservoir for freshwater mussel survival: recommendations for improved man-
agement. Ecologia (Bratislava) 29, 454-459. https://doi.org/10.4149/ekol 2010 04
454,

Gutiérrez, |.L., Jones, C.G., Strayer, D.L., Iribarne, 0.0., 2003. Mollusks as ecosystem engi-
neers: the role of shell production in aquatic habitats. Oikos 101, 79-90. https://doi.
org/10.1034/j.1600-0706.2003.12322.x.

Haag, W.R., Warren, M.L, 2003. Host fishes and infection strategies of freshwater mussels
in large Mobile Basin streams, USA. ]. N. Am. Benthol. Soc. 22, 78-91. https://doi.org/
10.2307/1467979.

Haag, W.R., Warren, M.L,, 2007. Freshwater mussel assemblage structure in a regulated
river in the Lower Mississippi River alluvial basin, USA. Aquat. Conserv. Mar.
Freshwat. Ecosyst. 17, 25-36. https://doi.org/10.1002/aqc.773.

Hardison, B.S., Layzer, ].B., 2001. Relations between complex hydraulics and the localized
distribution of mussels in three regulated rivers. Regulated Rivers: Research & Man-
agement 17, 77-84, https;//doi.org/10.1002/1099-1646(200101/02)17:1<77::AID-
RRR604>3.0.C0O;2-5.

Hastie, L.C, Toy, K.A,, 2008. Changes in density, age structure and age-specific mortality in
two western pearlshell (Margaritifera falcata) populations in Washington
(1995-2006). Aquat. Conserv. Mar, Freshwat, Ecosyst. 18, 671-678, https://doi.org/
10.1002/aqc.879.

Horky, P., Douda, K., Maciak, M., Zivorka, L., Slavik, 0., 2014, Parasite-induced alterations
of host behaviour in a riverine fish: the effects of glochidia on host dispersal. Freshw.
Biol. 59, 1452-1461. https://doi.org/10.1111/fwb.12357.

Horvath, T.G., Crane, L., 2010. Hydrodynamic forces affect larval zebra mussel (Dreissena
polymorpha) mortality in a laboratory setting. Aquat. Invasions 5, 379-385. https://
doi.org/10.3391/ai.2010.5.4.07.

Isom, B.G., 1969. The mussel resource of the Tennessee River. Malacologia 7, 397-425.

Jeppesen, E., 1998. The Ecology of Shallow Lakes. PhD dissertation. National Environmen-
tal Research Institute, Silkeborg, Denmark.

Jones, |.W., Neves, RJ., 2011. Influence of life-history variation on demographic responses
of three freshwater mussel species (Bivalvia: Unionidae) in the Clinch River, USA.
Aquat. Conserv. Mar. Freshwat. Ecosyst. 21, 57-73. https://doi.org/10.1002/aqc.1161.

Jones, ]I, Sayer, C.D., 2003. Does the fish-invertebrate-periphyton cascade precipitate
plant loss in shallow lakes? Ecology 84, 2155-2167. https://doi.org/10.1890/02-0422.

Kalff, J., 2001. Limnology. Prentice-Hall, Upper Saddle River, NJ.

Kat, P.W., 1982. Effects of population density and substratum type on growth and migra-
tion of Elliptio complanata (Bivalvia: Unionidae). Malacol. Rev. 15, 119-127.

Kornijow, R., Gulati, R.D., 1992. Macrofauna and its ecology in Lake Zwemlust, after
biomanipulation I. Bottom fauna. Arch. Hydrobiol. 123, 337-347.

Layzer, ].B., Madison, L.M., 1995. Microhabitat use by freshwater mussels and recommen-
dations for determining their instream flow needs. Regulated Rivers: Research &
Management 10, 329-345, https://doi.org/10.1002/rrr.3450100225.

Lopes-Lima, M., 2014a. Anodonta anatina, The IUCN Red List of Threatened Species 2014:
e.T155667A21400363. https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.
T155667A21400363.en Downloaded on 19 November 2018.

Lopes-Lima, M., 2014b. Anodonta cygnea. The IUCN Red List of Threatened Species 2014:
e.T156066A21400900. https://doi.org/10.2305/IUCN.UK.2014-1.RLTS.
T156066A21400900.en (Downloaded on 19 November 2018).

Lopes-Lima, M., Sousa, R., Geist, ]., Aldridge, D.C., Araujo, R., Bergengren, ]., Bespalaja, Y.,
Badis, E., Burlakova, L., Van Damme, D., Douda, K., Froufe, E., Georgiev, D., Gumpinger,
C., Karatayev, A, Kebapgi, U., Killeen, L, Lajtner, ., Larsen, B., Lauceri, R., Legakis, A.,
Lois, S., Lundberg, S., Moorkens, E., Motte, G., Nagel, K.-0., Ondina, P., Outeiro, A.,
Paunovic, M., Prié, V., Von Proschwitz, T., Riccardi, N., Rudzite, M., Rudzitis, M.,
Scheder, C., Seddon, M., Sereflisan, H., Simi¢, V., Sokolova, S., Stoeckl, K., Taskinen, J.,
Teixeira, A., Thielen, F., Trichkova, T., Varandas, S., Vicentini, H., Zajac, K., Zajac, T.,
Zogaris, S., 2017. Conservation status of freshwater mussels in Europe: state of the
art and future challenges. Biol. Rev. 92, 572-607. https://doi.org/10.1111/brv.12244.

Lopes-Lima, M., Burlakova, L.E., Karatayev, A.Y., Mehler, K., Seddon, M., Sousa, R., 2018.
Conservation of freshwater bivalves at the global scale: diversity, threats and re-
search needs. Hydrobiologia 810, 1-14. https://doi.org/10.1007/s10750-017-3486-7.

Lydeard, C, Cowie, R.H., Ponder, W.F.,, Bogan, AEE., Bouchet, P,, Clark, S.A., Cummings, K.S.,
Frest, T.J., Gargominy, O., Herbert, D.G., Hershler, R., Perez, K.E., Roth, B., Seddon, M.,
Strong, E.E., Thompson, F.G., 2004. The global decline of nonmarine mollusks. BioSci-
ence 54, 321-330. https://doi.org/10.1641/0006-3568(2004)054[0321: TGDONM2.0.
Co;2.

Lydeard, C.C.,, Cowie, RH., Ponder, W.F,, Bogan, A.E., Bouchet, P,, Clark, S.A., Cummings,
K.S., Frest, T.J., Gargominy, 0., Herbert, D.G., Hershler, R., Perez, K., Roth, B., Seddon,
M., Steuer, ]J., Newton, T.J., Zigler, S.J., 2008. Use of complex hydraulic variables to
predict the distribution and density of unionids in a side channel of the Upper Missis-
sippi River. Hydrobiologia 610, 67-82. https://doi.org/10.1007/s10750-008-9423-z.

Mclvor, A.L, Aldridge, D.C,, 2007. The reproductive biology of the depressed river mussel,
Pseudanodonta complanata (Bivalvia: Unionidae), with implications for its conserva-
tion. J. Molluscan Stud. 73, 259-266.

Mehner, T., Benndorf, J., Kasprzak, P., Koschel, R., 2002. Biomanipulation of lake ecosys-
tems: successful applications and expanding complexity in the underlying science.
Freshw. Biol. 47, 2453-2465. https://doi.org/10.1046/5.1365-2427.2002.01003.x.

Minns, CK,, 1995. Allometry of home range size in lake and river fishes. Can. J. Fish. Aquat.
Sci. 52, 1499-1508. https://doi.org/10.1139/{95-144.

Modesto, V., llarri, M., Souza, A.T., Lopes-Lima, M., Douda, K., Clavero, M., Sousa, R., 2018,
Fish and mussels: importance of fish for freshwater mussel conservation. Fish Fish.
19, 244-259. https://doi.org/10.1111/faf.12252.

Morales, Y., Weber, L.J., Mynett, A.E., Newton, T.]., 2006. Effects of substrate and hy-
drodynamic conditions on the formation of mussel beds in a large river. J. N.
Am, Benthol. Soc. 25, 664-676. https://doi.org/10.1899/0887-3593(2006)25
[664:EOSAHC]2.0.CO;2.

Moss, B, Madgwick, |., Phillips, G., 1996. A Guide to the Restoration of Nutrient-enriched
Shallow Lakes. Environment Agency (CE), Norwich, UK.

Parasiewicz, P., Castelli, E., Rogers, |.N., Plunkett, E., 2012. Multiplex modeling of physical
habitat for endangered freshwater mussels. Ecol. Model. 228, 66-75. https://doi.org/
10.1016/j.ecolmodel.2011.12.023.

Payne, B.S., Miller, A.C., 1989. Growth and survival of recent recruits to a population of
Fusconaia ebea (Bivalvia: Mollusca) in the lower Ohio River. Am. Midl. Nat, 121,
99-104. https://doi.org/10.2307/2425660.

Postel, S., Carpenter, S.R., 1997. Freshwater ecosystem services. In: Daily, G. (Ed.), Ecosys-
tem Services. Island Press, Washington, D.C.

Rehmann, C.R,, Stoeckel, J.A., Schneider, D.W., 2003. Effect of turbulence on the mortality
of zebra mussel veligers. Can. J. Zool. 81, 1063-1069. https://doi.org/10.1139/203-
090.

Reis, ], Araujo, R., 2016. Life history of the freshwater mussel Unio tumidiformis (Bivalvia:
Unionidae) in a temporary Mediterranean-type stream. Invertebr. Biol. 135, 31-45.
https://doi.org/10.1111/ivh.12114.

Richardson, ].S., Mackay, RJ., 1991. Lake outlets and the distribution of filter feeders: an
assessment of hypathesis. Oikos 62, 370-380. https://doi.org/10.2307/3545503.
Ries, P.R., Newton, T.J., Haro, R, Zigler, S.J., Davis, M., 2016. Annual variation in recruit-
ment of freshwater mussels and its relationship with river discharge. Aquat. Conserv,

Mar. Freshwat. Ecosyst. 26, 703-714. https://doi.org/10.1002/aqc.2590.

Roper, D.S., Hickey, CW., 1994, Population structure, shell morphology, age and condition
of the freshwater mussel Hyridella menziesi (Unionacea: Hydriidae) from seven lake
and river sites in the Waikato river system. Hydrobiologia 284, 205-217. https://
doi.org/10.1007/BFO0006690.

Scharf, W., 1999. Restoration of the highly eutrophic Lingese Reservoir. Hydrobiologia
416, 85-96. https://doi.org/10.1023/A:1003851102095.

Please cite this article as: A.M. Cmiel, A. Struzynski, M. Wyrebek, et al., Response of freshwater mussel recruitment to hydrological changes in a
eutrophic floodplain lake, Science of the Total Environment, https://doi.org/10.1016/j.scitotenv.2019.135467




10 AM. Cmiel et al. / Science of the Total Environment xxx (Xuxx) Xxx

Schindler, D.E., Scheuerell, M.D., 2002. Habitat coupling in lake ecosystems. Oikos 98,
177-189. https://doi.org/10.1034/j.1600-0706.2002.980201.x.

Schwalb, A.N., Poos, M.S., Ackerman, ].D., 2010. Movement of logperch - the obligate host
fish for endangered snuffbox mussels: implications for mussel dispersal. Aquat. Sci.
73, 223-231. https://doi.org/10.1007/s00027-010-0171-6.

Schwalb, A.N., Cottenie, K., Poos, M.S., Ackerman, ].D., 2011. Dispersal limitation of unionid
mussels and implications for their conservation. Freshw. Biol. 56, 1509-1518, https://
doi.org/10.1111/j.1365-2427.2011.02587 x.

Siegel, S., Castellan, N.J., 1988. Nonparametric Statistics for the Behavioral Sciences. 2nd
edition. McGraw-Hill, New York.

Sendergaard, M., Jeppesen, E., Lauridsen, T.L., Skov, C., Van Nes, E.H., Roijackers, R.,
Lammens, E,, Portielje, R., 2007. Lake restoration: successes, failures and long-term ef-
fects. J. Appl. Ecol. 44, 1095-1105. https://doi.org/10.1111/j.1365-2664.2007.01363 X.

Statzner, B., Gore, .A., Resh, V.H., 1988. Hydraulic stream ecology: observed patterns and
potential applications. J. N. Am. Benthol. Soc. 7, 307-360. https://doi.org/10.2307/
1467296.

Steuer, ] J, Newton, T.]., Zigler, SJ., 2008, Use of complex hydraulic variables to predict the
distribution and density of unionids in a side channel of the Upper Mississippi River.
Hydrobiologia 610, 67-82. https://doi.org/10.1007/5s10750-008-9423-z.

Strayer, D.L, 2014. Understanding how nutrient cycles and freshwater mussels
(Unionoida) affect one another. Hydrobiologia 735, 277-292. https://doi.org/
10.1007/s10750-013-1461-5.

Strayer, D.L., Malcolm, H.M., 2012. Causes of recruitment failure in freshwater mussel
populations in southeastern New York. Ecol. Appl. 22, 1780-1790. https://doi.org/
10.1890/11-1536.1.

Strayer, D.L., Downing, ].A., Haag, W.R,, King, T.L,, Layzer, ].B., Newton, T.J., Nichols, S.J.,
2004. Changing perspectives on pearly mussels, North America’s most imperiled an-
imals. BioScience 54, 429-439. https://doi.org/10.1641/0006-3568(2004)054[0429:
CPOPMN]2.0.CO;2.

Struzynski, A. 2007. Optymalizacja eksploatacji zalewu pinczowskiego w celu
zmniejszenia jego zamulenia (The rebuilding of outflow system in pificzowski reser-
voir and it's optimal exploitation for reduction of alluviation processes).
Infrastruktura i Ekologia Terenéw Wiejskich. vol. 4, pp. 179-188 (in Polish).

Struzynski, A., Wyrebek, M., 2013. Revitalisation of the little reservoir on the basis of the
hydraulic flow parameters modeling. Acta Scientiarum Polonorum Formatio
Circumiectus 12, 127-136 (Polish).

Taeubert, ].E., Denic, M., Gum, B., Lange, M., Geist, ]., 2010. Suitability of different salmonid
strains as hosts for the endangered freshwater pearl mussel (Margaritifera
margaritifera L.). Aquat. Conserv. Mar. Freshwat. Ecosyst. 20, 728-734. https://doi.
org/10.1002/aqc.1147.

Van Damme, D., 2011. Pseudanodonta complanata. The IUCN Red List of Threatened Spe-
cies 2011: e.T18446A8279278. https://doi.org/10.2305/IUCN,UK.2011-2.RLTS.
T18446A8279278.en (Downloaded on 19 November 2018).

Vaughn, C.C, 2018. Ecosystem services provided by freshwater mussels. Hydrobiologia
810, 15-27. https://doi.org/10.1007/510750-017-3139-x.

Wetzel, R.G., 2001. Limnology: Lake and River Ecosystems. Acad. Press, San Diego,
p. 1066.

Widdows, ]., Fieth, P., Worral, C.M., 1979. Relationships between seston, available food
and feeding activity in the common mussel Mytilus edulis. Mar. Biol. 50, 195-207.
https://doi.org/10.1007/BF00394201.

Widdows, |., Lucas, J.S., Brinsley, M.D,, Salkeld, P.N., Staff, F.]., 2002. Investigation of
the effects of current velocity on mussel feeding and mussel bed stability using
an annular flume. Helgol. Mar. Res. 56, 3-12. https://doi.org/10.1007/s10152-
001-0100-0.

Wilk-WozZniak, E., Walusiak, E., Burchardt, L., Cerbin, S., Chmura, D., Gabka, M.,
Glifiska-Lewczuk, K., Gotdyn, R., Grabowska, M., Karpowicz, M., Klimaszyk, P.,
Kolodziejczyk, A., Kokocifiski, M., Kraska, M., Krél, W., Kuczyfska-Kippen, N.,
Ligeza, S., Messyasz, B., Nagengast, B., Ozimek, T., Paczuska, B.M., Petechaty,
M., Peczuta, W., Pietryka, M., Piotrowicz, R., Pociecha, A., Pukacz, A., Richter,
D., Zbikowski, J., 2019. Effects of the environs of waterbodies on aquatic plants
in oxbow lakes (habitat 3150). Ecol. Indic. 98, 736-742. https://doi.org/
10.1016/j.ecolind.2018.11.025.

Woolnough, D.A., Downing, ].A., Newton, T.J., 2009. Fish movement and habitat use de-
pends on water body size and shape. Ecol. Freshw. Fish 18, 83-91. https://doi.org/
10.1111/j.1600-0633.2008.00326.x.

Zajac, K., 2001. Wymagania siedliskowe szczezui wielkiej Anodonta cygnea L. w dolinie
Nidy. [Habitat Requirements of Swan Mussel Anodonta cygnea L. in the Nida Valley].
Instytut Ochrony Przyrody PAN (PhD dissertation, in Polish).

Zajac, K., 2002. Habitat preferences of Swan Mussel Anodonta cygnea (Linnaeus 1758)
(Bivalvia, Unionidae) in relation to structure and successional stage of floodplain
waterbodies. Ekologia (Bratislava) 21, 345-355.

Zajac, K., 2004a. Anodonta cygnea. In: Glowacinski, Z., Nowacki, J. (Eds.), Polish Red Book
of Animals: Invertebrates. Instytut Ochrony Przyrody PAN, Krakéw (Polish with En-
glish summary).

Zajac, K., 2004b. Pseudanodonta complanata. In: Glowacinski, Z., Nowacki, . (Eds.), Polish
Red Book of Animals: Invertebrates. Instytut Ochrony Przyrody PAN, Krakdw (in Pol-
ish with English summary).

Zajac, K., Zajac, T., Cmiel, A, 2016. Spatial distribution and abundance of Unionidae mus-
sels in a eutrophic floodplain lake. Limnologica 58, 41-48. https://doi.org/10.1016/j.
limno.2016.02.002,

Zettler, M.L., Jueg, U., Menzel-Harloff, H., Géllnitz, U., Petrick, S., Weber, E., Seemann, R.,
2006. Die Land- und SiiBwassermollusken Mecklenburg-Vorpommerns,
Obotritendruck Schwerin.

Zhang, Y., 2006. CCHE-GUI - Graphical Users Interface for NCCHE Model User’'s Manual —
Version 3.0. National Center for Computational Hydroscience and Engineering, School
of Engineering, The University of Mississippi, MS 38677, p. 158. http://ncche.olemiss.
edu portable document.

Zigler, S.J., Newton, T.)., Steuer, |.]., Bartsch, M.R,, Sauer, ].S., 2008. Importance of physical and
hydraulic characteristics to unionid mussels: a retrospective analysis in a large river
reach. Hydrobiologia 598, 343-360. https://doi.org/10.1007/s10750-007-9167-1.

Please cite this article as: A.M. Cmiel, A. Struzyfski, M. Wyrebek, et al,, Response of freshwater mussel recruitment to hydrological changes in a
eutrophic floodplain lake, Science of the Total Environment, https://doi.org/10.1016/j.scitotenv.2019.135467




Supplementary materials

Below we present the results of numerical model validation (Table S1, Fig. S1), and the distribution of
Anodonta cygnea, Unio pictorum and Unio tumidus juveniles in ZalewPinczowski at each sampling
point before (2013) and after (2015, 2016) the construction of the additional outflow channel in
relation to flow velocity (Fig. S2) and Reynolds number standardised residual (Fig. S3). Also, we
present detailed summary of a model selection procedure (Table S2) for each mussel species, and
detailed results of Generalized Linear Models (GLZ) of the influence of selected predictors on the
presence/absence and number of Anodonta cygnea (Table S3), Unio pictorum (Table S4) and Unio

tumidus (Table S5) juveniles.

Model validation

The numerical model of flow through the lake was validated by comparing the flow velocities
obtained by the model to the corresponding values measured using a Nautilus Sensa Z300
hydrodynamic sensor, at 12 measuring points located along the southern shore of Zalew Pinczowski
(Table S1).

The measured and modelled flow velocities were highly correlated (Fig. S1; Pearson
correlation; r=0.96; p<0.001). The modelled flow velocities fit the measured values very well (Fig. S1;
linear regression; R?=0.92; p<0.001).

The differences between measured and modelled flow velocities are not significant (t-test for
dependent variables; measured mean flow velocity=8.7; SD=3.4; modelled mean flow velocity= 8.6;

SD=3.2; df=11; t=0.57; p=0.582).



Table S1. Flow velocities measured using a hydrodynamic sensor and modelled using a numerical

hydraulic model at 12 points located along the southern shore of ZalewPinczowski.

Measured Modelled

Measprmg flow velocity flow velocity
point [mm/s] [mm/s]
1 8.3 8.2
2 11.8 11.0
3 12.0 12.7
4 12.1 12.2
5 12.0 10.6
6 7.0 6.8
7 7.0 4.8
8 52 5.8
9 4.7 5.5
10 4.9 6.0
11 13.8 13.2
12 5.7 5.8

Fig. S1. Relationship between measured and modelled flow velocities at 12 points located along the
southern shore of ZalewPinczowski.
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Model building procedure and statistical analysis

List of acronyms:

Y - year

Tr - distance along the shore

D - distance from the shore

V - flow velocity

ReSR - Reynolds number standardised residual
df - degrees of freedom

W - Wald statistic

SE - Standard Error of the estimate

For each mussel species we used the same set of predictors and interactions between
predictors from which the best fitted sub-sets were selected:
categorical predictor: Y
continuous predictors: Tr, D, V, ReSR
interactions between predictors: Tr*D, Tr*V, Tr¥*ReSR, D*V, D*ReSR, Y*V, Y*ReSR, V*ReSR,
Tr*D*V, Tr*D*ReSR
Model selection method: best subsets using the Akaike Information Criterion (AIC)

The influence of the top 3 best fitted subsets of predictors for each species on the
presence/absence of juveniles were analysed using Generalised Linear Models with binomial
dependent variable and logit link function (GLZ; binomial, logit).

The influence of the top 3 best fitted subsets of predictors for each species on the number of
juveniles were analysed using Generalised Linear Models with Poisson distribution dependent variable

and log link function (GLZ; Poisson, log).



Table S2. Summary of model selection using Akaike’s Information Criterion (AIC) procedure to
examine the influence of flow parameters on the presence or absence (0/1) and number of juveniles in
Anodonta cygnea, Unio pictorum and Unio tumidus. AAIC - relative difference in AIC value

compared to the top-ranked model. Interactions between variables are indicated by *.

Dependent Model

Species . Model Predictors df AIC AAIC
variable rank
D, ReSR, Tr*D, Tr*ReSR, D*V,
Ly 1 D¥*ReSR. Y*V 8 728.1 0
Presence (logit 5 D, ReSR, Tr*D, Tr*ReSR, 9 7785 0.4
Anodonta or absence binomiz’ﬂ) V*ReSR, D*V, D*ReSR, Y*V ’ ’
cygnea 3 D, ReSR, Tr*D, Tr*ReSR, D*V, 7 7293 12
juveniles Y*V ' '
GLZ 1 Tr*D, Tr*ReSR, D*V 3 5731 0
Number (log, 2 D, Tr*D, Tr*V, Tr*ReSR 4 5732 0.1
Poisson) 3 Tr*D, D*V 2 5733 02
1 D, ReSR, Y*V, D*V, D*ReSR 6 3349 0
Presence GL.Z 2 Y, D, ReSR, Y*V, D*V, 8 3357 0.8
Unio or absence .(lOgl.t’ D*ReSR
ctorum binomial) 3 D, ReSR, Y*V, D*V, 6 3359 1
pre " Tr*D*ReSR '
Juventes GLZ I ReSR I 1088 0
Number (log, 2 Tr*ReSR 1 1089 0.1
Poisson) 3 V*ReSR 1 109.0 0.2
ReSR, Y*V, Tr*D, Tr*V,
Ly 1 Tr*ReSR, D*V 7 370.6 0
Presence (logit 5 ReSR, Y*V, Tr*D, Tr*ReSR, 6 3713 0.7
Unio or absence binomiz’ﬂ) Tr*D*V ’ )
tumidus 3 ReSR, Y*V, Tr*D, Tr*ReSR, 7 3715 0.9
juveniles D*V, Tr*D*V i i
GLZ 1 Tr 1 1524 0
Number (log, 2 D 1 1525 0.1

Poisson) 3 Tr, Tr*V 2 1529 0.5




Table S3. The influence of selected predictors on the presence/absence and number of Anodonta
cygnea juveniles. The top 3 ranked Generalised Linear models for juvenile presence/absence data
(GLZ; logit; binomial) and juvenile number data (GLZ; log, Poisson) are given. Interactions between

variables are indicated by *.

Dependent Model Effect Estimate  SE W p
variable rank
Intercept -3.02 0.28 116.7 <0.001
D 0.15 0.05 8.6 0.003
ReSR 1.64 049 11.1  0.001
Tr*D 0.05 0.01 527 <0.001
1 Tr*ReSR -0.14 0.04 12.0 0.001
D*V -0.04 0.01 164 <0.001
D*ReSR -0.07 0.04 3.1 0.080

Y(2015vs2013)*V 0.22 0.05 173 <0.001
Y(2016vs2013)*V 0.22 0.06 15.0 <0.001

Intercept -3.12 0.30 110.1 <0.001

D 0.17 0.06 9.9 0.002

Juvenile ReSR 1.69 0.51 10.8 0.001
presence/absence Tr*D 0.05 0.01 495 <0.001
GLZ 5 Tr*ReSR -0.18 0.05 11.8 0.001
(logit; binomial) V*ReSR 0.07 0.06 1.6 0.212
D*V -0.05 0.01 18.1 <0.001

D*ReSR -0.12 0.06 4.5 0.035

Y(2015vs2013)*V 0.22 0.05 169 <0.001

Y(2016vs2013)*V 0.21 0.06 144 <0.001

Intercept -4.63 043 117.1 <0.001

D 0.44 0.06 62.1 <0.001

ReSR 0.02 0.13 0.0 0.879

3 Tr 0.22 0.03  48.8 <0.001

D*V -0.04 0.01 147 <0.001

Y(2015vs2013)*V 0.19 0.05 149 <0.001

Y(2016vs2013)*V 0.19 0.05 132 <0.001

Intercept -0.10 0.13 0.6 0.436

1 Tr*D 0.02 0.003 334 <0.001

Tr*ReSR -0.009 0.006 2.2 0.135

D*V -0.006  0.002 7.0 0.008

Number of Intercept 0.11 0.22 0.2 0.638
juveniles D -0.06 0.04 2.1 0.146
GLZ 2 Tr*D 0.02 0.003 322 <0.001
(log; Poisson) Tr*V -0.004  0.001 83  0.004
Tr*ReSR -0.01 0.008 3.1 0.076

Intercept -0.03 0.12 0.1 0.790

3 Tr*D 0.01 0.003 31.9 <0.001

D*V -0.006  0.002 8.0 0.005




Table S4. The influence of selected predictors on the presence/absence and number of Unio pictorum
juveniles. The top 3 ranked Generalised Linear models for juvenile presence/absence data (GLZ; logit;
binomial) and juvenile number data (GLZ; log, Poisson) are given. Interactions between variables are

indicated by *.

Dependent Model Effect Estimate  SE W p
variable rank

Intercept -3.47 041 70.1 <0.001
D 0.16 0.08 42 0.041
ReSR 122 051 58 0.016
1 Y(2015vs2013)*V 034 0.11 9.0 0.003
Y(2016vs2013)*V 032 0.12 74  0.007
D*V -0.04 0.02 59 0.015
D*ReSR -0.13 0.07 3.0 0.083
Intercept -3.61 043 71.0 <0.001
Y(2015) -0.69 040 29  0.089
Tuvenile Y(2016) 035 033 12 0282
presence/absence D 0.17 008 48 0.028
GLZ 2 ReSR 120 050 57  0.017
(logit; binomial) Y(2015vs2013)*V 048 0.15 104  0.001
’ Y(2016vs2013)*V 035 0.15 57 0.017
D*V -0.05 0.02 7.1  0.008
D*ReSR -0.11  0.07 24 0.120
Intercept -3.43 042 68.0 <0.001
D 0.13  0.08 29 0.087
ReSR 08 037 55 0.019
3 Y(2015vs2013)*V 033 0.12 81 0.004
Y(2016vs2013)*V 032 0.12 6.6 0.010
D*V -0.04 0.02 55 0.019
Tr*D*ReSR -0.009 0.006 24  0.124
1 Intercept 025 013 3.6 0.059
Number of ReSR -0.09  0.14 05 0493
juveniles ’ Intercept 024 0.13 34 0.066
GLZ Tr*ReSR -0.01  0.02 04 0.534
(log; Poisson) 3 Intercept 0.25 0.13 3.5 0.061

V*ReSR -0.009 0.02 03  0.568




Table S5. The influence of selected predictors on the presence/absence and number of Unio tumidus
juveniles. The top 3 ranked Generalised Linear models for juvenile presence/absence data (GLZ; logit;
binomial) and juvenile number data (GLZ; log, Poisson) are given. Interactions between variables are

indicated by *.

Dependent Model Effect Estimate  SE W p
variable rank
Intercept -3.61 0.358 101.3 <0.001
ReSR 1.05 0369 8.1 0.005

Y(2015vs2013)*V 0.30 0.141 44 0.037
Y(2016vs2013)*V 0.47 0.143 109 <0.001

Tr*D 003 0013 58 0016

Tr*V 0.02  0.009 4.0  0.044

Tr*ReSR -0.18  0.045 159 <0.001

D*V -0.03 0019 32  0.072

Intercept -3.62 0.37 948 <0.001

. ReSR 065 030 48  0.029

Juvenile Y(2015vs2013)*V  0.10  0.07 2.1  0.149
prese“é‘i;bseme 2 Y(2016vs2013)*V 027  0.06 19.6 <0.001
(logit: binomial) Tr*D 0.03 001 43  0.039
: Tr*ReSR 0.14 004 13.8 <0.001
Tr*D*V -0.003  0.001 3.4  0.067

Intercept -3.60 0.37 934 <0.001

ReSR 086 035 60 0014

Y(2015vs2013)*V 0.22 0.12 34 0.063
Y(2016vs2013)*V 0.40 0.12  10.8  0.001

3 1D 003 001 49  0.026

Tr*ReSR 0.14 004 121 <0.001

D*V 002 002 1.6  0.120

Tr*D*V -0.003  0.001 3.1  0.076

1 Intercept -0.008 0.27 0.001 0.976

Tr 004 003 15 0220

Number of L Intercept 059 028 46  0.032
J“éeinzles ) 0.06 005 14 0241
(log; Poisson) Intercept -0.13 0.30 0.2 0.668
: 3 Tr 008 005 3.0  0.086

Tr*V -0.004 0.003 14 0.242




