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Tekouci a stojaté vody mé fascinovaly jiz od utlého détstvi, kdy jsem spolu se svou
mamou chodil poustét lodicky na potok a hazet zabky na rybnice na vesnici, kde jsme
bydleli. Pozd¢ji jsem se dostal k problematice vodniho hospodafstvi na stfedni Skole
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dal§imi spoluzaky nechal zlanafit na obor Vodni stavby. Po Gisp&§ném absolvovani SS
jsem pokracoval ve studiu na jedné z prazskych vysokych §kol, nicméné jsem Casem
dospél k rozhodnuti ji opustit, nebot’ obor zamétfeny na ¢isté ,,technickou vodu® mé
zcela nenaplnoval. S Cistym Stitem a bez uznani jakychkoli predmétt jsem poté presel
na Ceskou zem&dé&lskou univerzitu, kde pisobim jiZ vice nez deset let.

Kdyz jsem na zacatku druhého ro¢niku bakalarského studia premyslel o tématu své
prace, jednim z nich bylo mapovani prazskych tini v okoli vodnich tokd a nadrzi.
Zrovna v zimnim semestru jsme méli pfedmét Ekologie stanovist, kdy dvé prednasky
vedl Michal Bily. Pfedstavil jsem mu své téma a on souhlasil, ze bude vedoucim mé
préace. Po uspé$ném absolvovani Bce. studia mi Michal nabidl moznost spolupracovat
na projektu zaméfenému na monitoring populaci ohrozeného mlze (perlorodky fi¢ni)
a jeho prostiedi na uzemi NP Sumava.

Tématem mé diplomové prace se nakonec stala problematika vodactvi na Teplé
Vltavé s vyskytem perlorodky fi¢ni. Absolvoval jsem fadu pobytd v prostiedi divoké
ptirody a poznaval taje Teplé Vltavy s pruzracné Cistou vodou charakteru pitné vody,
Stérkopiskovym fi¢nim dnem a porosty vodnich makrofyt. Postupné jsem pronikal do
komplexni problematiky zivota izasného zivocicha, jakym perlorodka bezesporu je, a
uvédomil si, jak clovek dokazal za nékolik uplynulych desetileti prakticky zlikvidovat
prostredi, ve kterém se perlorodka vyvijela po fadu generaci. Po tispéSném absolvovani
Mgr. studia jsem se tedy rozhodl dale pokradovat v piisobeni na CZU v doktorském
studiu.

Béhem uplynulych péti let jsem mél moznost podilet se na celé fade terénnich
experimenty, jejichz Casto zajimavé vysledky jiz byly Castecné publikovany. Jen
doufam, ze predkladana disertacni prace alespon zcasti prispéla k vétsimu uvédomeni
si zavaznosti vlivu ¢lovéka na sladkovodni prostiedi a vyznamu ohrozenych druht
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Abstrakt

Velci mlzi (Unionoida) jako jadrova skupina sladkovodnich mlzi jsou celosvétove
ohrozenymi zivoCichy vzhledem ke svému komplexnimu Zivotnimu cyklu a ptisobeni
negativnich abiotickych faktor(i, zejména znecisténi vodniho prostedi. Determinace
klicovych faktort pro vyskyt a vyvoj jedinca byla v této praci popsana pro modelovy
druh — perlorodku ficni (Margaritifera margaritifera (Linnaeus, 1758)), pfedev§im pro
kritickou juvenilni fazi zivota. Ackoli perlorodka fi¢ni patfi mezi nejlépe prozkoumané
druhy sladkovodnich mlzd, habitatové pozadavky ranych vyvojovych stadii jsou
dosud jen malo znamy. Cilem této prace bylo zjistit naroky mladych perlorodek na
zivotni prostor (€lanek 1) a jakost vody (€lanek 3), dale vytvofit protokol zaméfeny
na provadéni in situ bioindika¢nich experimenti pro hodnoceni vlivu abiotickych
faktorti na juvenilni mlze (¢lanek 2), a vyhodnotit pfimy vliv navstévnikt chranéného
uzemi s vyskytem perlorodky ficni (¢lanek 4). Pozice juvenill byla hodnocena
pomoci sitovych trubi¢ek v ficnim dné€ a ukézalo se, ze mladi mlzi preferuji velice
melké vrstvy zony hyporealu: vétSinou se vyskytuji v hloubce 2-3 cm pode dnem,
pfi¢emz piezimuji v hloubce 3,0-4,5 cm. Protokol pro provadéni terénnich pokust byl
vyuzit pro hodnoceni vhodnych stanovistnich podminek, pti¢emz byly zjistény odlisné
vysledky pro vyvoj juvenilnich mlza pfi vyuziti riznych typua bioindikac¢nich zafizeni
v prostiedi volné vody a zony hyporealu. K nepfiznivému vyvoji mladych perlorodek
v useku se znecisténim vody (se zachycenim epizodické udalosti) doslo v dusledku
kombinace zvySené koncentrace amoniaku a dusitanti a snizeného obsahu kysliku.
Ptimy vliv vodakt na jedince perlorodky fi¢ni byl hodnocen s vyuzitim , faleSnych*
mlzi (maket a modelt vytvofenych ze schranek mlzi), pficemz rekreacni splouvani
muze mit méné nepiiznivé ucinky oproti doprovodnym aktivitam pii pohybu v toku.
Pomoci modifikovanych ¢i novych metodickych postupt byl potvrzen vyznam obsahu
kysliku ve vod¢, typu substratu a jakosti vody pro vyskyt a vyvoj juvenilnich jedinct
perlorodky ficni. Tyto poznatky lze uplatnit v ramci zachrannych programt velkych
mlza a hodnoceni jejich biotopu, zejména v souvislosti s ochranou druht a jejich
habitatu. Mohou téz pfispét k nastaveni opatfeni proti znecCisténi vodniho prostiedi a

pochopeni chovani ¢lovéka pfi setkani s mlzi a dalsimi sladkovodnimi organismy.

Klicova slova: Perlorodka ficni, bioindikace, hloubkova preference, epizodické

znecCisténi, hyporeal, Tepla Vitava, MalSe



Abstract

Freshwater mussels (Unionoida) represent a core group of freshwater bivalves and
belong to the most endangered animals in the world due to their complex life cycle
and negative effects of abiotic factors including water pollution. In this dissertation
thesis, determination of key factors affecting mussel occurrence and development was
described using a model species — freshwater pearl mussel (Margaritifera
margaritifera (Linnaeus, 1758)) (FPM), especially critical juvenile phase of FPM.
Although it is one of the most investigated species of freshwater bivalves, habitat
preferences of young individuals remain poorly known. The aims of this thesis were:
to find out spatial and water quality requirements of FPM juveniles (Paper 1 and
Paper 3), describe a protocol for performing in situ bioindication exposure tests
(assessing the effects of abiotic factors on juvenile mussels) (Paper 2), and make
visitor impact assessment in a protected area with FPM occurrence (Paper 4). The
juveniles in mesh tubes were placed in the natural river bed and they showed a
tendency to penetrate into very shallow hyporheic zone: they mostly prefer the depth
of 2-3 cm (3.04.5 cm during wintering). The protocol for performing field
experiments was followed to report site suitability for juvenile FPMs, and growth and
survival differences were recorded using bioindication mesh/sandy cages in the free-
flowing water and hyporheic zone. Adverse mussel development within the river
section with impaired water quality (including episodic pollution) was characterized
by multiple-stressor exposure with increased (total) ammonia and nitrite
concentrations and decreased oxygen levels. Visitor impact on FPMs was assessed
using fake specimens (i.e., concrete mussels and models made from real shells): the
effects of recreational boating might be less detrimental than those of accompanying
activities in the river channel. Modified or new methodical procedures were used for
confirmation of an important role of oxygen level, substrate type and water quality for
occurrence and development of juvenile FPMs. These facts should be considered
within freshwater mussel action plans and biotope assessment, especially for species
and habitat conservation purposes. They can also help in setting of water pollution
control programmes and understanding human behavior during the contact with

mussels and other freshwater species.

Keywords: Freshwater pearl mussel, bioindication methods, depth preference, episodic

pollution, hyporheic zone, Tepla Vitava River, MalSe River
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1. Uvod do problematiky
1.1 Sladkovodni ekosystémy

Vodni ekosystémy patii mezi jedny z nejohrozen€jSich ekosystému na celém svété
v dasledku vyrazného antropogenniho tlaku. Degradace sladkovodniho prostiedi byva
spojovana se ztratou, modifikaci ¢i fragmentaci habitatu pro volné Zzijici druhy, dale
s nadmérnym vyuZzivanim zdroju vCetn€ vody, zne€isténim a Sifenim invaznich druha
(Malmgqvist and Rundle, 2002; Dudgeon et al., 2006; Strayer and Dudgeon, 2010;
Vorosmarty et al., 2010; Collen et al., 2014; Darwall et al., 2018). Vzhledem k vysoké
konektivité dochazi ke snadnému §ifeni hrozeb a jejich nepfiznivych ucinkl z jednoho
stanovisté na druhé (Dudgeon et al., 2006; Darwall et al., 2009). Vodni toky byly ¢i
nadale jsou negativné ovlivnény regulaci svych koryt, protipovodiiovou ochranou,
budovanim vodnich elektraren, vnitrozemskou plavbou a vypousténim (ne)c¢isténych
odpadnich vod. Vyznamnou roli hraji také zasahy v povodi ek a potoku, ¢asto spojené
se zménami land use (zahrnujici intenzivni zeméde¢lstvi, lesnictvi, prumysl a rozvoj
zastavby) (Malmqvist and Rundle, 2002; Allan, 2004; Gregory, 2006; JaroSova et al.,
2012; Liedermann et al., 2014; Hauer et al., 2018). Uvedené lidské aktivity vyustily
v krizi biodiverzity, kdy je téméf jedna tfetina vSech sladkovodnich druhti ohrozena

vymiranim, zejména v dasledku ztraty habitatu (Collen et al., 2014).

1.2 Sladkovodni mlzi

Vyznamnou soucasti biodiverzity sladkovodnich ekosystému jsou mlzi (Mollusca:
Bivalvia), zejména hrabajici zastupci fadi Unionoida (tzv. velci mlzi) a Veneroida,
jejichz roli podrobné popisuji Vaughn and Hakenkamp (2001). Tito mékkysi ovliviiyji
procesy ve vode i dnovém sedimentu vzhledem k pozici na rozhrani obou prostredi.
Z vodniho sloupce dokazou pfi filtraci odstranit nejriznéjsi ¢astice, naopak vylucuji
ziviny a biodepozity (tj. fekalni pelety a pseudopelety). Nékteré druhy také vyuzivaji
deponovaného materialu v sedimentu jako potravy, sviij vyznam maji dale procesy
biodepozice (napf. zvySeni obsahu organické hmoty, ovlivnéni kyslikovych pomér,
potrava pro dalsi organismy) (Hakenkamp and Palmer, 1999; Newell et al., 2002;
Bruesewitz et al., 2008; Yuan et al., 2016) a bioturbace (hrabani mlzi vede ke zvySeni
mnozstvi vody v sedimentu, homogenizaci substratu ¢i vstupu kysliku) (McCall et al.,

1979, 1995). Schranky mlza slouzi i jako habitat pro dalsi organismy: pravé mekkysi



se schrankou mohou pfimo ¢i nepifimo ovlivnit celé sladkovodni prostfedi, a z toho
divodu jsou oznacovani jako tzv. ekosystémovi inzenyfi (Gutiérrez et al., 2003).

Sladkovodni mlzi patfi mezi nejohrozenéj$i taxonomické skupiny na celém svété
(Strayer et al., 1999; Vaughn and Hakenkamp, 2001; Lopes-Lima et al., 2014, 2018b):
30 az 40 % druht je bud’ (témér) ohrozeno vyhynutim, nebo jiz dokonce vyhynulo
(Lopes-Lima et al., 2014; Bohm et al., 2021), coz odrazi obecny ubytek druhti a hrozby
ve sladkovodnich ekosystémech (Collen et al., 2014). Hlavni soucasnou hrozbou pro
mlze v globalnim méfitku je znecisténi a také modifikace ptirodniho systému, dale pak
vstup invaznich druhd, nadmérné vyuzivani a disturbance ¢lovékem (Lopes-Lima et
al., 2014; Bohm et al., 2021). ZneciSténi a modifikace pfirodniho systému (spolu
s klimatickymi zmé&nami) patfi také mezi budouci hrozby (Bohm et al., 2021), a mlzi
tak predstavuji vyznamnou skupinu pro terénni monitoring (ASTM, 2013).

In situ bioindikace jsou Casto vyuzivany v biologii ochrany pfirody (vice viz
Armstead and Yeager, 2007), kdy jsou jedinci urcitého druhu exponovani v daném
prostiedi s naslednym hodnocenim jejich stavu. Timto zptisobem lze ziskat informace
o vhodnosti stanovist’ a kvalite prostiedi (jeho ekologickém stavu) pro ohrozené druhy
(Pander and Geist, 2013; Pollard et al., 2017) vCetné velkych mlza (viz kap. 1.3;
Buddensiek, 1995; Gum et al., 2011; Haag, 2012; Scheder et al., 2015; Bily et al.,
2018 — ¢lanek 2). K porozumeéni citlivosti mlzii vici stresorim prostiedi se Casto
vyuziva ,.caged bivalve model”“ (CBM) (v Cetnych studiich zaméfenych hlavné na
druhy Severni Ameriky; Salazar and Salazar, 2007), kdy jsou jedinci po vymezenou
dobu uchovavani v zafizenich s mfizkou zakryvajici oteviené Casti a zarovefi
umoziujici vstup vody a potravy (Armstead and Yeager, 2007). Hlavni vyhodu oproti
monitoringu pfirozenych populaci predstavujyi dobie definované casoprostorové
podminky, kdy nejsou kontrolovany pouze podminky prostfedi na daném stanovisti
(Salazar and Salazar, 2007). Podobné terénni experimenty jsou ¢asto doporu¢ovany
pro provadéni environmentalné realistickych studii a hodnoceni G¢inki vicenasobnych

stresord (Burton et al., 2005; Connon et al., 2012; Ferreira-Rodriguez et al., 2019).

1.3 Velci mlzi
1.3.1 Vyznam

Velci mlzi jsou hlavnim jadrem skupiny sladkovodnich mlzi (Lopes-Lima et al.,

2018b), jejichz vyznam spociva v ekosystémovych sluzbach (benefitech pro cloveka
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odvozenych z ekosystémul). Tyto sluzby Ize rozdélit do téchto Ctyt skupin: reguluyjici,
podpurné, zajistujici a kulturni (Vaughn, 2018).

Mezi regulujici sluzby nalezi zejména biofiltrace a Cisténi vody. Jedinec prefiltruje
az 40-501vody za den (Tankersley and Dimock, 1993; Ziuganov et al., 1994), pfi¢emz
rychlost filtrace je dana teplotou (Spooner and Vaughn, 2008) a objemem a zdrzenim
vody (Strayer et al., 1999). Pii vysoké hustoté velkych mlzi v tekoucich vodach muaze
prefiltrovany objem vody dokonce piekrocit denni pritok (Welker and Walz, 1998;
Vaughn et al., 2004). Pfi filtraci dochazi také k odstraniovani kontaminanti z vody
(Izumi et al., 2012; Ismail et al., 2014), nicméné vliv takové zatéze na samotné mlze
neni dosud podrobné znam (Vaughn, 2018).

Podparné sluzby zahrnuji kolobéh zivin, modifikaci habitatu, environmentalni
monitoring a potravni sit&. Ziviny jsou ukladany do tkani, schranky a fekéalnich pelet
a pseudopelet, nejcastéji jsou pak vyluCovany v rozpusténé podobé (Strayer, 2014).
Vylucovani je stejné€ jako filtraéni schopnost ovlivnéno teplotnimi a pratokovymi
podminkami (Atkinson and Vaughn, 2015; Vaughn, 2018). Modifikaci habitatu a vyssi
vyménu zivin mezi vodnim sloupcem a sedimentem zajistuje bioturbace, kdy jsou
ziviny pristupné pro ostatni organismy a dochazi k ovlivnéni potravnich siti (,,bottom-
up“ kontrola prostedi; Vaughn, 2018). Vyznam schranek jako mozného habitatu byl
jiz zminén v kap. 1.2, navic spolu s tkinémi mohou slouzit pro monitoring podminek
prostredi v blizké ¢i vzdalené minulosti (Schone et al., 2004; Newton and Cope, 2007).
Fyziologické zmény jedinct indikuji zmény prostiedi v realném case (Goodchild et
al., 2016; Hartmann et al., 2016), citliva juvenilni stadia jsou také vyuzivana v radé
ekotoxikologickych testi (Wang et al., 2017).

Mezi zajistujici sluzby patfi potrava pro dalsi druhy (vCetné Clovéka), vyrobky ze
schranek a lov perel; kulturni sluzby jsou spojovany s kulturni hodnotou pro nékteré

narody a také s existenc¢ni hodnotou z hlediska ochrany pfirody (Haag, 2012).

1.3.2 Ohrozeni

Velci mlzi jsou vyrazné ohrozenou skupinou zivocichii (Bogan, 1993; Richter et
al., 1997; Lydeard et al., 2004; Strayer et al., 2004; Lopes-Lima et al., 2014, 2017,
2018b; Vaughn, 2018; Ferreira-Rodriguez et al., 2019), charakteristickou snizujicim
se mnozstvim populaci narastajiciho poctu ohrozenych druht (Strayer et al., 1999;

Armstead and Yeager, 2007; Degerman et al., 2009) s nedostate¢nou reprodukci. Jedna
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z hlavnich pficin tkvi v neobvyklém zivotnim cyklu se zastoupenim ryb (Lopes-Lima
et al., 2014), jejichz zabry slouzi pro vyvoj parazitického larvalniho stadia (glochidii)
(Modesto et al., 2018). Druha pficina je pak spojena s pusobenim negativnich faktort
prostredi, jako jsou status hostitelskych ryb, (ne)vhodnost habitatu, zmény land use,
vystavba piehrad (zmény teplotniho a pratokového rezimu, migracni piekazka pro
ryby atd.), znecisténi, klimatické zmény a invazni druhy. Za nejvétsi nebezpeci pro
velké mlze jsou povazovany hlavné znecisténi (Bogan, 1993; Richter et al., 1997;
Strayer et al., 2004; Van Hassel and Farris, 2007; Haag, 2012; Lopes-Lima et al., 2014,
2017, 2018b; Ferreira-Rodriguez et al., 2019) a zvySuyjici se mira podilu nevhodnych
habitatli (Ferreira-Rodriguez et al., 2019).

1.3.3 Role znedisténi

U velkych mlzi byla laboratorné zjisténa vysoka citlivost na pfitomnost kovu,
amoniaku a nékterych vyznamnych iontii (Wang et al., 2007, 2018; Nakamura et al.,
2021), coz plati zejména pro rana vyvojova stadia (Eybe et al., 2013; Svanyga et al.,
2013; Ferreira-Rodriguez et al., 2019). Bohuzel jen malo informaci o ekotoxikologii
velkych mlza je k dispozici mimo Severni Ameriku (Beggel et al., 2017; Kleinhenz et
al., 2019; Nakamura et al., 2021). Dal$i poznatky o citlivosti mlza pochazeji vétSinou
z terénniho monitoringu pfirozenych populaci, jako jsou zmény velikosti populace,
zvySeny uhyn jedinct ¢i absence reprodukce (Van Hassel and Farris, 2007). V radé
pfipadii neni znama presna pricina, ackoli zneCisténi byva podezielym faktorem cislo
jedna (napf. Van Hassel, 2007; Gillis, 2012; Gillis et al., 2017). Pfestoze nedavné
studie potvrdily moznost aplikace bioindika¢nich metod pro velké mlze (Bartsch et al .,
2017; Cern4 et al., 2018), &asoprostorova dynamika udalosti a kombinace riznych
efektd zt€zuje zachyceni ucinkt a/nebo piipadnou simulaci v laboratofi (Patnode et
al., 2015), coz plati obzvlasté pro epizodické znecisténi (Barak et al., 2022 — ¢lanek
3). Otazkou pak zistava, jaka je mira nejistoty pii nastaveni environmentalnich limit
pro ochranu mlzi (ASTM, 2013; Ferreira-Rodriguez et al., 2019).

Atributy jakosti vody jsou ovlivilovany zménou environmentalnich parametri
(napf. mnozstvi kysliku a teplota vody; Hauer and Hill, 2007) a navic ¢asto pusobi
synergisticky, tudiz vymezeni jednotlivych limitnich hodnot se nejevi jako vhodné
(BSI, 2017; Boon et al., 2019). Svanyga et al. (2013) uvadi, Ze prosperujici populace

perlorodky fi¢ni (viz kap. 1.4) se vyskytuji v prostfedi s nizkymi koncentracemi
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dusi¢nand, nicmén€ zvysené koncentrace amoniaku a s tim souvisejici hodnoty NOs-
N pod mezi detekce indikuji zhor$ené podminky redukéniho prostiedi (Cerna et al.,
2018). Omezené mnozstvi kysliku pasobi stres u velkych mlzd a tim padem i jejich
vyssi nachylnost viici dalsim stresoraim (Armstead and Yeager, 2007). Pokud jsou jiz
limitni hodnoty parametrti stanovovany, pak je tfeba brat v ivahu, Ze maji na kazdém
stanoviiti jinou uroved a vahu (Svanyga et al., 2013; Simon and Dort, 2014). Jako
priklad l1ze uvést fosfor a amoniak, jejichz pfirozené hodnoty maji zna¢nou variabilitu
v regionalnim 1 lokalnim méfitku (hodnoty v severni a zapadni Evropé& byvaji nizsi nez

ve stiedni a jizni Evropé; BSI, 2017).

1.3.4 Ochrana

Determinace limitujicich faktort v zZivotnim cyklu ohrozenych druht je zasadni
pro rozvoj strategie jejich efektivni ochrany a vyvoj populace na daném stanovisti
(Pickett et al., 1997), jak zmifiuje fada autoru i v piipade velkych mlza (Skinner et al.,
2003; Osterling et al., 2008; Geist, 2015; Quinlan et al., 2015; Lopes-Lima et al., 2017;
Bily et al., 2018 — ¢lanek 2). Kvantitativni studie podrobnéji zkoumajici hlavni hrozby
odpovédné za jejich ubytek vSak chybi (Lopes-Lima et al., 2014).

Velci mlzi Celi obdobnym hrozbam jako sladkovodni ekosystémy (viz kap. 1.1,
1.3.2), mnoho druhd je uvedeno na Cerveném seznamu I[UCN. Nékteré z nich navic
maji vyznam jako druhy destnikové (ochrana druhu vede k ochrané celého povodi) a
klicové (pfi pfihodnych podminkach méni morfologicko-chemické parametry celého
ekosystému) (Geist, 2010; Svanyga et al., 2013). Z uvedenych divodi lze velké mlze

oznacit za cilovou skupinu pro ochranu ekosystému sladkych vod.

1.4 Perlorodka ri¢ni (Margaritifera margaritifera)
1.4.1 Systematické zarazeni

Na severni polokouli se v soucasnosti vyskytuji zastupci fadu Unionoida ve dvou
Celedich: Margaritiferidae a Unionidae. Podle nejnové)si studie Lopes-Lima et al.
(2018a) Ize do prvni Celedi zatadit celkem 16 druht, rozdélenych do dvou podceledi a
Ctyt druhti (Gibbosula Simpson, 1900, Cumberlandia Ortmann, 1912, Margaritifera
Schumacher, 1816, Pseudunio Haas, 1910). V Evropé se vyskytuji pouze dva druhy:
perlorodka fi¢ni (M. margaritifera (Linnaeus, 1758)) a p. velka (P. auricularius

(Spengler, 1793)) (Lopes-Lima et al., 2017, 2018a).
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1.4.2 Status druhu

Perlorodka fi¢ni spliiuje kritéria nejen pro druh destnikovy a klicovy, ale i vlajkovy
(popularni druh pro aktivizaci zdroji pro ochranu ekosystému) a také indikatorovy
(ptitomnost druhu jako ukazatel nenarugeného povodi) (Geist, 2010; Svanyga et al.,
2013). Byva oznacovana jako modelovy druh pro ochranu mlzi (Lopes-Lima et al.,
2014), obyvajici oligotrofni povodi, jez patii mezi nejvice ohrozené ekosystémy
v antropogenné ovlivnéné (stiedo)evropské krajing (Svanyga et al., 2013). Degerman
et al. (2009) jej v tomto smyslu popisuji jako ,.tichého svédka* zhorSujiciho se stavu
(vodniho) prostiedi.

Jedna se o druh s holarktickym rozsifenim (Severni Amerika a Eurasie; Bohm et
al., 2021), jehoz areal rozsifeni v Evropé se tahne od Portugalska a Spanélska pfes
Francii a Britské ostrovy a dale pfes stfedni Evropu az po Skandinavii a severozapadni
&ast Ruska (poloostrov Kola a Karélie) (Ostrovsky and Popov, 2011; Svanyga et al.,
2013; Lopes-Lima et al., 2017). Od zac¢atku 20. stoleti doslo k velmi dramatickému
ubytku populaci napfi¢ evropskymi zemémi a dany trend bohuzel nadale pokracuje
(Geist, 2010; Quinlan et al., 2015; Simon et al., 2015; Lopes-Lima et al., 2017). Tento
druh je celosvétove ohrozeny dle [IUCN (Degerman et al., 2009) a kriticky ohrozeny
v Evropé (Cuttelod et al., 2011). Dveé tietiny vSech znamych evropskych populaci se
dnes vyskytuji ve Skandinavii (Degerman et al., 2009).

Ve sttedni Evropé byl zaznamenan populacni pokles o vice nez 90 % (Araujo and
Ramos, 2001; Degerman et al., 2009) a zbyvajici velice fragmentované populace maji
problém s reprodukci (Young et al., 2001; Geist, 2010). Vyhled do budoucnosti ve
sttedoevropskych podminkach pfitom neni podle riznych predikénich modela dobry,
naopak lze predpokladat zhorseni podminek prosttedi (Bolotov et al., 2018). V Ceské
republice populace vymiely na vice nez 95 % ptavodniho arealu rozsifeni a posledni
lokality hosti jen nepatrné zbytky pivodnich milionovych kolonii v CR (Matasova et
al., 2013; Svanyga et al., 2013; Simon et al., 2015), pfi¢emz se jedna o druh kriticky
ohrozeny (Beran et al., 2017). VétSina soucasnych lokalit se pfitom nachézi pfi horni
hranici paivodniho arealu rozsifeni v malo obydlenych horskych oblastech (Svanyga
et al., 2013). Jde o podhtii Sumavy a Novohradskych hor (Blanice a Tepla Vltava,
resp. MalSe) a oblast Trojmezi v A§ském vybé&zku (Luzni potok, Bystfina a Rokytnice)
(Matasova et al., 2013; Svanyga et al., 2013; Simon et al., 2015, 2017).
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1.4.3 Zivotni cyklus

Komplikovany zivotni cyklus je hlavnim vnitinim faktorem s nepfiznivym vlivem
na status perlorodky fi¢ni. Pohlavné dospéli jedinci vypoustéji larvy (glochidie) v 1été
¢i raném podzimu (BSI, 2017). Glochidie jsou pasivné unaseny proudem (planktonni
faze) a pro svij dalsi vyvoj vyzaduji lososovité ryby, na jejichz zabry se pfichycuji
(nektonni faze): v evropskych podminkach se jedna o lososa obecného (Salmo salar
(Linnaeus, 1758)) a zejména pstruha potocniho (Salmo trutta fario (Linnaeus, 1758))
(Young and Williams, 1984), jelikoz tah lososa je velice ¢asto znemoznén vzhledem
k prekazkdm vybudovanym na vodnich tocich. Metamorféza v juvenilni jedince je
tepelné fizenym procesem (Hruska, 1992; Skinner et al., 2003; §Vanyga et al., 2013;
Simon et al., 2017), a trva v zavislosti na geografickych podminkach nékolik mésict
az jeden rok (Skinner et al., 2003; Bolland et al., 2010; BSI, 2017; Clements et al.,
2018) (v jihoceskych tocich cca 11 mésict; Simon et al., 2017). Nasledné€ dochazi
k odpadnuti juvenilt z hostitele a mladé perlorodky se zahrabavaji do fi¢niho dna, kde
travi prvnich nékolik let svého zivota v zoné vymény povrchové a podzemni vody
(hyporedlni faze) (Buddensiek et al., 1993; Hruska, 1999). Juvenilni faze byva
oznacovana jako hlavni kritickd faze ve vyvoji perlorodky fi¢ni (Buddensiek et al.,
1993; Geist and Auerswald, 2007) a jeji délka se v fadé praci udava 5 az 10 let (Geist
and Auerswald, 2007; Bolland et al., 2010; Svanyga et al., 2013; Scheder et al., 2015;
Lopes-Lima et al., 2017). Pokud to podminky prostfedi umoziiuji, na povrchu dna se
postupné objevuji adultni jedinci (bentickd faze) (Degerman et al., 2009; Geist, 2010;
Svanyga et al., 2013; BSI, 2017). Celkova délka Zivota b&n& piesahuje 100 let

vees

(bezobratlych) zivocicht (Ziuganov et al., 1994; Degerman et al., 2009; Geist, 2010).

1.4.4 Juvenilové a prostorové preference

Prostorové naroky mladych mlzi predstavuji kliCovou informaci pro ochranu
druhu a jeho stanovist’ (Bily et al., 2021 — ¢lanek 1). Pivodné se predpokladalo, ze
ziji hluboko zahrabani v dnovém substratu (Bauer, 1988). S postupem ¢asu a rozvojem
metod méfeni a vzorkovani doslo ke zmeéné tohoto predpokladu a dodnes se uvadi, ze
obyvaji prostiedi mélkého hyporealu (Buddensiek et al., 1993; Bauer and Wichtler,
2001) v hloubce do 5 az 10 cm (Geist and Auerswald, 2007, Svanyga et al., 2013;
Moorkens and Killeen, 2014) (max. 20 cm; Quinlan et al., 2015). Vzhledem ke zna¢né
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variabilité¢ podminek dna ve vzdalenosti pouhych né€kolika cm (Malcolm et al., 2009,
2010) je nutna presn€jsi znalost hloubky zahrabani juvenilt (Quinlan et al., 2015).
Hruska (1999) pii simulaci vniku nejmladsich perlorodek do dna v prato¢nych
akvariich zjistil, ze se zahrabavaji n€kolik cm hluboko, nicméné dosud jen mélo praci
zkoumalo in situ obdobi zivota juvenilnich mlzi od jejich uvolnéni z hostitele a
zahrabani do sedimentu (Bily et al., 2021 — ¢lanek 1). Vertikalni migrace velkych
mlza je prevazné studovana u (sub)adultnich jedinci (Amyot and Downing, 1997;
Watters et al., 2001; Schwalb and Pusch, 2007). Autofi v né€kolika studiich zkoumali
chovani juvenilnich mlza jesté pred jejich zahrabanim do dna s ohledem na vliv
smykového napéti (tj. méfitka sily tfeni zptisobené vodou proudici kolem ponotfeného
povrchu; BSI, 2017) (Daraio et al., 2010; Schwalb and Ackerman, 2011; French and
Ackerman, 2014). Data o chovani a pohybu mladych perlorodek v prostiedi ficniho
dna jsou vSak nedostatecna (Bily et al., 2021 — ¢lanek 1; Hyvirinen et al., 2021).
Ackoli juvenilni jedinci jsou vyuzivani pro bioindika¢ni hodnoceni prostiedi (viz kap.
1.4.7), dosud pouzivana zafizeni bud neumoziuji vertikalni/horizontalni migraci
jedincd, nebo nelze popsat jejich pfipadnou pozici na rozhrani voda-sediment. Za
pouziti zafizeni s moznosti pohybu mlzi a otevienym hornim koncem by bylo mozné
rozlisit jedince s preferenci nejsvrchnéjsi vrstvy oproti t€ém, kteti opousteji hyporeal a

nechavaji se splavovat dolt po proudu toku (Bily et al., 2021 — ¢lanek 1).

1.4.5 Ekologické naroky

Nejen komplexni zivotni cyklus perlorodky, ale taktéz striktni naroky na prostiedi
maji vyznamny podil na zranitelnosti druhu vici antropogennim zménam ve sladkych
vodach v poslednich 150 az 200 letech (Simon et al., 2015, 2017). Velci mlzi maji
pozadavky na teplotu a jakost vody stejné jako na substratové a proudové podminky
(Strayer, 2008). Perlorodka fi¢ni je patrné jednim z nejlépe prozkoumanych druht
sladkovodnich mlzi (Denic et al., 2022), nicmén¢ nékteré aspekty jejich ekologickych
narokd jsou nedostateén& prozkoumany. Rada autort uvadi, Ze patii mezi nejcitlivejsi
sladkovodni organismy vici zménam abiotickych podminek (Hastie et al., 2000; Geist,
2010; Taskinen et al., 2011), zejména znecisténi prostiedi (Araujo and Ramos, 2001;

Geist, 2010; Denic et al., 2015).
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L1

Tab. 1. Piehled limitnich hodnot pro vybrané ukazatele jakosti vody pro perlorodku fi¢ni

Dusi¢nanovy N Amoniakalni N Fosfore¢nanovy P Celkovy P Véapnik Konduktivita*
(NOs-N) (NH,4-N) (PO4+-P) (TP) (Ca) (x)
(mg I'") (mg I'") (mg I'") (mg I'") (mg 1) (uS cm™)
0,125 Moorkens 0.1 Moorkens 0,005 Moorkens 0,008 Degerman ) Bauer, 1988 40 Varandas
ok et al., 2007 et al., 2000 o et al., 2007 etal., 2013 etal., 2013
0,125 Degerman 0,1 Larsen, 2006 0,03 | Bauer, 1988 | 0,015 Degerman 8 Svanyga 70 Bauer, 1988
et al., 2009 et al., 2009 etal., 2013
0,5 Bauer, 1988 0.1 | jungbluth, 2011| 0,03 | Oliver, 2000 | 0,035 Moog 10 Jungbluth, 2011 70 Reis, 2003
(NH4%) et al., 1998
1,0 | Otiver,2000 | 9! Svanyga 0,06 | Moorkens | 635 | punobiuth, 2011| 10 Oliver, 2000 80 Svanyga
(NH4Y) et al., 2013 et al., 2000 (CaCO3) et al., 2013
1,7 Moorkens 0.1 Varandas 0,06 | Larsen, 2006 | 0,035 Svanyga 100 Oliver, 2000
etal., 2000 | (NH4) etal., 2013 etal., 2013
1,7 | Larsen, 2006 0,10 Varandas 100 Degerman
etal., 2013 et al., 2009
2,0 Varandas 150 Moog
(NOs) | etal., 2013 et al., 1998
2,5 Svanyga 150 Larsen, 2006
(NOs) | etal., 2013
200 Moorkens
et al., 2000
200 Jungbluth, 2011

* Vliv teploty vody

** Hodnota pro rozmnozujici se populace




Uzivnost prostiedi a pH

Perlorodka obyva oligotrofni vodni toky (Skinner et al., 2003; Morales et al., 2004;
Svanyga et al., 2013; Simon et al., 2015, 2017; Lopes-Lima et al., 2017) s mirné
kyselou vodou (pH <7, ¢asto v povodi s pifevahou zuly a ruly) (Bauer, 1988; Geist,
2010; Hauer, 2015). To odpovida praci Geista (2010), kde autor popisuje vyskyt druhu
vétsSinou v tocich s nizkym obsahem Zzivin a vapniku. Pfihodné geologické podminky
ve stfedni Evropé lze najit hlavné v oblasti Ceského masivu, rozkladajicim se napfié
Ceskou republikou, Némeckem a Rakouskem (Hauer, 2015; F16d] and Hauer, 2019).
Situace neni zcela jednoznacna, nebot’ autofi v riznych evropskych zemich udavaji
hodnoty pH az 8-9 v prostredi s vyskytem perlorodky fi¢ni (Moorkens et al., 2000;
Larsen, 2006; Jungbluth, 2011). V evropském standardu pro monitoring populaci
perlorodky fi¢ni a jejiho prostredi (BSI, 2017) se navic uvadi vyskyt v §irokém rozpéti
typu prostiedi (od malych oligotrofnich fek po velké nizinné mineralni vodni systémy)
(prehled parametra Gzivnosti a jejich limitnich hodnot viz tab. 1, str. 17). To muze
souviset s nalezy odliSnych rastovych forem, jez jsou dany bud genetickou fixaci,
nebo lokalni adaptaci na méné€ vhodné podminky (znecisténi, eutrofizace a/nebo
zmeény land use) (Matasova et al., 2013). Eutrofizace prostfedi ma nicméné neptimy
vliv na vyskyt a vyvoj druhu: zvySeny obsah zivin vede k vyssi primarni produktivité
v toku a vy$Simu podilu organické hmoty, jejimz mikrobialnim rozkladem dochéazi ke
spotfebé kysliku (Patzner and Muller, 2001; Hauer and Hill, 2007; Strayer, 2008;
Degerman et al., 2009; Svanyga et al., 2013) s moznou indukci hypoxického stresu
adultd (Lopes-Lima et al., 2017). Organicka hmota se podili taktéz na sedimentaci a
kolmataci dna, vedouci k vy€erpani kysliku v prostfedi obyvaném juvenilnimi mlzi
(BSL, 2017). Organické znecisténi prostiedi souvisi se zvySenim hodnot BSKs (tj.
biochemické spotieby kysliku) (BSI, 2017), jez by mély byt obecné na nizké trovni
(napt. Bauer, 1988; Oliver, 2000; Larsen, 2006; Svanyga et al., 2013), zejména pro
Gspésny vyvoj mladych mlzdi (<1 mg O21"!; Moorkens et al., 2007).

Teplota vody

Perlorodka je druh adaptovany na chladné tekouci vody (Geist, 2010), pfi¢emz ve
svétle klimatickych zmén a riiznych scénaiti globalniho oteplovani maji svlij vyznam
vysoko polozené toky jako lokalni refugia (Bolotov et al., 2018). V literatufe se pro
habitat perlorodky vétsinou uvadi teplotni rozsah 0 az 23 °C (Moog et al., 1998; Reis,
2003; Jungbluth, 2011; Svanyga et al., 2013; Varandas et al., 2013), resp. 0 az 25 °C
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(Hastie et al., 2003b; BSI, 2017). Teplota vody nesmi byt piili§ nizka, nebot hrozi
promrzani toku a limitovani samocisticich procest (Simon and Dort, 2014) a snizuje
se Uzivnost potravy (Svanyga et al., 2013; Simon et al., 2017), a musi byt dostate¢na
pro piirozenou reprodukci druhu, jelikoz ovliviiuje dozravani a vyvrhovani glochidii
stejné jako zdarny priabéh metamorfozy na hostitelskych rybach (Hruska, 1992, 1999;
Ziuganov et al., 1994; Hastie and Young, 2003; Scheder et al., 2011, évanyga et al.,
2013). Narustajici teplota ma pozitivni vliv na prirastky jedinct (Hruska, 1992), avSak
rychlejsi rust vede ke kratsi délce zivota (Bauer, 1992; Ziuganov et al., 1994, 2000) a
ztraté reprodukcnich let (BSI, 2017). ZvysSena teplota navic snizuje rozpustnost
kysliku ve vodé a zvysuje podil toxického volného amoniaku (USEPA, 1986, 2013).
S velmi vysokou teplotou vody souvisi obdobi sucha, kdy se zmensuje plocha pod
vodou (Degerman et al., 2009; Moorkens and Killeen, 2014) a hrozi expozice na
vzduchu a predace adultd (Sousa et al., 2018), stejné jako zvySeny thyn juvenilt
(Moorkens and Killeen, 2014). Nékteré perlorodkové toky ¢i jejich ¢asti mohou také
zcela vyschnout (Morales et al., 2004; Varandas et al., 2013; Sousa et al., 2018), a to i
ve stiedni Evropé (Svanyga et al., 2013; Hoess and Geist, 2020; Denic et al., 2022).

Hloubka a rychlost proudéni

Tradicné se perlorodkové toky oznacuji jako ,,mélké* tekouci vody, jak doklada
fada prizkuma napii¢ Evropou. Svanyga et al. (2013) udavaji minimalni hloubku 0,1
m, dal8i autofi v nejnovéjsi studii Denic et al. (2022) zminuji 0,2 m. Vyska vodniho
sloupce v usecich s vyskytem druhu vétSinou dosahuje 0,2 az 0,8 m (Hastie et al.,
2000; Ostrovsky and Popov, 2011; Varandas et al., 2013). B&ézné vSak byly perlorodky
zaznamenany 1 ve vetsi hloubce: 1-3 m (Ziuganov et al., 1994; Hastie et al., 2000;
Reis, 2003; Sousa et al., 2013), resp. az 5—6 m (Degerman et al., 2009). Vzhledem ke
znacéné variabilité mezi typy ficnich habitati neuvadi BSI (2017) zadné cislo pro
vyjadfeni vhodného habitatu.

Podobna variabilita je spojena také s rychlosti proudu ve vodnim toku (Ziuganov
et al., 1994). Zatimco néktefi autofi popisuji jako vhodné rychle” tekouci vody
(Hastie et al., 2003a, 2004; Skinner et al., 2003; Stoeckl et al., 2020), jini udavaji spise
toky s mirnym proudénim vody (Ziuganov et al., 1994; Reis, 2003; Morales et al.,
2004; Ostrovsky and Popov, 2011) s rychlosti min. 0,2 m s! pii nizkych prétocich a
vétsinou do 1 m s! za vysokého vodniho stavu (Denic et al., 2022). Varandas et al.

(2013) dokonce zmifiuji vyskyt i v pomalu tekoucich vodach. Prestoze ani v tomto
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ptipadé neni definovana vhodnost habitatu dle BSI (2017), shoda panuje na tom, ze
prutok musi byt dostateCné nizky pro zajiSténi stability substratu, a pfitom vysoky
z hlediska kvality dnového prostiedi (Alvarez-Claudio et al., 2000; Outeiro et al.,
2008; Moorkens and Killeen, 2014; Scheder et al., 2015; Denic et al., 2022).

Substratové poméry

Jak jiz bylo zminéno, pro zivot perlorodky jsou vyznamné tyto atributy substratu:
struktura (slozeni, jemny sediment na povrchu), kvalita (mira sedimentace, infiltrace
jemného sedimentu, odolnost vii¢i penetraci) a stabilita (smykové napéti) (BSI, 2017).

Z hlediska velikosti zrna se uvadi jako vhodny pisek (Reis, 2003; Ostrovsky and
Popov, 2011) ¢i stérkopisek (Degerman et al., 2009; Ostrovsky and Popov, 2011;
Sousaet al., 2013; §Vanyga et al., 2013), a to zejména z divodu snadného (za)hrabani
mlzd. Nektefi autofi k pisku a/nebo $térku piidavaji jestd mensi kameny (Alvarez-
Claudio et al., 2000; Outeiro et al., 2008; Moorkens and Killeen, 2014; Stoeckl et al.,
2020), jez zlepsuji fyzikalni stav dna toka a pozitivne ovliviiuji gradienty fyzikalné-
chemickych parametrii v prostiedi hyporealu (Dahm et al., 2007; Geist and Auerswald,
2007). Nejcasteji se vsak za optimalni dnové podminky povazuji takové plochy nebo
kapsy vyplnéné piskem a/nebo Stérkem, jez jsou navic obklopeny vétSimi kameny
zvySujicimi stabilitu prostiedi (Hastie et al., 2000, 2001, 2003a; Geist and Auerswald,
2007; Jung et al., 2013; Varandas et al., 2013; Hauer, 2015; Quinlan et al., 2015; BSI,
2017; Boon et al., 2019). Stejnozrnny nestabilni §térk ¢i bahno naopak predstavuji
nevhodny typ substratu (Degerman et al., 2009; BSI, 2017; Boon et al., 2019). Jak
v§ak upozoriiuji Denic et al. (2022), stabilita prostfedi muze byt dostacujici pro adultni
mlze, kdezto mladi jedinci maji navic zvySené pozadavky na mnozstvi jemnozrnného

materialu v souvislosti s obsahem kysliku (viz kap. 1.4.6).

Kyslik

Mnozstvi rozpusténého kysliku ve volné vode¢ je relevantni pro adultni perlorodky
(obyvajici rozhrani voda-sediment), zatimco pro juvenilni jedince (zahrabané ve dn¢)
ma veét§i vyznam nasyceni vody v hyporealu (Quinlan et al., 2015). Obecné se udava
vysoka mira nasyceni okolo 100 % bez velkych vykyva (Oliver, 2000; Reis, 2003;
Svanyga et al., 2013; BSI, 2017). Koncentrace Oz by méla dosahovat min. 7,6 mg 1!
(Jungbluth, 2011), nektefi autoti uvadéji dokonce az 9 mg 1"! (Moorkens et al., 2000;

Varandas et al., 2013): vétsina hodnot je vSak vztazena k prostiedi volné vody, nikoli
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k podminkam pode dnem. Narust teploty a zvySeny metabolismus organismi muze

kyslikové poméry v toku zhorsit, jak upozorriuji Hoess and Geist (2020).

Souhrn

Ekologické naroky perlorodky fi¢ni 1ze shrnout nasledujicim zptsobem: teplota a
pH v rozsahu hodnot, dostatecné vysoké mnozstvi kysliku, dostate¢né nizké mnozstvi
zivin (N, P) a jemného sedimentu (Skinner et al., 2003). Odhad limitnich hodnot téchto
a dalSich atributii nicméné vychazi z piitomnosti/absence druhu na dané lokalité, resp.
statutu dané populace (Araujo and Ramos, 2000; Moorkens et al., 2007; Degerman et
al., 2009; Svanyga et al., 2013; Varandas et al., 2013), pfi¢emz vSechny perlorodkové
habitaty ve stiedni Evropé€ jsou vice €1 méné poskozeny a reprezentuji spiSe podminky
tolerovatelné nez optimalni (o problematice nastaveni environmentalnich limitd vice
viz kap. 1.3.3) (Denic et al., 2022). K uvedenym naroktim na prostiedi je jesté tieba
pfidat potravni detrit (jemny rozlozeny organicky material z helokrennich pramenist,
rhizosféry psarkovych luk ¢i ponofenych vodnich makrofyt), jehoz vznik a transport

zévisi na procesech v celém povodi (Svanyga et al., 2013).

1.4.6 Juvenilové a abiotické faktory

Habitatové pozadavky ranych vyvojovych stadii perlorodky ficni jsou dosud jen
malo podrobné prozkoumény (Quinlan et al., 2015; Lavictoire et al., 2016). Mladé
perlorodky maji obecné vyssi naroky na podminky prostredi nez adultni jedinci (BSI,
2017). Vyzaduji kvalitni biotop spliiujici fadu pozadavku, jako jsou teplota vody a jeji
fyzikalné-chemické parametry (zejména obsah O2), substratové pomeéry a pritomnost
zivného zdroje potravy (Geist and Auerswald, 2007; Ticha et al., 2012; Svanyga et
al., 2013; Simon et al., 2017). Casto chybi piimé terénni dikazy o vyznamu a vlivu
téchto faktorti na vyskyt a vyvoj juvenild, jejichz preziti slouzi téz jako bioindikator
kvality habitatu (Geist and Auerswald, 2007). V textu nize jsou uvedeny poznatky o
ekologickych narocich mladych jedinct dle struktury uvedené v kap. 1.4.5.

Jakost vody

Eutrofizace vody ma nepfiznivy vliv jak na rist, tak na pfeziti juvenild napfic
zastupci druht velkych mlzt (Buddensiek, 1995; Constable et al., 2003; Strayer, 2008;
Degerman et al., 2009; Eybe et al., 2013; Hua et al., 2013; Haag et al., 2019). Jen méalo

podrobnosti je k dispozici pro perlorodku (Taskinen et al., 2011), ackoli mladi mlzi
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jsou obecné citlivi na degradaci jakosti vody (viz kap. 1.3.3). Nedavna studie Belamy
et al. (2020) upozoriuje na nesoulad mezi daty z laboratorniho a terénniho prostredi
pro rizné parametry jakosti vody a jejich ekotoxikologické limity pro preziti jedinct
druhu. Navic chybi udaje o vlivu epizodického znecisténi (Barak et al., 2022 — ¢lanek
3), jelikoz podminky v laboratofi (kontinualni expozice vzorkim vody ¢i konstantni
koncentrace jedné latky) neodpovidaji obcasné, resp. pulzni expozici v pfirozeném

vodnim prostfedi (Connon et al., 2012).

Teplota vody

Narast teploty vody ma pozitivni vliv na rast juvenilnich jedinct velkych mlzi
veetné perlorodky fi¢ni (Buddensiek, 1995; Bartsch et al., 2003; Lange and Selheim,
2011; Denic et al., 2015; Haag et al., 2019). Velmi vysoka teplota v§ak mize mit
negativni vliv z hlediska (sub)letalni tolerance mladych mlzi, jak potvrzuje fada
experimentu v laboratornich podminkach (Dimock and Wright, 1993; Pandolfo et al.,
2010; Ganser et al., 2013; Archambault et al., 2014). Jak bylo uvedeno v kap. 1.4.5,
rozsah hodnot pro vyskyt perlorodky je zna¢né Siroky, nicméné nedavné velmi teplé
roky vedly 1 ve stfedni Evropé ke zvySeni teploty vody v letnim obdobi blizici se
predpokladanému hornimu limitu (Cerna et al., 2018). Navic mize dochazet ke

zhorSeni kyslikového rezimu a umocnéni vlivu toxického znecisténi (viz kap. 1.4.5).

Hloubka a rychlost proudéni

Jak jiz bylo uvedeno v kap. 1.4.5, pro hloubku vody a rychlost proudu toku nejsou
definovany zadné jednoznacné limitni hodnoty. Hloubka vody ma vsak neptimy vliv
na teplotu, rychlost proudu a urovenn O (Johnson et al., 2001). Proudové podminky
navic ovliviiuji miru sedimentace a pohyb zivin v toku a tim padem 1 kyslikovy rezim

v sedimentu (Moorkens and Killeen, 2014) 1 ve volné vodé.

Substratové poméry

Pro uspésny vyvoj juvenili hraje zasadni roli mnozstvi jemného sedimentu, jez
zavisi na vstupu anorganického materialu a produkci organické hmoty pfimo v toku
(Moorkens, 2018). Autofi se shoduji, ze dno toki by nemélo byt vystaveno procesu
nadmérné sedimentace, nebot jemny materidl omezuje jeho prostupnost (Geist and
Auerswald, 2007; Scheder et al., 2015; Hoess and Geist, 2020; Stoeckl et al., 2020) a
tim padem 1 vstup kysliku (Geist and Auerswald, 2007; Quinlan et al., 2015; Stoeckl

et al., 2020). Vyména vody na rozhrani vodniho sloupce a dnového fi¢niho sedimentu
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mimo zajisténi prokysliCeného prostiedi pfiznivé ovliviluje také transport zivin a
odpadnich produktt (Geist and Auerswald, 2007; Bolland et al., 2010; Quinlan et al.,
2015; Scheder et al., 2015).

Kyslik

Stejné€ jako nadmérmé mnozstvi zivin, 1 chudé kyslikové poméry maji nepfiznivy
vliv na rast a preziti juvenilnich mlza (Sparks and Strayer, 1998; Beckvar et al., 2000;
Strayer, 2008; Degerman et al., 2009). Hodnoty nasyceni okolo 100 % byvaji bézné
zaznamenany v tekoucich vodach a nejsou limitujicim faktorem v prostiedi volné
vody dle prace Cerné et al. (2018). Vyznam prokysli¢eného dna pro mladé perlorodky
byl jiz zminén vysSe, nicmén€ i dobré dnové podminky se mohou proménovat kvuli
prutokovym zménam (Quinlan et al., 2014). Nejnov¢jsi laboratorni experimenty
ukazuji, ze epizodické hypoxické podminky mohou vést az k absolutnimu thynu
juvenilnich jedinct (Hyvérinen et al., 2022). Detekce biologicky vyznamnych udalosti
nizkého obsahu kysliku miize pomoci k pochopeni dynamiky O2 (Quinlan et al., 2015).

1.4.7 Juvenilové a in situ bioindikace

Pro zjisténi vlivu abiotickych faktord na vyskyt a vyvoj perlorodky fi¢ni 1ze vyuzit
in situ bioindikacnich experimenti a principu CBM, jez byly charakterizovany v kap.
1.2. Jednoducha metoda spociva v pfesném zméfeni rychle rostoucich juvenili na
zacatku a na konci experimentu (tj. pred instalaci zafizeni v toku a po jejich vyjmuti
z vody), pficemz kromé hodnoceni piirtstka 1ze také ziskat udaje o umrtnosti jedincti
(Simon et al., 2017). Rust jedinct v pfirozenych podminkach musi byt dostatecné
rychly pro predehnani koroze, jez narusuje schranku mlzt (BSI, 2017; Simon et al.,
2017). Prvni podrobnosti o vyuziti destickovych izolatl ve volné vodé a hodnoceni
rastu a preziti juvenilnich perlorodek po nékolikatydenni expozici v tocich prinasi
Buddensiek (1995). Pozdé&ji byly vyvinuty dalsi typy zafizeni nejen pro perlorodku
ficni: napt. piskové klicky (boxy vyplnéné piskem; Hruska, 1999, 2002), prutocna sila
zalozena na principu upwellingu (Barnhart, 2006) (s pohybem vody ve sméru zezdola
nahoru; Dahm et al., 2007) nebo dalsi zafizeni (souhrn viz Gum et al., 2011). Otazkou
vSak zustava, jak metodicky provadét praci s juvenily a experimentalnimi zafizenimi
a jak efektivné hodnotit stav jedinct v ramci testa (Bily et al., 2018 — ¢lanek 2).

Nedavné studie potvrdily moznost vyuziti in situ bioindikacnich experimentti pro

testovani jakosti vody, teploty a vyuzitelnosti dostupné potravy (Lange and Selheim,
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2011; Svanyga et al., 2013; Denic et al., 2015; Scheder et al., 2015), jez jsou navic
doprovazeny méfenim fyzikalné-chemickych parametra prostiedi a/nebo kvalitativni
analyzou potravni slozky. Jakost vody je davana do souvislosti zejména s prezitim
juvenilt, zatimco teplota a kvalita potravy maji hlavni vliv na jejich rast (Lange and
Selheim, 2011). Hodnoceni kvality a uzivnosti potravniho detritu je vSak efektivné;si
spise ex situ v laboratornich podminkach (kvili eliminaci vlivu teploty v pfirozeném
prostiedi) (Svanyga et al., 2013; Simon et al., 2017). Nicméné terénni experimenty
jsou vyuzivany stale nedostatecn€, coz plati zejména v piipadé hodnoceni Ucinkt
znedisténi vodniho prostiedi (Barak et al., 2022 — &lanek 3). Casto se provadi
v prostiedi vodniho sloupce (viz vySe citované prace), jen vzacné v zoné hyporealu
(Cern4 et al., 2018). Parametry volné vody jsou uvadény jako slabé prediktory kvality
habitatu pro juvenily zijici ve dn€ (Geist and Auerswald, 2007; Stoeckl et al., 2020),
nicméné jak uvadi Strayer (2008), pfi posuzovani vhodnosti dané lokality pro dany
druh je tfeba nejprve zkoumat teplotni rezim a jakost vody a teprve poté podminky
dna. Vzhledem k vymeéné na rozhrani voda-sediment navic musi hodnoty atributi
v porové vodé (v zon€ hyporealu) odpovidat hodnotam ve volné vodé (Moorkens et
al., 2000). Z toho divodu Ize na volné tekouci povrchovou vodu nahlizet jako na

referen¢ni prostiedi pro analyzy pérové vody (Buddensiek et al., 1993).

1.4.8 Hrozby

Vn¢jsi hrozby s nepiiznivymi ucinky na zivotni cyklus perlorodky a jeji naroky na
prostredi l1ze rozdélit do tii hlavnich kategorii: (1) nedostatek hostitelskych ryb, (2)
zneCisténi vody a (3) zmény hydromorfologie tokt (nedostatek vhodného substratu
kvuli upravam toku ¢i zanaSeni dna jemnym materialem a snizeni urovné O kvuli
zménam land use v povodi). V minulosti hral vyznamnou roli také lov perel, dnes se
k uvedenym hrozbam ptidavaji také invazni druhy a klimatické zmény (Bauer, 1988;
Ziuganov et al., 1994; Geist et al., 2006; Geist and Auerswald, 2007; Degerman et al.,
2009; Geist, 2010; Taeubert et al., 2010; Cosgrove et al., 2016; BSI, 2017; Flodl and
Hauer, 2019; Hoess and Geist, 2020). Nepfiznivé ucinky mohou byt znasobeny pii
soucasném pusobeni vice stresorti (Lopes-Lima et al., 2017).

Obdobn& jsou popisovany hrozby pro druh v Ceské republice: (1) kvalita a kvantita
hostitelskych ryb (nevhodny rybafsky management), (2) znec€isténi (napf. eutrofizace

a rezim nakladani s odpadnimi vodami), (3) regulace tokt a vystavba nadrzi (zmény
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prutokového a splaveninového rezimu), (4) zmény land use (zalesnéni Casti povodi a
ochlazeni toku, degradace potravnich zdroji apod.), (5) erozni ¢innost (vstup jemného
materialu do toku) a (6) turismus (rekreacni aktivity typu splouvani) (Matasova et al.,
2013; Svanyga etal., 2013; Simon et al., 2015, 2017).

Jak jiz bylo uvedeno, ptimy vliv ¢lovéka byl v minulosti spjaty zejména s lovem
perel. Dnes lze rozliSovat jak cileny kontakt (na zakladé zaznama nedavné pytlacké
aktivity spojené se sbérem jedincti vcetné ilegalniho lovu perel; Simon et al., 2017,
Stoeckl et al., 2020), tak nahodné setkani (vodactvi a pohyb navstévnika v toku pii
brodéni ¢i koupani; Barak et al., 2022 — ¢lanek 4). Interakce mlzi s Clovékem pii
aktivitach typu rekreacniho splouvani vodnich tokd mohou zptisobovat disturbanci

jedinca druhu, jak uvadi také BSI (2017).

1.4.9 Specifické postaveni CR

Vyskyt

Lokality s vyskytem druhu se ve velké mife nachazeji v pfeshrani¢nich oblastech,
coz je piipad také povodi Mal3e a Teplé Vltavy (Simon et al., 2015).

Horni tok MalSe ma pfirozenou dynamiku toku, zachovaly povodiiovy rezim a
polopfirodni nivu (Simon and Dort, 2014). Ackoli zde 1ze nalézt jen rozptylenou a
nepocetnou populaci perlorodky fi¢ni, pouze na Malsi a na dolni Blanici byly nedavno
zjistény znamky ojedinélé ptirozené reprodukce (Simon et al., 2015). Jakakoli lokalita
s dolozenymi zdznamy uspé$ného rozmnozovani je vyznamna pro udrzeni dlouhodobé
zivotaschopnosti populace druhu (Cosgrove and Hastie, 2001), nicméné vzhledem
k nalezu max. desitek mladych jedinct zde nelze predpokladat nartist pocetnosti ¢i
zlepSeni vékové struktury (Simon et al., 2015, 2017). Problémy na Malsi predstavuji
mnozstvi eroznich splavenin a nestabilita dnovych sedimentt, nizka teplota vody
v horni ¢asti a eutrofizace v dolni ¢asti toku (negativni vliv zemédélského hospodareni
a zejména bodového komunalniho zne&isténi; Barik et al., 2022 — &lanek 3) (Svanyga
et al., 2013; Simon and Dort, 2014).

Tepla Vltava predstavuje unikatni systém stiedoevropské fi¢ni nivy: jde o horskou
meandrujici feku severského charakteru s pfirozenym korytem s hustymi dnovymi
porosty makrofyt a pravidelnymi zaplavami. Cely tok pak obklopuji Cetna raselinisté,
mrtva ramena, vlhké louky a lesni spoledenstva (Svanyga et al., 2013; Cern4 et al.,

2018; Krenova, 2018). Oligotrofni feka s vysokou jakosti vody, prokysli¢enym dnem
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a potravni nabidkou (detritem z vodnich makrofyt) mize poskytovat vhodné habitaty
pro vyskyt dospélych i juvenilnich mlz& (Matasova et al., 2013; Svanyga et al., 2013;
Cerna et al., 2018; Bily et al., 2021 — élanek 1). Ve stiedoevropské krajiné nenajdeme
zadnou srovnatelnou feku této vodnosti s nizkou trofii a specifickymi fyzikalne-
chemickymi parametry pro Zivot perlorodky fiéni (Svanyga et al., 2013). Pies viechna
pozitiva byla na Teplé Vitavé zaznamenana pouze rozptylena a malo pocetna populace
druhu bez piimého diikazu piirozené reprodukce (Matasova et al., 2013; Svanyga et
al., 2013; Simon et al., 2015; Cerna et al., 2018). Hlavni problémy zahrnuji nedostatek
hostitelskych ryb (kvili vysazovani konkurencnich druht a tahu ryb z vodni nadrze
Lipno), regulace pfitoki jako potencialnich biotopt pro mlze/ryby a v neposledni fadé
(intenzivni) turistickou nav§t&vnost toku (rekreaéni splouvani; Svanyga et al., 2013).
Znaény narast intenzity splouvani Teplé Vltavy na uzemi NP Sumava na pielomu
20. a21. stoleti (Svanyga et al., 2013; Kfenova and Kindlmann, 2015; Kienova, 2018)
vedl k poskozeni porosti dnovych makrofyt za nizkych priutokl (Zelenkova, 2008).
Riziko pfimého kontaktu ¢lovéka a mlzi za uvedenych podminek bylo pravdépodobné
vysoké (Lorenz et al., 2013; Svanyga et al., 2013), bohuZel nebylo blize hodnoceno.
Splouvani Teplé Vltavy je regulovano od roku 2004 (Simon and Kladivova, 2006). V
roce 2009 doslo ke zpfisnéni podminek (Divis, 2009), pfi¢emz od roku 2012 musi byt
vétsina lodi doprovazena odbornym privodcem. V hlavni oblasti vyskytu perlorodky
ficni plati nejpfisn€jsi rezim splouvani (tj. denni doba a cas, typ plavidla (kanoe a
kajak), minimalni hladina vody, pocet lodi za hodinu, povinny privodce pro skupiny
a nutna registrace véetné platby poplatku; vice viz Barak, 2017). Intenzita splouvani
se snizuje: misto diivejSich vice nez 12 000 plavidel (2005-2006) dnes feku splouva
2-4 000 lodi ro¢ne (Kienova, 2018). Ackoli znacny pokles poctu navstévnikd muze
vést k vySsi trovni turistiky (Bednar-Friedl et al., 2012), znalosti o pfimém vlivu
regulovaného splouvani na perlorodku fi¢ni stdle chybi (Barak et al., 2022 — ¢lanek
4). Rekreacni splouvani je spojeno s dal§imi aktivitami, jako napf. brodéni v toku a
disturbance dna (Cole and Landres, 1995), pficemz zde hrozi negativni vliv se§lapu
dna s vyskytem velkych mlzi (Calcagno et al., 2012) stejné jako manipulace s jedinci
(Ohlman and Pegg, 2020). Schranky perlorodky mohou byt nachylné k mechanickému
poskozeni (Bilek, 2013), avSak reakce populaci druhu na antropogenni disturbance

jsou jen malo prozkoumany (Ziuganov et al., 2000).

26



Odchov

V Ceské republice byla vyvinuta unikatni (tzv. Ceska) metoda polopfirozeného
odchovu perlorodky fi¢ni (autor: J. Hruska). Odchov jedinct na pfirozené potraveé se
podafilo dovést az do v&ku okolo 15. az 20. roku Zivota (Svanyga et al., 2013; Simon
et al., 2017), pti¢emz CR byla prvnim evropskym statem s odchovnou stanici (Geist,
2010). Odchovani juvenilové jiz byli na neékterych tocich v¢etné MalSe (v horni ¢asti
v obdobi jesté pred nalezy jedinct z piirozené reprodukce) a Teplé Vitavy vysazeni do
volné pfirody v ramci propopulacnich opatfeni (Simon et al., 2015). Ackoli by méla
prevazovat spisSe revitalizace habitatu tekoucich vod, odchov mlzi miZe byt nastrojem
,Jast minute* udrzeni evolu¢niho potencialu cennych populaci (Gum et al., 2011).
Jelikoz v ramci zachranného programu (Svanyga et al., 2013) je roéné generovano
tisice jedincu z polopfirozeného odchovu, pravé in situ bioindikacni experimenty
zmiflované napiic timto textem mohou poskytnout odpovéd na otazku, kam mladé

mlze ,,vypustit* (Bily et al., 2018 — ¢lanek 2).
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2. Cile prace a vyzkumné otazky

Na zakladé vymezenych dosud malo probadanych oblasti vyzkumu perlorodky

ficni byly definovany nasledujici cile a otazky.

(I) Zjistit prostorové preference juvenilnich jedincii v pfirozeném prostredi ficniho

dna (Bily et al., 2021 — ¢lanek 1):

Maji mladi jedinci tendenci v experimentalnich zarizenich (sondickach) setrvdvat
Ci je opoustét?
Pokud tam setrvavaji, uprednostiiuji horni vrstvy dna (do 10 cm hloubky)?

Lisi se jejich hloubkova preference v zavislosti na sezonnich podminkach?

(II) Vytvorit protokol pro provadéni in situ bioindikacnich testovani s juvenilnimi
jedinci v oligotrofnich tocich (vCetn€ instalace zafizeni a vyhodnoceni testd; Bily et

al., 2018 — ¢lanek 2):

List se vyvoj mladych jedincii v zavislosti na typu experimentdlniho zarizeni a jeho

umisténi (na zdkladeé reprezentativnich vysledku)?

(IIT) Vyvinout a otestovat robustni metodu pro in situ hodnoceni vlivu bodového

zneCisténi na juvenilni jedince (Barak et al., 2022 — ¢lanek 3):

Lisi se vyvoj mladych jedincit mezi poSkozenym a referencnim hornim/dolnim
tisekem toku?

Jaké hlavni indikdtory komundlniho znecisténi maji pozitivni/negativni viiv na
exponované jedince?

Jakd jsou doporuceni v oblasti ochrany sladkovodnich mizii pri vyuziti CBM pro

druhy obyvajici tekouci vody s bodovymi zdroji znecisténi?

(IV) Vyhodnotit pfimy vliv navitévnika (vodakd) chranéného uzemi (NP Sumava)
na perlorodku fi¢ni pro zlepSeni managementu ochrany druhu (Barak et al., 2022 —

¢lanek 4):

Lisi se interakce mezi vodaky a mizZi v zavislosti na abiotickych podminkdach?
Jaké je typické chovdani voddkit v diisledku interakci (zejména s ohledem na typ
stanovisté)?

Jakd intenzita mechanické disturbance pri provozovani vodackého sportu vede

k poSkozeni schrdnky (modelu) mlze?
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Abstract Sediment depth preference was tested on
1-year-old freshwater pearl mussel juveniles. Mesh
tubes allowing vertical migration with a possibility to
leave hyporheic space, filled with 1-2-mm granulom-
etry size substrate and populated with groups of
juveniles, were placed in the natural river bed of the
Tepla Vltava River, Czech Republic. The depth
position of the juveniles was recorded after 1- and
2-month exposure during the summer and after
8 months including wintering. The juveniles showed
a tendency not to stay on the sediment surface, but to
penetrate into a very shallow depth, and to accumulate
and stay 2-3 cm deep in the substrate in the summer
period. No juvenile was found below 8 cm sediment
depth, neither in the summer nor after wintering. In the
experimental tubes, various survival rates (0-100%)
were recorded in close relation to substrate oxygena-
tion development at the tested sites. Oxygen decrease
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was accompanied by juveniles trying to escape the
hyporheal.

Keywords Hyporheic zone - Sediment - Occurrence
depth - Vertical migration

Introduction

The survival and successful development of early
unionoid juveniles is crucial for population viability
(Bauer, 1988; Geist & Schopf, 2005). Therefore,
determining juvenile living space preferences is also
key information for species and site conservation.
Generally, it is assumed that juvenile post-parasitic
mussels occupy similar habitats to adults (Neves &
Widlak, 1987; Strayer, 2008) and that upper layers of
hyporheic zones constitute the microhabitats for
juveniles (Buddensiek et al., 1993). Yet, there is very
little work examining the period after unionoid
juveniles detach from a host fish and burrow into the
substratum in situ (French & Ackerman, 2014).
Juvenile unionoids have frequently been used in
toxicology studies (Newton & Bartsch, 2007; Ganser
et al., 2013; Kleinhenz et al., 2019), mostly in North
America, but only one experiment (Bartsch et al.,
2003) used in situ design in hyporheic conditions (for
review see Farris & Van Hassel, 2007). Vertical
migration of unionoid mussels in rivers has been

@ Springer


https://doi.org/10.1007/sl0750-020-04298-
http://doi.org/10.1007/sl0750-020-04298-8
mailto:bilym@fzp.czu.cz

3128

Hydrobiologia (2021) 848:3127-3139

studied with adult or subadult specimens (Amyot &
Downing, 1997; Watters et al., 2001; Perles et al.,
2003; Schwalb & Fusch, 2007) but very rarely with
juvenile mussels (Yeager et al., 1994). Some studies
describe the behaviour of juvenile mussel just before
burrowing and the effect of river bed shear stress
(Daraio et al., 2010; Schwalb & Ackerman, 2011;
French & Ackerman, 2014).

Data about juvenile behaviour and habitat prefer-
ence of the Freshwater Pearl Mussel (FPM) Margar-
itifera margaritifera (Linnaeus, 1758) itself are very
scarce. Since pioneer Buddensiek s work (Buddensiek
et al., 1993), FPM juveniles have been used for
bioindication assessment of riverine free-flowing
water (for review, see Gum et al., 2011) or rarely in
hyporheic condition (Cerné et al., 2018). All these
experiments used Buddensiek plates, which exclude
vertical or horizontal migration of juveniles. Hruska
sandy cages filled with a layer of selected sand only
represent bioindication units, giving the possibility of
vertically or horizontally movement (Bily et al., 2018;
Cernd et al., 2018), but this method cannot describe a
juvenile’s position on the sediment—water interface.
Very valuable results have come from studies testing
the influence of condition (e.g. sediment grain size) on
optimal FPM juvenile growth and survival in culture
systems (Lavictoire et al., 2016), as well as the release
of post-parasitic stages into experimental in situ
receptor sites (Moorkens, 2018). Nevertheless, the
substrate depth which juvenile FPM prefer in a natural
river bed has remained unknown until now.

Any identification of juvenile life space is impos-
sible if it is based on natural occurrence records
because finding mussel juveniles up to several
millimetres in body size is very uncommon (Neves
& Widlak, 1987). In this situation, a solution can be
experimentally placing juveniles into a small closed
space representing a river bed segment, enabling the
juvenile’s free movement, and allowing their position
to be identified.

For such types of experiment, obtaining a sufficient
number of animals is a problem. Experiments are not
feasible with single individuals, so experimental
groups are necessary. Although breeding programmes
are able to produce thousands of semi-naturally reared
FPM juveniles annually (§Vanyga et al., 2013), every
small quantity of such juveniles represents an
extremely valuable resource; hence, any experiment
with expected loses should be carefully considered.
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Therefore, we took the opportunity to use several
hundred juveniles reared and designated especially for
in situ bioindication in 2014 and 2015 (Cern et al.,
2018).

In this paper, we present the results of a pilot in situ
experiment with FPM juveniles focused on hyporheal
depth preference. Vertical cylinder devices were used,
with the possibility of juvenile vertical movement,
including the possibility of emerging onto the river
bed surface. After a methodical ex situ experiment
confirming the designed method was applicable, a
field experiment was carried out in 3 steps. The central
one was an exposure in the summer for 1 and
2 months, with the aim of finding out at what substrate
depth the individuals settle. The study was done on
one of the best preserved Central European mountain
rivers—the Tepld Vltava (Sumava National Park,
Czech Republic), which is also one of the FPM
localities with high conservation potential (Matasova
et al., 2013; Simon et al., 2015).

Methods
Experiment locality and selection of sites

The field experiments were carried out on a 100-m-
long stretch (‘Experimental Meander’) of the Tepla
Vltava River, located 3 km above the confluence with
the Studena Vltava River. It is a part of the core FPM
occurrence zone of the Vltava River catchment
(Matasova et al., 2013; Simon et al., 2015). Previous
studies showed this locality as one of the most
favourable for juvenile survival and growth within
the catchment (Cernd et al., 2018). Matasov4 et al.
(2013) list subadult mussel presence in sites close to
the Experimental Meander and the findings were also
confirmed in 2019 (unpublished). The river is about
15 m wide at this stretch and it is wadable year-round
during normal water flows. The river bed composition
is very varied. Stones and gravel, sand-gravel, and
sand are present (ISO 14688-1:2002). During low
water flow events, small temporal rapids can occur.
Discontinuous areas of macrophytes are present
(especially Myriophyllum sp. and Batrachium sp.).
The experimental equipment was placed in sites
with discontinuous gravel substrate (up to 60 mm size)
with a coarse sand fill (up to 2 mm). The water depth
of the sites was from 0.15 to 0.4 m at the time of
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Fig. 1 Tube installation technique. Schematic drawing of tube »
installation into the river bed using a special basket (a), detail of
tube before final arrangement of bed surface (selected material
inside and two mesh sizes are visible) (b), and detail of tube after
final arrangement of bed surface (c)

equipment placing, allowing accessibility during an
exposure. As dissolved oxygen (DO) concentration is
a crucial factor for juvenile mussel survival in
hyporheic conditions (Chen et al., 2001, Roley &
Tank, 2016), the sites were established after previous
mapping of oxygen conditions to maximize suitability
for juveniles. The hyporheic water was extracted using
a modification of hyporheic water sampler (Trul-
leyova et al., 2003; Dahm et al., 2007; Hauer &
Lamberti, 2007) and DO measured in the field with a
pocket oximeter (INSA). Only microhabitats where
oxygenation regularly overlapped 70% in 10 cm of
sediment depth were chosen for the experiments.

Experimental animals, mesh tubes and substrate

Juveniles of 1 4+ year of age (born in the year
preceding the experiment) with shell length ranging
from 0.5 to 1.0 mm and belonging to a local conser-
vation unit (Geist & Kuehn, 2005; Simon et al., 2015)
were used for the experiments. They originated from
the Action Plan for the FPM in the Czech Republic
(Svanyga et al., 2013). Before our experiments, they
had successfully completed a 1-month bioindication
exposure in the target Vltava River zone (Cernd et al.,
2018), thereby confirming their viability. After the
experiments, all the survivors found were returned to
the breeding programme.

The experimental devices were tubes 3 cm in
diameter and 12 or 17 cm in height (see “Experiment
design” section for details). The outer layer of the tube
was made from stainless steel net of 1.00 mm mesh
density. The inner tube layer was made from 0.25 mm
nylon mesh (Bily et al., 2018), making the tube wall
impassable for juveniles. Only the upper tube mouth
stayed open (Fig. 1b), so the juveniles can escape the
experimental tube. This measure is very important for
the experiment design, even at the cost of losing some
juveniles. Otherwise, there would be confusion
between juveniles really preferring the topmost sur-
face layer and those which leave the hyporheal but are
not washed away if the upper tube mouth was closed.
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The tubes were filled with a size-fractioned sand
substrate originated from the river bed surface of the
experiment locality. A sand grain size of 1.0-2.0 mm
was used, which was successfully tried within the
Action Plan for the FPM in the Czech Republic,
especially for bioindication (Bily et al., 2018; Cernd
et al., 2018) and reported as suitable for juveniles
(Lavictoire et al., 2016). In addition, this grain size
makes it relatively easy to search for juveniles under a
stereomicroscope. To minimalize changes in natural
biofilms on grain surface, the sand was collected and
the grain size was separated maximally 48 h before
tube placing in the field. Beforehand, the fractioned
sand was stored at 14°C, submerged in a container
with original river water.

Tube installation technique in the field

The tubes were filled with the fractioned sand
substrate up to 1 cm below the tube upper edge. They
were stored in a vertical position, completely sub-
merged in a container with river water and were
transported to the locality in this position. Immedi-
ately before tube installation into the field, a defined
number of juveniles were placed on the substrate
surface. Consequently, they were covered with a
1-cm-thick layer of fractioned sand, so the remaining
space in the tube was filled. This 1-cm-thick layer of
sand protects the juveniles from being quickly washed
away after tube installation into the river.

The tubes were placed into the river bed in sets of 3
or 5 pieces. Every set was positioned in a special
plastic basket with a sparse grille and large holes and
of the same high as the tubes (Fig. 1a). The inner space
of the basket was separated by horizontally positioned
plastic ropes forming a bilayer square network
(3 x 3 cm). Using this network, the tubes can be
placed in a vertical position, without mutual contact.
The longer edge of the basket and thus the row of tubes
was situated in a direction across the river channel.

Firstly, the basket was placed into a pre-excavated
hole in the river bed. The upper edge of the basket
corresponded to the surrounding bed cover as well as
the upper edge of the tubes, which were placed into the
basket subsequently. During manipulation, it is appro-
priate to preserve the open upper mouths of the tubes
with an elastic membrane to prevent substrate or
juvenile loss due to the river current. Lastly, the
remaining basket space between the tubes was filled
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with a bed substrate originated from the location of
basket installation and the elastic membrane on the
tubes was removed. Although the substrate inside the
tubes was specially prepared, the tubes were sur-
rounded by an original bed substrate and exposed in
natural flowing hyporheic water (Fig. 1c).

After a defined time (weeks/months), the tubes
were taken out from the baskets. They were protected
by an elastic membrane on their upper mouth (to
prevent substrate or juvenile loss) and transported to a
laboratory (in a nearby field research station) while
submerged in river water in a field thermo box. The
transport took a maximum of 45 min. Due to slight but
permanent disturbance of tube condition during
transport (mechanical shocks, slight deflections from
position, change of surrounding water movement), a
limitation or even elimination of juvenile movement
could be expected.

Laboratory procedures and results evaluation

In the laboratory, the substrate column from each tube
was immediately divided into depth layers of about
0.75 cm (1.0 cm in the methodical ex situ experi-
ment). The tube was positioned vertically, its upper
(open) mouth downwards and put on a small Petri dish
of diameter 3.2 cm. Using a squeeze bottle and with
fine tapping, the substrate was very carefully moved
down until the Petri dish was full. The full volume of
this Petri dish represented approximately 0.75 cm of
the substrate column. Consequently, the tube mouth
was closed with a thin plastic plate, slid from the side,
and the tube was moved on the next Petri dish and the
process was repeated. The wet sand becomes a
compact, adhesive matter, presenting a complicated
route between the grains, so there was no danger of
juveniles sinking between depth horizons during the
separation process.

Finally, a set of small Petri dishes containing the
separated substrate of about 0.75-cm-thick layers was
ready. Each separated layer was moved to a bigger
Petri dish (10 cm diameter) enabling the substrate
grains to be spread. The dishes were filled with river
water and stored in a thermo box until observation.
Consequently, the layers were carefully observed
under a stereomicroscope in small portions. Juveniles
(alive and dead) were counted and categorized as
occurring in the observed substrate depth layer. For
maximum accuracy of the results of the main
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experiment, the actual volume of each processed
substrate layer was measured and the actual height of
the individual layers was back-calculated with an
accuracy of 1 mm. For final juvenile depth distribution
evaluation, histograms were made with a unit of
1.5 cm.

Additional measurements

Each in situ-placed basket was equipped with two
temperature data-loggers (HOBO Onset) recording
temperature every hour during the exposure time at
depths of 3 and 10 cm (5 and 15 cm in an introductory
experiment). From the same depths, two silicone hoses
of 4 mm diameter were led above the river bed
surface. They enabled us to check the oxygenation of
hyporheic water at any time during the experiment;
this method was used with regard to the need to not
disturb the substrate structure in close proximity of the
tubes, even at the cost of any inaccuracies of DO
measurement relating to water sample abstraction
(Quinlan et al., 2014). The lower (collecting) end of
the hose was protected against clogging by two layers
of net (external 100 pum, internal 40 pm). The upper
end was extendable above the water surface and
served for sample extraction with a syringe (Rulik
etal., 2000). After extracting the hose volume, the next
water volume was used to immediately measure DO
and water conductivity using a field oximeter and
conductometer (INSA, WTW).

DO and water conductivity were also measured in
free-flowing water; in addition, water depth and
current velocity were measured at the sites.

Experiment design

A preliminary methodical ex situ experiment (when
tubes with juveniles were exposed for 24, 48 and 72 h
in laboratory conditions) showed juvenile findability
(often 100%) and their tendency to penetrate from
substrate surface deeper (Online Resource 1). Then, 3
steps of the field experiment were followed.

Step 1: introductory experiment (first wintering)
This part had three aims: (i) to try the possibility of

in situ tube application; (ii) to try long-time juvenile
survival (including wintering) in the tube condition

and the tendency to escape/remain in the tubes; and
(iii) substrate depth horizon preference of the juveniles
in the field. Six tubes of 17 cm height were placed in
the river bed in two triples using two baskets. Five of
the tubes were designed standardly while the sixth one
lacked the inner mesh layer so it enabled horizontal
juvenile escape. 25-26 juveniles were positioned into
each tube (together 153 specimens). Pairs of continual
thermometers and extracting hoses were applied into
5- and 15-cm tube depth. The tubes were placed on
October 10th 2014 and collected after 8 months of
exposure on the 6th of June 2015 together with a spot
oxygen measurement.

Step 2: main experiment

320 juveniles were positioned in 20 tubes (16 spec-
imens each). After the introductory experiment expe-
rience, tubes 12 cm high were applied with pairs of
continual thermometers and sucking hoses at 3 and
10 cm depth. The tubes were placed at four sites (A, B,
C, D) at 15-40 cm water level depth. Each site had one
basket with five tubes on the 30th of July 2015. We
anticipated similar conditions for the tubes in one
basket; nevertheless differences, i.e. diversification
between the sites, were supposed. After the first
3 days, the baskets were inspected, their position was
adjusted if necessary for stability, and the first oxygen
control measurements were taken. Six measurements
took place during 55 days of tube exposure, with a
range of 617 days. The first 8 tubes (2 from each site)
were collected after a month (26 days) exposure on
August 25; the resulting gaps were newly filled with
river bed substrate. Except for one tube from site A
and one from site C, the remaining tubes (10) were
collected after about 2 months (55 days) of exposure
on September 23.

Step 3: supplementary wintering experiment

Because site A had good oxygenation and stable con-
ditions for 2 months as well as zero mortality of
juveniles after 1 month, this site was selected for the
supplementary wintering experiment. On the 23rd of
September 2015, the last remaining tube from site C
was relocated into a basket at site A near the local
remaining tube, using a gap from one of the collected
tubes; the remaining gap in this basket was filled with
river bed substrate. The basket was newly aligned with
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the surrounding river bed surface. The new pair of
wintering tubes was left at site A all winter and
collected on the 4th of April 2016.

Results
Introductory experiment (first wintering)

After the 8 months of exposure (October 2014—June
2015), 51% findability (mean) was recorded from the
five standardly constructed (= down and laterally
impassable) tubes (Table 1). Nevertheless, only 4
specimens (in 2 tubes representing 2 baskets) were
found alive (Fig. 2a), while the other 61 specimens
were identified as empty shells. Mostly the shells were
in very good condition (Fig. 2b), rarely only a thin
transparent periostracum was retained (Fig. 2c). All
the findings ranged from about 1 to 8 cm of substrate
depth, with the maximum concentration between 3 and
4.5 cm (Fig. 3a), remarkable especially in 2 tubes with
findability over 60% (Online Resource 2). Only the
completely passable tube was found to be juvenile-
free. Oxygen values on the day of tube sampling (June
the 6th) were favourable at 5 cm substrate depth (8.3
and 9.9 mg 1", which corresponded to 87 and nearly

Table 1 Overview of juvenile numbers in evaluated tubes

100%) and adequate in 15 cm (5 and 7.8 mg 1",
representing 52 and 82%). Nevertheless, a decrease is
assumed during the exposure. Temperature oscillated
strongly, especially in spring, and a depth gradient
between the shallower and deeper hyporheic layer is
visible, especially during the coldest periods in
December/January and February (Online Resource 3).

Main in situ experiment

Oxygen conditions differed between sites A, B, C and
D over time during the 2 months of exposure,
probably relating to free-flowing water level oscilla-
tion. Although the first water level decrease only
represented about 2 cm in the studied sites (Fig. 4b), it
caused the emergence of several m” of river bed just
upstream from site B and a thus a change from running
surface water to standing at this site. Connected with
that, hyporheic oxygen concentration decreased
strongly at site B (ca 4-5 mg 1™ at 3 cm and even
ca 2 mg 17" at 10 cm depth of hyporheal) (Fig. 4a).
All the other sites showed favourable concentrations,
mostly not falling under 8 mg 1”" at 3 cm depth,
except a short decrease at site C when the horizon of
3 cm became oxygen poorer than the horizon of 10 cm
(7 vs 10.5 mg 1!, Fig. 4a). Conductivity (Online

Experiment step Number of  Input Found Alive Mortality of
evaluated found
tubes N N Mean% SD % N Mean% SD % i, 4ividuals %
Introductory experiment (first wintering) 5 128 65 51 18 4 3 4 94
Main experiment
Site A 4 64 58 91 11 58 91 11 0
Site C 4 64 49 77 9 48 75 7 2
Site D 5 80 37 46 28 34 43 26 8
SUM (A, C, D) 13 208 144 69 27 140 67 27 3
Site B 2 32 17 53 * 0 0 * 100
SUM (A, B, C, D) 15 240 161 ** ok 140  ** ok *k
Supplementary wintering experiment 2 32 18 56 * 17 53 * 6

Total numbers (N), mean percentual values (mean %) with standard deviations (SD %) for a tube, and mortality of found individuals
(%) are given for individual tube sets. Rows marked SUM describe summary results for individual tube sets within the main

experiment
Bold indicate summary numbers
Italic indicate statistical values

*SD was counted only if number of evaluated tubes > 3

**These evaluations were not carried out due a big difference at site B
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Fig. 2 Juvenile findings from the introductory experiment (first wintering). A live specimen (a), a well-preserved empty shell (b) and a

mostly decomposed empty shell (c)

(a) Found juveniles (%) (b) Found juveniles (%)
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Fig. 3 Depth distribution (%) of juveniles found within the
introductory experiment (first wintering, Oct 2014—Jun 2015, 5
tubes) (a), and the supplementary wintering experiment (Sep
2015-Apr 2016, 2 tubes) (b). Live specimens: black bars, empty
shells: grey bars

Resource 4) and temperature measurements (Fig. 5)
also illustrate differences between the sites. Site B
showed the highest temperature difference between
surface and hyporheic horizons, smaller differences
occurred at sites A and C (with different courses),
while temperature was practically without depth
differences at site D, signalling a permanent exchange
of surface and hyporheic water. This corresponds with
flow velocity differences at the sites (Fig. 4c) and also
with oxygenation changes, when the episodical oxy-
gen decrease C (Fig. 4a) signalled a break in
hyporheic and surface water exchange during the
second half of the exposure (Fig. 5b).

In 15 evaluated tubes, 161 juveniles including 140
survivals were found from 240 input animals
(Table 1). Findability and survival were very different
between sites. Site A showed over 90% findability,

even reaching 100% in one tube (Online Resource 2)
and complete survival of founding specimens in all
tubes. 77% findability with minimal mortality (1 dead
specimen) was recorded at site C and only 46%
findability with 8% mortality from site D, where the
findability variation between tubes was the highest
(Online Resource 2). In contrast, site B showed total
mortality. Findability of the dead specimens was 53%
after the first month but very low (1 specimen in 1
tube) after the next month of exposure. Therefore, only
the one-month exposed tubes were evaluated for
juvenile depth distribution from site B and the site was
excluded from evaluation of live specimen findability,
which represented 67% for sites A, C, and D in both
evaluating periods (AUG, SEP) together. Almost the
same live specimen findability (68%, 67%) in the two
periods (Online Resource 2) represents a very impor-
tant result.

The recorded depth distribution of live juveniles
showed a very remarkable accumulation between 2
and 3 cm of sediment depth, where around half of
found specimens were situated (Fig. 6). Their num-
bers dropped strongly in both up and down directions.
The findings below 6 cm were unique and the deepest
specimen found was recorded at 8§ cm depth. Evalu-
ated on a 1.5 cm scale beginning at the substrate
surface, 57% of juveniles were found in a zone of
1.5-3 cm.

Like findability, depth distribution also did not
show any significant differences between the two
months (Fig. 7), so the difference between the sites
could be evaluated independently of the exposure
time. Sites A, C and D showed a similar distribution
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Fig. 4 Oxygen concentration changes (mg 17") in free-flowing
water and sediment depths 3/10 cm (a), free-flowing water level
depth changes (cm) (b) and flow velocity (m s™') 5 cm above
the riverbed (c) at four sites A-D during the main experiment
(Aug—Sep 2015). a Free-flowing water: dashed black line; site A
(3/10 cm): large/small black circle, site B (3/10 cm): large/
small white circle, site C (3/10 cm): grey/white square, site D (3/
10 cm): large/small black triangle. b Site A/B/C/D: black circle/
white circle/grey square/black triangle. ¢ Site A/B/C/D: black/
white/grey/black and white bar

(Fig. 8), which is not very different from the mean

(Fig. 7), with the maximum between 1.5 and 3 cm.
Nevertheless, an increased occurrence of juveniles in
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the subsurface layer (to a depth of 1.5 cm) is
noticeable at site D. In contrast, site B showed a clear
maximum of dead specimens (nearly 80%) in the
subsurface layer.

Supplementary wintering experiment

The hyporheic water temperature relationships were
similar to the first wintering experiment. The 10-cm-
deep hyporheal showed smaller oscillations compar-
ing to the 3 cm one, especially in early spring when
temperature amplitudes increased in free-flowing
water and the difference between 3 and 10 cm
hyporheal can represent a whole 1°C (Online
Resource 3). The oxygen concentration was favour-
able in both depth horizons on the day of sampling (4th
of April 2016). Juvenile findability was 56% with the
comparable specimen numbers (8, 10) in both the
tubes and with only one dead specimen found.
Juvenile depth distribution showed a maximum
between 3 and 4.5 cm depth (Fig. 6) and was very
similar to the first wintering experiment (Fig. 3).

Discussion
Basic findings

The juveniles were never distributed randomly and
every time they inclined to an accumulating occur-
rence. The occurrence maxima clearly point to a
preference for a certain sediment depth, namely
2-3 cm within the main (summer) experiment. This
depth is not easy to define precisely because the river
bed surface is uneven and the actual depth of the
shallow hyporheic zone is disputable (Hauer &
Lamberti, 2007). Nevertheless, live juveniles only
rarely occurred in the subsurface layer up to 1.5 cm
depth, so it seems evident that they regularly pene-
trated deeper after their installation into 1 cm. On the
other hand, their numbers decreased significantly
below 3 cm depth. A similar type of unionoid
burrowing behaviour with a shallow sediment horizon
preference was described by Yeager et al. (1994),
when newly metamorphosed juveniles (180-240 pm)
of Villosa iris (Lea, 1829) burrow after 20 min, but
not deeper than 1 cm in sandy sediment in a laboratory
test. Upper interstitial as a suitable microhabitat for
young mussels (especially FPM) was already expected
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(b)

AT (°C)

AT (°C)

Free-flowing water vs sediment depth
===« Sediment depth 3 cm vs 10 cm

Fig. 5 Temperature changes (°C) in free-flowing water (a), and
temperature differences between free-flowing water and sedi-
ment depths 3/10 cm at four sites A-D (b) during the main
experiment (AUG-SEP 2015). b Free-flowing water vs

by Buddensiek et al., (1993), especially due to a high
rate of exchange between the free water body and the
interstitial water and due to higher oxygen

Free-flowing water vs sediment depth 10 cm

sediment depth 3 cm: solid light blue line; free-flowing water
vs sediment depth 10 cm: solid dark red line; sediment depth
3 cm vs 10 cm: dotted black line. Data-loggers: HOBO Onset
(temperature records every 1 h)

concentration in the first 3 cm depth in comparison
with deeper horizons.
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Fig. 6 Depth distribution of ALL juveniles found in the
individual sediment layers within the main experiment (Aug—
Sep 2015, 16 tubes) and the supplementary wintering experi-
ment (Sep 2015-Apr 2016, 2 tubes). Data from layers with at
least one found juvenile are described. Vertically: the marks
indicate the medium depth of the sediment layer, i.e. the most
probable depth of juvenile(s) occurrence. The line segments
indicate the thickness of the layer, i.e. a maximum theoretical
range of juvenile(s) occurrence. Summer: live specimens: black
circle, empty shells: white rhomb. Winter: live specimens: grey
circle, empty shells: black cross

The identical design of live specimen depth distri-
bution after 1 and 2 months (Fig. 7) suggests that,
after taking a suitable depth position, juveniles stay
there as long as conditions permit. No doubt they are
not trying to go deeper. Although only some parts of
the year were captured by the experiments, and
although the experimental unit (tube) number was
low, it seems that FPM juveniles commonly do not
submerge deeper than 8 cm substrate in the conditions
at our experimental sites. As the Tepla Vltava River
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Fig. 7 Depth distribution (%) of LIVE juveniles found after 1
and 2 months (grey and black bars) within the main experiment
(Aug—Sep 2015). Number of evaluated tubes: 6 = 2x A,2x C,
2x D) after 1 month, 7 = 2x A, 2x C, 3x D) after 2 months.
No live specimens were found at site B

(especially the experimental meander) has favourable
FPM localities (éerné et al., 2018), where a well-
oxygenated hyporheal is present, we can assume that
this occurrence depth limit would not be significantly
deeper elsewhere, especially in rivers with steeply
decreasing hyporheic oxygen. On the other hand, the
preferred sediment depth of 2-3 cm could vary
between rivers and also between localities within a
river, depending on local substrate composition.

Permanent juvenile occurrence just on a sediment
surface is not supposed. Wash away and bed shear
stress (Ackerman & Hoover, 2001) are probably the
main factors affecting non-burrowing juvenile mus-
sels. On the other hand, it could also be a positive
factor enabling juvenile mussel escape from locally
bad conditions after active digging out. It has been
shown that drift intensity can be influenced by
juveniles themselves thanks to a wide range of foot
and valve movements changing the probability of
sedimentation (Schwalb & Ackerman, 2011; French &
Ackerman, 2014).
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Effects of microhabitat variability

Even though it was not the primary experimental
intention, the four sites of the main in situ experiment
represented very different hyporheic conditions within
one short river stretch, with different flow velocity and
hydrochemical behaviour. This variability was
reflected in juvenile depth position, survival and
tendency to stay on site. Although the last two
variables are not always distinguishable, several
patterns are visible even in our small dataset. Site A
seems to be an example of an optimal and stable en-
vironment, with a high ratio of survival where the
juveniles have a tendency to persist and are able to
winter. Site C was similar, but with different temper-
ature and oxygen fluctuation regimes. Site D can be
interpreted as an oxygen-stable but mechanically-
unstable environment; variation between tubes was
highest, as well as juvenile losses—probably caused
by escaping. Although the temperature conditions
(Fig. 5b) are typical for downwelling at this site
(Hauer & Lamberti, 2007), the live juveniles showed a
tendency to accumulate in the subsurface layer here

more than at other sites. As a river bed depth of
30-40 cm from the water level is reported as optimal
for young mussels (Moorkens & Killeen, 2014), it may
be that site D (maximum 15 cm deep) is too shallow
for juveniles and they have a tendency to leave it.

Site B was an example of an environment where
oxygenation decreased unpredictably, probably very
quickly somewhere between the first and second
check, caused by water level decreasing under a depth
critical for this site. Moving up and escaping from the
tubes was probably the juveniles’ reaction to this
change. If such a sudden oxygen decrease affected
free-living juveniles, a quick rise to the river bed level
would be the only way to survive. No horizontal
movement could help juveniles to find better condi-
tions if water stagnation affects an area of several
square metres. The effort to escape seems to be the
reason for dead specimen accumulation in the subsur-
face substrate layer. They represent juveniles which
were not on the surface at the time, while the more
successful ones could leave the tube space. By the time
of the second tube set collection from this site (about
6 weeks after the assumed oxygen depression), all the
remaining empty shells would probably have
dissolved.

Wintering

After the first 8 months of exposure, the majority of
juveniles were found dead. Nevertheless, the shells
were mostly well preserved, so the time of death must
have been close to tube collection. There is a lack of
published results about 0.5-2 mm juvenile FPM shell
decomposition rates, but unpublished data (Ram-
bouskova, 2015) suggest complete shell degradation
after 8 weeks, depending on substrate quality and
sediment saturation of calcium. In addition, an exper-
iment with juvenile newly excysted mussels (Lavic-
toire, 2016) proved that it can take less than 2 months
for a shell to lose the calcium layer completely. A shell
in good conditions, indicated as degradation class 1,
represents a recently dead juvenile (Lavictoire, 2016).

Therefore, juvenile survival during the majority of
the exposure time and death shortly before the end of
the experiment due to sudden oxygen decrease seems
to be the most probable interpretation of our finding.
Nevertheless, other causes are not excluded (preda-
tion, parasites, or other health problems). In contrast, a
very high survival ratio (only one dead specimen from
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18 found) was recorded from the second 8 months of
exposure. This reflects generally stable and suit-
able hyporheic conditions at site A throughout the
experiment.

Slightly deeper sediment (3—4.5 cm) where
most wintering specimens were concentrated com-
pared to summer exposure is not very conclusive due a
small n. Nevertheless, it could be interpreted as
descending a little deeper, where the temperature is
more stable and farther from zero.

The 50% animal loses both in the first and in the
second wintering period could be caused by natural
juvenile mortality in the hyporheal, which can reach
tens of per cent annually in the Vltava catchment semi-
natural breeding programme (§Vanyga etal.,2013). In
similar experiments with Lampsilis cardium (Rafin-
esque, 1820) using caged juveniles with a vertically
change position possibility, the mean survival was
47% in 3 cm hyporheal, while 86% in free water
exposures (Bartsch et al., 2003). On the other hand, a
number of escapers through the tube surface layer is
also a probable cause of loses because the tube
conditions are semi-natural and juveniles may look for
a more optimal environment during or after wintering.
Zero juveniles in the completely passable tube allow-
ing horizontal movement of juveniles (during the first
wintering) reflects this possibility.

Key outcomes

The experiments showed a tendency for juveniles to
penetrate into some sediment depth. The depth
preference of 2-3 cm is apparently not random and
could be a result of two contrast pressures. A shallow
position is safer for suitable oxygen concentration;
apart from that it allows juveniles to escape from
sediment and drift to another place if oxygen condi-
tions are getting worse. In contrast, a deeper position
represents better safety for rinsing from the substrate
and consequent passive drifting. It seems that juve-
niles prefer a substrate layer as shallow as possible,
which still deep enough to not threaten their position
stability. By what senses the juveniles know their
current depth is a question. In every case, a very
shallow hyporheal proves to be a favourable environ-
ment for FPM juveniles. This fact should be consid-
ered within species reintroduction programmes.

@ Springer
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Knowledge of habitat suitability for freshwater mussels is an important step in the conservation of this endangered species group. We describe

a protocol for performing in situ juvenile exposure tests within oligotrophic river catchments over one-month and three-month periods. Two
methods (in both modifications) are presented to evaluate the juvenile growth and survival rate. The methods and modifications differ in value for
the locality bioindication and each has its benefits as well as limitations. The sandy cage method works with a large set of individuals, but only
some of the individuals are measured and the results are evaluated in bulk. In the mesh cage method, the individuals are kept and measured
separately, but a low individual number is evaluated. The open water exposure modification is relatively easy to apply; it shows the juvenile
growth potential of sites and can also be effective for water toxicity testing. The within-bed exposure modification needs a high workload but is
closer to the conditions of a natural juvenile environment and it is better for reporting the real suitability of localities. On the other hand, more
replications are needed in this modification due to its high-hyporheic environment variability.

Video Link

The video component of this article can be found at https://www.jove.com/video/57446/

Introduction

The exposure of experimental organisms in situ with the subsequent evaluation of their condition is one possible way to get information about
the environmental quality and (especially) the site suitability for a species. Within animals, such a bioindication is applicable primarily for small
invertebrates which are able to live in a limited bounded space. Young stages of bivalves (Bivalvia) are one such suitable organism group1.

Bivalves of the family Unionidae are a very important component of aquatic ecosystems2 However, these species are often critically
endangered, especially in streams and rivers. Some of them are characterized as umbrella species' whose conservation is closely related to the
conservation of the whole stream biotope and WhICh require a comprehensive approach These animals have a life cycle assomated with many
environment components, from water chemlstry ®to changes in the populations of fish which serve as mussel larvae hosts®. Because mussel
juveniles often represent a critical phase of the mussel life cycle, the site suitability for their development at this stage is crucial for a successful
species population development in a locality.

The freshwater pearl mussel (FWPM, Margaritifera margaritifera; Unlonlda Bivalvia) is a critically endangered bivalve occurring in oligotrophic
European streams. Their numbers have fallen drastically during the 20" century across the occurrence area. It seems that the current decline in
species reproduction in the majority of the central European populations is primarily caused by very low to zero sunnval of juveniles during the
first few years of their life. It is assumed that juvenile FWPMs live for many years in the shallow hyporheic zone’ , of which the conditions and
their variability are still not well described. Moreover, until their second year of life, the juveniles only have a dlmensmn of up to about 1 mm, so
they are very difficult to find in large volumes of sediment under natural conditionss. Therefore, experiments with captive juveniles are necessary
for the study of their ecology.

Within the Czech Action Plan for Freshwater Pearl Musselg, there are thousands of juveniles rising every year from a semi-natural breeding
program. Nevertheless, there is a question of which localities and habitats are suitable for successful population support by these juveniles or for
eventual species reintroduction. In situ bioindications present a way of finding the answer.

Despite the fact that inconsistent survival rates ofJuvenlle mussels in exposure cages were observed in some earlier works that questioned the
suitability of juvenile mussels as bioindicators'® , several recent studies have confirmed the applicability of juvenile exposure methods for water
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quality testlng11 1213 . Additionally, it has been demonstrated that several factors need to be considered when interpreting the results of these

particular studies, such as the stock ongln 4 and the persisting effects of larval conditions'®

The question arises of how to install experimental juveniles in tested localities and how to most effectlvely evaluate their condition. The first
rigorous application of in situ exposure methods with juvenile FWPMs was published by Buddensiek'®. Juvenile FWPM individuals were kept
in sheet cages, exposed in the free-flowing water of streams, and their survival and growth were quantified after several weeks of exposure.
The approach was originally developed as a semi-artificial breeding method, but the author also highlighted its applicability for the assessment
of habitat requirements and water quality. Although the FWPM juvenile survival is naturally very low on a scale of months/years and only a
very small number of animals will survive, the survival rate can be a good marker of the environmental effect on a scale of several weeks'®

Over years of research, exposure methods were developed further to hold experimental juvenile mussel in-stream habitats and to evaluate
their growth and survival rates; these mclude sandy boxes'’ , mussel silos based on an upwelling pnnc:lple '8 and various other exposure cages
(summarized by Gum and colleagues) . Because juveniles occur naturally in shallow hyporheic zone’ , the appllcatlon of experimental devices
within the stream bottom is very desirable.

In our article, we describe the use of two exposure devices for FWPMs: i) modified Buddensiek sheet cages ("mesh cages") also enabling
bioindication testing in hyporheal conditions; and ii) HruSka sandy boxes ("sandy cages"). The protocol describes the application of both methods
in open water and hyporheic conditions (i.e., four variants of exposure are described). The methods were gradually modified and expanded over
more than 15 years of application within the Czech Action Plan for Freshwater Pearl Mussel® and verified by a set of experiments.

1. Mesh Cage

Note: See Figure 1.

1. Prepare material
1. Prepare the material for the in-laboratory part of the experiment: ~1 - 2 L of river water per mesh cage, mesh cages (1 main plastic
body, 2 plastic covers, 2 sheets of special technical sieves with 340 um pores, 4 bolts and 4 nuts per cage), pliers, a spanner, Pasteur
pipettes, a strainer, a digital camera, a trinocular dissecting zoom stereo microscope, a calibration grid (microscope equipment), 5 Petri
dishes of 50 mm diameter, beakers, 2 plastic dishes (~25 cm x 15 cm x 3 - 5 cm), and a plastic box.
2. To perform the hyporheal installation, prepare a rubber hose and a 100-um-pore mesh, and a squirt bottle. For the construction of the
device, see Supplementary File 1: S.1. Mesh cages construction.

2. Assemble the bottom and central part of the mesh cages. Assemble the part of the cage that holds the individuals. Insert one plastic cover
first, then one sheet of the plastic sieve, and finally the main body on top. Use four bolts to secure it.
3. Prepare biological material
1. Put the mesh cage into the plastic dish containing river water. Ensure that the chambers are half full. Take the FWPM juveniles (see
Supplementary File 1: S.6. Biological material) out of the thermally-insulated box and put them in the Petri dish.
Note: Ensure that sudden temperature changes do not exceed ~2 °C.
2. Using a squirt bottle and strainer, sift through the juveniles to clear the detritus.

4. Set up the microscope and camera. Perform a calibration of the instruments (see Supplementary File1: S. 5. Microscope and
phototechnics). Place a Petri dish containing a little water under the microscope.
5. Put the juveniles into cages (experimental laboratory work)

1. Use a Pasteur pipette to remove one individual from a Petri dish and carefully place it in the Petri dish under the microscope.

2. Check the individual's fitness by looking into the eyepiece (~40X magnification).
Note: “Good” fitness signifies that the individual moves, rotates from side to side, pushes the foot out of the shell, efc. Remove dead
or low fitness individuals with a Pasteur pipette and place them in a separate Petri dish (FWPM juveniles with an opened shell, no
movement, the foot is not pulled out, a fragmented shell, juveniles who float uncontrollably in the water, a visible decomposition of the
shell, partial decalcification).

3. Take two photographs of an FWPM individual showing good fitness using a constant magnification of ~80X. See Supplementary File
1: 8.5. Microscope and phototechnics. Save the photos.
Note: For a good measurement of its length, the juvenile must be laid lengthwise (lateral view). The main goal is to take a high-quality
picture of the maximum shell length good enough to enable a picture analysis afterward.

4. Insert the juvenile into the appropriate chamber in the cage as soon as the pictures are taken. Record the numbers of the pictures and
the chamber.

5. Repeat this step with each individual for all the used chambers in the mesh cage.
Note: see Supplementary File 1: S.1. Mesh cages construction.

6. Once all the used chambers have pearl mussels, put the plastic sieve on the cage, then gently put the plastic cover on and secure all
parts together with the nuts.

7. Inthe case of an installation into a hyporheic zone, pass one of the hose ends through one of the chambers and fix it in this position,
then take the anti-clogging mesh and bind it on the bottom end (see Supplementary File 1: S.1. Mesh cages construction).

6. Store juveniles
1. Put the cage into the plastic box with the river water, so that the juveniles are fully immersed, and keep it in the thermobox. Before the
installation, let the juveniles adapt to the in situ river water temperature at the place of installation (gradual cooling, max. 5 °C in 24 h).

7. Install mesh cages
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1. Prepare the field material including the mesh cages with the juveniles, steel spikes, bolts and metal nuts, a spanner, field temperature
dataloggers (see Table of Materials and Supplementary File 1: S.4.2. Water measurement), a string, a camera, the field protocol, a
hammer, and a spade.

2. Transport the FWPM juveniles to the site in a field thermobox (insulated box), keeping a stable water temperature with variations < ~2
°C. Put the thermobox with the mesh cages into the river on the site to let the juveniles adapt to the local environmental conditions (pH,
conductivity, efc.).

3. Install the mesh cage.

1. Remove the mesh cage from the field thermobox. Provide it with two steel spikes and fasten the field datalogger. Anchor the
cage into a habitat with conditions typical for FWPMs in the study area (e.g., at the edge of the main stream flow, not in direct
water flow, not in standing water, not in direct sunlight).

1. For open water, using a pair of the steel spikes, fix the cage to the river bottom; lay it on its side and level with the river
bottom, downstream at an angle of 45° to the river flow, towards the center of the river. The lower horizontal edge should
be about 10 - 15 cm above the river bottom surface. Maintain a minimum distance of 2 m between each cage at one
locality (see Supplementary File 1: S.4. Cages maintenance).

2. Forthe hyporheic zone, dig the cages into the river bottom in a perpendicular landscape position, perpendicular to the
stream of water, so that the upper horizontal edge of the cage is parallel to the river bottom surface and the chambers
are located at the hyporheic depth which should be tested. Take out the upper end of the rubber hose above the
bottom surface for the possibility of water sampling during the experiment (see Supplementary File 1: S.4.2. Water
measurement).

Note: It is recommended to perform regular checks and maintenance on the cages (see Supplementary File 1: S. 4.
Cages maintenance).

8. Uninstall the cages and transport the juveniles after the exposure. For this, pull the cages out of the water, clear them of fine sediment as well
as of drifted material and put them into the field thermobox filled with river water. Transport the cages immediately to the laboratory and start
the mortality and growth rate evaluation.

Note: See Supplementary File 1: S.3. Exposure duration. In the case of a temperature difference of more than 5 °C between the cages
and the laboratory environment, it is first necessary to let the temperature equalize.

9. Evaluate the experiment by checking the life/fitness of each juvenile (see steps 1.5.2 and 1.5.3) and take 2 images of each live juvenile in a
Petri dish using a constant magnification of ~80X. Record the fitness and the numbers of the pictures and chambers.

10. Complete the experiment (common to all methods)

1. Perform the measurements in image analysis software. Use image analysis software for the body size determination of every evaluated
juvenile on both the input images (step 1.5.3) and on the output images (step 1.9). Use the maximum total shell length recorded in both
photographs as body size values in both input and output.

2. Insert the measured values into the table processor and calculate the growth increment (%) for each surviving juvenile.

3. Estimate the survival rate (%) per mesh cage using the ratio of the number of surviving individuals to all experimental individuals in the
mesh cage.

Note: After the experiment, return the survivors to the breeding program
(see Supplementary File 1: S.6. Biological material).

2. Sandy Cage

Note: See Figure 2.

1. Prepare material

1. Prepare the material for the in-laboratory part of the experiment: 2 Petri dishes (diameter ~8.5 cm), Pasteur pipettes, a strainer, 25
L of river water, a plastic box, sieves (mesh size 1 and 2 mm), a big plastic box (25 L), a sandy cage (see Supplementary File 1:
S.2. Sandy cages construction), a digital camera, a trinocular dissecting zoom stereo microscope, a calibration grid (microscope
equipment), sorted river sand from the study area (see step 2.1.3), and the protocol. See Table of Materials and Supplementary File
1: S. 2. Sandy cages construction.

2. Prepare the material for the isolation process: round containers (1 for each cage plus 1 extra), 2 Petri dishes (diameter ~14 cm), a
Pasteur pipette, magnifying glasses, and 1 L of river water.

3. Sift the river sand through a 2-mm sieve and then through a 1-mm sieve to get a grain size of 1 - 2 mm. Dry the sand and save itin a
dry form until required.

2. Take the juveniles (see Supplementary File 1: S.6. Biological material) out of the thermobox and put them in the Petri dish. Using a squirt
bottle and strainer, sift through the juveniles to clear the detritus.

3. Set up the microscope and camera (see Supplementary File 1: S.5. Microscope and phototechnics).

4. Put juveniles into cages (experimental laboratory work)

1. Place the sandy cage in the plastic box. Scatter the sorted sand (see step 2.1.3) up to one-third of the height of the sandy cage. Pour
water into the box. Ensure that the sand surface is about 10 mm below the water level. Insert the sandy cage into the 25 L box of river
water and expose it to the same temperature as the juvenile FWPMs (see Supplementary File 1: S.6.2. Storage of the biological
material) for 12 h. Avoid any exposure of the sand to sunlight.

2. Take the Petri dish with the prepared FWPM juveniles.

Check the individuals’ fitness by looking into the eyepiece (see step 1.5.2).

4. Perform the photographic documentation as follows. Take one picture of all individuals discovered (see step 1.5.3) and choose 10
of the largest individuals. Alternatively, take pictures of all juveniles together with low magnification (~40X) for a bulk evaluation and
choose the 10 largest individuals. Save all the photos and record their numbers.

el
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5. Using a squirt bottle, move the FWPM juveniles into the prepared sandy cage.

5. Store juveniles
1. Put the cage into the big plastic box with river water so that the cage is fully immersed and keep it in the thermobox. Let the juveniles
adapt to the in situ river water temperature (gradual cooling, max. 5 °C for 24 h) before the installation.

6. Install sandy cages

1. Prepare the material for the field installation: sandy cages, a ~25-L field thermobox, a flat stone (minimal weight 1 kg), a net (mesh
size 10 x 10 mm), a squirt bottle, field temperature dataloggers (see Table of Materials and Supplementary File 1: S.4.2. Water
measurement), a spade, and the field protocol.

2. Transport the cages with the juveniles to the site in the field thermobox, keeping a stable water temperature (~2 °C change). Put the
field thermobox with the sandy cages into the river at the field site to let the FWPM juveniles adapt to the local environmental conditions
(pH, conductivity, efc.).

3. Install the sandy cages into habitats with conditions typical for FWPMs (e.g., at the edge of the main stream flow in a meander, not in
direct water flow, not in standing water, not in direct sunlight).

1. For open water, fasten the sandy cages to a flat stone using a net and place it on the river bottom. Ensure that the larger side of
the cage forms an angle of 45° with the flow.

2. For Hyporheal, dig the cages into the river bottom perpendicular to the flow of water so that the cage lid is level with the river
bottom surface.
Note: It is recommended to perform regular checks and maintenance on the cages (see Supplementary File 1: S. 4. 1. Site
checks).

7. Uninstall cages and transport juveniles after exposure
Note: see Supplementary File 1: S.3. Exposure duration.
1. Pull the cages out of the water, clear them of drifted material and put them into the field thermobox filled with river water.
2. Transport the cages to the laboratory and start the mortality and growth rate evaluation.
Note: In the case of a temperature difference of more than 5 °C between the cages and the laboratory environment, it is necessary to
let the temperatures equalize.

8. Separate FWPM juveniles from sand
1. Prepare a round container with a water depth of 50 mm (for each cage separately) and one extra round container. Transfer the sand
from the cage into the round container. Use a swirling motion to wash out the lighter particles into an extra container.
2. Sample the content from this container gradually and search for juveniles step-by-step using a Pasteur pipette and a magnifying glass.
Put the juveniles in the Petri dish using the Pasteur pipette. Repeat this step until the last juvenile has been found and then another 10x
after the first negative finding. After each wash step, add clean river water to the original container with sand.
Note: Especially after the first washing out, properly examine the content and clean it of ballast such as fine sediment and other alluvia.

9. Evaluate the experiment
1. Check the fitness of each juvenile (see steps 2.4.3 and 1.5.2) and count the number of survivors.
2. Take a picture (see step 2.4.4.) of each individual separately, although this means there is no clear identity of each individual.
Alternatively, take bulk photos and choose a subset of the 10 best-grown individuals from the final results.
Note: Both possibilities have a similar reporting value. Possibility 1 has a limitation of a higher workload but also the benefit of the
highest photo magnification and thus also greater accuracy.

10. Complete the experiment
1. Perform measurements in image analysis software. Complete the experiment as done in the mesh cages (see step 1.10) with
the following exception: do not evaluate the growth rate (%) of each juvenile but evaluate the group as a whole in the sandy cage
experiment.
Note: After the experiment, the survivors should be returned to the breeding program
(see Supplementary File S.6.1. Selection of a biological material).

Representative Results

The four bioindication methods (open water sandy cages, within-bed sandy cages, open water mesh cages, and within-bed mesh cages) were
applied to investigate the environment condition suitability for FWWPMs in the upper Vitava River Basin (Bohemian Forest, Czech Republic). This
river represents one FWPM residual locality within central Europe19. Here, we present a specially selected set of results illustrating the most
important aspects of the four methods. Further details are described in a comprehensive study by Cerné et al™.

The river environment was studied at two levels:

(I) A longitudinal river profile was represented by main stream localities (sites A - E) and tributaries of different pollution stages (sites R and
V). The localities were tested both by sandy cages and by mesh cages installed in free-flowing water. In addition, a gravel hyporheic zone was
tested by within-bed sandy cages in localities B, C, and D.

(II) A hyporheic environment was tested in the selected locality C. The suitability of different substrates (sand, gravel, stones) was tested by
within-bed mesh cages.
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The growth rate and survival rate of >1-year-old juveniles (see Supplementary File 1: S.6. Biological material) were tested. The experiment
was carried out to its full extent in the summer of 2014 and was repeated to a smaller extent at some localities in the summer of 2015. Within
level (I), 2 - 6 sandy cages with a minimum of 100 juveniles and 6 (2014) or 4 (2015) mesh cages with 6 juveniles were applied at each locality
tested by the appropriate method. Within level (Il), 7 mesh cages with 6 juveniles were installed in every tested environment. The exposure time
was one month for the mesh cages and three months for the sandy cages.

The statistical analysis was conducted in R, version 3.1 0%, Kruskal-Wallis, Kruskal-Nemenyi, and Wilcoxon-Mann-Whitney tests were used. For
data with a normal distribution, linear or quadratic regression was carried out.

The localities can be clearly distinguished based on the growth rate in the open water mesh cages despite the high within-cage variability, even
in different growth-favorable periods (Figure 3). In the more growth-favorable exposure in 2015 (growth rate 19.3 - 41.8%), a significant trend
was discovered in the longitudinal profile where the growth rate increased downstream (Kruskal-Wallis test, p < 0.001). Importantly, the survival
rate was equivalently high in both seasons (from 83%) (Figure 4A).

On the other hand, the open water sandy cages showed a different trend between the main stream localities in 2014: the growth rate increased
downstream from locality A (52%) through the middle locality C (153%), and thereafter decreased again until locality E (46%) (a quadratic
regression of absolute growth values: rzadj =0.77, F543= 25.66, d.f. = 16, p < 0.001). This trend was also confirmed in 2015 when the greatest
growth rate was recorded at the middle locality C again. Also, the absolute growth rate values did not differ much between 2014 and 2015. On
the other hand, the survival rate differed between the years, being much higher in 2015 (from 48% to 72%) than in 2014 (about 25%) (Figure
4B).

An effect of two different exposure methods is also clearly visible in the polluted tributary (locality V). The sandy cages exposed here during the
three months showed 0% survival, while an 83% survival rate with some growth was recorded by open water mesh cages exposure here during
the 30 days.

Results from the within-bed sandy cages illustrate different conditions in the hyporheic environment in comparison to open water in the relevant
localities. The growth rate was always lower in the hyporheal sites than in open water, and the survival rate was much more variable (from
almost 50% to 0%, Figure 4B).

A study of hyporheic microhabitats using the within-bed mesh cages showed a significant effect of the substrate composition on juvenile survival.
The best conditions were recorded from the oxygen-saturated stony bottom (a survival rate close to 100%) while the worst (a < 40% survival
rate) were indicated in poorly oxygenated sand where a very high variability in surviving was also detected. Hyporheic water oxygenation, which
was repeatedly measured during the experiment, explains this trend (Figure 5).

plastic cover sheet
chamber-closing mesh

plastic

ge
chamber-closing mesh
plastic cover sheet

Figure 1. Bioindication mesh cage with individual chambers. See Supplementary File 1 for further details. Please click here to view a larger
version of this figure.
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Figure 2. Bioindication sandy cage. See Supplementary File 1 for further details. Please click here to view a larger version of this figure.
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Figure 3. Individual variability in juvenile growth rate recorded by open water mesh cages in localities B and E during two seasons.
The means and standard deviation are described for every mesh cage. The values are based on the measurement of 6 juveniles (or4 - 5
juveniles if the mortality rate > 0%) in every mesh cage.
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Figure 4. Example results from a field bioindication experiment with mesh and sandy cages. (A) This panel shows example results from
a field bioindication experiment with mesh cages. A total of 6 localities (B, C, D, E, R, and V)within the Vitava River catchment were tested on

2 separate occasions (in 2014 and 2015). The exposure time was 30 days during the summer season. The Localities B - E represent (in order)
a longitudinal profile of an approximately 20-km stretch of the river's main stream. Localities R and V represent profiles of 2 tributaries. Capitals
mark the same locality both in panel (A) and (B). All localities were tested with open water mesh cages. In addition, locality C was also tested
using within-bed mesh cages installed in 3 different types of river bed (Cs = sand, Cg = gravel, Cst = stones) in 2014. The cages were installed
in 4 - 7 replications at every site. 6 freshwater pearl mussel juveniles of 1+ year old were used per mesh cage. The average growth rates are
marked for the 3 largest individuals (3 MAX) from every tested mesh cage (columns, left axis) and the average survival rate per mesh cage
(blue points, right axis). (B) This panel shows example results from a field bioindication experiment with sandy cages.A total of7 localities (A,

B, C, D, E, R, and V)within the Vitava River catchment were tested over on 2 separate occasions (in 2014 and 2015). The exposure time was

3 months during the summer season. Sites A - E represent (in order) a longitudinal profile of an approximately 30-km long stretch of the river's
main stream. Sites R and V represent profiles of 2 tributaries. Capitals mark the same locality both in this and in the previous panel. All localities
were tested with open water sandy cages. In addition, localities B, C, and D were also tested using within-bed sandy cages installed in gavel
river bed substrate (Bg, Cg, and Dg) in 2014. The cages were installed in 2 - 4 replications at every site. At least 100 freshwater pearl mussel
juveniles were present in every sandy cage. The average growth rate for the 10 largest individuals (10 MAX) from every tested sandy cage
(columns, left axis) and the average survival rate per sandy cage (blue points, right axis) are marked. Please click here to view a larger version of
this figure.
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Figure 5. Oxygen saturation. This panel shows the relationship between minimal values of oxygen saturation over 30 days of mesh cages
exposure and the surviving rate per cage in within-bed mesh cages exposed in different bed microhabitats in 2014. Please click here to view a
larger version of this figure.

2014 2015

locality 3-month exposure of 1-month exposure of 3-month exposure of 1-month exposure of
sandy cages mesh cages sandy cages mesh cages

A 13.9 - - -

B 14.4 13.4 13.9 17.5

(o] 15 13.8 14.4 18.3

D 15 13.8 14.3 18.3

E 15.5 14 - 18.7

R 13.5 12.8 - -

Vv 14 13.2 - -

Table 1. Average surface water temperature (°C) at the localities during exposure in 2014 and 2015.

Exposure time:

Even one-month exposed mesh cages show a visible growth reflecting differences between localities (Figure 3), so they are very usable for
the quick and easy detection of a locality characterization. Nevertheless, the relevance of the results depends on the short-term state of the
conditions, which can oscillate. In particular, short rainfall events can play a role. In contrast, unpredictable episodic pollution may not always
be recorded. In locality V (Figure 4A), water chemistry analysis detected a short wave of strong ammonium increase'®. This was probably
responsible for the mortality in the three-month exposed sandy cages but did not affect the 30-day exposed mesh cages.

Temperature fluctuations can also affect short-term exposure results. The one-month average temperature during mesh cage exposure differs
between the years (Table 1). The growth rate also varies where higher temperatures were accompanied by higher growth rates (Kruskal-Wallis
test p < 0.001). On the other hand, the average water temperature at the same localities during the three-month sandy cage exposure was very
similar in both years (Table 1) and the growth rate did not differ significantly (Figure 4B).

Benefits and failings of the described methods:

An open water exposure is relatively easy to perform but is of limited value for habitat bioindication. The method of open water mesh cages is
relatively old'® and has been repeatedly used with minor modifications'%11213.21.22.23 Nevertheless, these cages are not limited by oxygen,
whose deficiency is probably responsible for many juvenile deaths in hyporheic conditions. Thus, open water mesh cages can show good
development even in localities with increased mortality and a declining growth rate in open water sandy cages (locality E) or a 100% death rate
in within-bed sandy cages, as at locality D in 2014 (Figure 4B). Apparently, the open water mesh cages show locality growth potential, but this
may not be realistic as it is dependent on the real availability of hyporheic microhabitats within a locality. Because the open water mesh cages
have the ability of high survival (Figure 4A), even up to a 100% survival rate13, they can serve well for the bioindication of chronic toxicity (or
acute toxicity if it is expected at a given time). Also, they can be a useful food source presence testing to some extent.

As a new and uncommon method, the open water sandy cages better simulate hyporheic habitat conditions. Movement of the juveniles between
sand grains is possible in this apparatus, which helps to reduce the biofilm growth on the juvenile shell. A hyporheic oxygen deficiency can

be caused by the activity of microbes colonizing the sand grains; this effect can also partially occur in cages placed above a river bottom.
Nevertheless, due to the necessary periodic cleaning of clogging drifting material from a cage, fine sediments are also removed and thus the
conditions are changed in comparison to the natural hyporheic habitat. So, the growth rate can also be considered as locality growth potential in
open water sandy cages. However, this is closer to real locality suitability than in open water mesh cages. Therefore, the longitudinal growth rate
gradients recorded by sandy cages (Figure 4B) also seem to be more plausible and indicate a more suitable river stretch. Moreover, in sandy
cages, the possibility of juveniles and subadults breeding up to sexual maturity is veriﬁedg, so sandy cages can serve as a safe breeding and
biomonitoring method simultaneously.
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Sandy cages and mesh cages placed in the within-bed position are closest to the real conditions in a shallow hyporheal. By allowing a juvenile's
movement, sandy cages, in particular, offer them both a vertical and horizontal gradient of several centimeters in scale. This ability to move could
be very important for escaping from temporary oxygen-deficient micro-zones. This possibility is absent in the within-bed mesh cages. Therefore,
a relatively high number of bioindication units is necessary, because the hyporheic conditions are very variable 24 (Figure 5) and losses due to
an unsuitable location are common.

In summary, the bioindication methods used in this research correspond with presumed juvenile natural conditions in the following order:
1. open water mesh cages,

2. open water sandy cages,

3. within-bed mesh cages,

4. within-bed sandy cages.

The workload per unit increases in the same order. Moreover, the juvenile number required for a statistical testing of the results obtained
increases in within-bed exposures too. It seems that the within-bed sandy cages represent a more expensive but accurate bioindication
method. This new method needs more testing in the future and comparison with other types of hyporheic studies based on the piezometer
measurements®>?®. In particular, there is a need to study the degree of similarity using a direct probe measuring physicochemical conditions in
the cages and in the surrounding hyporheic environment.

The number of individuals measured in one cage:

Compared to mesh cages, it is not possible to measure the growth increment of specific juveniles in sandy cages as there is no information on
which individual from the input set is which one in the output. It is necessary to work with an average value. If counted for all the individuals,

this value can be very low due to a number of very slowly growing specimens; however, a couple of individuals can grow very quickly (growth
jumpers). Such uneven growth is typical for mussels®’. The growth variability among juveniles rises with increasing exposure time and big
differences can occur, especially in growth-favorable seasons. Also, a long exposure leads to major mortality rates in the mesh cages (for a
review see Lavictoire, Moorkens, Ramsey, Sinclair, and Sweetingze’), so we can work with a significantly lower number of individuals at the end of
the experiment compared to the input juveniles' set. Measuring only the several best-growing juveniles is a possible method.

The experience of FWPM breeding within the Czech Action Plan for Freshwater Pearl Musselg’zg, as well as the results from experiments on sea
bivalves3°’31, suggests that growth-deficient juvenile bivalves have a high mortality rate, and there is only a negligible chance of their living to
maturity. In contrast, growth jumpers have a higher survival rate and they are crucial for a population recovery. The parameter 10 MAX (the 10
most-quickly growing individuals) takes the growth jumpers into account and can increase the informative value of the experiment, even if high
mortality takes place (Figure 4B, season 2014). It should be noted that the growth estimate obtained by this method cannot be a false positive.

It may only be slightly underestimated because many of the largest juveniles at the end of the experiment would have grown a little bit more in
this case. Also, the workload is less if only 10 individuals are evaluated. Similarly, a measurement of three maximally growing individuals (3 MAX)
proved to be appropriate in mesh cages, eliminating the influence of slowly growing, non-perspective individuals, which could bias the real image
of site growth potential.
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Abstract

1. Population declines in freshwater mussels (Unionida) resulting from failed

recruitment, together with episodic water pollution potentially leading to juvenile
mussel mortality, are often suspected (but rarely well documented), even in the

most strictly protected aquatic areas.

. The aim of this study was to test a robust design for an in situ investigation of the

water pollution effects on juvenile freshwater pearl mussel (FPM, Margaritifera
margaritifera) in the protected MalSe River (Czech Republic), which acts as a
model system. A 30-km river reach was delineated to include a section with
previously recorded episodic multiple point-source pollution events, as well as
downstream and upstream control sections. Juvenile FPMs in open water mesh
cages were exposed to river water at 15 sites in 42 exposure units (342 juveniles
in individual chambers), and their survival and shell growth were assessed after a
33-day period of low-flow and high-temperature conditions. The main
physicochemical indicators related to municipal water pollution were measured

weekly.

. The study results confirmed significantly impaired water quality indicated by

episodic changes in total ammonia nitrogen (up to 1.037 mg L7%), total
phosphorus (up to 0.516 mg L) and oxygen saturation (down to 75.0%) in the
impaired section. While the growth of FPM (corrected for temperature effects)
was significantly increased (shell length increment: 32.7 + 9.7% - impaired,
26.4 + 10.0% - control sections; mean * SD), the survival (mean + SD) of
juveniles was significantly decreased in the impaired section (864 + 12.5%)

compared with the control sections (97.4 + 5.7%).

. This study has demonstrated the capacity of applying a caged bivalve model at a

fine spatial scale within a longitudinal river profile to document the impacts of
water pollution. The methodology applied here may provide a useful tool for
assessing and improving the level of water quality management and is applicable

in FPM action plans and stream biotope conservation in general.

Aquatic Conserv: Mar Freshw Ecosyst. 2022;32:1797-1808.
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1 | INTRODUCTION

The effects of contaminants are traditionally considered one of the
main reasons for the global declines in freshwater mussels (Ferreira-
Rodriguez et al., 2019). Numerous studies place mussels among the
most sensitive organisms to a variety of contaminants, especially
metals, ammonia and major ions (Wang et al, 2007; Wang
et al., 2018; Nakamura et al., 2021), and their early life stages may be
particularly vulnerable (Eybe et al, 2013; Ferreira-Rodriguez
et al,, 2019).

Knowledge regarding mussel sensitivity is typically based on
monitoring changes in population size, changes in distribution,
increased mortality of individuals, absence of natural reproduction,
changed physiology, or the detection of sudden die-offs, in
combination with experimental toxicant exposures under laboratory
conditions (Van Hassel & Farris, 2007). Nevertheless, there are a
number of cases where the exact causes cannot be identified, despite
water pollution being the main suspect (Van Hassel, 2007,
Gillis, 2012; Gillis et al., 2017), as highly variable spatiotemporal
dynamics and combined effects make it difficult to capture these
events in the field and simulate them in the laboratory (Patnode
et al., 2015). Subsequently, a lack of evidence creates uncertainty in
setting environmental limits for the protection of this animal group
(ASTM, 2013a; Ferreira-Rodriguez et al., 2019).

Water quality degradation seems to be the main factor in
declining populations of unionacean mussels (Strayer et al., 2004),
including the critically endangered freshwater pearl mussel
Margaritifera margaritifera (Linnaeus, 1758) (FPM). FPM is an ideal
target species for aquatic ecosystem conservation as it is considered
an umbrella, indicator, flagship and keystone species (Geist, 2010).
However, populations have severely declined in distribution and
abundance throughout their range (Lopes-Lima et al, 2017). In
surviving populations, a lack of recruitment is considered the main
challenge because the juvenile period is thought to be a critical
life stage of FPM (Geist, 2010; Gum, Lange & Geist, 2011).
Understanding the specific habitat requirements of early life stages is
vital for their conservation (Quinlan et al, 2015; Lavictoire
et al, 2016). Nevertheless, there is a lack of information on the
relationship between habitat conditions and the success of juvenile
FPM development (Lavictoire et al., 2016; Bily et al., 2021). Studies
on the effects of water pollution on FPM are rare (Taskinen
et al, 2011); a recent study shows that there is still a significant
discrepancy between field and laboratory data for different
substances in terms of ecotoxicological limits for the survival of FPM
(Belamy et al., 2020).

In situ exposure with subsequent evaluation of species

performance is often used in conservation biology (Armstead &

Yeager, 2007 and references therein) and provides valuable
information on the environmental quality and site suitability for
endangered species (Haag, 2012; Pollard et al., 2017), including FPM
(Buddensiek, 1995; Gum, Lange & Geist, 2011; Bily et al., 2018).
Recent studies have confirmed the applicability of these bioindication
methods for freshwater mussels at various spatial scales (Bartsch
et al,, 2017; Cerna et al., 2018; Bily et al., 2021), and several authors
(Haag, 2012; Ferreira-Rodriguez et al, 2019; Haag et al, 2019)
recommend using field exposures to investigate the multiple-stress
effects in natural settings. Nevertheless, this method is still relatively
underused and has only rarely been used to determine the effects of
episodic sources of water pollution. A declining FPM population
(Malse River, Czech Republic) reportedly disturbed by the impact of
municipal pollution from point sources (NCA CR, 2013; Simon &
Dort, 2014) was studied here, but there is a lack of data documenting
these effects owing to the inherent episodicity of pollution events.
The objective of this study was to develop and test a robust
experimental design for the in situ investigation of the effects of
multiple point-source pollution on juvenile freshwater mussels,
particularly FPM. The specific goals were to: (i) compare FPM
survival/growth  within impaired and control river sections;
(ii) quantify the relationships between the main indicators of
municipal pollution measured at weekly intervals and the results of
field exposures; and (i) provide recommendations for researchers and
practitioners in the field of freshwater bivalve conservation to use
caged models for the conservation of species living in streams and

rivers impaired by point source pollution.

2 | METHODS

21 | Studyarea

The Upper Malse/Maltsch River, with a transboundary river basin
(Czech Republic-Austria, Central Europe), represents a relatively well-
preserved ecosystem of (sub)mountain rivers with natural flow
dynamics, flood regimes and seminatural floodplains (Simon &
Dort, 2014). The approximately 40-km-long river reach was
designated as a Special Area of Conservation (CZ0314022 Horni
Malse and adjacent AT3115000 Maltsch) under the European
Habitats Directive, which then forms part of the Europe-wide Natura
2000 network (Council of the European Communities, 1992). Findings
of all FPM life stages have been confirmed in the river (Simon &
Dort, 2014), although the FPM population with a low total number of
individuals (~440 visible individuals) and a low proportion of subadult
individuals (~10%) is scattered in the river (Simon et al., 2015). The
Czech Action Plan for FPM conservation (NCA CR, 2013) lists this
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river as promising for the long-term occurrence of viable populations
because of evidence of active natural reproduction: juveniles were
found only in two Czech rivers with FPM occurrence (Simon
et al,, 2015). However, the MalSe River is supposed to be significantly
affected by local human pressures (see the aforementioned water
quality deterioration).

The river reach for this study covers the main occurrence of FPM
in the river and is situated between the confluence with the
Felberbach stream and the city of Kaplice (stream order IV (river km
(RKM 62-78) and V (RKM 47-62); Strahler, 1957) at an altitude of
540-660 m above sea level. Its width and depth range from 3 to 10 m
and from 0.3 to 0.8 m, respectively, during low-flow conditions.
Meadows and pastures with forest patches are typical features of
local floodplains (NCA CR, 2013). The long-term average annual
discharge is 2.14 m® s~ for profile Kaplice situated at the end of the
study river reach. During the field experiment (July to August 2019;
see Sections 2.4 and 2.5), discharge ranged from 0.35 to 3.05 (median
0.65) m® s~ Records showed four periods of higher flow (with
maxima of 0.87, 1.53, 2.47 and 3.05 m® s % see Supporting

Information 1). All data were obtained from the Flood Forecasting

Service of the Czech Hydrometeorological Institute Prague
(CHMI, 2019).
2.2 | Experimental design

The modified gradient design method (Salazar & Salazar, 2007) was
applied by delimitation of the impaired and both the upstream and
downstream control river sections (Rogers et al., 2018). Available
literature data (Simon & Dort, 2014; Simon & Kladivova, unpublished
data) and preliminary water quality screening performed in 2018
(Supporting Information 2) indicated the presence of potential
anthropogenic water pollution sources from a small tributary and a
municipal sewage treatment plant (using secondary activated sludge

biological treatment processes with (de)nitrification, 900 equivalent

48°40°'N
|

inhabitants) in the central part of the FPM occurrence. Four study
sites were situated within this impaired section: IMP-1 (0.15 km
downstream of the confluence with a small tributary) and IMP-2 to
IMP-4 (0.4, 1.2 and 1.5 km downstream of the plant outfall; RKM 62-
66, Figure 1). Within each of the two control sections, five and six
sites were located upstream (CUP-1 to CUP-5 - RKM 66-78) and
downstream (CDN-1 to CDN-6 - RKM 47-62) of the impaired
section, respectively (Figure 1). Long-term monitoring of a sewage
treatment plant situated in the upstream control section did not show
any significant effect on water quality and therefore was not
investigated in the present study. All the sites studied were chosen
based on water chemistry data 2017-2018 (see above), and the
distance between them ranged from 0.3 to 6.2 (river) km (see

Supporting Information 3).

2.3 | Experimental animals

Juvenile FPMs used for field exposures were recruited from a
seminatural breeding programme (Czech Action Plan for FPM; NCA
CR, 2013) with a Blanice River mussel population as a glochidia
source. Individuals in age cohort 1 + (7-8-month-old juveniles; within
the second growth period of the post-parasitic stage) were used. The
juvenile size before exposure ranged from 1,008 to 2,545 um
(mean + SD 1,682 + 287 pm; see Supporting Information 4). At the
end of the experiment, all surviving juveniles were returned to the

breeding programme.

24 | Insitu exposure

Juvenile FPMs were exposed to river conditions in open water mesh
cages with individual cylindrical chambers measuring 10 mm (height)
x 5.5 mm (diameter), formed by a bore in plexiglass material and
(modified from

closed by a polyamide fine 340-pm mesh

control downstream ‘
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FIGURE 1

Map of sites in the MalsSe River study area (control downstream section - light blue (sites CDN-1 to CDN-6); impaired section -

red (sites IMP-1 to IMP-4); control upstream section - pale blue (sites CUP-1 to CUP-5))
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Buddensiek, 1995; Bily et al., 2018). Two to four replicated cages
(22-24 individually held juveniles) per site were used, resulting in a
total of 342 juveniles housed in 42 cages at 15 experimental sites.
This number of cages/mussels could be (un)installed in 1 day, so the
first/last date of exposure was the same for all mussels at each site.
The installation of bioindication mesh cages in open water conditions
followed the protocol described by Bily et al. (2018). All juveniles
were individually photographed under a microscope (magnification of
80x) and placed into chambers. After installation in the field, the
cages were checked and cleared of drifted material (i.e. debris; after
14 days; NCA CR, 2013). The exposure lasted for 33 days (July to
August 2019), which has been demonstrated to be a suitable
exposure duration for site characterization in terms of FPM juvenile
growth and survival (Bily et al., 2018). At the end of the exposure
period, juveniles were examined and again photographed, and their
size measurement was performed in Imagel) software (Abramoff,
Magalh3es & Ram, 2004). The shell length increment (% of the initial
size, referred to here as ‘growth’) for each surviving juvenile and
survival (% per cage) were used as test endpoints. Because of the high
temperature dependency of juvenile mussel growth (Bartsch
et al., 2003; Cerna et al., 2018; Haag et al., 2019), analyses were
performed for both temperature-corrected and uncorrected growth
data. For the former analysis, the effect of temperature was removed
(as a covariable) from the final model (see Section 2.6) using a
regression relationship of temperature and shell growth from the

whole dataset.

25 |
analyses

Water physicochemistry and chemical

The main physicochemical parameters related to municipal pollution
were chosen as indicators of the degree of site disturbance in this
study. These are nitrogen forms, total phosphorus (TP), dissolved
oxygen (DO), conductivity and suspended solids, together with pH
and calcium. Five surface water samples were taken at each
experimental site at intervals of 6-8 days during the 33-day
experiment (July to August 2019). Surface water samples were
collected from a depth of 10 cm in the thalweg into 1-L PE bottles; all
sites were sampled in a downstream order. Samples were transported
immediately to the laboratory in a thermally insulated box with ice
packs. Nitrate nitrogen (NO3-N), nitrite nitrogen (NO,-N), ammonium
nitrogen (NH4-N), pH, calcium (Ca), TP and total suspended solids
dried at 105°C (TSS) were quantified at the environmental laboratory
of T. G. Masaryk Water Research Institute, Prague (Czech Republic)
according to the respective basic European or international standards
(CSN EN ISO 10304-1 2009-10, CSN EN 26777 1995-10, CSN ISO
7150-1 1994-07, CSN I1SO 10523 2010-03, CSN EN ISO 11885
2009-10, CSN EN ISO 6878 2005-03, CSN EN 872 2005-10).
Ammonia nitrogen (NH3-N) and total ammonia nitrogen (TAN as the
sum of NH4-N and NH3-N) were calculated using the reported
temperature and pH data. All TAN data (including those from previous

studies cited in Section 4.3) were normalized to pH 7.0 and

temperature 20°C (for all equations, see USEPA, 2013). Furthermore,
in situ conductivity (corrected to 25°C; x,5) and DO measurements
were taken five times at the sampling sites. For those measurements,
a calibrated mobile multimeter (Multi 3620 IDS) with two measuring
probes (TetraCon 925 for x5 and FDO 925 for DO; WTW GmBH,
Germany) was used. Water temperature was continuously measured
by temperature data loggers (HOBO 64 K Pendant, UA-001-64,
Onset Computer Corporation, USA) fastened to exposure cages at

each site.

2.6 | Statistical analysis

To investigate the differences in juvenile growth between river
sections, two separate linear mixed models with arcsine-transformed
proportional shell growth as the response variable were used. The
fixed effects were river section (Model A: impaired x control
downstream x control upstream, Model B: impaired x control) and
site position (RKM); the identity of site (15 levels) and cage (42 levels)
were used as random effects in both models. Models with original and
temperature-corrected data were run separately (see Section 2.4).
Pairwise t tests were used for post hoc comparisons.

Because of generally high survival, Fisher's exact test with post
hoc pairwise tests was used to compare the mortality of the juveniles
among the river sections using the total number of survivors and
deaths in individual sections. The linear mixed-effects regression
models were fitted in R version 3.6.0 (R Core Team, 2020) using the
Imer function of the ImerTest package (an extension of the Imer
function from the Ime4 package; Bates et al., 2015), which allows an
approximation of the degrees of freedom. Hypothesis testing of the
explanatory variables was performed using likelihood ratio tests with
type Il ANOVA and the Satterthwaite method for the approximation
of degrees of freedom using the ANOVA function in the ImerTest
package after checking the normality of data by visual inspection and
the Shapiro-Wilk test.

Stream sections were screened for potential differences in water
quality indicators using the non-parametric Kruskal-Wallis test. When
the results of the Kruskal-Wallis test were significant, pairwise
comparisons were performed according to the two-tailed unpaired
Wilcoxon Mann-Whitney test and adjusted for multiple comparisons

using the Bonferroni method.

3 | RESULTS

3.1 | Juvenile growth and survival

The growth (not corrected for temperature) of juvenile FPM was
30.8 + 10.1% (mean * SD) in the impaired stream section over the
33-day exposure period, indicating that at the end of this period the
mussels were 30% larger than their initial size. The growth of mussels
within the control downstream section of 30.7 £ 12.0% (mean % SD)

was comparable with that in the impaired section; however, the
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control upstream section showed a lower growth of 21.2 + 9.5%
(mean + SD; Figure 2a; Supporting Information 4). The growth of
juveniles increased incrementally in the downstream direction
(on average 8.8% for every 10 km of river distance; see Supporting
Information 5). In terms of the growth of juvenile FPM, the compared
models resulted in a significant stream section factor in Model A
(three stream sections, P < 0.05) but not in Model B (two stream
sections, P > 0.05) for the temperature-uncorrected data. The site
position factor (RKM) was significant in both models without
temperature correction (both P < 0.01). Post hoc comparisons showed
that both the impaired and downstream control sections differed
significantly (both P < 0.001) from the control upstream section but
were not significantly different from each other.

The temperature-corrected growth of juvenile FPM was
32.7 + 9.7% (mean % SD) in the impaired stream section. However,
the growth of mussels was 27.8 + 82% (mean * SD) and
25.2 + 11.1% (mean + SD) in the control upstream and downstream
sections, respectively (Figure 2a; for site-specific data see Supporting
Information 5). In the case of temperature-corrected data, the stream
section factor was significant in both Models A (P < 0.001) and B
(P < 0.05). This time, the effect of RKM was not significant in Model B
(P > 0.05), which was eliminated after the temperature correction.
Post hoc comparisons showed that both the upstream (P < 0.01) and
downstream (P < 0.001) control sections differed significantly from
the impaired section in Model A, and there were no differences
between control sections.

The juvenile survival in the impaired stream section was
86.4 + 12.5% (mean % SD), while it was 96.9 + 6.5% (mean % SD) and
97.8 £ 4.9% (mean * SD) in the upstream and downstream sections,
respectively (Figure 2b; Supporting Information 4), and often reached
100%. Fisher's exact test with post hoc pairwise tests showed that
the impaired section had significantly higher mortality than both the

upstream (P < 0.05) and downstream control sections (P < 0.01).
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3.2 | Water quality

All the indicators of high organic loads showed highly elevated values in
the impaired section. Numerical values were significantly higher within
the impaired section than in both control sections in the case of TAN,
NH3-N, NH4-N and NO,-N (and lower in the case of DO; P < 0.05,
Figure 3; Supporting Information 3). The adverse effects of water
pollution on the studied receiving environment were mitigated
downstream of the impaired section by self-purification processes in the
river. There was also a significant increase in P and TSS in the impaired
section compared with the upstream control. However, despite the
observed decrease in downstream parameters, there was no longer a
difference between the impaired and control downstream sections.

The complementary set of parameters was either not elevated at
all in the impaired section or showed an increasing trend in the
longitudinal profile (numerical values increase downstream: NO3-N, T,
kp5, Ca, pH) in accordance with the assumptions of the river
continuum gradient (Vannote et al., 1980) (see trends and P values in
Figure 3; Supporting Information 3).

In terms of the occurrence of extremely high values potentially at
(in)direct risk to FPM, maximum concentrations of TP and TSS
(0.516 and 150 mg L~%, respectively; see Section 4.5; Supporting
Information 3) could be related to a single event recorded during the
first period of higher flow conditions (see Section 2.1). The mean
ammonium/(total) ammonia concentration within the impaired
section was higher than the maximum values in the control sections
(Figure 3). A unique event (combined sewer overflow at the sewage
treatment plant: TAN 1.037 mg L™! and DO 75.0%; see Supporting
Information 3) was the main reason for that increase. However, even if
those specific data are not taken into account, there are still increased
levels of TAN, NH3-N and NH,4-N in the impaired section, indicating a
persistent effect of point-source pollution on water chemistry. A similar

trend was found for NO»-N levels (Figure 3); however, this trend was
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FIGURE 2 Growth and survival in juvenile FPM deployed in various sections of the MalSe River over a 33-day experiment (July to August
2019); n = 4-6 sites per section, 2-4 replicated mesh cages (total of 22-24 juveniles) per site. (a) Shell growth calculated for each surviving
juvenile (length increment as a percentage of the initial size; mean and SE). Hatched bars with temperature corrected values. (b) Survival
calculated per cage (mean and SE). Different letters (a, b; those italicized for temperature-corrected growth data) indicate significant differences

among groups (P < 0.05).
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FIGURE 3

Physicochemical properties of the surface water (mean and SE; points represent minimum and maximum values) in various

sections of the Mal3e River over a 33-day experiment (July to August 2019); n = 20-30 samples/measurements per section. TAN (total ammonia
nitrogen) data were normalized to pH 7.0 and 20°C. Different letters (a, b, c) indicate significant differences among groups (P < 0.05). Note:

Conductivity is labelled as ‘k’ here.

not as evident because the event caused higher nitrite concentrations

even within the control downstream section.

4 | DISCUSSION

This study has demonstrated a new experimental approach that applies
a caged bivalve model at fine spatial scales within a longitudinal river
profile. Multiple point-source pollution effects on juvenile freshwater
mussels were experimentally quantified, as a significant increase in
mortality and a slightly elevated growth of FPM were found within the
impaired river section. Several potential stressors (total ammonia and
nitrite, low DO levels) were found to be elevated and were probably the

main reasons for adverse mussel development.

41 | Experimental design

The in situ caged mussel approach allows environmentally realistic

studies to be performed and assesses the impact of multiple-stressor

exposure (Burton et al., 2005; Armstead & Yeager, 2007; Gillis
et al, 2017). The gradient design with field-deployed mussels has
been successfully applied to upstream-downstream assessment
(Salazar & Salazar, 2007; Nobles & Zhang, 2015; Patnode et al., 2015).
In line with the study by Rogers et al. (2018), it is shown that a
combination of multiple caging units and multiple sites in individual
sections allows more reliable impact detection. However, shorter river
reaches with a higher number of sites were investigated here (132 vs.
31 km in length, eight (2/4/2) vs. 15 (5/4/6) sites within the control
upstream/impaired/control downstream section) to obtain an even
more detailed result and the possibility of comparing individual
sections (see Supporting Information 5). It helps to characterize
patterns of mussel condition and/or environmental factors in greater
detail, which provides an opportunity to implement a potential
gradient of reference conditions (within control sections).

The potential limitations of in situ exposure tests include the type
and placement of field cages, effects of transportation and handling,
and security against floods or vandalism (Burton et al., 2005;
Armstead & Yeager, 2007; ASTM, 2013a). In addition, in situ exposure

of mussels is typically accompanied by water quality monitoring. More
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frequently than once a month sampling events increase the likelihood
of detecting extremes in pollutant concentrations (Goudreau, Neves &
Sheehan, 1993). In the present study, using weekly sampling,
problems in sewage treatment plant function causing elevated TAN
concentrations and decreased DO levels were more likely to be
identified. Continuous logging probes are expensive and not available
for many parameters, so their application is limited at present
(Quinlan et al., 2015).

4.2 | In situ exposure (growth and survival) and
water quality

Mesh cages situated within impaired and control downstream
sections showed higher mean growth than those at upstream sites.
This was accompanied by higher water temperature; differences in
mean daily values during exposure reached 1.5°C. The positive
dependency of mussel growth on temperature has already been
demonstrated (Bartsch et al, 2003; Cernd et al, 2018; Haag
et al., 2019); thus, removing the effect of temperature allowed the
detection of the expected effect of other water quality variables.
Cerna et al. (2018) performed in situ exposure tests with FPM 1+ in
the Vltava River Basin (Czech Republic). The authors found mean
growth ranging from 28 to 42% in the open water mesh cages within
a longitudinal river profile (summer 2015, 30-day exposure, mean
water temperature 17.5-18.7°C). The results of the present study are
comparable with their findings (growth of 24-44% within river
reaches with similar temperature conditions; see Supporting
Information 3, 4).

Based on temperature-adjusted results, it can be assumed that
the increased growth of FPM in the impaired section was caused by
elevated nutrient status (Figures 2a, 3) rather than water temperature.
Stream nutrient enrichment is assumed to affect mussel growth
positively owing to an increase in food availability associated with
increased nutrient loading (Buddensiek, 1995; Strayer, 2008;
Strayer, 2014). Similar to the findings reported here, in the field study
by Bartsch et al. (2003), ammonia concentrations in the Saint Croix
River (USA) were positively related to the growth of juvenile Lampsilis
cardium at 4 and 28 days (but unrelated at 10 days). As already
proposed by Salazar & Salazar (2007) and Strayer (2014), ammonia
may function as a nutrient (at lower concentrations) and contaminant
(at higher concentrations). However, in general, eutrophication is
believed to have an adverse impact on mussel growth
(Buddensiek, 1995; Strayer, 2008; Degerman et al., 2009; Haag
et al,, 2019).

As hypothesized, the survival of FPM within the impaired
section was lower than that at the control sites (73-95% and 91-
100%, respectively). It corresponded to increased (total) ammonia
levels and decreased oxygen levels (Figures 2b, 3). The adverse impact
of eutrophication and poor oxygen conditions on the survivorship of
young mussels has been shown previously (Buddensiek, 1995; Sparks
& Strayer, 1998; Strayer, 2008; Degerman et al., 2009; Eybe
et al,, 2013; Cernd et al., 2018).

43 | Potential role of ammonia and the current
protective criteria

Freshwater mussels are among the most sensitive taxa to ammonia,
and such information is essential for the environmental regulation
and biological conservation of mussel populations (Nakamura
et al., 2021). In the field study by Bartsch et al. (2003), ammonia
concentrations did not explain the mortality of juvenile L. cardium.
Patnode et al. (2015) found higher survival of caged juvenile
Epioblasma torulosa rangiana and lower ammonium ion levels at sites
located further downstream of two treatment facilities in the
Allegheny River (USA). Nevertheless, they suggested that the main
toxicant was chloride rather than ammonium. Cerna et al. (2018)
recorded a malfunction of the sewage treatment plant (secondary
treatment with the same treatment processes as described in
Section 2.2) causing high ammonium ion levels (NH," of
1.22 mg L™1) and 100% mortality of FPM in sandy cages (i.e. plastic
boxes filled with sand; Bily et al., 2018). In the present study, only
27% mortality and a related maximum NH4* value of 1.01 mg L™t
were recorded (see Supporting Information 3, 4). However, Cerna
et al. (2018) did not present data on unionized ammonia NHs,
although it has been demonstrated to be much more toxic (Mummert
et al., 2003; Haag, 2012; Strayer, 2014). Moreover, oxygen deficient
microzones in the sandy cages may have contributed to the observed
mussel mortality (Bily et al., 2018).

(Water-only) toxicity exposures with juvenile mussels under
laboratory conditions are typically conducted for 96 h (ASTM, 2013b).
Recently, two species closely related to FPM have been tested. Wang
et al. (2017) found EC50s (median effective concentrations) of 7.7-
8.4 mg TAN L™! for 6-10-day-old Margaritifera falcata. LC50s
(median lethal concentrations) ranged from 11.5 to 16.7 mg TAN L~
for 1-day-old Pseudunio auricularius (Nakamura et al, 2021). TAN
concentrations (0.020-1.037 mg L~ measured at weekly intervals)
and mortality of FPM (5-27% over the 33-day exposure period) were
found within the impaired section of the MalSe River (see Supporting
Information 3, 4). The maximum TAN concentration is very close to
the safe environmental level of 1.15 mg TAN L™ (equal to 10% LC50;
Mummert et al., 2003; Nakamura et al., 2021).

The Environmental Protection Agency (EPA) criteria for ammonia
(USEPA, 2013) consider data for freshwater mussel species. Neither
the maximum concentration criterion (1-h average = 17 mg TAN L™%)
nor the continuous concentration criterion (CCC = 30-day rolling
average = 1.9 mg TAN L™2) was reached in the present study. The
highest ammonium ion levels found (NH,* of 1.08 mg L™%) were
much higher than the guide value for Czech salmonid waters
(0.04 mg L= Government of the Czech Republic, 2006) and habitat
requirement for FPM (0.1 mg L~%; British Standards Institution
(BSI), 2017). However, the NH4" concentration is an acceptable
surrogate for TAN only when the pH and water temperature are
known (see Section 2.5).

The time of mussel death remains unknown. Juveniles may close
their valves in response to episodic pollution, which might confer a

temporary advantage in limiting exposure to toxic substances (Valenti
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et al., 2005). However, the results from the study by Wang et al.
(2007) indicate that (2-month-old) juveniles might not be able to
avoid exposure to ammonia. In the present study, not only elevated
total ammonia levels but also associated reduced DO levels could
adversely affect freshwater mussels (Cooper, Bidwell & Cherry, 2005)

(‘multiple-stressor exposure*; see Section 4.1).

44 | Potential role of oxygen and the current
protective criteria

A high oxygen supply in the water column and pore water (for buried
juveniles) is an important characteristic of mussel habitat quality
(Geist & Auerswald, 2007; Stoeckl, Denic & Geist, 2020), especially
for stream species. Therefore, eutrophication-associated reduction in
DO and related mussel development should be investigated (Geist &
Auerswald, 2007; Lopes-Lima et al., 2017). In the field study by
Bartsch et al. (2003), the authors described a positive relationship
between DO and juvenile mussel (L. cardium) survival. Later, it was
confirmed for FPM by Cernd et al. (2018). In the case of zero
mortality, oxygen saturation always exceeded 85%, whereas a DO
level below 65% was the main reason for the death of all juveniles
(deployed in within-bed mesh cages). These results emphasise the
crucial importance of oxygen in juvenile FPM survival, which agrees
with the findings of the present study as well as with those of a
recent study by Bily et al. (2021).

The oxygen requirements of mussel species are known mainly
from laboratory testing (Dimock & Wright, 1993; Sparks &
Strayer, 1998; Chen, Heath & Neves, 2001). In the latter study, the
authors found that the oxygen regulation ability appears to be related
to the conditions a species normally experiences in its habitat type.
For Villosa iris living in well-oxygenated river and stream riffles (just
like FPM), DO >6 mg L™t should ensure its relatively unchanged
aerobic metabolism.

The EPA criteria for oxygen (USEPA, 1986) recommend a 1-day
minimum threshold of 5 mg L™ (7-day mean value of 6.5 mg L™%),
while the Czech guide standard is 7 mg O, L™t (Government of the
Czech Republic, 2006) (all values for salmonid waters). Concentrations
measured in the Mals$e River were either higher or very close to those
specific levels (Supporting Information 3). BSI (2017) suggests that
DO saturation in FPM rivers should be high (i.e. near 100%).
Fluctuations in DO level within the impaired section (see Supporting
Information 3) were found not to correspond to that. However,
detailed information on FPM DO tolerances is lacking (Quinlan
et al,, 2015).

Reductions in DO may be caused by nutrient loading but also by
high temperature (Sparks & Strayer, 1998). The maximum water
temperature for FPM should not exceed 23-25°C (Varandas
et al, 2013; BSI, 2017). Higher values in the Malse River were
recorded only within the control downstream section (see Supporting
Information 3). Thus, a decrease in DO in the impaired section was
not associated with high temperature but with increased ammonia

concentrations (Cern4 et al., 2018).

4.5 | Potential role of other pollutants

In addition to increased total ammonia and decreased DO
concentrations, elevated levels of TP, TSS and NO,-N were also
measured within the impaired section of the Malse River (Figure 3). A
high TP concentration can result in a period of high algal productivity
and reduction in oxygen levels, but it is not directly toxic to FPM
(BSI, 2017). Suspended solid concentrations may influence the
viability of juveniles: directly, causing mussels to clam up, leading to
stress and death; or indirectly, clogging the river bed and preventing
oxygen change with surface water (BSI, 2017). In the case of caged
mussels, regular maintenance can prevent device clogging (Bily
et al,, 2018).

Little work has been performed to characterize the effects of
nitrite on freshwater mussels (Soucek & Dickinson, 2012). The EPA
criteria for nitrite (USEPA, 1986) recommend a maximum NO,-N of
0.06 mg L™% a guide threshold for Czech surface waters is three
times higher (Government of the Czech Republic, 2006) (all values for
salmonid waters). The former value was exceeded downstream of the
plant outfall (up to 0.083 mg L™%; see Supporting Information 3), and
it could contribute to effluent-induced mortality (Eybe et al., 2013;
Boon et al., 2019). Elevated levels of ammonia and nitrite as well as
declining DO levels have been associated with the extirpation of
mussels downstream of the treatment facilities (Gillis et al., 2017).

Other contaminants may have also affected mussel performance
(e.g. potassium and chloride ions; Wang et al., 2017, Wang

et al., 2018); however, no data were collected in this study.

4.6 | Effluent-induced effects on freshwater

mussels

Although this study did not focus on the detection of the primary
source of pollution, based on the performed measurements the
potential origin of increased or decreased values of some water
quality parameters during sampling campaigns could be identified.

A positive relationship was indicated between lower survival/
growth (when site-specific data were investigated) and a sudden
event causing elevated total ammonia concentrations together with
decreased DO levels (see Supporting Information 3, 4). Combined
sewer overflow at the sewage treatment plant and effluent-induced
effects on freshwater mussels were recorded in the Malse River.
Municipal wastewater treatment plants are known to be significant
sources of anthropogenic nutrient enrichment in aquatic
environments (Augspurger et al., 2003; Haag, 2012; USEPA, 2013).
Effluent-induced effects on field-deployed mussels have been
described by many authors (Farcy et al., 2011; Nobles & Zhang, 2015;
Cerna et al., 2018). Levels of total ammonia were expected to be
lower further downstream of the plant outfall because of dispersal
and dilution of the effluent (Mummert et al., 2003; Patnode
et al, 2015). Surprisingly, the juvenile FPM response did not
correspond to the pollution gradient. This could be a sign of the

combined effects of more environmental factors; however, the
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understanding of interactions between contaminants and other
environmental stressors is limited (Kienzler et al., 2016; Lopes-Lima
et al.,, 2017; Belamy et al., 2020).

There is a polluted tributary of the MalSe River upstream of the
urban area with a treatment facility. Nutrient-rich water may come
from human settlements and/or grazing in the basin; however, the
source of pollution remains unknown. It has reduced river water
quality to a lesser extent than effluent discharge from sewage
treatment plants (see Supporting Information 2). TAN concentrations
below the confluence with the stream reached 0.364 mg L7!
(approximately one-third of that recorded downstream of the plant
outfall), and DO levels were not markedly affected (see Supporting
Information 3). Although the tributary seemed not to have a clearly
adverse effect on deployed FPM immediately downstream of the
confluence (see Supporting Information 4), it may have partially

contributed to exacerbated mussel performance further downstream.

4.7 | Implications for conservation

The assessment of the ecotoxicological responses of freshwater
mussels to water quality degradation is considered one of the
priorities for conservation research (Ferreira-Rodriguez et al., 2019)
because of the need to protect declining populations of an increasing
number of threatened or endangered mussel species (Armstead &
Yeager, 2007). In situ testing using freshwater mussels has been used
in numerous studies but is generally limited to upstream/downstream
comparisons with discrepancies between data from reference sites
and contaminated sites (Armstead & Yeager, 2007; Salazar &
Salazar, 2007). The caged bivalve model can provide insights into the
sensitivity of mussels to environmental stressors (Salazar &
Salazar, 2007); however, there is a lack of information relevant to
freshwater mussel ecotoxicology outside North America (Beggel
et al,, 2017; Kleinhenz et al., 2019; Nakamura et al., 2021).

Based on the results of this and other recent studies (Patnode
et al, 2015; Bily et al., 2018; Rogers et al., 2018), three main
recommendations can be proposed for the use of the caged bivalve
model in streams and rivers: (i) covering longer longitudinal profiles
extending outside the impaired sections; (ii) the use of multiple sites
in each section (including reference ones), and replicated cages and
samples/measurements to supplement water quality monitoring; and
(iii) even a short-term study (1-month duration) focused on the critical
season (high water temperature, low flow) can be sufficient for
reaching the study goals. Much effort has gone into developing and
testing the robust design and the statistical analyses used were able
to determine the significant role of stream section (for both mussels
and their environment). A simple method for removing the effect of
temperature was included when the effects of other water quality
indices were investigated. Only if these approaches were applied was
it possible to provide key data for conservation practitioners and
stakeholders in the Malse River.

In situ testing in the MalSe River demonstrates the adverse

development of young mussels exposed to multiple-stress effects of

water pollution. The effects of multiple point-source pollution have
been investigated in a few recent studies (Patnode et al., 2015;
Rogers et al., 2018). In the present study, persistent water pollution
and episodic changes in organic loads were recorded within areas
designed for endangered species protection and intended to restrict
the intensity of sewage water management (NCA CR, 2013). Poor
control and the failure of sewage treatment plants can lead to
contamination of surface waters and groundwaters (Akaishi
et al., 2007; Cuttelod, Seddon & Neubert, 2011). If pollution
prevention controls become more effective, point-source pollution is
likely to have a decreasing influence on water and sediment quality
(Newton, 2003) and vice versa.

These findings could result in the designation of a pollution
control programme for mussel conservation (Nakamura et al., 2021),
e.g. setting unique ecological thresholds for translation into
enforceable water quality regulations (Ferreira-Rodriguez et al., 2019).
However, this can be complicated because water quality attributes
depend on changing environmental parameters and often act
synergistically, making the delineation of single threshold values
inappropriate (Boon et al., 2019). In addition, specific levels found in
guidance standards only help in target setting (BSI, 2017). Regarding
the setting of local protective criteria, the present study indicates that
target values for the long-term occurrence of mussel populations
should be differentiated based on site-specific conditions (Simon &
Dort, 2014). Nevertheless, rigid threshold values are not sufficient for
predicting mussel development (Wagner et al., 2018).

The new experimental approach used may provide a useful tool
for assessing the effect of multiple point-source (episodic) pollution
on the receiving environment and improving water quality
management for FPM streams. This may also be applicable for other
mussel species with broad potential uses in freshwater mussel action
plans, information campaigns and stream biotope conservation.
Future studies should focus on long-term exposure to assess the full
impact of contamination (Belamy et al., 2020), and ex situ and in situ
exposure can be combined to improve water quality testing for the
conservation of aquatic species (ASTM, 2013a; Patnode et al., 2015;
Pollard et al., 2017; Wagner et al., 2018). Caged experiments could be
performed simultaneously with bivalve surveys (Nobles &
Zhang, 2015; Patnode et al., 2015) to compare field-deployed mussel
results with wild populations. These data will be increasingly
important for the protection of existing populations and for the
success of active conservation measures such as planning the release

of captive-bred mussels.
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The freshwater pearl mussel Margaritifera margaritifera (FPM) is an endangered bivalve species occurring in
oligotrophic rivers. FPMs can be found in the Upper Vltava River in the Sumava National Park (Czech Republic,
Central Europe), where suitable conditions exist for both adult and juvenile mussels. Non-consumptive human
leisure activities are known to negatively affect wildlife in fragile aquatic ecosystems, and in the Vltava River
boating tourism in particular may be a threat to local mussel populations. This study focused on an assessment of
interactions between river tourists and the FPM, using “pseudo-mussels” in both field and lab experiments. In the
field, fake concrete mussels were exposed at three rest sites for river tourists, and in the lab experiment glued
shells were placed at the water-sediment interface in an aquarium tested for mechanical impacts of paddles
(dislodgement and crushing). Interactions of river tourists with fake mussels were most frequent at low water
levels (10-20 cm), and within 2 m from the nearest river bank. Mussel visibility and the presence/absence of a
guide played an important role in peoples reactions, but site-specific effects were also found. Unintentional
interactions (60-69%) were mostly observed at less-attractive sites (with a limited area of shallow water where
people spent most time outside the river channel), whereas visual and manipulative interactions (76%) domi-
nated at a more-attractive site (the confluence of two rivers where people move across and inspect the river
channel). Crash tests revealed that 8.03 + 1.37 (mean+SD) and 7.88 + 1.13 (mean+SD) hits by paddles were
needed for dislodgment and crushing, respectively. Those findings indicate that the direct effects of recreational
boating might be less detrimental than those of accompanying activities (such as wading, bathing, and swim-
ming). The role of trampling (and handling) disturbances should be investigated in more detail to help conserve
FPM populations in protected areas.

Fake mussels
Shell damage

1. Introduction

Aquatic ecosystems are one of the most endangered ecosystems
worldwide (Malmqvist and Rundle, 2002). The freshwater pearl mussel
Margaritifera margaritifera (Linnaeus, 1758) (FPM) is particularly
affected by anthropogenic negative influences due to its complex life
cycle (including host fish species) and habitat requirements (Bauer,
1988; Clements et al., 2018; Geist, 2010). FPMs require slightly acidic
river waters, which are often found in catchments where granite and
gneiss are predominant (Bauer, 1988; Geist, 2010; Hauer, 2015). In
Central Europe, these geological preconditions are mainly present in the
Bohemian Massif, which extends across the Czech Republic, Germany
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E-mail address: barakv@fzp.czu.cz (V. Barak).
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and Austria (Flodl and Hauer, 2019; Hauer, 2015). The greatest prob-
lems facing the FPM and its habitat include eutrophication, excessive
sediment input, and the absence of fish hosts (Bauer, 1988; Denic and
Geist, 2015; Flodl and Hauer, 2019; Geist, 2010; Geist and Auerswald,
2007; Hauer, 2015; Hoess and Geist, 2020). One issue that has received
less research attention is recreational inland navigation and boating.
Industrialized inland navigation poses a serious threat to aquatic eco-
systems due to the spread of invasive species (Boltovskoy et al., 2006;
Drake et al., 2007), the action of waves (Fleit et al., 2021; Gabel et al.,
2017), and chemical pollution (Dafforn et al., 2011; French McCay et al.,
2004). However, boating tourism has also been associated with envi-
ronmental problems in water bodies and their surroundings (Graham
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and Cooke, 2008; Krenova, 2018; Polat et al., 2016).

Outdoor leisure activities are common and widespread, and partic-
ipation in those activities has been growing (Knight and Gutzwiller,
1995; Miller et al., 2001). Non-consumptive types of recreation are
rapidly increasing, and hiking, mountain biking and recreational boat-
ing have all become popular forms of outdoor activities (Blanc et al.,
2006; Graham and Cooke, 2008; Taylor and Knight, 2003). Although
such “quiet” recreation can be considered an essential element of local
economies (Blanc et al., 2006) and even a benign use of natural areas
(Reed and Merenlender, 2008), interference with wildlife makes such
recreation a potential source of disturbance (Blanc et al., 2006).

Reserve networks around the world attempt to provide recreational
use while conserving wildlife (Hardiman and Burgin, 2011; Reed and
Merenlender, 2008). Most studies have focused on interactions between
non-consumptive leisure activities and both aquatic and terrestrial birds
or mammals (for recent review, see Dertien et al., 2021). Visitors of
protected areas with high-profile sites (such as national parks, which are
typically extremely popular; McGinlay et al., 2020) are unaware of the
majority of species and consequently of their current status of endan-
germent (Behrens et al., 2009), and difficult to observe and/or unknown
species may be much more threatened by visitors. Examples include the
endangered rock partridge Alectoris graeca saxatilis in the Alpine Hohe
Tauern National Park (Bednar-Friedl et al., 2012; Behrens et al., 2009),
and the capercaillie Tetrao urogallus in Central European national parks
(Sumava and Bavarian Forest National Parks; Rosner et al., 2014).

Several authors have been interested in the impacts of leisure ac-
tivities on aquatic ecosystems, as assessing their components in pro-
tected areas is critical for sustaining both ecosystem health and
recreation (Cao et al., 2016; Hardiman and Burgin, 2011; Sordello et al.,
2020). For instance, bathers in Penalara Lake (Natural Park of Penalara,
Spain) were found to cause resuspension of the sediment, changing
(micro-)habitat conditions (Toro and Granados, 2002). Deposited eggs
of fairy shrimps (Chirocephalus marchesonii and C. sibyllae) endemic to
the Pilato and Palazzo Borghese Lakes (Sibillini Mountains National
Park, Italy) are exposed to the pressure of trampling, pushing them
deeper into the sediments (Carosi et al., 2022, 2021). Endangered
benthic diatomic species have also been recorded in those
high-elevation aquatic habitats (Padula et al., 2021). In comparison,
running waters have been relatively neglected and only a few studies
have focused on recreational activities within river environments; e.g.,
the effects of boating on the filtration activity of mussels (Lorenz and
Pusch, 2012; Lorenz et al., 2013).

The Sumava National Park (Czech Republic, Central Europe) (SNP)
was established in 1991 to protect a forested mountain range with
various aquatic ecosystems (rivers, streams, springs, peatlands and
glacial lakes) over an area of 68.500 ha (Krenova, 2018; Krenova and
Kiener, 2012; Kfenova and Kindlmann, 2015). The SNP together with
the adjacent Bavarian Forest National Park (24.300 ha) in Germany
form the largest wilderness area in the Central European cultural land-
scape (Krenova and Vrba, 2014). Public access in the core zone of the
SNP is restricted in order to promote species conservation, mainly those
sensitive to human-induced disturbance; e.g., the capercaillie Tetrao
urogallus, the Eurasian lynx Lynx lynx and the FPM (Krenova, 2018;
Ktenova and Kiener, 2012; Krenova and Kindlmann, 2015). Although
the previously numerous FPM population in the Upper Vltava River has
been largely reduced due to water pollution and water reservoir con-
struction (Simon et al., 2015), suitable conditions for adult and juvenile
FPMs (e.g., water chemistry, oxygen saturation and food supply (detritus
from water macrophytes)) have been found there (Bily et al., 2021;
Cernd et al., 2018; Matasova et al., 2013; NCA CR, 2013).

Despite being situated within a restricted protected area, the SNP
mussel population is exposed to recreational boating tourism (Krenova,
2018; Krenova and Kindlmann, 2015; NCA CR, 2013). Boating in the
Upper Vltava River has been permitted since 1993, and it is the only way
to enter into the most protected areas of the SNP (Nykles, 2014). The
intensity of boating rapidly increased and resulted in damage to water
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macrophytes during low-flow conditions (Zelenkova, 2008). While the
risk of direct contact between humans and mussels was also likely high
(Lorenz et al., 2013; NCA CR, 2013), this was not investigated. However,
starting in 2004 boating became more regulated (allowed when a min-
imum water level is exceeded; Simon and Kladivova, 2006), and in 2009
additional rules were established; e.g., restrictions in the number of
boats and registration with a user fee required (Divis, 2009). Since 2012,
almost all boats must be accompanied by a guide. The level of boating
has thus gradually been reduced: whereas more than 12.000 boats were
recorded in 2005 and 2006, this was down to 4.000 boats in 2009. Since
then, it has ranged from 2.000 to 4.000 boats per year, mainly canoes
with two passengers (Krenova, 2018). While such severe reductions in
visitor numbers can lead to higher-quality tourism (Bednar-Friedl et al.,
2012), there is still a lack of knowledge on the direct effects of regulated
recreational boating on the FPM. Boating is assumed to be accompanied
by other activities, such as wading and river bed disturbance (Cole and
Landres, 1995). Studies have demonstrated the negative effects of
“trampling” on mussel beds (Calcagno et al., 2012) as well as handling of
individual mussels (Ohlman and Pegg, 2020), and FPM shells can be
susceptible to damage from mechanical impact (Bilek, 2013). However,
the responses of freshwater mussel populations to these anthropogenic
disturbances have been poorly studied (Ziuganov et al., 2000).

The present study was therefore focused on the following research
questions: (i) could interactions between river tourists and FPMs be
related to the abiotic conditions; e.g., water depth, substrate and flow
conditions; (ii) what is the typical behavior (and reasons) of tourists as a
result of interactions; and (iii) how many hits by paddles are needed for
a FPM to be mechanically disturbed/damaged? Our aim was to provide
data that could be used to improve management related to conservation
of the FPM in the SNP.

2. Study area

The Upper Vltava River flows through the SNP, and is a unique river
floodplain system in Central Europe (see Fig. 1). It is a mountain
meandering river with high water quality, a natural bed with dense
macrophyte cover and regular floods, and is surrounded by numerous
peatbogs, oxbow lakes, wet meadows and forest communities (Bily
et al., 2021; Cernd et al., 2018; Kfenova, 2018; NCA CR, 2013). The
Upper Vltava River is a part of several protected areas: the UNESCO
Biosphere Reserve “Sumava”, Ramsar Convention Site “Sumava peat-
lands”, and European Unions Natura 2000 Site “Sumava” (for the pro-
tection of endangered FPM and habitat type 3260 (Water courses of
plain to montane levels with the Ranunculion fluitantis and Calli-
tricho-Batrachion vegetation); Krenova, 2018; Krenova and Kindlmann,
2015). The floor of the river valley slopes gently from 760 to 720 m a. s.
1. over about 15 km distance, but with a much longer meandering river
channel (about 30 km), and the floodplain is relatively wide (about 1.5
km) (Cerna et al., 2018; Kienova, 2018).

The oligotrophic river with high-level water chemistry, oxygen-rich
river-bed substrate and presence of water macrophytes as a food source
(Bily et al., 2021; Cerna et al., 2018; NCA CR, 2013) provides suitable
habitats for sensitive mussel species, and FPMs have been confirmed
within a 30-km long river stretch (Lenora-Novd Pec) (Cerna et al., 2018;
NCA CR, 2013) although the population is sparse (Matasova et al., 2013;
NCA CR, 2013). The population size has been estimated at up to several
hundreds of adults and several tens of subadults (captive-bred in-
dividuals that were released in 1998) (Matasova et al., 2013; NCA CR,
2013; Simon et al., 2015), along with other single individuals that have
been recently observed (J. Horackova, pers. communication).

The studied stretch of the Vitava River is situated between S. Most
(48°54°27"N, 13°49°38"E; river km 389.8) and Pékna (48°51°7'N,
13°55°14"E; river km 373.5). The width of the river channel ranges from
6 to 15 m (in river meanders up to 30 m) during mean flow conditions
(Bily et al., 2021; Simon and Kladivova, 2006). Mean annual values of
water depth and flow at the gauging station “Chlum” (river km 377.6)
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Fig. 1. Location of the study area: (a) Czech Republic; (b) Sumava National Park; (c) Upper Vltava River (the river stretch with the most strict rules for boating;

entrance/exit site — white circle, rest site — grey square).

are 72 cm and 5.8 m3.s’1, respectively (CHMI, 2022). The river bed
composition varies from sand, gravel to stones (Bily et al., 2021). This
river stretch covers the main area with the occurrence of FPMs, and
therefore boating has been permitted only under very strict conditions.
Rules for boating include allowed days, times and types of boats (canoes
and kayaks), a minimum water level, a limited number of boats per hour,
and a guide mandatory for groups. A registration charge is also required
(Bilek, 2013) (500-600 CZK (20-24 EUR) per boat in 2022), with boat
registrations on the river controlled by park rangers. Rafts and larger
boats are no longer allowed (Krenova, 2018). According to the inter-
national scale of river difficulty in boating, the river stretch can be
classified as “Easy” (Class I) to “Novice” (Class II). There are three rest
sites where people are allowed to get out of their boats: “Dobra” (Site 1,
river km 383.2), “Chlum” (Site 2, river km 377.6), “Soutok” (Site 3, river
km 376.7) (see Fig. 1c; Bilek, 2013).

3. Material and methods
3.1. Field study

The interactions and impacts of river tourists on FPMs were inves-
tigated at the rest sites described above. Due to the fact that the FPM is a
critically endangered species in the Czech Republic (Simon et al., 2015),
fake mussels had to be used for that testing. These were made from
fine-grained grey concrete to mimic the actual shape of FPM shells, and
placed along the river bank, mostly in five groups (with 5-6 individuals
per group; see Fig. 2) to represent variable abiotic conditions (depth,
river-bed substrate, distance from the river bank and local flow

Fig. 2. A group of fake mussels during a field exposure.

conditions). It was assumed that mussels occurring in colonies would be
exposed to an increased susceptibility to disturbance (Blanc et al.,
2006). Based on pilot testing in June 2015, several parameters were
distinguished for groups of fake concrete mussels during the main
experiment period (June-September 2016) (see Table 1), adjusted to
site-specific conditions. Placement of the fake mussels simulated the real
conditions for FPMs based on mussel requirements (cf. Degerman et al.,
2009; Geist, 2010; Skinner et al., 2003) as well as local knowledge from
the Upper Vltava River.

Exposures of fake mussels were performed at each site from the
morning to the early evening on 19 separate days (3 in 2015, 16 in
2016). Two researchers were positioned on the river bank during testing
and recorded the behavior of passing people (“reactions”). No distinct
effect of the researchers presence on tourists behavior was observed in
2015, thus the study conditions did not change in 2016. Three types of
reactions were distinguished: (1) unintentional (people stepped on
mussels and/or hit them by boats or paddles), (2) intentional visual
(people observed mussels and discussed them with each other or with
the guide), (3) intentional manipulative (people took mussels out of the
water and put them back, threw them away, brought them to the re-
searchers or even stole them). All reactions were noted for each
particular group of fake mussels (see Table 1).

3.2. Lab experiment

During pilot phase of the field study, it was confirmed that people did
hit the fake concrete mussels with paddles. Therefore, a supplementary
lab experiment was designed to isolate the effects of this human-induced
disturbance (see Ohlman and Pegg, 2020) and quantify that effect

Table 1

Basic characteristics for groups of fake mussels during a field exposure. (Depth
category: A 10-20 cm, B 20-50 cm, C 50-80 cm. The visibility assessment was
based on the effects of water depth, substrate, local flow conditions and
sunshine.).

Group 1 Group Group 3 Group 4 Group 5
2
Depth Low (A) Low Middle Middle High (C)
(A) (B) (B)
Substrate Sand Sand Gravel Gravel Stones
(Sand) (Gravel)
Visibility Very Good Very good  Good Bad
good
Distance from the ~ 0-2 0-2 2-4 2-4 4-6

bank (m)
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(“crash tests”). In August 2015, eight models were made from empty
FPM shells and cotton stuffing to simulate mussel tissue. Previous
studies have used similar “sham” mussels (shells filled with sand or agar
and bonded together with glue or a non-toxic silicone) to examine the
effects of freshwater mussels (specimens and their shells) on U.S. and
Australian stream benthic and fish communities (e.g., Hopper et al.,
2019; McCasker and Humphries, 2021; Spooner and Vaughn, 2006;
Spooner et al., 2013). In the present study, most cracks on the shell
surface were fixed with glue, and then all parts of the models joined
together (with some gaps left for the entry of water into the model body
to simulate live mussels) (see Fig. 3a). For the experiments, a 425-liter
aquarium with a substrate layer (wet-sieved sand with gravel, grain
size >0.2 mm, thickness ca 20 cm) and water column (tap water, height
ca 40 cm) was used. The risk of contact between a paddle and the
river-bed substrate had been observed in the field to increase with lower
water columns, with the highest level of disturbance at depths of
35-45 cm (boating in shallower sites is almost impossible). Mussel
models were deployed at the water-sediment interface according to
photos of real mussels living within the Upper Vltava River (see Fig. 3b).
The paddle motion used for crash-tests was simulated from video records
of real tourists during boating along the river (in July 2015).

The main direct effects of human disturbances on aquatic organisms
in heavily visited areas include the dislodgement and crushing of in-
dividuals (Brosnan and Crumrine, 1994). Therefore, the first part of
experiment was focused on knocking a FPM model out of the substrate.
Each FPM model was tested alone in the aquarium (with four replicate
series of paddling attempts). After that, actual crash tests with the same
models were performed. After each hit, it was necessary to return the
FPM model to the initial position (paddle hits were repeatedly aimed at
the upper part of the “emerged mussel”, but its orientation in the soft
substrate changed during the experiment). The experiment was ended
when at least one shell of each model was partially broken.

3.3. Statistical analysis

Numbers of interactions between people and fake concrete mussels
(yes-no) among categories of abiotic conditions (depth, substrate and
visibility) were compared using Pearson’s chi-squared test after check-
ing the test requirements (i.e., expected frequencies higher than five).
The same test was used for comparisons of numbers of unintentional and
intentional reactions among sites (with visual and manipulative types
joined together to meet the aforementioned requirements). Mean
numbers of hits by paddles for dislodgement and crushing of each
mussel model (crash-tests) were compared using a paired t-test after
checking the test requirements (i.e., normality of data (by Shapiro-Wilk
test)). All analyses were performed in R version 3.6.0 (R Core Team,
2020).
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4. Results
4.1. Field study

During 19 observation days, 1079 people getting out of boats and
165 reactions to exposed fake concrete mussels were recorded at three
rest sites between S. Most and Pékna in the Upper Vltava River. Most
people stopped at Site 1 (the first rest site in the studied river stretch),
but almost 60% of all reactions were found at Site 3 (a more-attractive
site at the confluence of the Studena and Tepla Vltava Rivers; see
Table 2).

4.1.1. Abiotic conditions

Interactions of tourists with fake mussels were most frequent for
those mussels exposed at the shallowest depth (A; 11.6% of potential
interactions). For groups installed at the intermediate depth, the inter-
action rate decreased (B: 6.5%), and was lowest for groups at the highest
depth (C: 0.6 %; see Fig. 4a). Differences in interactions among depth
categories were found to be significant (p < 0.001).

Based on the prevalent river-bed grain size at experimental sites
(according to the local investigation), tourists had the highest level of
interaction with fake mussels placed in sandy and stony bottoms (both
6.1 % of potential interactions). When mussels were placed in gravel, the
interaction rate dropped by half (3.3 %; see Fig. 4b). However, differ-
ences in interactions among substrate types were non-significant
(p > 0.05).

According to the visibility of fake mussels, interactions of tourists
were most numerous when mussel visibility was very good (13.7 % of
potential interactions). Frequencies of interactions when visibility was
poorer decreased, but was similar for both “good” and “bad” visibility
(6.2 % and 5.8 %, respectively; see Fig. 4c). Differences in interactions
among categories of visibility were found to be significant (p < 0.001).

4.1.2. Site-specific reaction types

The most frequent tourist reactions to fake mussels were uninten-
tional (60 %) at Site 1, where people mostly stepped into mussel groups.
Intentional visual reactions were less numerous (33 %; people mostly
observed mussels and discussed them with each other). Manipulative
reactions were the least frequent (7 %; see Fig. 5a); however, two

Table 2
Number of observation days, people getting out of boats and their reactions to
fake mussels at three rest sites in the Upper Vltava River (river stretch S. Most-
Pékna).

Site 1 Site 2 Site 3 SUM
Days 8 (42.1 %) 5(26.3 %) 6 (31.6 %) 19
People 481 (44.6 %) 161 (14.9 %) 437 (40.5 %) 1079
Reactions 57 (34.5 %) 13 (7.9 %) 95 (57.6 %) 165

(b)

Fig. 3. (a) Mussel model (close-up), and (b) deployment in the aquarium for the lab experiment.
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Fig. 4. Interactions of river tourists and FPMs (yes — black, no — white): (a) Effect of water depth (“A™: N = 862, “B™: N = 949, “C”: N = 530), (b) river-bed substrate
(sandy: N = 587, gravel: N = 544, stony: N = 621), and (c) visibility (very good: N = 445, good: N = 801, bad: N = 928) during the field study with fake mussels.

Reactions: SITE 1
(N = 57)

7% 31%

Reactions: SITE 2
(N =13)

Reactions: SITE 3
(N = 95)

21%

24%

Fig. 5. Site-specific types of reactions (unintentional — white, intentional visual — dotted, intentional manipulative — black) during the field study with fake mussels.

tourists stole a few fake mussels despite a guide being present. Although
not many reactions were observed at Site 2, their distribution was
similar to at Site 1, being dominantly unintentional (almost 70 %; people
impacted fake mussels by trampling or with paddles) and visual re-
actions (people only observed mussels) reaching 30 % frequency (see
Fig. 5b). No manipulative interactions were recorded. The most frequent
tourist reactions were observed at Site 3. Visual reactions represent the
most common type (55 %), and people mostly spoke about their findings
with each other or with a guide. Unintentional reactions were less
frequent (24 %, with the same characteristics as at Site 2). As for
manipulative reactions (21 %; see Fig. 5c), people usually took mussels
out of the water and then put them back. But one unique event was
recorded in July 2016 when a large guided group of tourists found the
fake concrete mussels. Assuming that the mussels were alive, people
brought them to the researchers and wanted to open them for pearls!
Differences in reactions among the experimental sites were found to be
significant (p < 0.001).

4.2. Lab experiment

The lab experiment using FPM models revealed that mussels were
knocked out of the sediment after 8.03 + 1.37 (mean+SD) paddle hits.
Actual crash tests showed that mussel shell damage (see Fig. 6a, b) was
caused by 7.88 + 1.13 (mean+SD) hits (see Fig. 6¢). Differences in hit
frequencies for mussel disturbance among both tests were found to be
non-significant (p > 0.05).

5. Discussion

Within the SNP area in the Czech Republic, navigating the Upper
Vltava River in a small boat (canoe and kayak) is an important and
popular tourist attraction. However, recreational boating can have
negative impacts on the aquatic ecosystem. This study focused on a field
assessment of interactions between river tourists and fake FPMs under
variable abiotic and site-specific conditions. Moreover, the effects of
mechanical impacts on FPMs were investigated in a lab experiment
using mussel shells.

5.1. Visitor pressure and the role of abiotic conditions

The effects of recreational boating on FPMs in the SNP area were
characterized by the placement of fake mussels in both shallow and deep
sites along the river banks. River tourists mostly affected fake mussels in
very shallow locations with depths of 10-20 cm. Several authors have
stated that the FPM shows a habitat preference for “shallow” running
waters (e.g., Degerman et al., 2009; Moorkens and Killeen, 2014; Out-
eiro et al., 2008); however, the term shallow is not precisely defined. An
average depth of 15-18 cm was found in an Irish river with sustainable
FPM recruitment (Moorkens and Killeen, 2014). River tourists in the
Upper Vltava River were observed to move across shallow locations
(<0.5 m) at rest sites to get out of their boats and spend a short period of
time (a few minutes) in the river channel. Thus, both adult and younger
specimens may be threatened by

recreational boating and
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Fig. 6. A mussel model (a) before and (b) after a crash test; (c) number of paddle hits needed for a mechanical effect to be seen on mussel models (knocked out of the

sediment/shell damaged).

accompanying activities. Nevertheless, FPMs have also been found in
deeper locations across Europe (e.g., Hastie et al., 2000; Ostrovsky and
Popov, 2011; Varandas et al., 2013), and Degerman et al. (2009) stated
that Scandinavian mussel populations occurred at various depths up to
5-6 m. Visitors often use only areas for bathing where the depth does not
exceed 2 m (Escarpinati et al., 2011), but wading is more widespread in
the SNP area. In the present study, the interaction rate between river
tourists and FPMs decreased with increasing water level, therefore
mussels occurring at deeper sites (>0.5 m) should be less likely to be
disturbed.

At the rest sites along the Upper Vltava River investigated here, the
water depth increased with distance from the river banks. The most
affected fake mussels were located in the 2-m wide strip close to the edge
of the river where people stopped and their boats accumulated. Thus,
locations with the most numerous interactions between river tourists
and FPMs could be described not only by shallow water but also by
closeness to the riparian zone. FPMs are generally found within 4 m of
the nearest bank, as confirmed by several mussel surveys (e.g., Hastie
et al., 2000; Outeiro et al., 2008; Sousa et al., 2015), which makes
mussels vulnerable to visitor disturbance. Few FPMs were observed in
the middle of the river channels in Portugal (Sousa et al., 2015, 2013),
although those in large populations can spread out across the river bed
and colonize open areas (Varandas et al., 2013). Interactions of wading
tourists with mussels in small rivers and streams with narrow channels
could be much more frequent; however, it can be assumed that such
watercourses are not generally used for boating. Nevertheless, habitat
quality for the FPM depends strongly on river bottom characteristics
(Geist and Auerswald, 2007).

Results from the field study indicate that river tourists mostly
affected fake mussels located in both sandy and stony substrates. The
FPM requires a stable river-bed substrate, usually made from sand,
gravel and small stones (Degerman et al., 2009; Moorkens and Killeen,
2014; Ostrovsky and Popov, 2011; Outeiro et al., 2008) where adults
and juveniles can burrow. Mussels were found to be lacking in large

areas of sandy sediments in the Waldaist River (Austria) (Jung et al.,
2013), but large FPM populations in Russia can inhabit those habitats
due to the slow current velocity and specific river morphology reducing
flood forces (Ostrovsky and Popov, 2011). In the SNP area, sand was the
preferred type of river-bed substrate for people to get out of their boats,
explaining why most interactions of visitors with fake mussels were
recorded at such sites. Surprisingly, FPMs located among larger stones
were also exposed to visitor disturbances, but mussel visibility and vis-
itors reactions played important roles in this case (see Section 5.2).
Larger sized material can improve the stability of sand and gravel in
suitable FPM locations (Geist and Auerswald, 2007; Hastie et al., 2000;
Hauer, 2015; Jung et al., 2013). Sandy (or gravel) patches among stones
were also recorded at the rest sites in the Upper Vltava River. On the
contrary, unstable silted substrates are a poor habitat for the FPM (Boon
et al., 2019). Rare silty locations in the Upper Vltava River were found to

be not suitable for placing fake mussels, and were excluded from the
field study.

5.2. Visitor pressure and the behavior of people

Despite being regulated, boating in the SNP area can still potentially
have negative impacts on the aquatic environment including mussels,
fish, and their habitats (Krenova and Kindlmann, 2015; Simon and
Kladivova, 2006). The consequences of underwater noise pollution have
already been documented for freshwater fish (e.g., changes in behavior
and physiology) (Butler and Maruska, 2020; Graham and Cooke, 2008;
Wysocki et al., 2006), but other animal groups have received far less
attention (Sordello et al., 2020). No studies exist on the effects of paddle
noise on mussels, but it may be expected that both acoustic and me-
chanical visitor-induced disturbances affect aquatic biota (see below
and Section 5.3) in the Upper Vltava River. However, assessing the
response of endangered species is difficult because in situ disturbance
should be avoided, and the capture of individuals for ex situ testing is
often restricted (Thiel et al., 2008). Thus, instead of directly
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investigating the responses of the FPM to visitor pressure, the reactions
of people to endangered mussel species were assessed using fake FPMs.
Interactions between river tourists and FPMs in the Upper Vltava River
were found to be dependent on the visibility of fake mussel groups. Very
good visibility, related with a shallow water depth and light-colored
substrate (contrasting with dark mussels), induced higher numbers of
visitor reactions. However, the type of reaction played an important
role. Whereas visual and related manipulative reactions (i.e., handling)
were more frequent for well-visible mussels, the numbers of uninten-
tional reactions (mainly trampling within mussel groups) increased with
worsening visibility.

Traditional pearl hunting including the process of handling was a
major problem for the FPM populations. Although currently the mussels
are protected and pearl hunting prohibited (Degerman et al., 2009; NCA
CR, 2013; Skinner et al., 2003), and manipulating FPMs during any
phase of their life cycle is prohibited by law (Simon et al., 2015), illegal
pearl hunters still examine mussels and specimens can be killed using
destructive methods (Bauer, 1988). In the present study, some of the
river tourists, who were apparently not able to differentiate the fake
animals from real FPMs, acted like illegal pearl hunters when attempted
to open mussel “shells”.

Visitors of shallow river areas generally come into contact with the
river bed: trampling can cause the death of some organisms (Escarpinati
et al., 2014, 2011), and should be minimized in rivers and streams
carrying FPM populations (Skinner et al., 2003). Visitor movement
across the river channel is forbidden in the core zone of the SNP, but
wading, bathing, and swimming tourists were observed at the rest sites,
despite a guide being present. Such activities may lead to a prolonged
time spent in the river channel, and consequently an increased risk of
contact (both trampling and handling) between humans and FPMs. Ju-
venile mussels, which have more fragile shells, may be more protected
because they live within the river bed, but some individuals move up to
the water-sediment interface as a result of adverse oxygen conditions
(Bily et al., 2021). In such cases, young mussels would be potentially
exposed to trampling by tourists. Trampling can also have an indirect
negative consequences for FPM populations; e.g., through river-bed
compaction resulting in low exchange between the water column and
the bottom substrate (Boon et al., 2019; Geist and Auerswald, 2007), or
the resuspension of fine material with adverse effects on mussel
filter-feeding and oxygenation (Moorkens and Killeen, 2014).

Site-specific investigation in the Upper Vltava River divided the rest
sites into “less-attractive” (Site 1 and Site 2) and “more-attractive”
groups (Site 3). At less-attractive sites, people stop and get out of their
boats within a limited area of shallow water, resulting in disturbance of
the river-bed environment. They also spend most time outside the river
channel, so mostly unintentional reactions with fake FPMs were recor-
ded at those sites. On the contrary, at the more-attractive site at the
confluence of the Studena and Tepla Vltava Rivers, visitors have larger
areas for getting out of boats, and the water depths are very low. People
often move across and inspect the river channel, so visual reactions were
more frequent at that site. Overall, the typical interactions of visitors
with mussels observed in this study can be characterized as non-
manipulative.

5.3. Visitor pressure and mechanical impacts

River tourists can also affect mussels while boating along the river,
mainly by the action of their paddles. The lab experiments performed
here to quantify human mechanical impacts showed that mussel models
were knocked out of the sediment after mean number of eight paddle
hits. It must be stated that the relatively unstable substrate used during
lab testing may have contributed to a higher risk of dislodgement.
Behavioral responses of four freshwater mussel species to their removal
from the substrate were investigated by Waller et al. (1999), who
described three locomotor behaviors: righting (realignment to a vertical
position), horizontal movement, and burrowing into the substrate.
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While FPMs can also re-bury themselves after dislodgement (Skinner
et al., 2003), this process can induce stress, especially if there are
repeated hits by paddles and changes in mussel positions.

In addition to the dislodgment, mussels can be also damaged by the
paddles of river tourists. The mean number of paddle hits needed to
damage FPM models was 7.88 (similar to mussels being knocked out of
the substrate). In the lab experiment, the models were replaced to the
vertical position after each hit. The movement of real FPMs after such a
disturbance has not been documented in greater detail, though in the
experiment mentioned above Waller et al. (1999) found that many
mussels did not right themselves during 168 h. Ziuganov et al. (2000)
investigated mutilations including shell damage (a cracked right shell)
and their effects on individual FPM survival using experimental animals
placed in the River Varzuga (Russia) and checked each third day. Half of
30 mussels died during the first 9 days, and the remaining specimens
were dead between “day 9” and “day 15”. Thus, having only a cracked
shell and posterior adductor damage led to 100 % mortality, though
handling and aerial exposure during check days may have contributed to
this mortality. The same authors evaluated FPM regeneration experi-
ments in the Thorma River (Russia) and found that three adults with
shells previously damaged had completely repaired shells after two
years. The FPM population in the Upper Vltava River is characterized by
a decrease in longevity and increase in growth compared to northern
populations (NCA CR, 2013), and may suffer from insufficient shell
regeneration (Ziuganov et al., 2000). Moreover, the mechanical impacts
caused by river tourists and their paddles may be repeated and also
intensified by trampling during wading (and bathing).

The effects of recreational boating on river environments can also be
more detrimental due to the altered flow conditions that have become
more extreme as a result of climate change (Degerman et al., 2009;
Santos et al., 2015; Sousa et al., 2012). Negative interactions between
river tourists and FPMs might be higher when mussels are exposed to
low flow and decreased water depth, as noticed for other bivalves by
Lorenz et al. (2013). Animals would be more vulnerable to hits by
paddles, trampling and (potential) handling. However, in the Upper
Vltava River low-flow periods could also have positive effects on the
FPM population, as the minimum water level used by the SNP Admin-
istration for permitting boating could help protect local mussel popu-
lation from visitor-induced disturbances during low flows. Nevertheless,
water levels are only checked at the entrance site of the study river
stretch, and even under conditions permitting boating many very
shallow areas were observed along the river. Moreover, prolonged
low-flow conditions may lead to illegal boating without any check on
tourists behavior. On the contrary, high-flow periods can also lower
visitor impacts on the FPM population, as no interactions of river tour-
ists with fake mussels were recorded during highly increased water
levels. Extreme floods may greatly affect mussel populations, as FPMs
can be damaged/crushed by moving substrates and/or large sediment
deposits, or washed out onto riverbanks where they desiccate and die
(Alvarez-Claudio et al., 2000; Hastie et al., 2001; Sousa et al., 2012).
However, the Upper Vltava River has a relatively wide floodplain that
can mitigate the negative impacts of high-flow conditions on mussel
populations by reducing flow velocities (also see Hauer et al., 2022, this
issue).

5.4. Implications for management

River tourism and regulation can be complicated due to the
competing interests of nature conservation authorities, the tourism in-
dustry, and the general public. This was also the case in the SNP area,
with discussions of a ban on recreational boating in the Upper Vltava
River contrasting with an “open river” policy without any restrictions
(Kfenova and Kindlmann, 2015). Long-term negotiations by the SNP
Administration led to compromise rules acceptable for the Czech Canoe
Union, the major boating industry representatives, fishermen, scientists,
NGO groups and local authorities. Interactions of river tourists with
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mussels were not studied during this process, though assessing and
monitoring visitor behavior is a great challenge for managers of pro-
tected areas (McGinlay et al., 2020).

Based on the results of the present study, the effects of recreational
boating along the river might be less detrimental than those of accom-
panying activities, such as wading, bathing, and swimming. Tourists in
protected areas should be educated on how their activities affect wildlife
and how they can modify their behavior to mitigate pressure on en-
dangered species (Miller et al., 2001). The SNP Administration has used
a set of tools for visitor education (i.e., guide presentations, an infor-
mation point at the entrance site, a virtual natural trail (http://vltava.
perlorodkaricni.cz/), an official boating webpage (https://splouvani.
npsumava.cz/en/) and leaflets). However, our discussions with river
tourists revealed them to be in doubt regarding the rules for regulated
boating and FPM protection in the Upper Vltava River, especially if they
had never had contact with FPMs before.

Simple and harmless method of using fake mussels can provide in-
sights into the interactions of people and endangered mussel species and
improve the level of knowledge on visitor behavior. Surprisingly, in the
present study in the SNP area the reactions of river tourists to fake
mussels were less frequent for non-guided groups. However, mostly vi-
sual reactions were recorded when guides were present, whereas non-
guided visitors more often manipulated mussels. Two rest sites are
located close to each other in the Upper Vltava River, and tourists with
no guide were observed to stop at Site 2 (a less-attractive site), whereas
guided visitors generally stopped downstream at Site 3 (a more-
attractive site). This finding could be useful for the management of
protected areas, and the establishment of a “buffer site” upstream of the
most visited sites would mitigate visitor impacts. Nevertheless, the
movement of visitors within the river channel should be strictly
checked, as demonstrated by the presence of recently dead adult FPM
with broken shells found in the Upper Vltava River in 2015 (Zelenkova
et al., 2015). If a guide is not present, information and training before
recreational activities would likely help to minimize negative impacts
(Escarpinati et al., 2014).

A minimum number of interactions between river tourists and
mussels was found in locations deeper than 0.5 m, so the negative im-
pacts of visitor behavior might be lower if mussels were moved to deeper
sites. However, artificial relocation of adult FPMs has not yet been
shown to be effective (Cosgrove and Hastie, 2001; Hastie et al., 2003).
Alvarez-Claudio et al. (2000) marked and relocated 124 specimens to
conserve a FPM population in the River Narcea (Spain), but none could
be found in the next year during re-sampling. Mussel watchers, photo-
graphs and scientists using manipulative monitoring methods might also
harm some small mussel populations, but the level of such effects re-
mains unknown and needs to be investigated in more extended studies.
In any case, manipulating FPMs should be limited to severe threat sit-
uations (Skinner et al., 2003), such as moving mussels subject to
desiccation (Sousa et al., 2018). No FPMs were found at or close to the
present rest sites in the Upper Vltava River, so it is currently not
necessary to relocate animals to adjacent deeper river areas. If FPM
monitoring in the future would confirm the presence of the species near
rest sites, the conflict between river tourism and nature conservation
could be resolved by e.g., changes in the locations of rest sites. Pro-
tecting adult mussels and the maintenance of juvenile habitat should be
key conservation measures for the FPM (Cosgrove and Hastie, 2001),
and the non-invasive methods used here could be applied to assess
visitor-induced pressure in other protected (and non-protected) areas.

6. Conclusion

The present study clearly showed that fake FPM specimens were
mostly affected by river tourists in shallow running waters near the edge
of the river, with both fine and coarse river-bed substrates. Based on
previous surveys and studies, such habitat could be generally described
as “ideal” for the FPM. Therefore, this sensitive bivalve species could be
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threatened by river tourism. Fake mussels that were well visible were
also frequently disturbed, but the type of reaction (unintentional, visual,
and manipulative) varied under site-specific conditions. Lab experiment
indicated that several repeated hits by paddles are needed to both
dislodge mussels and to damage their shells. Thus, the effects of recre-
ational boating might be less detrimental than those of accompanying
activities, such as wading, bathing, and swimming. Human-induced
FPM disturbances related with trampling and handling should be
investigated in greater detail to support mussel conservation. Relocation
actions have not been very effective, so conservation measurements
should be focused on the protection and maintenance of mussels and
their habitats. Although effective regulation of the daily numbers of
river tourists was implemented in the SNP area to minimalize distur-
bances to the FPM population, understanding visitor behavior is critical
for keeping the core zone of the national park open to tourist use.
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4. Diskuze

CLANEK 1: Hloubkov4 preference juvenilnich jedincii perlorodky ¥i¢ni

Pro determinaci hloubkové preference mladych perlorodek byly vyuzity sitové
trubic¢ky neboli sondicky, vyplnéné ficnim piskem o velikosti zrna 1-2 mm. Uvedena
frakce jiz byla zjisténa jako vhodna pro vyvoj juvenild v laboratornich podminkach
(Lavictoire et al., 2016) a vyuzita pii sestaveni zafizeni (piskovych klicek) pro terénni
pokusy (viz Bily et al., 2018 — ¢lanek 2). Pfi pilotnim in situ experimentu v prostiedi
Teplé Vlitavy (Bily et al., 2021 — ¢lanek 1) bylo zjisténo, ze juvenilové maji tendenci
v sondic¢kach setrvavat vzhledem k nalezitelnosti presahujici 50 % pii dlouhodobé
(n€kolikameési¢ni) expozici a blizici se 70% hranici pfi kratkodobé (ne€kolikatydenni)
expozici. Svoji roli pfi hodnoceni preferované vrstvy substratu vsak hraji jak sezonni
podminky prostiedi, tak efekt mikrohabitatu.

V letnim obdobi se juvenilni perlorodky vyskytovaly pfevazné v melké hloubce 2
az 3 cm. Jelikoz Tepla Vltava je charakteristicka svym dobfte prokysli¢enym dnem (dle
dlouhodobych méfeni na toku) a mladi mlzi se nezahrabali hloubé&ji nez 8 cm, lze
predpokladat, ze na jinych perlorodkovych tocich by tento limit nebyl vyrazné hlubsi.
Veétsi i mensi jedinci zastupct velkych mlza se obvykle zahrabavaji v prvnich 10 cm
hloubky sedimentu (Neves and Widlak, 1987; Balfour and Smock, 1995; Schwalb and
Pusch, 2007; Negishi et al., 2011) a juvenilni mlzi se vétSinou nachazeji ve svrchni
vrstvé dna (tj. 0-3 cm hluboko) (Yeager et al., 1994; Negishi et al., 2011; Archambault
et al., 2014). Vyznam hornich vrstev zony hyporealu jako zivotniho prostoru mladych
mlzt zminuji jiz Buddensiek et al. (1993), ackoli vychazeli z hodnoceni stanovist na
zaklade statutu populaci né€kolika druht velkych mlzi vetné perlorodky fi¢ni. Mélka
zona hyporealu musi umoznit vyménu vody mezi vodnim sloupcem a prostredim
ficnitho dna. Na stanovistich s vyskytem mladych perlorodek byla dolozena vyssi
koncentrace Oz v prvnich 2 az 3 cm hloubky dna oproti hlubsim vrstvam, kdy do
hloubky 2 ¢cm uroveti prokysli¢eni neklesla pod 8 mg 1! (Buddensiek et al., 1993). Byt
Quinlan et al. (2015) upozortiuji, ze v uvedené praci jsou zminény pouze pramerné
hodnoty, na Teplé Vltavé byly zjistény obdobné vysledky, pficemz dand urover
prokyslic¢eni platila ve vét§iné méteni dokonce i v hloubce 10 cm!

Pfi prvnim a druhém piezimovani byly juvenilni perlorodky nalézany prevazné
v hloubce 3,0 az 4,5 cm, tedy hloubéji nez v letnim obdobi. Podobné sezoénni chovani
mladych mlzi zaznamenali jiz Negishi et al. (2011), zkoumajici vertikalni/horizontalni
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migraci jedinct druhu Pronodularia japanensis (Lea, 1859), a lze jej vysvétlit teplotou
vody, stabilngjsi a vzdalenéjsi od nuly prave ve vétsi hloubce. Nizka mira preziti mlza
béhem prvni zimy byla patrné zptsobena poklesem obsahu O> béhem expozice, jak
naznacuje hloubkovy gradient teploty mezi meélkou a hlubsi vrstvou hyporealu (tzn.
omezeni vymeény vody) a teplotni oscilace (zejména na konci experimentu). Vzhledem
k dobfe zachovalému stavu schranek jedinct 1ze predpokladat uhyn jedinct v obdobi
pravé pred koncem experimentu. Oproti tomu béhem druhé zimy vétsSina jedinct
prezila, a to hlavné diky pfiznivym a stabilnim podminkdm na zkoumaném stanovisti.
Pro¢ vSak mladé perlorodky preferovaly velice mélkou zonu hyporealu (oproti
predpokladu 10 cm hloubky; Geist and Auerswald, 2007) a pfitom se ve vét§i mife
nevyskytovaly pfi povrchu dna? Jde patrné o priklad kompromisu (,,trade-off), kdy
pfi povrchu dna hrozi vyplaveni ze substratu (Yeager et al., 1994), zatimco ve vétSich
hloubkach byvaji chudsi podminky prostiedi, zejména zhorSené O> poméry kvali vlivu
podzemni vody (Hauer and Hill, 2007; Quinlan et al., 2015). Prostfedi velmi melkého
ficniho dna tedy umoznuje unik jedinct v piipadé zmény abiotickych podminek (viz
dale). Taktka identické hloubkové rozlozeni po 26- a 55-denni letni expozici navic
ukazuje, ze kdyz juvenilni perlorodky zaujmou vhodnou pozici v dnovém substratu,
tak v ni setrvavaji tak dlouho, dokud to podminky prostiedi dovoluji.
Pti zohlednéni efektu mikrohabitatu 1ze definovat rizné typy prostiedi. Stanoviste
A se stabilnimi podminkami bylo charakteristické vysokou mirou pfeziti juvenild a
jejich schopnosti pfezimovani. Podobny popis plati taktéz pro stanovisté C. Mladé
perlorodky prospivaly i na stanovisti D vzhledem k dobrym kyslikovym pomeérim,
zprostfedkovanym diky vyraznému downwellingu (s pohybem vody ve sméru seshora
dol; Dahm et al., 2007), jak dokladaji minimalni rozdily teploty vody mezi vodnim
sloupcem a zonou hyporealu. Navzdory tomu juvenilové vykazovali nizsi nalezitelnost
s velkou variabilitou mezi sondickami a vét§i akumulaci v nejsvrchnéjsi vrstvé dna
oproti ostatnim stanovi§tim. Hloubka vody na stanovisti D se pohybovala pouze mezi
0,10 a 0,15 m. Prestoze Moorkens and Killeen (2014) uvad¢ji primérou hloubku
0,15-0,18 m na irském toku s vyskytem rozmnozujici se populace perlorodky fic¢ni,
nejvyssi hodnoty dosahovaly az 0,4 m. Proto mohlo byt stanovi§té D pfili§ mélké na
to, aby tam mladi mlzi setrvavali a radé€ji jej opoustéli nebo se k uniku chystali. Jiz
dtive bylo zjisténo, ze v ptipadé neptiznivych podminek pro juvenilni vyvojova stadia
se mlzi mohou presouvat blize k povrchu dna, vykazovat znamky stresového chovani
nebo dokonce uhynout (Polhill and Dimock, 1996; Sparks and Strayer, 1998; Hruska,
80



1999). Vyrazny podil jedinct vyskytujicich se pii povrchu dna byl zaznamenan téz na
poslednim stanovisti (B), avSak zde doslo k absolutnimu uhynu juvenild. Kvuli
mirnému poklesu hladiny béhem expozice doslo k obnazeni dna nad stanovistém a
zmeéné charakteru tamniho prostfedi na stojatou vodu, typickou svymi chudymi
kyslikovymi poméry (ASTM, 2013). V disledku toho poklesl obsah Oz ve dné na 4—
6 mg 1" ve 3 cm, resp. 2-3 mg 1" v 10 cm hloubky. (Podobné na tom byl i teplotni
rezim, kdy rozdily mezi volnou a vodou a zonou hyporealu byly nejvétsi praveé na
stanovisti B.) Schopnost rozliSeni (ne)vhodnych podminek prostfedi u juvenilnich
perlorodek a jejich vynoteni na povrchu nedavno popsali v laboratornim prostredi také
Hyvirinen et al. (2021), pfi¢emz jako moznou pii¢inu vynofeni uvadéji jemnozrnny
sediment (se snizenym obsahem kysliku). Prvni podrobné&jsi data o toleranci mladych
perlorodek vuci hypoxii pfinasi studie Hyvérinen et al. (2022): béhem 10-denniho
laboratorniho experimentu s koncentraci Oz <1,3 mg 1"! neprezil zadny z testovanych
juvenilt. Konstantni teplotni podminky stejn€ jako absence dalSich stresort i vrstvy
substratu neumoziuji provést podrobné&jsi srovnani sterénnimi vysledky z Teplé
Vltavy, kde méli navic juvenilové moznost Uiniku za neptiznivych podminek, nicméné
1ze konstatovat, ze del$i epizody se zhorSenymi kyslikovymi poméry (Hyvérinen et al.
(2022): 10 dni, Bily et al. (2021) — ¢lanek 1: ~20 (mozna i vice?) dni) maji negativni

vliv z hlediska vyvoje juvenilni faze perlorodky ficni.

CLANEK 2: Provadéni bioindikaénich in situ experimentii s juvenilnimi jedinci

perlorodky ri¢ni

Pro provadeéni in situ bioindikacnich experimentll byl vytvofen podrobny protokol
pro dva typy zafizeni: modifikovanou perforovanou desti¢ku s individualnim drzenim
(Buddensiek, 1995) a piskovou klicku s hromadnym drzenim mladych mlzi (Hruska,
1999) (Bily et al., 2018 — ¢lanek 2). Desticky a klicky lze instalovat v prostiedi volné
vody a/nebo v zén¢ hyporealu. Postup praci pfi vyuziti dalsiho typu experimentalniho
zafizeni (tj. sitovych trubi¢ek umisténych v ficnim dné) byl popsan jiz v praci Bily et
al. (2021) — ¢lanek 1.

Vsechny vyse uvedené varianty (desticka volna voda, klicka volna voda, desticka
dno a klicka dno) byly vyuzity pro zkoumani vhodného prostiedi pro perlorodku fi¢ni
na Teplé Vitavé ve dvou odlisnych prostorovych méfitkach: podélného profilu toku a

mikrohabitatu dna (vice viz Cerna et al., 2018).
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Bioindikacni desticky umisténé ve volné vodé jsou bézné vyuzivanou metodou pfi
terénnich experimentech s juvenilnimi perlorodkami (Schmidt and Vandré, 2010;
Scheder et al., 2014; Denic et al., 2015; Cerna et al., 2018). Pii mésicni expozici
v prostiedi Teplé Vltavy v roce 2014 byla zjisténa velice nizka mira rastu (vétSinou
<10 %) bez zjevného podélného gradientu. Oproti tomu v roce 2015 byly pfirtstky
mlza jiz vyssi (2842 %), kdy smérem po proudu dochazelo k vyznamnému zvySovani
miry rastu. Pfiznivéj$i podminky pro rust lze vysveétlit vy$si primérnou meésicni
teplotou vody ve druhém roce, coz potvrzuje teplotni zavislost ristu juvenilnich i
adultnich perlorodek (Hruska, 1992; Buddensiek, 1995; Lange and Selheim, 2011;
Denic et al., 2015). Mira pfeziti byla obecné na vysoké trovni (>83 %). Jelikoz jedinci
v destickach ve volné vodé obvykle nejsou vystaveni deficitu Oz, jenz byva
nejpravdépodobnéjsi pric¢inou uhynu juvenilt (Bily et al., 2021 — ¢lanek 1), dobré
podminky pro vyvoj mlzi na Teplé Vlitavé byly zjistény i na téch stanovistich, kde
perlorodky prospivaly hiife v klickach (ve volné vodé i hyporealu). Nicméné meésicni
expozice je dostateCna pro rozliSeni rozdilu pfiristki mezi stanovisti, a tak lze
s vyuzitim desticek celkem rychle detekovat charakteristiky jednotlivych stanovist.

Odlisné vysledky ve vyvoji juvenilnich perlorodek byly ziskany pifi hodnoceni
expozice klicek v prostiedi volné vody. Mira rastu mlzii s vyznamnym podélnym
gradientem se v roce 2014 nejprve zvySovala smérem po proudu a poté opét klesala,
coz bylo potvrzeno také o rok pozdéji. Primérna teplota vody pro tiimési¢ni expozici
v obou letech se nelisila: zatimco i mira riistu byla obdobna, mira preziti byla vyssi
v roce 2015 (max. 72 % vs. 29 % v roce 2014). I pres odliSnou délku expozice plati,
ze v hromadnych systémech typu sedimentacnich boxu pfeziva mén¢ jedinct, patrné
v disledku snizeného obsahu Oz uvnitf zafizeni (Denic, 2018). Totéz 1ze predpokladat
v piskovych klickach, kde se juvenilové mohou pohybovat a uniknout z mikrozén
s chudymi O pomeéry, nicméné nemohou takové zafizeni zcela opustit (srovnej Bily
et al., 2021 — ¢lanek 1). Dopliikové hodnoceni odhalilo absolutni tthyn jedincti na
jednom z piitokd Teplé Vltavy, zasazeném havarii COV, jez zpasobila kratkodoby,
ale silny narist koncentrace amoniaku (Cern4 et al., 2018). Svoji negativni roli viak
mohl sehrat i deficit Oz v dusledku aktivity mikroorganismi kolonizujicich piskova
zrna v klickéach.

A co plati pro vyvoj jedinci v podminkach fi¢niho dna? Zde jsou simulovany
realn€jsi podminky zivota juvenil, avSak kvali zna¢né Casoprostorové variabilité
podminek (viz Dahm et al., 2007; Braun et al., 2012; Quinlan et al., 2014; Bily et al.,
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2021 - ¢lanek 1) muze byt interpretace vysledku ztizena a Casto je tfeba vyuzit vyssi
pocet zafizeni. Informativni hodnota experiment mize byt zvysena, pokud se hodnoti
vyvoj nejlépe rostoucich jedinct (3 MAX pro desticku, 10 MAX pro klicku), jez jsou
zasadni pro obnovu populaci perlorodky fi¢ni. Mira rastu juvenilt byla kazdopadné
vzdy nizsi ve srovnani se stejnymi typy zafizeni na daném stanovisti, umisténymi
v prostiedi volné vody, a podil prezivsich jedinct se vyznacoval velkou variabilitou.
Nicméné v pripadé mikrohabitatu bylo zjisténo, ze podminky pro rist a preziti mlza
umisténych v destickach ve dné se zhorsuji s jemnozrnnéjSim substratem a chudsimi
kyslikovymi poméry (pfi¢emz souvislost s ucpavanim prostorti mezi zrny a zhorenim
pristupu O zminuji jiz Geist and Auerswald (2007) a nové také Stoeckl et al. (2020)).
Vyznamné rozdily (¢i rozdily na hranici vyznamnosti) byly odhaleny zejména pro
kamenité a pis¢ité dno: zatimco v prokysli¢eném dné s kameny (>96% nasyceni O>)
dosahovala mira preziti az 100 %, nejméné jedinci prospivali v pisku s nizkym a velmi
proménlivym mnozstvim kysliku (40-80% nasyceni O — preziti 0-83 %). Vyznam
kysliku pro vyvoj (zejména prezivani) juvenili byl potvrzen stejné jako v praci Bily

et al. (2021) — ¢lanek 1.

CLANEK 3: Hodnoceni vlivu vicendsobného bodového zneciSténi na juvenilni

jedince perlorodky ri¢ni

Novy experimentalni pfistup zalozeny na principu CBM byl vyuzit pro hodnoceni
ucinktl komunalniho znecisténi na mladé perlorodky v jemném prostorovém méfitku
podélného profilu horni MalSe (Barak et al., 2022 — ¢lanek 3). Tradi¢ni aplikace CBM
je spojena s designem ,,above-below* (tzn. hodnoceni podminek na jednom stanovisti
nad a pod zdrojem znecisténi) (napt. Martel et al., 2003) ¢i s rozsifenou gradientovou
variantou (vyuzivajici jedno/dvé stanovisté nad a tfi/Ctyfi stanovisté pod zdrojem
znecisténi; Salazar and Salazar, 2007) (napt. Nobles and Zhang, 2015; Patnode et al.,
2015). Armstead and Yeager (2007) stejné jako Salazar and Salazar (2007) upozortiuji
na mozny nesoulad mezi daty z kontaminovanych (dolnich) a referencnich (hornich)
stanovist, jelikoz i kontrolni stanovisté mohou byt ovlivnéna napf. vytoky z COV a/
nebo méstskou zastavbou (Gillis et al., 2014). Mal§ska studie zalozena na kombinaci
vyS§Siho poctu stanovist' a experimentalnich (bioindika¢nich) zafizeni pro spolehlive)si
detekci vlivu zneciSténi odpovida pristupu v praci Rogers et al. (2018), avSak navic

umoznuje detailni charakteristiku patterni vyvoje mlze a/nebo abiotickych faktort
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prostredi ve tfech rovnocennych usecich (usek se znecisténim a horni/dolni kontrolni
usek) s moznosti hodnoceni gradientu referencnich podminek v kontrolnich usecich.

Bioindikacni experimenty s juvenilnimi perlorodkami umisténymi v destickach ve
volné vodée byly provedeny v souladu s protokolem viz Bily et al. (2018) — ¢lanek 2.
Na zakladé hodnoceni 33-denni expozice v toku MalSe dosahovala mira ristu mlza
30,8 % v poskozeném, resp. 30,7 % v dolnim kontrolnim tuseku. V hornim kontrolnim
useku byla vyznamné nizsi, kdy ¢inila 21,2 %. Vétsi prirGstky byly doprovazeny vyssi
teplotou vody stejné jako v pripadé Teplé Vlitavy (Bily et al., 2018 — ¢lanek 2),
pfiemz mira rastu pro podobné teplotni podminky byla srovnatelna na obou fekach
(24-44 % vs. 28-42 %).

Ptirastky juvenilt po odstranéni vlivu teploty (pomoci regresniho vztahu) odhalily,
ze prekvapiveé vyznamné Iépe perlorodky prospivaly v useku se znecisténim zatizeném
zivinami (zejména amoniakem). Autofi jiz v minulosti davali do souvislosti zvySené
mnozstvi zivin s lepsi dostupnosti potravy (Buddensiek, 1995; Strayer, 2008; Gagné
et al., 2011; Strayer, 2014). Bartsch et al. (2003) ve své terénni studii zjistili pozitivni
vztah rastu juvenilnich mlza (Lampsilis cardium (Rafinesque, 1820)) a koncentrace
amoniaku (po 4 a 28 dnech, nikoli vSak po 10 dnech experimentu). Zatimco pfi nizkych
koncentracich mize amoniak pusobit jako zivina, pfi vy$§im mnozstvi naopak jako
kontaminant (Salazar and Salazar, 2007; Strayer, 2014). Nicméné obecné je
eutrofizace hodnocena jako proces s nepiiznivym vlivem na vyvoj perlorodky ficni
(Buddensiek, 1995; Degerman et al., 2009; Eybe et al., 2013).

Prezivani juvenilt bylo dle predpokladu vyznamné nizsi v useku se znecisténim
(73-95 %) oproti kontrolnim tsekim (91-100 %). Zhorsené podminky prostiedi 1ze
charakterizovat zejména zvySenym mnozstvim amoniaku a snizenym obsahem Oo.

Mladi mlzi jsou velice citlivi na pfitomnost amoniaku (Nakamura et al., 2021),
avSak vztah mezi uhynem jedincii a mnozstvim latky nemusi byt vzdy zcela jasny
(Bartsch et al., 2003). Na Malsi byla zjisténa 73% mira preziti juvenill pfi max.
koncentraci 1,01 mg NH4* 1"}, zatimco na ptitoku Teplé Vitavy vichni jedinci uhynuli
v prostiedi s koncentraci max. 1,22 mg NH4* 1"! (Bily et al., 2018 — ¢lanek 2; Cerna
et al.,, 2018). V obou prtipadech doslo k zachyceni epizodické udalosti zneciSténi
pochazejici z COV (odlehéeni kanalizace, resp. havarie &isticiho zafizeni). Nicménd
hodnoty toxické formy amoniaku NH3 (Mummert et al., 2003; Haag, 2012; Strayer,
2014) byly srovnatelné nizké a k thynu mlzi v povodi Teplé Vlitavy spise vedl odlisny
typ experimentalniho zafizeni (tj. klicka s vyplni pisku) s rizikem deficitu Oz (viz Bily
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et al., 2018 — ¢lanek 2). Akutni ekotoxikologické testy (t =96 h.) s juvenilnimi jedinci
piibuznych druht odhalily hodnoty ECso (subletalni koncentrace pro 50 % jedinct) =
7,7-8,4 mg TAN 1! (Margaritifera falcata (Gould, 1850); Wang et al., 2017) a LCso
(letalni koncentrace pro 50 % jedincli) = 11,5-16,7 mg TAN I'! (P. auricularius;
Nakamura et al., 2021). Na Malsi byly zaznamenany koncentrace 0,020—1,037 mg
TAN I'! a uhyn juvenil 527 % béhem 33-denniho experimentu, pii¢emz max.
koncentrace celkového amoniakélniho N byla velmi blizké bezpe¢né urovni 1,15 mg
I'! (= 10% LCso; Mummert et al., 2003). Maximalni hodnoty jak pro akutni, tak
chronickou expozici sladkovodnich organismt vcetné velkych mlzia v USA (USEPA,
2013) nebyly prekroceny. To jiz neplati v pfipad€ limitnich hodnot pro perlorodkové
toky (viz tab. 1, str. 17), nicméné autofi uvadeji jako kritérium NH4" a nikoli TAN ¢i
NHs. Nejen eutrofni prostiedi, ale také s nim souvisejici snizeny obsah kysliku mohly
prispét k nepfiznivému vyvoji mlza (Cooper et al., 2005; Geist and Auerswald, 2007;
Lopes-Lima et al., 2017).

Bartsch et al. (2003) prokazali pozitivni vztah mezi uhynem L. cardium a snizenou
urovni O2. Ze srovnani vysledkt bioindikacnich testd s juvenilnimi perlorodkami na
Malsi (Barak et al., 2022 — ¢lanek 3) a Teplé Vitave (Bily et al., 2018 — ¢lanek 2;
Cemna et al., 2018) vyplyvaji obdobna zjisténi. Pii poklesu mnozstvi Oz na uroveii
blizici se 75 % doslo ke snizeni miry preziti na 73 % jedinci v destickach ve volné
vodé (Malse), pricemz v prostredi fi¢niho dna (Vltava) byly zachyceny dva extrémy:
na jedné strané trovent Oz >85 % a 100% preziti, a na druhé stran¢ uroven Oz <65 %
a 0% preziti mladych perlorodek. V obou ptipadech byl prokazan vyznam prokysli¢eni
vodniho prostiedi pro zivot juvenilniho vyvojového stadia perlorodky ve shodé s praci
Bily et al. (2021) — ¢lanek 1. Environmentalni limity dennich a tydennich minimalnich
hodnot O; pro lososové vody v USA (USEPA, 1986) byly na Mal$i ptekroceny nebo
se uroveni prokysli¢eni vody témto limitim velice pfiblizila (pozn. autora: losos jako
jeden z moznych hostiteli glochidii perlorodky; viz kap. 1.4.3). To opét neplati pro
kritéria perlorodkovych tokt, kdy se bézné€ uvadi hodnoty O blizko 100% nasyceni
(BSI, 2017), ovSem tolerance juvenilnich perlorodek vii¢i snizenému mnozstvi kysliku
nebyla donedavna podrobnéji zkoumana (Quinlan et al., 2015). Hyvérinen et al. (2022)
zjistili, ze dokonce 1 pti déletrvajici situaci se snizenym obsahem O> az k 70% urovni
mohou mladé perlorodky prezivat. Ve srovnani s jejich vysledky z laboratornich testt
vSak lze predpokladat, ze v prirozenych podminkach toku MalSe sehrala negativni roli
kombinace vétsiho poctu stresort (tj. vyssi hodnoty amoniaku a pokles mnozstvi O>
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spolu se zvySenou koncentraci dusitant; viz nize). Zde je jesté tfeba pripomenout, ze
mnozstvi Oz ve vodé muze klesat v dusledku zvysené teploty (Hauer and Hill, 2007),
pfi¢emz laboratorni experimenty jsou zpravidla provadény za konstantnich teplotnich
podminek (viz napt. Hyvérinen et al., 2022). Na Malsi byly vyssi teploty detekovany
pouze v dolnim kontrolnim tseku, tudiz snizeni obsahu kysliku ve vodé 1ze opravdu
spojovat se zvysenou koncentraci amoniaku (Cerna et al., 2018).

V tseku se znecisténim odhalily laboratorni analyzy chemismu vody mimo vyssi
koncentrace amoniakalniho dusiku téz zvySené hodnoty fosforu (TP), nerozpusténych
latek a dusitand. Fosfor je znamkou eutrofizace vodniho prostiedi, nicmén¢ se uvadi,

ze pro perlorodku neni piimo toxicky (BSI, 2017). Nerozpusténé latky mohou piimo 1

nepfimo ovlivnit zivotaschopnost juvenild. Mlzi (zejména ti umisténi v destickach)
mohou zavirat své schranky v reakci na pfitomnost suspendovanych latek ve vodé, a
tak trpét stresem kvuli absenci piijmu potravy a kysliku s moznym nasledkem thynu.
Navic jemny material po sedimentaci mize ucpavat dno a jedinci obyvajici zonu
hyporealu by i v tomto pfipadé byli vystaveni zhor§enym podminkam prosttedi (BSI,
2017). Na druhou stranu bioindikacni zafizeni v toku se mohou pravidelné cistit, jak
ostatn¢ doporucuji Bily et al. (2018) — ¢lanek 2, coz snizuje riziko zanaSeni prostor
obyvanych juvenilnimi perlorodkami. Podrobnosti o citlivosti perlorodky fi¢ni (a mlza
obecn€; Soucek and Dickinson, 2012) vici dusitanim bohuzel dosud chybi. Pritom
jak environmentalni limity pro lososové vody v USA (USEPA, 1986), tak pro némecké
perlorodkové toky (Jungbluth, 2011) byly prekroCeny pii epizodické udalosti na Malsi,
kdy dosahovaly tirovné az 0,083 mg NO>-N 1"\, Dusitany tudiz mohly pfispét k thynu
juvenilt (Eybe et al., 2013; Boon et al., 2019), pficemz jiz Gillis et al. (2017) uvadi,
ze v dusledku vyssich koncentraci amoniakalniho a dusitanového N a poklesu Oz jsou
tekouci vody v tsecich pod vytoky COV charakteristické absenci vyskytu mlzi.
Ackoli primarnim cilem malSské studie nebyla identifikace zdroji znecisténi,
v useku se znec€isténim byl zjistén pozitivni vztah mezi nizs§i mirou rastu/pfezivani
juvenilnich mlz a epizodickou udalosti (odleh&enim kanalizace na COV) zptisobujici
zvysené koncentrace TAN a NO»-N a snizeni urovné O». Nesoulad mezi hodnocenim
prirastkt jedinct na trovni Gseku a jednotlivych stanovist vyplyva z podminek na
konkrétnich stanovistich. Pod vytokem z COV, obecné povazovanymi za vyznamné
zdroje obohaceni vod zivinami (Augspurger et al., 2003; Haag, 2012; USEPA, 2013),
byly zjistény zvysené prirastky mlzi (stanoviste IMP-2), zatimco dale po proudu se
jiz snizovaly (IMP-3 a IMP-4). Nejvyssi koncentrace TAN byly zaznamenany piimo
86



pod vytokem ajejich pokles smérem po proudu byl o¢ekavan vzhledem k fedéni v toku
(Mummert et al., 2003; Patnode et al., 2015). Pfesto juvenilové s rostouci vzdalenosti
od vytoku hife prospivali, coz lze vysvétlit souCasnym vlivem vice abiotickych
faktort prostiedi (amoniaku postupné ubyva, pfiCemz na jeho odbourani se postupné
spotiebovava kyslik a v dusledku oxidace amoniaku pfibyvaji ve vodé dusitany). Na
zakladé monitoringu jakosti vody je mozno konstatovat, ze COV trvale zneGist'uje tok
MalSe a tento nepfiznivy stav byl v prub&hu experimentu je$té umocnén jiz popsanou
epizodickou udalosti. Jeji zavaznost pfitom dokumentovaly docasné zvySené hodnoty
dusitana prakticky v celém dolnim kontrolnim useku. (Vyse proti proudu se jesté do
Malse vléva maly zneciStény piitok, pfinasejici ziviny ze sidel a/nebo pastevnich ploch
v povodi. Tento piitok s mnohem mengim dopadem na jakost vody oproti COV nemél
bezprostfedni negativni vliv na jedince pod soutokem (IMP-1), av§ak mohl castecné

prispét ke zhorSenému vyvoji mlzu dale po proudu).

CLANEK 4: Hodnoceni primého antropogenniho vlivu na jedince perlorodky
Ficni

Terénni studie pro zkoumani interakci mezi vodaky a mlzi byla provedena na Teplé
Vltave, kde je umoznéno rekreacni splouvani a vyskytuje se zde populace perlorodky
ficni (Barak et al., 2022 — ¢lanek 4) s pfiznivymi stanovistnimi podminkami také pro
mladé jedince (Bily et al., 2021 — ¢lanek 1; Bily et al., 2018 — ¢lanek 2). Bylo pfitom
vyuzito , faleSnych® mlza (betonovych maket), umisténych na tfech odpocinkovych
mistech podél biehu v riznych abiotickych podminkach dle habitatovych pozadavku
perlorodky fi¢ni (viz Skinner et al., 2003; Degerman et al., 2009; Geist, 2010).

Vyznamny rozdil miry interakci byl zjistén pfi srovnani kategorii hloubky vody:
zatimco v nejmél¢ich mistech (hl. 0,1-0,2 m) dosahoval jejich podil 11,6 %, v hlubsich
vodach se jiz snizoval (0,2-0,5 m: 6,5 %, resp. 0,5-0,8 m: 0,6 %). Perlorodkové toky
byvaji zpravidla hlubsi nez uvedenych 0,2 m (viz Hastie et al., 2000; Ostrovsky and
Popov, 2011; Jung et al., 2013; Varandas et al., 2013), nicméné neni vyjimkou, ze
dokonce i rozmnozujici se populace druhu se vyskytuji ve velmi mélkych usecich toka
(Moorkens and Killeen, 2014). Vodaci na Teplé Vltavée se vét§inou pohybuji v mistech
s hloubkou do 0,5 m, kdy vystupuji z lodi a n€kolik méalo minut travi v koryte toku.
V takovych , mélkych® habitatech mohou prospivat 1 juvenilni perlorodky, jak uvadi

Bily et al. (2021) — ¢lanek 1. Z toho plyne, ze splouvanim a doprovodnymi aktivitami,
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jako jsou brodéni, koupani a plavani, mohou byt ohrozena riizna vyvojova stadia mlzi.
Perlorodka se vSak vyskytuje i v hlubsich Castech tokl (viz napt. Degerman et al.,
2009) a také lidé pii koupani vstupuji do mist, kde mtze hloubka dosahovat az 2 m
(Escarpinati et al., 2011). Na druhou stranu na tuzemi NP Sumava bylo zaznamenano
Castéjsi brodéni nez koupani: jelikoz mira interakci klesa s hloubkou, mlzi ve vétSich
hloubkéch (nad 0,5 m) by méli byt méné vystaveni disturbancim.

Na odpocinkovych mistech na Teplé Vltave bylo nejvice ovlivnénych maket mlza
zji§téno ve zhruba dvoumetrovém pasmu pobliz fi¢niho brehu. Tedy nejen v mélkych,
ale zarover 1 ptibfeznich vodach 1ze sledovat nej¢ast&jsi interakce mezi vodaky a mlzi.
Perlorodka se vétSinou vyskytuje ve vzdalenosti do 4 m od biehu (viz Hastie et al.,
2000; Morales et al., 2004; Outeiro et al., 2008; Sousa et al., 2015), kde pftibiezni
vegetace poskytuje stin, snizuje vykyvy teploty vody a omezuje nadmérny vstup zivin
z okolnich ploch (Degerman et al., 2009). Ztoho plyne, ze mlzi nachéazejici se
v blizkosti pfibfezni zony mohou byt zranitelni vici tlaku navstévnik daného tizemi.
Interakce vodaki a mlzt v malych tocich s izkymi koryty by tedy mohly byt velice
cetné, nicméné takové toky patrné nejsou obecné vyuzivany k rekreacnimu splouvani.

Pti zohlednéni typu substratu bylo zaznamenano vétsi zastoupeni interakci ve dné
pisCitého a kamenitého charakteru (vzdy 6,1 %) nez ve §térkovitém substratu (3,3 %),
ovSem bez vyznamného vlivu na interakce. Velké plochy pisku jsou obvykle nestabilni
amlzi se zde nevyskytuji (Junget al., 2013), ov§em populace perlorodky fi¢ni v Rusku
obyvaji prave tyto habitaty (kvali pfiznivym proudovym a morfologickym pomérum;
Ostrovsky and Popov, 2011). Pisek byl preferovanym substratem pro zastaveni vodaka
na Teplé Vltavé, proto nepiekvapi jejich Cetné interakce s mlzi ve zdejSim prostredi.
Ac piihodné pro zahrabavani zivocichu, pisecné dno se zejména kvuli zhorSenym
kyslikovym pomérim nejevi jako vhodné pro vyvoj mladych perlorodek (viz Bily et
al., 2018 — ¢lanek 2). Nicmén¢ i perlorodky vyskytujici se mezi kameny, jez piispivaji
ke stabilité dnového substratu (viz Hastie et al., 2000; Geist and Auerswald, 2007;
Jung et al., 2013; Hauer, 2015), mohou byt vystaveny tlaku navstévniku, dtlezitou roli
vSak hraje zejména viditelnost jedinct a s ni souvisejici chovani vodakt (viz nize).

Pfi hodnoceni reakci ohrozenych druht na antropogenni disturbanci je doporuceno
vyhnout se in situ disturbanci, pfiCemz ex situ testovani pro zménu zt€zuji omezeni
sbéru jedincl vzhledem ke statutu ohrozeni (Thiel et al., 2008). Proto bylo pfistoupeno
k problému z druhé strany, kdy bylo hodnoceno chovani lidi pfi setkani s ohrozenym
druhem mlze s vyuzitim maket jedinc. Dopliujici hodnoceni viditelnosti ukazalo, ze
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velmi dobfe viditelni mlzi by byli vystaveni vyznamné vétSimu tlaku navstévniku
(13,7 % interakci) oproti hufe ¢i dokonce $patné viditelnym jedincam (6,2, resp. 5,8
% interakci). Dobra viditelnost v mélkych vodach s kontrastem svétlého substratu a
tmavych maket vedla k vyssi mife interakci lidi a mlza. Je vSak tfeba rozlisit vizualni
a manipulativni reakce vodakt vici dobfe viditelnym jedincim, a naopak neumyslné
reakce vici jedincam s horsi viditelnosti pod hladinou toku. Lov perel zahrnujici
manipulaci s mlzi byl vyznamnym problémem pro populace perlorodky ficni, dnes je
vak zakazan (Skinner et al., 2003; Degerman et al., 2009; Svanyga et al., 2013) stejné
jako ,,pouha™ manipulace s jedinci (Simon et al., 2015). Nicmén¢ nékteti lidé stale
ilegaln€ hledaji perlorodky v jejich pfirozeném prostredi a jedince mohou zabijet za
pouziti destruktivnich metod (Bauer, 1988; Cosgrove and Hastie, 2001; Stoeckl et al.,
2020). Nektefi vodaci na Teplé Vitavé nedokazali rozlisit makety od Zivych jedinca a
chovali se jako lovci perel, kdyz chtéli domnélé mlze oteviit. Chovani pfi pohybu
navstévniki v mélkych vodach, kdy pfichazeji do kontaktu s prostfedim dna, bylo
Casto spojeno s jeho netumyslnym seSlapem, jez muze zapiiCinit uhyn nékterych
sladkovodnich organisma (Escarpinati et al., 2011, 2014). Proto by i v pfipadé
perlorodkovych tokti mél byt seslap minimalizovan (Skinner et al., 2003), coz vsak
neplati pro vodaky v NP Sumava. Ackoli maji zakaz pohybovat se v koryt& toku,
obecné je brodéni (n€ékdy téz koupani a plavani) tolerovano i v pritomnosti odborného
pruvodce. Doprovodné aktivity vedou k delsi dob€ stravené v toku a zvySuje se tak
riziko kontaktu €loveka a perlorodky fi€ni. Juvenilové majici kiehké schranky mohou
byt vzhledem k zivotu v hyporealu vice chranéni, nicméné nékteti jedinci se dostavaji
na povrch dna (Bily et al., 2021 — ¢lanek 1) a mohou byt vystaveni se§lapu nohou
vodaku. Seslap dna mize mit také nepiimy vliv, kdy hrozi riziko stlaeni dna a sniZeni
vymény vody s vodnim sloupcem (Geist and Auerswald, 2007; Boon et al., 2019) ¢i
resuspendace jemného materialu a jeho mozné nepiiznivé ucinky na filtraci a piijem
kysliku u mlzii (Moorkens and Killeen, 2014).

Sviij vyznam maji také stanovistné-specifické podminky, kdy se typy reakci napiic
stanovisti vyznamné liSily. Na prvnich dvou odpocinkovych mistech totiz pfrevazovaly
neumyslné zasahy do dna, kdezto na poslednim z nich byly vétSinou zaznamenany
vizualni ¢i manipulativni reakce. To lze vysvétlit rozdilnou atraktivitou obou skupin
stanovis§t. Zatimco na mén¢ atraktivnich mistech lidé zastavuji a vystupuji z lodi na

omezeném mélkém prostoru (coz usti v disturbanci dna) a vétSinu ¢asu pak travi mimo
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koryto toku, na atraktivnéjSich lokacich maji mnohem vice prostoru a pohybuji se
v mélkych oblastech toku (coz vede k nartstu zejména vizualnich reakci).

Mimo interakce vodaka a mlza je také tfeba se zabyvat splouvanim podél toku,
kdy lidé ovliviuji prosttedi ficniho dna zejména zasahy svych padel. Pii laboratornich
pokusech (Barak et al., 2022 — ¢lanek 4) byly vytvoreny modely mlzi z realnych
schranek perlorodek, a nasledné umistény v akvariu na rozhrani vody (vyska sloupce
40 cm odpovidala experimentalné zjis§téné nejvyssi mite disturbance pii splouvani) a
vrstvy Stérkopiskového substratu. Zkoumany pfitom byly dva typy disturbance, tj.
vyrazeni z polohy a destrukce (Brosnan and Crumrine, 1994). Pro vyraZeni z polohy
bylo potieba v primeéru 8,03 udert padlem, ptiCemz tento vysledek mohl byt ovlivnén
relativn€ nestabilnim dnovym substratem pouzitym pii pokusech. Ac¢koli perlorodka
se dokaze znovu zahrabat do sedimentu (Skinner et al., 2003), tento proces muze
vyvolat stres u mlzt, zejména pokud by byly udery opakovany a jedinci ¢asto ménili
svou pozici. Destrukce modelu vyzadovala v priméru 7,88 udert padlem (v tomto
piipadé€ zase bylo nutné po kazdém tderu vratit model do pavodni vztyCené polohy),
pticemz rozdily v poCtu zasaht pro vyrazeni z polohy a poSkozeni schranky nebyly
zjistény jako vyznamné. Vliv prasknuti schranky perlorodek na jejich pteziti zkoumali
Ziuganov et al. (2000), kdy béhem dvou tydnii od poskozeni doslo k thynu vSech
zkoumanych jedinci. Na druhou stranu stejni autofi hodnotili v dalSim terénnim
experimentu dlouhodobou regeneraci schranek mlza a u tfech jedinct odhalili zcela
opravené schranky. Perlorodky na Teplé Vitave nicméné mohou trpét nedostatecnou
regeneraéni schopnosti oproti severskym populacim (Ziuganov et al., 2000; Svanyga
etal., 2013) aje tfeba upozornit, ze mohou byt vystaveni opakovanému mechanickému
poskozeni, umocnénému seslapem nohou navstévnikt vodnich tokt (Barak et al.,

2022 — ¢lanek 4).
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5. Zavéry a doporuceni

V ramci bliz§iho zkoumani prostorovych naroku juvenilnich jedinct perlorodky
ficni v prirozeném prostiedi ficniho dna (Bily et al., 2021 — ¢lanek 1) bylo zjisténo,
ze mladi mlzi maji tendenci setrvavat v experimentalnich sondi¢kach, coz umoznilo
vyhodnoceni jejich hloubkové preference. Ukazalo se, ze se vétSinou vyskytuji ve
vrstvé nékolika malo cm pode dnem (nepronikaji hloubéji nez 8 cm), pfiCemz se zda,
ze juvenilové preferuji pro svij vyskyt a vyvoj nejmél¢i moznou vrstvu dnového
substratu, na druhou stranu vSak dostate¢né hlubokou pro zajisténi stabilni polohy
jedinca. Velice mélky hyporeal predstavuje piihodné Zivotni prostfedi pro juvenilni
perlorodky, pficemz kvili stabilngjsim teplotnim podminkam piezimovavaji o néco
hloubégji ve srovnani s letnim obdobim. Vyznamnou roli pro preziti mlzi pak hraji
predevsim kyslikové poméry.

Obsah kysliku ve vodé pro uspeésny vyvoj mladych perlorodek se objevuje téz pii
hodnoceni stanovistnich podminek s vyuzitim in situ bioindikacnich experimentu.
Protokol pro provadéni terénnich pokust byl pfednostné vypracovan pro juvenilni
perlorodky (Bily et al., 2018 — ¢lanek 2), nicméné jej lze v modifikované podobé
vyuzit i pro rana vyvojova stadia ostatnich druhtt mlza (zejména s piihlédnutim
k jejich velikosti; Bauer and Wichtler, 2001). Vyuziti riznych typt bioindikacnich
zafizeni ve volné vodé a prostiedi ficniho dna odhalilo rozdily ve vyvoji juvenilnich
mlza: zejména vhodné podminky pro jedince v klickach/destickach ve stfedni/dolni
Casti toku a zhorSené (nicméné realné) podminky pro jedince v zoén€ hyporealu. Svou
roli pfitom hraji také podminky konkrétniho stanovisté v podélném profilu vodniho
toku (s vyraznym pozitivnim vlivem teploty vody na rast jedincti) a mikrohabitatu dna
(s vyraznym pozitivnim vlivem hrubozrnnosti substratu a jeho prokysliceni, zejména
na preziti mlzd).

Vyse uvedeny protokol byl vyuzit pfi hodnoceni vlivu bodového znecisténi na
juvenilni perlorodky, kdy pro aplikaci CBM v tekoucich vodach plati tato doporucent:
(1) sledovani podélného profilu s rozsifenim mimo usek se zneCisténim, (2) vyuziti
vétsiho mnozstvi stanovist, experimentalnich zafizeni a méteni, resp. vzorkovani pii
monitoringu jakosti vody, (3) i kratkodoba expozice za kritickych podminek (nizky
vodni stav, vysoka teplota vody) muze byt dostacujici pro detekci rozdilt ve vyvoji
mlzl napii¢ rovnocennymi useky toku s/bez znecisténi (Barak et al., 2022 — ¢lanek

3). Predstaveny robustni design umoznil determinaci vyznamného efektu useku toku,
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pticemz pomoci jednoduché metody doslo k odstranéni vlivu teploty vody na juvenilni
perlorodky (zminéného jiz v praci Bily et al. (2018) — ¢ldanek 2), coz usnadnilo dalsi
zkoumani vlivu parametra jakosti vody. Nepfiznivy vyvoj juvenilnich mlzi na urovni
stanovist v dasledku trvalého znecCisténi vody umocnéného epizodickou udalosti na
COV (efekt havarie takového zafizeni viz Bily et al., 2018 — ¢lanek 2; Cerna et al.,
2018) byl s nejvetsi pravdépodobnosti zptsoben zvySenou koncentraci amoniaku a
dusitant a téz snizenym obsahem kysliku (a jejich synergistickym ptusobenim). Tato
skuteCnost potvrzujici citlivost mladych mlzi viici (zejména nahlym) zménam jakosti
vody byla doloZena v chranéném uzemi s vyskytem ohrozenych druhi a omezenim
nakladani s odpadnimi vodami (Svanyga et al., 2013), tudiZ je zde nutna efektivni
prevence pied znecisténim (Newton, 2003). Stejné jako v pfipade protokolu viz Bily
et al. (2018) — ¢lanek 2, také metodické postupy pouzité v praci Barak et al. (2022)
— ¢lanek 3 1ze aplikovat na jiné druhy velkych mlzd.

V chranéném uzemi byl také hodnocen piimy vliv ¢lovéka na perlorodku fi¢ni, kdy
nejvyrazngjsi interakce vodaku a (adultnich) mlza byly zjistény v mélkych vodach pfi
okraji pfibfezni zony (s jemnym 1 hrubym typem substratu), kde se mlzi pfirozené
vyskytuji. Svou roli pfitom hraje i viditelnost mlzt a reakce lidi se lisi dle stanovistné-
specifickych podminek (Barak et al.,, 2022 — ¢lanek 4). Navs§tévnici chranénych
uzemi by méli byt vzdélavani o tom, jak mohou svymi aktivitami ovlivnit volné zijici
druhy a jak mohou zménit své chovani pro zmirnéni tlaku na ohrozené druhy (Miller
et al., 2001). Nejde pfitom jen o piimy kontakt s jedinci (typicky pro atraktivnéjsi
mista), ale také o neimyslny zasah do habitatu druhti v adultni i juvenilni fazi Zivota
(na méné atraktivnéjSich mistech). Jednoducha a neskodna metoda s maketami mlzi
dovoluje porozumét interakcim lidi a jedinc ohrozenych druhg, a zlepsit tak Groven
znalosti o chovani navstévnikl (to je velka vyzva pro spravce chranénych tzemi;
McGinlay et al., 2020). Laboratorni experiment (Barak et al., 2022 — ¢lanek 4) odhalil
opakovany pocet (osmi) udert padlem pro vyrazeni (modelu) mlze z polohy ¢i jeho
destrukci, tzn. ze splouvani muze mit méné nepfiznivé ucinky nez doprovodné aktivity
pii pohybu v koryté toku. Jelikoz presun mlzd neni efektivnim feSenim (Alvarez-
Claudio et al., 2000; Cosgrove and Hastie, 2001; Hastie et al., 2003b), je tieba se
zaméfit na ochranu jedinct a udrzovani jejich habitatu (Cosgrove and Hastie, 2001).
Navzdory efektivni regulaci po¢tu vodakt pro minimalni disturbanci perlorodky ficni
hraje zasadni roli pochopeni chovani lidi pro zachovani jejich pfistupu do chranéného
uzemi.
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Souhrn

Na zaklad¢ vyse uvedenych ¢lank tvoricich jadro predkladané disertacni prace lze
konstatovat, ze pomoci modifikovanych ¢i zcela novych metodickych postupt byly
determinovany tyto kliové abiotické faktory pro vyskyt a vyvoj ohrozenych druht
mlza na piikladu perlorodky fi¢ni: obsah Oz ve vodé, substratové poméry a jakost (+
teplota) vody. Nejvétsi vyznam ma prokysli¢eni vody, kdy snizené mnozstvi kysliku
v zoné hyporealu i volné vodé vede k poklesu rustu a prezivani juvenilnich jedinct,
pficemz chudé kyslikové poméry také nuti mladé mlze opoustét ficni dno a hledat
vhodnéjsi habitaty pro zivot. V tomto smyslu je tieba zdaraznit vyznam vymény vody
na rozhrani voda-sediment.

Ziskané poznatky o ekologii perlorodky ficni, kvalité prostiedi a vhodnosti biotopt
pro juvenilni jedince lze uplatnit v ramci zachranného programu v CR (Svanyga et al .,
2013) 1 v Evropé (Araujo and Ramos, 2001): at’ uz jde o ochranu stavajicich populaci
druhu vcetné jeho habitatu, nebo o provadéni propopulacnich opatteni (Lopes-Lima et
al., 2017). Tato prace také prinasi nové udaje o vlivu stresort v prostiedi na velké mlze
mimo prostiedi Severni Ameriky. Kromé toho byly predstaveny metodické postupy
s moznym vyuzitim v obecné rovin€ pro hodnoceni biotopu organismti pomoci izolatt
(,,caged model®) ¢i antropogenniho tlaku na volné zijici druhy (,,fale$ni* jedinci). Ty
by mohly najit uplatnéni pii zlepSeni managementu jakosti vody, resp. ochrané biotopt
tekoucich vod.

Jelikoz zde uvedené vysledky predstavuji pouze stfipek v celém obraze zivota
sladkovodnich organismi a zejména fascinujici skupiny velkych mlzg, je tieba se

v budoucim vyzkumu zaméfit na nasledujici aspekty:

e hodnoceni in situ experimenti a soucasné provadéni pruzkumu pfirozenych
populaci (mlzi) na daném toku/tocich (Nobles and Zhang, 2015; Patnode et
al., 2015),

e hodnoceni (sub)letalnich ucinkt stresort a jejich synergistického ptisobeni (na
mlze) (Kienzler et al., 2016; Lopes-Lima et al., 2017; Belamy et al., 2020),

e kombinace ex/in situ experimentd pro provadéni testd jakosti vody a ochranu
sladkovodnich organismii (ASTM, 2013; Patnode et al., 2015; Pollard et al .,
2017),

e disturbance sladkovodnich organismii obyvajicich mélké vody seslapem dna a

manipulaci s jedinci.
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