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1.Uvod

Raci (Decapoda: Astacidea) jsou zajimavou a rozimarskupinou organisinsladkovodnich
ekosystém, ve které mzeme naleznout jak kriticky ohrozené druhy, taloseitové nebezpéné
invazni druhy (Lodge et al. 2012). To je obzwépatrné ze situace v Evr@pzejmena diky
informovanosti pramenicidlé védecké aktivity (Holdich et al. 2009). Tak nebo fjinaaci maji
vyznamné ekologické role, které jsou patrné jaltki pivodnich tak u nejvodnich. Raci, pokud
se na lokal@ vyskytuji, obvykle tvéi naprostou ¥tSinu biomasy bentickych organiéna jsou
potravou Sirokého spektra predd@toBami pak psobi jako konzumenti vSech dostupnych zilroj
potravy (Neveu 2009; Reynolds 2011). Proto zpeotovavaji tok Zivin a energie ve vodnim
ekosystému se zkenénim terestrickych zdréjdo potravnichretézcl, a to diky jejich schopnosti
zpracovavat rostlinné zbytky terestrickéhiv@du, stej jako schopnosti aktivnvyhledavat
potravu mimo vodni progdi (Correia & Anastacio 2008; Grey & Jackson 20MN®ni proto
piekvapenim, Ze jsou raci veldasto povazovani za kbhvé druhy vodnich ekosystéma zarové
ekosystémoveé ,inZzenyry“ (Dorn & Wojdak 2004).

V poslednich fiblizné sto letech bylo ztraceno neglitelné mnoZzstvi populacitpodnich
evropskych druth raki a mnoho dalSich bylo vyznamnymuigpbem negativh poznamenano
(Holdich et al. 2009). Hlavnimistodem bylo a stale jei®ini r&iho moru zavlgéeného do Evropy
s transportem prvnich népodnich drufi a jeho naslednym i&nim. Néasledovaly dalSi nové
introdukované druhy a na&mavazané dalSi kmeny oomycetyigpbujici r&i mor (Aphanomyces
astacj Schikora 1903) (Svoboda et al. 201 @eAVsSi populace jwvodnich druli raki byly pod
tlakem zhorsSujicich se podminek presli, jako regulace tdka zn€isteni, ale hlava byly
vystaveny pimym a nepimym efekfim piéitomnosti neppvodnich druli raki (Kozék et al. 2015).
Kromé toho jsou fisobenim nefvodnich druli ¢asto ovlivieny celé ekosystémy (Lodge et al.
2000). Vzhledem k tomu, Ze nie@dni raci jsou stalerpnaséi raciho moru a zaroveje takka
nemozné se s jejich populacemi vigdat, jsou tyto zgny nevratné. Vyvoj poslednich let
ovlivnény klimatickymi znénami a lidskowinnosti nadale nahrava adaptaggim a odolgjSim
nepivodnim drulim, které se lépe vyrovnavaji s extrémy ptedit, naruSenim habitati
zngistenim (Seebens et al. 2017). Tato situace vedla nkj.viydani N&izeni evropského
parlamentu a rady (EUW). 1143/2014 o prevenci a regulaci zavlékéinivysazovani a #éni

invaznich nefivodnich druli spolu s periodicky aktualizovanym seznamem inv@zrdruti
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evropského vyznamu. V tomto seznamu je uveden@pekt invaznich nefivodnich druli raki,
coz ilustruje jejich vyznam i negativni dopady ipalstenstva.

Vliv nepavodnich druli raki byl v poslednich letech intenzi&rstudovan z mnoha sim,
z celkového kontextu vSak & vycnivat rak mramorovanyPfocambarus virginalid.yko 2017)
diky rychlosti jakou se objevil a roj stejné jako jeho schopnosti reprodukce pomoci obligatni
apomiktické partenogeneze. Ta je unikatni mezi v&stinoZci a znamena, ze v podstela
swtova populace raka mramorovaného pegadiobrg predstavuje jeden klon (Gutekunst et al.
2018). Jak se zda, kr@npovahy reprodukce (a tinfippmnosti pouze sakiho pohlavi) se tento
druh svymi zakladnimi Zivotnimi projevy zas&dmeliSi od ostatnich drih Rozdily jsou spiSe
v kvantitativni rovii, tzn. do jaké miryi jak frekventovas se vyskytuji, coZ je obdobné&ip
porovnani jakychkoli jedinc nebo drufi. Diky snadnému odchovu rychlému dospivani a
genetické uniformé se z raka mramorovaného stal velmi rychle Zadaogletovy druh (Vogt
2008; Hossain et al. 2018R¥iloha 2).

Presto je vhodné pro studie pouZzivat ré&&druhy rak rozmnozujici se sexudma zarove
odlovené z firozenych podminek, papjejich sledovani virozeném prosedi pro SirSi vhled do
problematiky. PestoZe raci jsou jako skupina velniznorodi, sd#iznymi naroky na progdi,
raznym stupsm agreseci aktivity, zda se, Zze zakladni principy jejich &oi (zejména
reprodukniho a socialniho spale¢ s komunikaci) jsou podobné r&p rody a celedmi
(Breithaupt & Thiel 2010; Kubec et al. 201%#iloha 1). Studium vzajemnych interakci gk
neprobadanych specifik jejich socialniho chovakbmunikace staletpdstavuje velkou vyzvu
pro vyzkum. Ukazuje se také, Ze raci jsou velnfirgtimi modelovymi organismy pouzitelnymi v
ekotoxikologii, aleiteba i medicia (Vogt et al. 2015).

1.1.zakladni specifika chovani raki

Powdomi o behaviorélnich procesech a rozhodovacimegtoa o zakonitostech, které je
ovliviwyji, je nutné pro porozumdni zakladnim biologickym vztdim sledovanych organism-
v tomto fFipack raki. Pro studium chovani ralfe nutné brat v potaz schopnosti komunikacé,rak
jejich smyslovou vybavenost, zakonitosti (znaméj&aiho a reproduiho chovéani, abychom

byli schopni determinovat finalni odezvu organissmehledem na jejich adaptabilitu v¥nicim se



prostedi (Breithaupt & Thiel 2010). Kro#&téchto premis je nutné mit neustale deneé @i, neba
n¢ktera sledovaniiedchozich vyzkuiinjsou gehlizena, nebo dokonce nespréimterpretovana.

Z hlediska etologie je studium komunikace a pereepgnal z okolniho prosedi nezbytné
pro pochopeni behavioralnich reakci orgarisiieré jsou nacthto signalech (biologické,
fyzikalni a chemické faktory) z prasdi zavislé (Slater et al. 1998). Komuriikasignaly pak hraji
dulezitou roli ve spoléenstvech organisinpii tak zasadnich procesech jako rozmnozovani
(rozpoznani pohlavi a doslpsti, vyker partnera) a vnitro- a mezi- druhova kompetic¢olzoto
duvodu se v ZiveiSnérisi vyvinulo mnoho zfisoh jak sdilet a s&glovat informace o své identjt
statutu, nalagl pozici, fyziologickém stavu i zkuSenostech (Bragb& Vehrencamp, 1998).
Organismy jsou i diky komunikaim a percefnim schopnostem vybaveny k rozhodovani a
cilovému chovanitauZ se jedna o preference partnefi reprodukci, pijmu potravy, vyuZiti
prostedi neboitba obrany proti nebezfigObr. 1) - navic jsou schopny vyuZivat s¥édthozi
zkuSenosti i novych rozhodnutich tj.dit se (Atema 1988; Veselovsky 2005), cozZ se v oméze
mite tyka i raki (Bierbower et al., 2013; Kubec et al. 201BiHoha 1).
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Rizné druhy rak vykazuji specifické zivotni strategie a adaptase/j dlouhodobéem atitku
(adaptace na zivot v brakickych vodach, Holdichalet1997) nebo v tom kratkodobém (nhap
tolerance nizkych teplot teplovodnimi druhy, Vesetyal. 2015). Mkteré druhy jsou invazni a
zpasobuji citelné Skody sladkovodnim hahitat(Crandall & Buhay, 2008; Holdich et al., 2009),
nekteré jsou schopny hloubit nory (Holdich 2002; Kaudi al. 2016 Priloha 4) a rekteré obyvaji
podzemni nebo semi-terestrické ekosystémy (Hol2@dP).

Raci vykazuji nejstSi aktivitu ve tn¢ (McMahon et al. 2005) a proto maji velmi deb
vyvinuté sensorické organy umugici orientaci v prostoru, hledani potravy a komkaoi
v podminkach nizké nebo nulové viditelnosti (B&ibandeman 2000;). Komunikace, na rozdil
od pouhého fijmu informaci z prosedi, vyZaduje oboustrané porozumihze strany &astniki,
at’ uz pi reprodukci, inter-specifickych nebo intra-spedifych interakcich, nebdipzarovani ped
nebezpé&im (Breithaupt & Thiel 2010; Kawai et al. 2015)oPes komunikace zahrnujéastniky
nebo skupiny &astniki, kteri vystupuji jako odesilatelé &imci informace. Volba inforniaiho
kanalu (zgsobu komunikace) zéavisi na podminkach pesit (vzduch, voda, kalna voda,
piekazky) a také na schopnostech odesilatele a sekeor vybaveni fijemce (Bradbury &
Vehrencamp 1998; Alcock 2009). Mezi zakladnisaby komunikace p#tkomunikace vizudlni,
akusticka, taktilni a chemicka, které maji své \gjho omezeni (Tab. 1). NejkzitéjSim a
nejefektivréjSim informanim kanalem pro raky je jednozim& chemick& komunikace (Breithaupt
& Thiel 2010; Kubec et al. 2019R¥iloha 1).

Tab. 1. Zakladni Zisoby komunikace a jejich charakteristika. UpravelgAlcock (2009).

Komunikace
Vlastnosti Vizualni Akusticka Taktilni Chemicka
Vzdalenost limitovana vysoka kratka vysoka
Prenos rychly rychly rychly pomaly
Limitace grekaZkou ano ne ano ne
Lokalizace pesna fizna fesna fizna
Energeticka narmost nizka vysoka nizka nizka




Socialni chovani

Socialni chovani by se dalo definovat jako inteeak®ezi déma a vice jedinci, typicky ve
skupirg jedinai téhoz druhu (Krebs & Davies 2009; Manning & Davek2012). Fkladem niize
byt koordinace reprodikiho chovani nebo matkéd pée, kdy samice rak aktivreé peiuji o
sniSku a réata grichycena na pleopodech (Holdich 2002; Vogt, 20D@&)Sim stupdm matdéské
p&e je ochrana jiz samostétise pohybujicich @t zaloZzena na chemické komunikaci mezi
matkou a potomstvem, kdyddta aktive matku vyhledavaji vifjpads nebezpé& a matka jim
umoziuje ukryt se na jejich pleopodech (Mathews 201hdtuet al. 2019 Priloha 1).

Sociélni chovani je ale u rakmnohemcastji projevovano jako agresivni konflikt na
zakladt boje o zdroje (potrava, prostor, sami¢edpaenim)ci o pozici v hierarchii dané populace
(Holdich 2002). Obvykle se jedna o zvySenou agrisitmezi d¥ma oponenty, ktera je nejprve
vyjadrena chemickymi a vizualnimi signaly k zastraSenpste nebd pro ol strany konfliktu je
mére narané a riskantni protivnika zastrasit nez rovnou fmgst souboj (Breithaupt & Thiel
2010). Krong ztraty energie fize souboj s podoBrvybavenym protivhikem znamenat zéahaz
smrt a v neposledmiac jsou v ptibéhu souboje jedinci vice viditelni a ulovitelni pétodry
(Jakobsson et al. 1995)i RastraSeni jedince hraje hlavni roli velikadat velikost klepet, ale i
kondice a zkuSenosti protivriikiebo jejich stupevyvoje (Holdich et al. 2002). Svou vyznamnou
roli ale ma i chemicka komunikace, kterou rak prége svou pedchozi pozici (viize ¢i
porazeného tj. dominantniléo podiizeného jedince zipdchozich soubd). Socialni hierarchie,
kterd se pomoci série podobnych sotlaozastraseni ustaluje, naslédabrauje dalSi zbytenym
soubofim — coz je jednozia¢ prvek gispivajici k zivotaschopnosti dané komunity (Mamn&
Dawkins 2012; Neumann et al. 2011). Ohgjerhierarchie zaloZena na dominanci od nejfich
po nejslabsi jedince, ale zaravje jasi zaloZzena na schopnosti fatozeznat jedince (individua)
a/nebo jejich postaveni v hierarchii (Aquiloni ét 2008 —P¥iloha 3, Fero & Moore 2014).
S hierarchii je samégjm¢ spojena teritorialita, kdy dominantni jedinci magpSi gistup
k potraw, Ukrytim i reproduknim partneim (Fero & Moore 2014; Manning & Dawkins 2012).
Ustanovena hierarchie znamena stabilitu dané sdc@&Upiny, naproti tomu zény v hierarchii
(napr. v obdobi po sviékani rédk mohou vést ke zvySedné agresivit populaci vedouci
k mnoZstvi zraéni a mortali¢ véetns kanibalismu (Huber & Hock 2009).

Kromé vnitrodruhovych interakci je z hlediska dneSnichultikulturnich® populaci

ptivodnich a nepvodnich druli nutné zminit i interakce mezidruhové. Ty mohout wegamci



tlaku na potravni zdroje, Ukrytové moznosti a &niaich se podminkach az k rychlému vy#ai
jednoho druhu jinym, aktivij§im, agresivijsim pog. adaptabilgjsim druhemcCasgji ale druhy
(pokud neprokhne nap. prenos letalnich patogérz jednoho druhu na druhy) koexistuji, a ta’bu
dlohodok bez znak dominance jednoho druhu, nebo je jeden druh posteglacovan (Holdich
2002, Gherardi et al. 2011).

Reprodukni chovani

Reprodukni chovani je vyznamnou manifestaci Zivota kazdalitete (Krebs & Davies
1997; Alcock 2009) s vyjimkou drihs asexudlnim Zigobem rozmnoZovani.éth obligatr
asexualnich neni mnoho, aleippatezi r¢ i jeden druh raka, rak mramorovany (Scholtz 2@03).
VétSina zvfat ma rozliSitelnd pohlavi &sto vyrazny pohlavni dimorfismus, ktery v podstat
zohlediuje poZadavky a preference potencialnich paitnéfrazné dlezité sami znaky (& uz je
to velikost, nebo u rakvelikost klepet) tak zvySuji atraktivitu u samicnaopak (Manning &
Dawkins, 2012). Finalnim fazim reprodukho chovani obvykleipdchazi namluvy gedvedeni
sily, ®lesnych parameair ¢i oboustrané ritualy), nasleéintvoreni pafi a mechanismy
synchronizace a konsolidace vziamezi samcem a samici (Bradbury & Vehrencamp 1998;
Alcock 2001). U ral (a samoiejme i mnoha jinych organisiy) je zarové reprodukce Uzce spjata
s teplotou, fotoperiodou adoi dobou (Holdich 2002).

Ve fazi ndmluv a formovani péhraje dilezitou roli vyker partnera na zaklgdgreferenci
jednotlivych organisrin Smysl vyléru partnera tkvi ve snaze jedinevysit své Sance U&né
reprodukce a zarowefitness svého potomstva Whem toho nejlepSiho dostupného partnera
(Partridge 1980; Chenoweth & Blows, 2006). Mezi yidg¢ znaky, které wwuji preference i
pohlavni vyléru, mizeme z&adit parametry vizuaélni (velikost, barva), chemifetomony, hlavni
histokompatibilni komplex) a behaviorélni (rituatamluv, agonistické interakce, hierarchicky
status) (Bakker et al. 1999; Roberts & Gosling 2008gicky je spravny partner obvykle stejného
druhu (i kdyZ ne nut¥) a ze stejné populace (Lande, 1981; Veselovsiys2Roberts and Gosling,
2003). U rak byla potvrzena preference pohlavniho partneratgaés populace, ipstoZze neni
jasné, jak byly samice schopny rozliSit mezi stejalkymi samci zliznych populaci (Kubec et al.
2019 —Priloha 7). Pokud ¥c shrneme, tak faktory jakagddchozi sexudlni historie (nédad
preference je8tnesp&enych samic u rak Aquiloni & Gherardi 2008a), dominance, velikost

duleZitych ¢asti tla a fitness pedstavuji vyhodu ip hledani partnera (Jennions & Petrie, 1997).
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V prabéhu vyhledavani partnera a temi paf, ale ¢asto dochézi k agonistickym interakcim
(soubofim) samé o dostupnou samici(e) (Alcock 2009; Hunt et aD20 Rimé souboje sandm
samice jsou obvyklé i u rék kdy samice je schopna na zakigatedchoziho souboje zvolit
dominantniho jedince, a to jak na zaklatzualni, tak chemické informace (Aquiloni & Ghedia
2010; Aquiloni et al. 2008 Priloha 3). Volba na zaklaglsoubof ale u rak neni vzdy jednozriaé

a stane se, Ze samice si vybere nebo zapudi s&hlestima vysledek souboje. Na druhou stranu,
pokud samice nema moznost se uktgdpsamcem, se kterym seipaehodla, samec je schopen
spéit se se samici pomoci sily (Mellan et al. 2014iavielli & Gherardi, 1998). Strategie samic a
sama@ u raki je z hlediska p&ni obvykle odliSna. Samice se obvykle snazi vypaatnera dle
vySe zmignych preferenci, kdezto samci nejsou vybiravi aZisis@ spét s co nejétSim
mnoZstvim samic (Kubec et al. 2019P#iloha 7). U rékterych druli byl sledovan zajimavy
mechanismus, kdy samec nejprve odstranil ze saspieanatofory fedchoziho samce a by je
nasled® pii pareni nahradil dmi svymi (Snedden 1990). Mechanigrjak zvySit swj podil na

potomstvu v populaci ale bude {istice.

Mate'ska pée

Materské chovani rakbylo nastigno jiz vySe v podkapitole sociélni chovani, aleoxéi
pati i do chovéani reprodukiho, neb6 vyznamr prispiva k aspSnému rozmnozovani této
skupiny Zivaichi. U raki obecr je matéska pée dilezitd jak @i inkubaci vajéek, tak i
v pribéhu raného postembrynalniho vyvoje (Holdich 2002gtva013), kdy samice ochraje
sniSku ged nezadoucimi vlivy (prokyslovani siisky pohybem pleopdd ¢isteni smiSky od
oduntelych vajtek), predaci¢i kanibalismem (Mathews 2011). &2 o jiz vylihla réata se
druhow specificky liSi a pohybuje se odilplizné 2 tydn u rakari¢cniho (Astacus astacusnnaeus
1758) (Holdich 2002) po az 5asiai u raka zélandskéh®éranephrops zealandicWhite 1847)
(Whitmore & Huryn, 1999). V gibéhu matéské pée pouzivaji samice chemickou komunikaci
pro ochranu réat pred stresem (Vogt & Tolley 2004; Kawai et al. 2013yacni je zejména tzv.
.brood pheromone*, ktery tata laka zpt k matce (Little 1975). Tento feromon, prépddobré
druhow specificky, stale nebyl chemicky izolovan, alegedxistence byla popsana na zaklad
behavioralnich vztahmezi matkou a potomstvem (Little 1976; Mathews DONicmér Vogt
(2013) popisuje navrat ¢at k matce pouze na zaktaddezvy na vizualni signaly matky. U samic

rakacervenéhoRrocambarus clarkiGirard 1852) a u norujiciho raka brvoklepetéRaréstacus
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pilimanus von Martens 1869) bylo dokonce sledovano ochramaggské chovani i k cizimu
potomstvu bez zndkagresivniho chovani (Aquiloni & Gherardi 2008b;n®s et al. 2012).
Mathews (2011) rowt popsala samice raka pruhovanéRaxpnius limosuskafinesque 1817)
nosici réata jinych samic. Otazkouwigtava, jestli je toto chovani zégnéné jistym zgsobem
altruismu, nebo samice ve sk&nesti nejsou schopny (oproti publikovanym vyshedl rozlisit
své potomstvo od od potorinkné matky. Jedna z mala studii paternity uirakiolné girody, ale
uvadi, Ze samice nosi pouze své potomstvo (Walkat. 002). Ochrana vlastniho potomstva
rozhodr zastava kl€ovou, nebé jakmile r&ata dosdhnou samostatnosti, samice spiSe poiaji ¢

nez své vlastni potomstvo (Mathews 2011; Kawal.e2(L5).

Aktivita a migrace

Na zavr nelze opominout zakladni projev Zivych organistpy pohyb. Pohyb je vyrazem
aktivity za ugitym G¢elem — vyhledavani potravy, partnera, Ukrytu, onidnista s nevhodnymi
¢i stresujicimi Zivotnimi podminkami apod. Z hlediskktivity nizeme jednoduSe shrnout, Ze raci
jsou aktivni ve vSech zminych ¢innostech zejména v noci s vrcholetin ggmivani a rozedimi
(Holdich 2002). Nkteré druhy jsou vice aktivniigs den (druhy v Evr@pnepivodni), cozZ jim
umo#iuje lépe vyuZzit potravni zdroje, ale zartiye vice vystavuje riziku predace (Kubec et al.
2019 —P¥iloha 1). Pohyb, & uz na kratSi nebo delSi vzdalenost, uiingZ znenit habitat, ale vzdy
zavisi na druhavi individualré specifickych vazbach mezi benefity takovéhiesunu a riziky a
naklady vynalozenymi naig@sun (Cote et al. 2010). Proto jsou popisovany évalbzdily
v pohyblivosti jediné v populaci, coz rive reflektovat i pozici jedince v populaci (Jonssbn
Jonsson 1993; Kubec et al. 201%¥loha 1). Pohyblivost s&asto |isi i v pabéhu roku, kdy,
konkrétré u rali, dochazi v obdobi péni ke zn&anému zvySeni migeai aktivity u samaé. Denni
urazena vzdalenost pakige evySovat stovky meir(Buri¢ et al. 2009a; Gherardi et al. 2000).
Po skorteni pdeni raci svou aktivitu sniZuji a vyuZivaji spiSéatke gesuny s vyuzitim vlastniho
domovského okrsku — systému Ukryta daném mist které periodicky obyvaji a vraci se k nim i
po predchozim fesunu na jiné misto (Bid et al. 2009b).

Obecrt jsou v progiedi s vysokou hustotou populace jedinci i cela pagmivystaveni vol§
zda v danych podminkaclistat a omezit sy rust a reprodukci, nebo ségsunovat za lepSimi

podminkami a $it se tak do novych oblasti (Einum et al. 2006).sebou samdegjme nese risk
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vétSich energetickych naklach predace, nicméne tato strategie v ramci réakale i ostatnich
organisnit) ¢asta, a v fipact nepivodnich druli dokonce velmi dofe viditelnd (Gherardi 2007).

1.2. Chovani raka pro studium interakci a vlivu kontaminace prosiedi

Studium interakci rak

VySe popsana zakladni specifika chovaniargou aplikovatelna v SirSi i@ z hlediska
studia vlivu progedi (nap. rizna komplexita prosedi, fyzikalni a chemické parametry vody,
swtelné podminky,izné typy zné&sténi, izné proudni vody apod.) na zémy charakteristického
chovani nebo k porovnéni chovani jednotlivych dridki a jejich vzajemnych interakci. Obvykle
se v minulosti jednalo o interakce i@pdnich drufi raki s €mi pavodnimi (nap. Pockl & Pekny
2002; Pintor & Sih 2009), ale s jejich rostoucimzngmem a roz&nim, jdecim dal tim vice o
interakce s ostatnimi ndpodnimi raky (nap Chucholl et al. 2008; Hudina et al. 2011) nebo
s jinymi vodnimi organismy (nd@pHirsch & Fischer 2008; Rosewarne et al. 2016).

Velmi ¢asto se u sledovanych jedirzaznamenava jejich aktivita (obvykla u¢éd jako doba
jejich aktivniho pohybu mimo Ukryt, nebo v % na fi@asovy Usek), doba pohytu mimi Ukryt/v
Ukrytu, preference prastdi, potravni aktivita a preference, celkova urdzerdalenost, trajektorie
pohybu, rychlost neb&as nutny k dosazeni cile (rfapotrava) (Holdich 2002; Kubec et al. 2019
— Priloha 1). Je velky rozdil zdali ip podobnych sledovani raky umistime do znameio,
neznameho prosdi, do prosedi optimalniho (kvalita vody, dostatek potravyryik) nebo
stresujiciho (nap chykgjci ukryt, intenzivni osstleni, gritomnost predatora apod.). Kombinace
faktora pak situaci mohouifimo komplikovat vzhledem k vysoké faiindividuality u rak a to i
u klonalniho raka mramorovaného (Gherardi et al22@ossain et al. 2018R¥iloha 2). Zmena
nastaveni obvykle vyragmmeni chovani rak, ktefi se v danych podminkach snazi najit optimalni
rozhodnuti — primarhukryt se, pokusit se odk, prozkoumat nové pragtdi a az naslednpokud
to podminky dovoluji, aklimatizovat a zklidnit $8l{erardi et al. 2012; Kubec et al. 201P¥loha
1).

Pokud nesledujeme individua, ale skupiny o dvoica jedincich, je nutné s€novat jejich
interakcim a néasledin, které z nich vyplyvaji. Obe&énmizeme posuzovat jednotlivé stupn
vzajemného chovani, jak je uvedeno Hlllpdech v Tab. 2 a Tab. 3. Vyznam algh agresivnich

interakci je uveden vySe v podkapitole o socialehovani. Krond téchto parametr je mozné
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sledovat jedince az do ustanoveni hierarchie v@iskwa jejich reakce na dalSi paty, které
mohou komplet#é prevratit gedtim ustanovena pravidla (Graham & Herberholz 2@erardi et
al. 2012).

V ramci intra-specifickych skupin je stéle zajimavablasti vyzkumu reproddki chovani
(vybeér partnera) a vyznam a hlaypodstata chemické komunikace tj. pochopeni jakéarmaci
vlastre raci poskytuji, jak je srozumitelna, pro koho, jgk odpoe¥dné za finélni chovani
testovanych zvat a hlavi nasleds chemickd izolace feromérodpowdnych za penos &chto
informaci (nap. Breithaupt & Thiel 2010). U inter-specifickych igkn se ¥tSinou jedna o
porovnani drut z hlediska jejich mozné koexistencetirpdnich podminkach a predikce jejich
pusobeni na jiz etablované druhy (hajpoit et al. 2019).

Tab. 2. Definice paramétiagonistického chovani ralpouzité v publikaci Hossain et al. (2019a —
Priloha 6) - modifikovano dle Bruski & Dunham (1987), Pav&yFielder (1996), Sato &
Nagayama (2012), Cioni & Gherardi (2004) a Aquilehal. (2008 P¥iloha 3).

Termin Definice

Kontakt Dotek klepetygtem (hlavohrd’, abdomen) spiSe nez
anténami a antenulami.

Strareni se (pomaly | Unik jednoho jedince od druhého (stéanse z cesty) bez
anik) zjevnych projeu hrozby, nebo po hrozb

Hrozba Postoj hrozby, varovani — hlgyostoj se zdvizenymi
klepety, pohyb klepety do stran i nahoru aidol

Vitéz Jedinec, ktery neutekl ze souboje, nebo zaneguenta
se znatel&é podiizenym postojem (nebo bez pohybu).
Pokud ze souboje odstoupi oba oponenti z&roveni

uréen vitz.

Souboj Raci se dotykaji klepety, chytaji se klepetyprotivnikasi
jej drzi, nebo se jej snazi klepety title

Iniciator souboje Rak, ktery prvni akt&nstoupi do souboje.

Tail flip Rychlé smr&ni abdominalniho svalstva, které vede k

rychlému pohybu (plavani) smem dozadu.
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Tab. 3.Etogram agonistickeého chovani takodifikovany z Wofford & Moore (2017) a Steele et

al. (2018) a pouzity v praci Hossain et al. (202@¢#oha 10. Numericka intenzita reprezentuje

intenzitu sledovaného chovani.

o Stupei _ o
Sledovana udalost ) _ Popis chovani
intenzity
Tailf ) Rychlé smraini abdominalniho svalstva, které vede k
ailflip - ] ;
rychlému pohybu (Ustupu) smem dozadu.
Pomaly ustup -1 Nizka intenzita, pomaly Ustugram od oponenta.
o ] Nizka intenzita, pomalétiplizovani k oponentovi bez znak
Pomaly pistoupeni 1
hrozby.
o ] Rychlé a intenzivniiistoupeni k oponentovi s pozdvizenyn
Rychlé gistoupeni 2 )
klepety na znameni hrozby.
Dotek zavenymi 3 Nepili$ silny kontakt pomoci za&enych klepet. Klepeta stél
klepety nejsou uzita k tiéeni, Udeitm ¢i uchopeni oponenta.
Svihani anténami 4 Rychlé Slehani oponenta anténami
; UdrZovani oponenta v odstupu drZzenimieaych klepet
Pevna klepeta 5 o
natazenychipmo pred sebe.
Uder zavenym 5 Silné tlateni az uder zaenym klepetem bez zachyceni
klepetem drZeni oponenta.
Dotek otewvenym ; Nepili§ silny kontakt otekenym klepetem. Bez uchycetii
klepetem drZeni oponenta.
Uder otevenym o ) .
8 Silné udery otelenym klepetem, bez drzeni oponenta.
klepetem
] _ Silné chyceni oponenta klepetem zadaimy nebo klepeta.
Uchopeni za katetiny 9 o o _
Neni uzita sila k tahawi trhani korgetin.
o _ Klepeta pouzita k uchyceni a drzeni &etin oponenta s
Trhani korgetin 10 _ _ o o
pohybem a silou vyvinutou k tah&ni a trhani detm.
) Pretateni oponenta a pouziti klepet k tahani a trhani
Pretateni 11

pretateného &la oponenta.

—

D
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Studium vlivu kontaminaditna chovani rak

Kontaminace vodniho prasdi farmakologicky aktivnimi latkami je stale vieeimana jako
hlavni hrozba pro vodni ekosystémy, a to celtsx. Tyto latky, pouzivané v podobnych
kvantitach jako pesticidy a jiné organické mikragahty, gimo i negimo ovliviwuji chovani
sladkovodnich organisimBoxall et al. 2012; B¢ et al., 2018 P¥iloha 8).

Psychoaktivni farmaka jsou vyvinuta tak, aliggbila na signalni drahy v mozku, a proto je
mozné ¢ekavat jejich vliv na chovani exponovanych necildvprganism ve vodnim prosgedi
(Fong & Ford 2014). kktera antidepresiva se dokonce akumuluji v nervowi@nich ryb a
komuni€ bentosu, coZ zvySuje praygbdobnost viditelnych efekttéchto latek na zmimé
organismy (Grabicova et al. 2015; Grabicova e2@1.7). Stejs jako ryby a larvy vodniho hmyzu
i raci vykazuji behavioralni zény indukované cizimi latkami ve vodnim presti, wetrg
mikropolutantt (Lahman et al. 2015; Hossain et al. 2019®¥Hoha 9). Exponované organismy
¢asto vykazuji zrny v socialnich interakcich, reprodukci, reakciehpredatory, pohyblivosti
apod. (Brodin et al. 2013; Valenti et al. 2012)el&fttchto mikropolutant tedy neni letélni, ale
muze nepimo narusit celé populace a fungovani ekosystémuseaim vztai predator/kaist ¢i
naruSenim reprodukce organisnmKupiikladu zvySend aktivita, agresivita a potravni @rmiv
mohou vyznamé ovlivovat skladbu a dostupnost potravnich zéirajovliviiovat cely potravni
fettzec. Na druhou stranu sniZena aktivita, pomalegtae a sniZenytijem potravy niZze vést
ke snizené schopnosti reprodukce &t&ivnachylnosti k predaci (Blaha et al. 2019; Hossaal.
2019b —Priloha 9).

Evaluace vlivi mikropolutant ve vodnim prosedi vyzaduje jednoduchou &enou metodu
(umozwujici jeji opakovani v precizndefinovanych podminkach) a zarévenimavy vhodny
modelovy druh. Ztohoto pohledu jsou raci a sleddvgejich chovani v kontrolovanych
podminkach pravgppodobr vhodnou volbou (Bti¢ et al. 2018 -Priloha 8 Hossain et al. 2019 —
Priloha 9). Raci jsou vhodnym adeptem i z hlediska jejickiddé role v ekosystémech, kdy vliv
na populace jpvodnich drui miaze vést k nestabilitekosystéemu (Creed & Reed 2004; Usio &
Townsend 2004).
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1.3. Cile prace

K cilam prace pdtlo:

1/ zhodnotit zakladni aspekty komunikace, chovamozhodovaciho procesu ralka zarové
sumarizovat odborné informace o partenogeneticlem mramorovanémjigemsz ol tyto casti
mely byt zakladnou pro vyuzi chovani faka zejména raka mramorovaného pro vyzkum
zakladnich biologickych vlastnosti tgkjejich interakci a z#n chovani vyvolanych \#gimi
faktory,

2/ vyzkum zakladnich biologickych vlastnosti akpojenych s jejich chovanintetrg jejich
vnitrodruhovych a mezidruhovych interakci a jejibehavioralnich adaptaci naémici se

podminky prostdi (mezi sebou i s prastdim).

3/ determinovat potencialni 2my chovani vyvolané environmentélrelevantnimi koncentracemi

mikropolutanti — konkrét® vybranych psychoaktivnich latek.
Vysledky prace a jejich diskuze jsou smé shrnuty v nasledujicich kapitolach. Podrobnosti o

jednotlivych studiich jsou patrné #lpZenych publikovanychkelanki, které tvéi prilohy této
habilitacni prace.
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2.Vysledky a diskuze

2.1. Pouziti raka a jejich chovani pro wdeckeé ely

2.1.1. Zéaklady chovani a komunikace raki

Pro pochopeni chovani a komunikacitrg& nutné nejprve sumarizovat znamée literarni
zdroje. Pro jejich vhodnou interpretaci a pouzitd pudouci rozvoj této&deckeé oblasti je pak
tieba i SirSi znalost problematiky, tzn. parametigvémi obectiznamé a platné znadmé i pro ostatni
Zivocichy, spolu s vlastnimi zkuSenostmi a pozorovanirento gehledovyclanek (Kubec et al.
2019 —P¥iloha 1) si kladl za cil shrnout nejteZit¢jSi znama fakta o chovani, komunikaci a
rozhodovacim procesu naktak aby jej bylo mozné pouzit i jako podklad jedouci studie a
zarovei eduk&ni material pro nové studenty této problematiky.

Konkrétre piehledovy ¢lanek poskytuje souhrn socialnich interakci a rdovacich
proces, se zahrnutim moznych @&gohi rozliSeni a zpracovani environmentalnich stimul
(fyzikalni, chemickeé i ty biologické) s primarninarmsitenim na sladkovodni raky. Byly popsany
vztahy prostedi a organismu samotného a zakladni biologie ppéad signal. Tyto aspekty jsou
dulezité, jelikoz kazdé rozhodnuti a interakcetglédku vedou ki@Ziti a reprodukci tj. k @ité
mite UsgsSnosti jedince a druhu.

Pro etologické studie reprezentuji raci, se svdukiecoveho druhu, vhodny modelovy
organismus mezi sladkovodnimi organismy. Raci mdjody oproti ostatnim bezobratlym, nejen
diky sve velikosti, a snadnosti udrzovani v labamaich chovech, ale zaraveliky vysokému
stupni socialnich interakci, a to nejentirpdnich podminkach, ale i v labor&it{(Kubec et al. —
Priloha 1). Jejich schopnost chemické komunikace a gromsiroké spektrum informaci, které
jsou takto schopnifpdavat a fijimat (Breithaupt & Thiel 2011), z nictini cenny model. Raci
zarovedr vykazuji unikatni eko-etologické charakteristijgko Siroka variabilita potravniho
chovani, cykly aktivity, vybr a pouziti habitatu, nebo vyuZiti zdiog ohledem na specifika
druhova, pohlavni a vyvojova (Gherardi et al. 201B)jich schopnost rozpoznat nejen jedince
stejného druhu, ale i jednotlivce (na zakiggich zkuSenosti s nimi) nebo jejich vlastni posivo
je rovrez unikatni (Aquiloni et al. 2008 R¥iloha 3, Breithaupt & Thiel 2011; Kubec et al. 2019 —

Priloha 7). Chemické stimuli a zejména chemicka komunikagazré ovliviiuje chovani fed a
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v pribéhu pé&eni, rozpoznani statutu daného jedinec (dominam@dost, pohlavi, fislusnost
k populaci), rozpoznani potomstva apod., a tale gi@dstavuje filezitost a zaroue vyzvu pro
dalsi vyzkum. Velikost raka mnozstvi vypoudhé maoviny s feromony (Obr. 2) rowd nabizi
moznost v budoucnu tyto latky identifikovat chenyicko je vyzva, ktera by mohla skare

oswtlit podstatu fungovaniignosu informace.

V neposlednfact je chovani rak védecky Siroce vyuzitelné pro evaluacei efekimnych
environmentélnich podminek od vlivu klimatickych&mpies reakce na biologické invaze az po
zneisteni prostedi nejiznéjSimi kontaminanty (viz. nasledujici kapitoly). ¥aretické i prakticke
roviné studium chovani vodnich organidna konkrétg raki predstavuje otaenou Sirokou
védeckou oblast, jak vipozenych, tak i v laboratornich podminkdch. Detailaleznete

Vv piipojenéP¥iloze¢. 1.

Obr. 2. Chemickd komunikace dvou sd@mdgzualizovand s pomoci fluores@eiho barviva
(fluorescein) aplikovaného injék¢ do hemolymfy rak a v pfibéhu interakce vypou&ba
spol&né s ma@ovinou a feromony (s laskavym svolenim autora frafig pouZito z Breithaupt &

Thiel 2011).
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2.1.2. Pouziti raka mramorovaného jako biologického modelu

Termin modelovy organismus ma ve vyzkumu vyznadngeuchého, dostupného a
jednoduSe manipulovatelného druhu pouzitelného pstupny vzorek pro studium raziych
biologickych proces Modelové organismy obeénrychle rostou a dospivaji, je relatévn
jednoduché a levné s nimi pracovat a jsou Sirocgipeiné v fiznych typech experimentalni prace.
Modelové organismy jako octomilka, di@tko obecné, danio pruhované nebo hlodavci se staly
nenahraditelnymi saastmi biologického a klinického vyzkumu a pomohbdeim k dosazeni
obrovského mnozZstvitcdomosti (Hunter 2008).

Obecr obratlovci maji vramci laboratorniho vyuZiti vytho v blizSi biologické
piibuznosti kilovéku, ale bezobratli maji vyhodu ve snazsim odchoiagich nakladech a nizSich
omezenich danych ochranou diua nizSich poZadawvkna jejich welfare (Vogt 2010). Mezi
bezobratlymi jsou destinozi korySi pouzivani v maaiblastech laboratorniho vyzkumu a mnoha
biologickych oblastech a jejich vyuZiti naznge, Ze by se mohli brzy statldzitymi modelovymi
organismy (Kawai et al. 2015). Tentéepledovyclanek nél hlavni (Eel v sumarizaci znamych
poznatk o vyskytu, biologii, odchovu, vyhodach i nevyhodamka mramorovaného jako
modelového organismugélanek je pipojen jakoP¥iloha €. 2.

Rak mramorovany jednozé& sphuje zakladni poZadavky pro laboratornifaté obeci
Jednoduchy odchov, vhodna velikost, individualitadingi, vysoka tolerance ke stresu
z manipulace, vysoka plodnost, kratkd ge&miradoba a adaptabilita Sirokému spektru
environmentélnich i nutfhich podminek — coz jsou mimochodem ivddy pra je rak
mramorovany nebezpeym invaznim druhem (Kawai 2016). Rak ramorovampsvnsz zachoval
Siroky behaviorélni repertoar a vysokou schopnegenerace (Vogt et al. 2008). Navic ma rak
mramorovany vyhodu, Ze matky i jejich potomstvoujsgeneticky uniformni klony. To je
predispozice pro vyzkum epigenetickych aspé&hotypi (Martin et al. 2007).

Rak mramorovany se zda byt i dobrym kandidatem pila cesty mezi mensimi
kratkovekymi a &tSimi dlouho¥kymi modelovymi organismy, nebge dostat&né maly na to,
aby ho bylo mozné odchovavat v ohromnych mnoZstdcdostaténe velky na umozéni
fyziologickych, biochemickyclli behavioralnich analyz. Je mozné jej pouzivabi¢ilouhodobé
studie s pouzitim odiid hemolymfy a biopsii, nebo s pouzitim analyzy ekypa sok jdoucich

vyvojovych fazi jakozto excelentniho archivu moofgického vyvoje nebo vyvoje externich
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senzorickych organ(Vogt 2010). Délka Zivota raka mramorovaného gdvamozuje detailni
sledovani procésregenerace chyficich kortetin, efekt chronickych davek toxikdma fitness a
zdravi a vyvoj jeding nebo na zrmy epigenetického kodu skem (Vogt 2010; Hossain et al.
2018 —P¥riloha 2).

V poslednim destileti doSlo k riétu pouZiti raka mramorovaného pro fefjSi typy
studii v fiznych oborech jako n&pvyvojova biologie (naip Jirikowski et al. 2010), neurobiologie
(nap.Vilpoux et al. 2006), epigenetika (nmagchiewek et al. 2007), vyzkum kmenovych &un
(nap. Vogt 2010), chovani (n&pHossain et al. 2019aR¥iloha 6), biogerontologie (Vogt 2010),
biochronologie (Farca Luna et al. 2010), toxicodofiap. Buri¢ et al. 2018 Priloha 8), ekologie
(nap. Jones et al. 2009) nebo ev#iubiologie (nap Sintoni et al. 2007). Vzhledem k tomu, Ze
v nedavné dobdoslo k pecteni celého genomu raka mramorovaného (Gutekurat 2019), da
se fedpokladat, Ze se jeho vyuZiti jakoZzto modelovétyamismu jest vice rozvine. Otazkou je

potom ochrana vyzkumnych pracavigroti Uniku raka mramorovaného do volného premit

které vzhledem k jeho invaznimu potecialu musidijdadns feSeno.

Obr. 3. Rak mramorovanyPfocambarus virginalis s r&aty gipevregnymi na ventralni stran

abdomenu (foto: Martin Blaha).
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2.2.Behavioralni adaptace a interakce rak

2.2.1. Vybér partnera na zakladé sledovani gredchoziho souboje

W

V této studii (celd publikace fipojena jako Priloha ¢. 3) je wnovana pozornost
skute&nosti, Ze samice v obdobi iedi casto givabi vice samt najednou. Naslednzpravidla
dochazi k souboji, kdy dominantni samec obvykldézvia posléze se sppdse samici. Paklize
samci podstupujidkolik souboji v praibéhu obdobi pgeni, bylo dle nasi hypotézyekavatelné,
Ze samice jsou schopny zpracovat informaci ze geusama@ pro vyhodnoceni jejich vhodnosti
pro budouci péeni.

Cilem studie tedy bylo zjistit roli socialniho nasthani (pozorovéani) u desetindzdako
modelo vy druh byl pouZit rakerveny. Studie byla roZtena na dva experimenty. Prvni byl
zantten na to, zda se schopnost samice rozpoznat domiharsamce zvySi, pokud pozoruje
samce fi souboji. Ve druhém experimentu byla samice kamftgana s jinymi samci, nez které
pozorovala fi souboji. To proto, abychom pochopily, zdé@htizeni umozni samicim rozpoznat
dominantni status jako takovy nebo zda se jednagpouozpoznani daného jedince.

Prvnim vysledkem studie bylo, Ze samice ré&aeneho siip vybéru volily dominantniho
samce ¢imz potvrdily nasi pedchozi hypotézu.iBdchozi studie (Aquiloni & Gherardi 2008a)
zjistila, Ze samice nebyly schopny jednozma vybrat mezi stejg velkymi samci toho
dominantniho, coz vedlo k dormce, Ze velikost je jedinymitezitym faktorem pro vyér samce.
Oproti tomu naSe vysledky, Zze pokud samice je staopzlisSit dominantniho od ptideného
samce (na zaklgdozorovani souboje), pak si ho i naskeggbira.

K tomu ji jednozné&né nejvice pomahaipmé sledovani soubinj Experiment 1 konkrétn
ukazuje, Ze &astné samice, na rozdil ogth naivnich, prvé navstvuji dominantniho samce (i
v piipack, Ze je ten padzeny stejné velikosti),istavaji v jejich blizkosti delSi dobu a jsou s nimi
casgji v piimém kontaktu. Samice ithe extrahovat informaci z komunika sit mezi déma
bojujicimi samci v pibéhu jejich souboje bez toho, aby se souboje safastiiila. Takto samice
piimo porovnavaji mezi samci, a to s minimalnimi aék a se ziskanimigsné informace o
relativni a absolutni kvalitsama (nag. hierarchicky status). Tyto informace posléze [peajz
pro nasledny vydr vhodného partnera (McGregor 2005; Otter et a@9)9U kory$ byla role
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sledovani soub@j v nasledném rozpoznani dominantniho statutu saphiceexudlni selekci

potvrzena poprve v této praci.
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Obr. 4. Schematicky nakres experimentalnich arérappozorovani bojujicich satnsamici a
pro b) selekci sanicsamici. Nazn&n jecasovy Usek pro aklimatizaci v experimentalni arén

(20 min.) a dobu sledovani souboje/selekce (30)min.

Samice, které netty moznost vidt predchozi interakce sarincnevykazuji preference pro
vitéze¢i porazeného, z toho vyplyva, Ze dominantni sanes@bn&oval nic, co by ukazovalo na
jeho dominanci (behaviorairti chemicky) a vedlo tak k detekci a preferenci samiNicmér
literatura naznauje, Ze existuji jiné charakteristiky nez velikashoZiujici samicim desetino#c

rozpoznani hierarchického postaveni samceftiMag u humra americkéhélomarus americanus
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Milne-Edwards 1837) byly vysledky souliogtejré velkych samé odhadnutelné na zakkad
arovre proteimi v plasné¢ a koncentrace vapniku v exoskeletonu (Vye et 8971 Tyto
charakteristiky samdejm¢ nejsou rivaim viditelné, ale mohou byt n&mo odhadnuty silou
stisku klepet fi interakcich, odolnosti exoskeletonu tlaku proiikennebo obeahcelkovou silou

v souboji (Vye et al. 1997). Je mozné, Zerivqunich podminkach jsou samice schopny posoudit
tyto charakteristiky P vzajemnych interakcich se samcem. Je znamo témkte samica samic
raka pred p&enim jsou z p&atku podobné jako agresivni interakce a probitfed im, nez samice
akceptuje pgeni s danym samcem (Ameyaw-Akumfi 1976; Kubec €2@19 —P¥iloha 1). Proto
nemizeme vylouZit zarowe roli téchto prekopulénich interakci v posouzeni kvality samce a
finalni volbs.

Ackoli je potvrzeno, Ze raci rozpoznaji socialni wsapomoci chemickych sigrial
(Zulandt-Schneider & Moore 2000), naSe vysledkyavégaji, Ze chemické informace vylwané
v pribéhu souboje nejsou pro samici jednozmadostaténé pro selekci dominantniho samce a
musi byt podpieny vysledkem v souboji.

Je znamo, Ze chemicka komunikac&egenést informaci o dominanéi reproduknim
stavu jedince a dokonce i o jeho velikosti (Braighia& Atema 2000; Simon & Moore 2007;
Aquiloni & Gherardi 2008a). Naysi vyzkum pak doklada i schopnost ialozpoznat jedince ze
stejné populacerps jejich dlouhodobou separaci (Kubec et al. 20BBileha 7). Presto tato prace
ukazuje, Ze pachovy stimul sam o sqibavdpodobré neni schopen zprastilkovat informaci of
hierarchické postaveni samce naivni samici. Mozwgswétlenim mize byt i malé mnozstvi
vypousEné maoviny, kterd byla pouzita uz wedchozich interakcich. Je mozné, Ze koncentrace
metabolifi jako serotoninu a/nebo octopaminu se v hemalymini v zavislosti na typu socialni
interakce (Moore & Bergman 2005).

Samice jsou zd4 se schopné rozpoznat dominancepowitze, kterého vidly predtim
bojovat. Mizeme se domnivat, Ze je toleZité z toho dvodu, Ze dominance jegrhodnadasto
kratkodoba) charakteristika, ktera zavisi r&uw velikosti, zdravotnim stavu, vy&ymotivaci
jedince kboji apod. Vyzkum vtéto oblasti je stéeveny, ale tato studie jako prvni

demonstrovala schopnost koiiy®zpoznat konkrétniho jedince.
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2.2.2. Norovaci chovani ralki v podminkéach simulovaného sucha

Biologické invaze pdt k hlavnim faktoiim ovliviiujicim globalni biodiverzitu a funkce
ekosystému, a to zejména ve sladkovodnich ekosgste(strayer & Dudgeon 2010). Nedni
druhy, jsou schopny ussne interagovat sjvodnimi druhy a svou aktivitou aréhim tyto
vytlacovat (Taylor et al. 2007). Vystlenim byva obvykle evaluace jednoho &yt biotickych
faktori a jejich kombinaci, a to: kompetice, predace,adpkéni odliSnosti a fenos nemoci spolu
abiotickych fakto# jako nap. dlouhotrvajiciho sucha byla do nedavnehtizena a nevaén
pochopena a dodnes je ve velkéamielplna (Larson et al. 2009). Schopnost budoxgitikalnich
nor a odolnost k vysychani je nutna v kontextetqani v kontaktu se spodni vodou (nebo algspo
s vihkym prostedim) v gipact vysychani lokalit (dlouhodobého i periodickéhoatd studie je
prvni porovnavaci studii schopnosti budovani vahtilch nor v podminkéach simulovaného sucha
u negivodni a @vodnich druki raki. Celkem jsme porovnavalii tevropské fivodni druhy: raka
ficniho (Astacus astacusinnaeus 1758), bahennih®dntastacus leptodactyluEschscholtz
1823), a kameri& (Austropotamobius torrentiur8chrank 1803); agp nepivodnich druli: raka
niciveho Cherax destructorClark 1936), cerveného Rrocambarus clarkii Girard 1852),
signalniho Pacifastacus leniusculu3ana 1852), mramorovanéh@rocambarus virginalid.yko
2017) a pruhovanéh&éxonius limosufkafinesque 1817).

Pavodni druhy v podminkach simulovaného sucha intewzihynuly bez naznak
schopnosti vybudovat si vertikaIni noru &éstat tak v kontaktu se spodni vodoute#ti
nepivodnich druli bylo vyrazié vysSi. Rak signalni roed nebyl schopen norovani, ale byl
kratkodol® odolny vysuSeni. Simulované tydenni suchezpi pouze vSichni jedinci raka
cerveného, riveho a mramorovaného. U raka mramorovaného bylaaraenana mortalita (cca.
17 %) khem tydne strdveného po pokusu ve vodnim fedstU raka pruhovaného a raka
signalniho byla sledovana mortalita 60 % resp. 70P¥uze jeden jedinec raka bahenniho a
piekvapiw raka kamenge, pezil do konce experimentu. VSichni jedinci rakéniho uhynuli do
5 dni od z&atku experimentu.

Raci, ktéi byli schopni norovani, obvykle vybudovali jedinaoru, pouze jeden rak
cerveny a jeden rak &vy si vybudovali nory d¥. Dva jini raci¢erveni pak vybudovali nory

dokoncefit. Pouze rakerveny (vice jak v 33 %ifpadi) byl schopen noru uzév pomoci bahenni
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zatky. Navic jeho samice budovali hlubSi nory rewha — u ostatnich drihrozdily nebyly. Rak
¢erveny a mramorovany konstruovatit$i a hlubSi nory nez rakdany a rak pruhovany (Obr. 5).

Podrobujsi vysledky jsou dosazitelnéRFiloze¢. 4.

C 5cm

Obr. 5. Riklady 3D modal nor vybudovanych rakem diwym (A), mramorovanym (B),

pruhovanym (C), gervenym (D — vpravo nora samice).

Schopnosti k norovani se v ramci iakelmi liSi. Rozeznavame nenorujici raky, prindarn
norujici raky (Zivot z ¥tSi ¢asti travi v nee), sekundarnorujici raky (okupujici nory, aléasto
vychazejici mimo nory pokud jsou zaplaveny) a #rginorujici raky, kt& noruji jen v obdobi
sucha nebo végkterych gipadech v reproduki sezés nebo nedostatku Ukilyt(Hobbs 1942).
Vzhledem ke zmignémucleréni mizeme vSechny studované druhy zahrnout do poslkdpirsy.

Vysledky jasg ukazuji na vyrazqnizsi schopnostipZiti u pivodnich evropskych druh
raki v podminkéach simulovaného sucha. Naopakeskeny a rak @ivy se zdaji byt velmi dale
adpatovani i vzhledem Kk jejichipodnim oblastem vyskytu, kter&@asto periodicky vysychaji
(Holdich 2002). Vysoké ieziti u raka mramorovaného (pouze post-treatmengpalniho a
pruhovaného dokumentuje zvySené schopnosti odolggateni popsané jiz v minulosti (Holdich
& Black 2007; Banha & Anastacio 2014).

Pokud posuzujeme dohromady odolnost vysouSeniavaci schopnosti, pak r&kerveny

je nejlépe adpatovanym druhem a zatojedinym testovanym druhem, které své nory zavira
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bahenni zatkou (Correia & Ferreira 1995). Je t@&@stji pozorovany u samic, které navic buduji
hlubSi Ukryty, pravépodobré proto, aby dosahly kontaktu se spodni vodotivdd je jasny.
Samice rak&erveného noryasto pouzivaji pro inkubaci végk, ale i rany postemryonalni vyvoj.
V tomto gipact nejsou vagka/r&ata trvale potopena ve vcale rijimaji pifimo atmosféricky
kyslik (i za pomoci pohylbpleopod samice) a voda v Ukrytu je pouzivana jen prolpgjidrzovani
ve vilhkosti (Huner et al. 1984).

Kromé raka cerveného, ostatni népodni druhy zahrnuté ve studii vykazovali
kombinované strategie z&mené na zvysSenou toleranci k vysouSeni (rakvfj mramorovany,
pruhovany a signalni) a na schopnost hloubit n@ty firamorovany a v menSiimiaké rak riivy
a pruhovany). Celkavnejnizsi schopnosti vyrovnat se s podminkami HelSucha ppadaji na
testované fivodni evropske druhy a vzhledem k norovani ggdwaku signalnimu.iedpokladame,
Ze schopnosti vyrovnavat se s nizkymi stavy votadihy nebo vysouSenim lokalit bude v Evtop
i jinde na s¥te velmi dileZity faktor pro peziti v podminkachigdpokladanych fluktuaci klimatu
a tedy i extrém potasi (Underwood 2015). Norovani pak neméa &wvou roli jen v piibéhu
extréemniho sucha, ale hraje roli i kepimovani, kdy i v fipact pavodre teplovodnich drulnmize
tato vlastnost napomaoci jejich etablovani i v chigsich oblastech (Stoeckel et al. 2011; Vesely
et al. 2015).

2.2.3. Raci schovavaji svoje exuvie

Jak jiz bylo popsano vySe, raci jsou velndzmorodou skupinou ziwichi s mnoha
Zivotnimi strategiemi a adaptacendietn® zajimavych behavioralnich charakteristik. V tétag
(Buti¢ et al. 2016 Priloha 5) jsme sledovali novy behaviorélni fenomén, kdy pacprodtlaném
svlékani zahrabéavali své stvky do jemného pisku, ktery byl pouzity jako subist€br. 6). Tento
druh chovani rize byt ugitym typem chovani popsaného anglickymi termfroarding nebo
caching (hromagnia a uschovavani). Takto uschovana exuvie byt wghrabana po dvou az
ttech dnech (kdy uZlo raka po svleku nebylo tak &kké) a zkonzumovanaCaching nebo
hoarding je dol¥e znamy typ chovani zejména u saywanderWall & Jenkins 2003) a ptak
(Bugnyar & Kotrschal 2002), jako druh potravnihcoeéni charakterizovany &em potravy
v dolk® dostatku a jejiho ukryti na jeddovice mist pro pozgSi konzumaci, nap jako zasoba na
zimni obdobi (Schneider et al. 2013). Hror@dpotravy ale rize byt i vysledkem igdchozi
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potravni deprivace udruh ktery tento zpisob chovani obvykle nepraktikuji (Yang et al. 2011)
Stejre tak mize byt toto chovani indukovano u destinohych kbr{lm 2010) nebo riwe byt
druhow specifickym znakem jako u¢kterych mravent (Mueller et al. 2011§i pavouki (de
Crespigny et al. 2001). Tak onak je to chovani u bezobratlych velmi vzacnésahovavani
svletek u bezobratlych pozorovan jegredtim nikdy nebylo.

Popsané chovani zahrabavani &ie bylo sledovano nahod&npii aklimatizaci raka
signalniho a raka #&ivého pro jiny pokus, tzn. u zastupcaki jak severni, tak jizni polokoule.
Zahrabani svigky bylo umozrno diky pouziti jemného pisku jako substratu a owtadat, ze
vSichni raci, kté& se v ptibéhu pokusu svlékli, se zachovali st&jnj. vSichni sviéku zahrabali
podobnym zfisobem. Toto namkavané chovani unikalo pozornosti navzdory aktivni
vyzkumu i chovu rak na celém sité (Souty-Grosset et al. 2006).

OdloZena konzumace exuvie, jakozto zdroj minendto rekalcifikaci krunye, bylo
vynuceno pravépodobré nutnosti recalcifikovat nefdve ¢asti Ustniho Ustroji z internich zdioj
raka (gastrolit) (Holdich 2002). V pitb¢hu této periody trvajici 2 — 3 dny, kdy je jedimagkky
a neschopny obrany, byla stka poltbena ve vhodném substraipardingacachingmohou byt
vyvolané nutnosti zasobit se nebo periodou potrdepiivace (Yang et al. 2011), ale v tomto
piipadt je sledované chovani prajgbdobré spojené spiSe s ochranoudeg predatory a
kanibalismem. Vola viditelna svieka totiz miZze byt ozn&enim mista, kde se skryva bezmocna
obet.

Duvod peehlizeni tohoto chovéani ke byt napiklad nevhodnosti podminek, vyruSeni
jedinal nebezp&m, nebo marginalizaci sledovaného chovani, jakutostatd bylo i v pripact
této studie. Prvni sledovani tohoto chovani toyib [posouzeno jako ndhodné zakryti gidepri
hrabani raka givého v substratu. Vzhledem ktomu Ze vSichni jedirkteti se v danych
podminkach svlékli (jak rak &y, tak rak signalni), pabili své exuvie, uité se o ndhodny efekt
nejednalo.

Konkrétni divody sledovaného chovani jsou neznamé, ale ébmomlo byt motivovano
dvéma hlavnimi dvody. Prvigé uschovani a uchovani snadno dostupného zdrojeraiingro
rekalcifikaci po dobu, kdy rak vytvrzuje strategiatdsti €la (Ustni Ustroji a kedvé kortetiny)
prvré z internich zdrdj (zejména gastrofi) (Greenaway 1985). Po dvou &@idénni period uz
je rak schopen suwi&u zpracovat. Druhymitvodem je uschovéani exuvie, jako uschovani znaku

neschopnosti branit sefipadnému predatorovi nebo Utoku ze strany jinydtu na populaci.
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V prabéhu sviékani obvykle dochazi k n&fgim mortalitdm vyvolanym také predaci a
kanibalismem (Holdich 2002) takZe uschovana exuavi¢e snizit prav&podobnost lokalizace,
mékkého, cerstw svleteného jedince. Pokud je stka nalezena a kifkladu zkonzumovana,
muze tak pro raka dojit pouze ke z&étaného zdroje minefglzatimco samigzije nepozorovan
Vv Ukrytu.

Mechanismy indukujiddi inhibujici popsané chovani jsou neznamé a znajineyevu pro

dalSi vyzkum. Prezentovana prace poskytuje zakladmtadu novych hypotéz a budouci vyzkum.

Obr. 6. Rak signalni a jeho mohyla z pisku pro asahi exuvie (A) a detailni pohled na
zahrabanou své&u (B).

2.2 4Interakce raka mramorovaného a rakadéerveného

Intra- a inter-specifické interakceigpivaji k ispSnému etablovani a naslednémitedii
druhu v prostdi, coZz nabyva na vyznamu zejména v kontextu tet@nbiologickych invazi.
Tato studie (detaith v Piiloze ¢. 6) zkoumala interakce velikostnvyrovnanych pdr raka
mramorovaného a rak@rveného — vysoce agresivniho invazniho druhu.

Uspesny invazni druh raka je obvykle determinovan k¥oekologickych strategii a
adaptability také agresivnimi interakcemi s ostatrdruhy (Holdich et al. 2009; Hudina et al.
2011). V zavislosti na jeho celagevém Sfeni nabyvéa rak mramorovany na vyznamu a zjmu ze
strany biolog (Hossain et al. 2018 P¥iloha 2). Informace o jeho konkurenceschopnosti

s ostatnimi druhy jsou stale nedostate (Kawai et al. 2015). Obetrje rak mramorovany

29



povazovan za klidny druh, odolnyidi stresu a&asto stimulovany k aktiwtpouze mechanickymi
stimuly (Kasuya & Nagayama 2016). Proti klidné pmvaraka mramorovaného vystupuji
informace o jeho neéekavané schopnosti s v soubojichtelit agresivnimu rakdervenému,
pravdEpodobré celos¥tove nejusgsngjSimu invaznimu raku (Jimenez & Faulkes 2011). Ninin
tento dikaz byl proveden na velikostnevyvazenych parech opongatnavic se jednalo o dase
raky mramorované (8 — 9&sial staré) a juvenilni rakg¢ervené, coz mohlo vysledky pokusu
ovlivnit. Nicmére autdi tvrdi, Ze i rak mramorovany nebyl dé&bp neba u né nebyly
pozorovany vajika ani bilé zlazy na abdomenu (Faulkes, osob&lesi). Tato studie roz&ije
piedchozi studie pouZzitim dvou velikostnich skupkurguvenilni a dosgici) a pouziti velikosta
vyrovnanych par oponeni.

NaSe vysledky nagdéuji tomu, Ze rak mramorovany skom€ mize byt minimallg
rovnocennym partnerem stéjivelkému rakucervenému. A to ve skupinjuvenilnich, tak i
dosglych jedindi. Rak mramorovany byl ve vetgipripadi dominantnim nebo ekvivalentnim
protivnikem rakucervenému. Viditelné to bylo zejména u skupiny julierm u soubdj raka
mramorovaného se samicemi r&kaveného. U soubbjse samci bylo skéreiplizné vyrovnané,
pravdpodobré diky jejich wtSi agresivié (Holdich 2002). Dosgci byli méng aktivni v soubojich
i ustanoveni hierarchie nez juvenilove, jak je mgtaname i z jinych studii (Sato & Nagayama
2012). Ri porovnani morfometrickych adaj pouzitych rak, nebyly zjis€ny vyznamné rozdily,
a proto pravépodobré nently viiv na vysledky studie. Rty iniciovanych a vitznych soubaj a
dalSi behavioralni charakteristiky jsou patrné z.Gb

Juvenilni raci¢erveni byli vice aktivni a séasre i vice aktivni v iniciovani kontakta
soubofi nez rak mramorovany, ale jejich utoky byly v#3in¢ pripadi nelusgsné a rakéerveny
tak zbytén¢ plytval energii. Jednim zigodi neulsgchu rakacerveného tak mohl bytifisnée
energetické naklady v porovnani srakem mramoravenktery byl aktivni jen v nutnych
piipadech (kontakt s oponentem).

Béhem gimych interakci jsou raci schopni odhadnout scheppootivnika a zapamatovat
si jej po gedchozich interakcich. To natk umoziuje uspdit energii v jiz ustanovené hierarchii
nebo rozliSit a vybrat spravného partnera (Aquilenal. 2008 Priloha 3; Kubec et al. 2019 —
Priloha 1). V ustalené socialni hierarchii se pizény jedinec vyhyba dominantnimu a aktivita
smérem k vyvolani kontaktwti konfliktu klesa (Issa et al. 1999), coz bylo p&tri z naSich

sledovani. To ma smysl ve sniZzovani nakladh agresivni interakce. Obvykle tak ¢$taze
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podizeny jedinec ustoupi, jakmile dominantniho Bp@titi), nebo ustoupi poté, co dominantni

jedinec pozvedne klepeta k hrézb
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Obr. 7. Porovnani podilu raka mramorovaného a takeeného v ptbéhu interakci na ptu
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iniciovanych kontak a soubaj, vit¢éznych soubdj a stragni se svého oponenta. Hodnoty jsou
uvedeny jako pimér + smerodatna odchylka. #&na pismena nad sloupci udavaji statisticky

vyznamny rozdil mezi typy chovani v ramci jednottia skupin (pre-mature, mature).

Zawrem mizeme fici, Zze rak mramorovany e byt rovnocennym nebo dokonce
dominantnim protivnikem stejn velkému agresivnimu invaznimu rakiervenému. Rak
mramorovany se zda byt Sefj$im ve smyslu vynaloZzené energie, ale efektrgaguje na vyzvy
ze strany oponenta. Jakmile je ustanovena domioaeedruhy rak ztraci zajem o dalSi souboje.
Samozejm¢ se situace fre liSit v girodnich podminkach, kde populace neni takielob
strukturovand jako v experimentélnich podminkacfcajsou vystaveni mnohem komplejgim
podminkam vetrg predace. RaKerveny bude jednoztia zvyhodrn v giimych interakcich
v ptirozenych podminkachstsi maximalni velikosti a velikosti klepet u velkysamé (Holdich

2002), ale na druhou strantést&né znevyhodin prehnag vysokou aktivitou a proto i
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nadn&rnymi energetickymi vydanimi a expozici predacak® onak usgch raka mramorovaného
v kompetici s rakendervenym v pirodnich podminkach takid®e byt limitovan.

Uspsdny invazni druh ale neni determinovan jen agresiyiale i Gspsnou reprodusni
strategii a kapacitou a zar@vechopnosti adaptovat se nené podminky (Holdich 2009).
V tomto s¥étle je rak mramorovany znam svou vysokou adaptahila reprodukci azékolikrat
ro¢né pomoci apomiktické partenogeneze tj. béasti samé (Hossain et al. 2018 R¥iloha 2).
Dohromady se schopnosti @S se branit ba i dominovat v agresivnich interakcgimymi

druhy znamena ziaé nebezpd pro pivodni biodiverzitu.

2.2.5. Samice raki rozpoznaji a preferuji samce z matéské populace

Reprodukni chovani je tllezitym bodem v Zivat Zivocichu a pochopeni sexualniho
vybéru pati mezi kicové vyzvy behavioralnich i ekologickych studii. Jakbylo popsano vyse,
selekce partnera je zaloZena na rozpoznani dranlgyd, fyziologického stavu a socialni pozice
jedince. U ral jsou samice obvykle vybir&i nez samci prawgodobré z divodu wtSi naklad
spojenych s reprodukci (oogeneze, inkubacetekjimatéska pée). Tato studie (podro¥ji
v Priloze €. 7) analyzuje preference u sexualni selekce rakaogparteého z hlediska vgbu mezi
velikostre podobnymi jedinci ziznych, geograficky oddenych populaci (Obr. 8). @Gma
pohlavim, byly k vyBru poskytnuty vzdy dva jedinci — Byeden z cizi populace a druhy z jejich
vlastni populace, nebo dva jedinci z cizi populd&&e bylo vybirajicim jedinien stizeno tim, Ze
ackoli byli drzeni individuélg (bez moznosti vizualniho a taktilniho kontaktwli lve stejnych
podminkach ve spataé nadrzi s jedinci z ostatnich populaci.

Obecrt naSe vysledky poukazuji na to, Ze samice jsoupthoozpoznat samce z vlastni
populace a preferuji jeted ostatnimi, kdezto samci jsou v tomtasaimmevybiravi. Pokud samice
volily mezi samci ze dvou jim neznamych (ne nisitgch) populaci neprefererovali ani jednu z
nich. Oproti tomu volici samice ze vSe¢hpopulaci vzdy preferovaly samce z vlastni poprilac
na zaklad ¢asu straveného u samce, mnozstvi kontaldasu straveného v kontaktu s danym
samcem. Samice se ipg Vv pribéhu pokusu v ca. 35 %fiipadi. Také pro p#eni samice
preferovaly samce ze zndmé populaceékbtika piipadech samec z cizi populace zachytil samici
a nasilim ji drzel ve své blizkosti. Ve variamokusu, kdy volil samec ze dvou samic, doSlo

32



k p&eni v 63 % trial. Samci v Zzadném ze sledovanych parameifetre paeni nevykazovali

preferenci pro Zzadnou z populacietre té viastni.

Obr. 8. Mapa hlavnfi¢ni sit¢ Ceské Republiky
s lokalizaci zdrojovych populaci rak
pruhovaného pro prezentovanou studii. Feka
Labe; O — udolni nadrz Orlik; Mteka MalSe.

Prestoze vyzkum individuélniho
rozpoznani a chemické komunikace odhali#né schopnosti rdk(nag. Aquiloni & Gherardi
2008a; Aquiloni et al. 2008 R¥iloha 3, Seebacher & Wilson 2007), doposud nebylo znao, z
raci dokazi rozpoznat jedince z geogaficky &ddych lokalit. Pohlavni vy v pribéhu obdobi
pé&eni raka pruhovaného se zdal byt dobryrispppem, jak to zjistit. Vzhledem k vySe popsanym
vysledkim, byla tato hypotéza spravna, nélmainimalné samice tuto schopnost maji. Teoreticky
tak nov introdukovani jedinci mohou byt reprodumk diskriminovani fivodni populaci a naopak.
To mize mit svou roli i v ochranpavodnich drul, pii reintrodukcich dosglych jedind.

Nevybiravost sanicale potvrdila vysledky ifgdchozich studii vedoucich k z&wm, Ze
samci cili zejména na kvantitu (& sp&enych samic), pdpna velikost samice nebo na preferenci
dosud nesgé@&nych samic (Acquistapace et al. 2002; Ameyaw-Akd976; Aquiloni & Gherardi
2008a). Proto jsou samci v obdobfgrd velmi aktivni (B¢ et al. 2009a; Gherardi & Barbaresi
2000), gipadreé se snazi i odstranit spermatofoggchozich sanic(Snedden 1990; Villanelli &
Gherardi 1998) na rozdil od samic, které sveé velbg vazi pravébodobr vzhledem k budoucim
vydajam pro inkubaci vajiek a péi o potomstvo (Kubec et al. 2019R¥iloha 1).

Objevily se ovSem nové otazky k zodppeni. Zejména prtosamice preferu;ji, ale hlayn
jakym zpisobem rozpoznaji samce z niake® populace. Na gatku studie jsme spiSe
predpokladali preferenci cizich populaci pro zvyAssterozygotnosti populace. Zejména proto, Ze
rak pruhovany prosel v fiipéhu své invaze od konce 19. stoleti (kdy bylo vysazeouze ca. 90
jedinai, ze kterych pochazi zda se vSechny jeh@ypopulace v Evraf) nékolika popul&nimi
oslabenimi ljottleneck effegtz divodu grenosu gkolika jedindi na jiné lokality (Filipova et al.

2011). Ale raci pravgpbodobré nejsou schopni takto posoudit jejich populadiversitu a spise
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tihnou k familiari¢ podobné popsané nampri tvoreni rybich hejn (nap Griffiths & Magurran,
1997; Ward & Hart, 2003).

Pohlavni preference znamych jedir{ale v tomto pipadt znamych z pedchozi zkuSenosti
s nimi) byla u kory8 zaznamenana (Caldwell 1992; Karavanich & Atema8).9dy familiarita
muZe potencialé snizit GUrové agresivity a tim energetické naklady na konflilstgjré jako zkratit
dobu namluv (Hojesjo et al. 1998; Daws et al. 20Td)tedy niZou byt pravdpodobné dvody
volby samé@ z matéské populace.

Nicmére mechanismus, jak samice jedince ze znamé popybae@aji je zagen
tajemstvim. Jsou znaméipady individualni rozpoznani jedificale tento efekt neni dlouhodoby,
je limitovan p@tem ,zapamatovanych® jedifica obvykle trva jen &kolik dni (nag. Van der
Velden et al. 2008; Kubec et al. 201%P#iloha 1). Rozpoznani na zaklagredchozi znalosti
danych jeding z interakci v dané populaci, takideme vylodit vzledem k jejich individualnimu
piechovavani po dobu ca. 5 tydn

Proto gedpokladame, Ze rozpoznéni je spiSe zaloZeno nahEmickych stimul. Je sice
velmi nepravdpodobné, Zze samci aktizrchemicky informuji samice o mésveho gvodu, ale
jejich rozpoznani rize byt dano funkciiedchoziho Zivota na stejné lokali proto spiSe detekce
specifického ,pachu lokality“. Tento pachuge byt spojen i s podobnym mikrobiomemiavi
Zijicich na stejné lokalit(Arbuthnott et al. 2016; Ezenwa et al. 2012), simélnim vlivem na
metabolické a fundni znmeny i pii zméné environmentalnich podminek (Van Bonn et al., 2015)
Specifické chemické, fyzikalni a biologické podmyrtktiz vedou k vyrazné diferenciaci vimt
mikrofléry a proto k#éznému pachu jeditic z dané lokality (Lize et al. 2013). Konkrétni

mechanismy rozpoznani a jeho funkce jsou vyzvamibpmdouci vyzkum.

2.3. Chovani rakii ovlivnéné zndisténim prostiredi

2.3.1.Nizké koncentrace psychoaktivnich latek @ni chovani raki

Kvalita povrchovych vod je nezbytna pro spravnéyfurani ekosysté biodiverzitu, steji
jako pro lidskou pdtbu pitné vody, nebo vody prodpnysl a zemidélstvi (National Intelligence
Council 2012). Vyzkum efelt farmaceuticky aktivnich latek na necilové vodngamismy

v souwasnosti expandoval z vyzkumu nejvice se vyskythitatek (antibiotika, antihypertenziva)

34



spiSe k mikropolutaidtn vyskytujicim se v povrchovych vodach v nizkychngentracich tj.
antidepresiva, opiody a jiné psychoaktivni latkyrd@n et al. 2013; Fong & Ford 2014).
Minimaln¢ nékteré jsou zname tim, Ze u vodnich orgariisnohou vyvolat behavioralni zmy

v nizkych, environmentat relevantnich koncentracich (Barry 2013; Brodin adt 2017).
Nasledujici d¢ studie vyhodnocuji vlivétyt psychoaktivnich latek (tramadol, citalopram,
metamfetamin, sertralin) v environmentéhelevantnich koncentracich na zakladni behavioraln
patrametry modelového organismu, raka mramorova(@ttoha ¢. 8 aPriloha ¢. 9).

Zmeny zakladnich paramétchovani organisinjako je aktivita, odvah& sociabilita mohou
zmenit nasleds i fungovani celych ekosysté&mManning & Dawkins 2012; Schmitz 2007).
Obvzlas¢ u druhu, ¢i skupin organism, ozn&enych za kifové sladkovodni organismy (Holdich
et al. 2009). Studie chronické expozice polutamta sledovani jejich vlivu, pracuje obvykle
s velmi nizkymi koncentracemi latek a fediuje dostatan¢ robustni metodiku, ktera je snadno
proveditelnd a opakovatelna.cRblikadenni az &kolikatydenni expozice (podle mechanismu
Gcinkovani testované latky) a nasledné sledovani d@hiovexponovanych rak v jasré
definovanych podminkach pomoci automatického safwaa porovnani s kontrolou
manipulovanou stejnym apobem, jako exponovani raci, se zda byt vhodnowdoet (Bii¢ et
al. 2018 -Priloha 8 Hossain et al. 2019bR¥iloha ¢. 9).

V ptipadt obou studii a vSech testovanych latek byla sledawéelka individualita rak
v kontrolni i exponované skupinve vSech sledovanych parametrech. To nageauckitou
personalitu, individualnitiznorodost chovéani konsistentni na drovni jedincamci ¢asu nebo
kontextu (Réale et al. 2007). V naSich studiichggné, Ze tato variabilita je obvykla i u geneyick
uniformnich jedind. Da se ovSemdekavat, Ze bude nizsi nez u ostatnich genetickghirich
druhi. Pres znanou individualni variabilitu byly nalezeny signiéiktni znény chovéani vyvolané
vSemictyimi testovanymi latkami.

Tramadol Priloha¢. 8) chovani ovlivnil smirem k niZsi rychlosti, tedy v kratSi rakem urazené
vzdalenosti v arénbez Ukrytu, a toi@sto, Ze tramadolu exponovani raci byli cetkaltivrejSi —
jejich pohyb byléasty, ale pomalejSi jakoby ospalejsi. Pokud byytigfitomen, pak tyto zemy
jiz nebyly detekovatelné.i@sto raci exponovani tramadolu byli krat&s mimo ukryt, i kdyz ne
statisticky vyznam& (P = 0.053), coz i¥e byt roveZz znakem snizené pohyblivosti
exponovanych rak Podobné, tést shodné, vysledky byly sledovany i fipact citalopramu
(P#iloha €. 8).
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Sledované zgmy chovani mohou byt vysledkem povahy testovangbtek| kdy tramadol je
znam pro s efekt na snizeni pozornosti, snizeni chuti kujdispalost a snizenou citlivost
okolnim vjenim (Langley et al. 2010). Citalopram je popisovaapek, jako redukujici agresivni
a impulsivni chovani (Armenteros & Lewis, 2002).

Raci exponovani environmentélni koncentraci mettanienu Priloha €. 9) se v naprosté
vétsSing sledovanych paramétneliSili od kontrolnich jedint To je v rozporu s jinymi studiemi,
které naopak popisovaly vyssi aktivitu uitgkmeh-Nathaniel et al. 201€) sava (Pang et al.
2016). Rozdil byl ale ve vysSi davce metamfetarainpisobu podani (injeine). Jedinym efektem
metamfetaminu v naSi studii, byl det&is straveny mimo Ukryt u exponovanychirakejednalo
se ale o aktivni gzkum prostedi nebo jiny druh pohybu — jejicitifpmnost mimo akryt byl
pasivni. To nMiZze mit nebezpmy dopad na raky, jejichz G&gh je do zn&né miry ovlivreny
vyuzitim ukryti zejména v dennich hodinach (Kubec et al. 20F¥itoha 1, Lozan, 2000). Je
otdzkou, zda by delSi expozice znamenala dalStyefeksledované raky.

V pripad sertralinu Piiloha €. 9) bylo sledovano naopak velké mnoZstvicenchovani u
exponovanych rak- signifikantré vysSi aktivita jak v siitomnosti, tak v naftomnosti Uktrytu,
delSi urazena vzdalenost kitpmnosti Ukrytu, a zarowemarginal® signifikantni vyssi rychlost a
urazena vzdalenost v podminkéach bez ukrytu (ObX@yichozi studie u ryb poukazovaly spiSe
na snizenou pohybovou aktivitu éwbdy snizeného pocitu Uszkosti — strachu jako u lid
(Giacomini et al. 2016; Simmons et al. 2017). Radeize stejnéhoitodu pravdpodobré byli
pohybow aktivni vice. Velmi nizké koncentrace sertralimtiZz podob® pasobily na rychlost
plavani fiznonozceechinogammarus marinusach 1815 (Bossus et al. 2014).

Celkow se déici, ze vysledky studii naiznych druzich atiznych koncentracich stejné
latky obvykle gisobi rekdy podobné, ovSerasto i Upld opa&né znény chovani. Z toho vyplyva,
Zze zmény chovani vyvolané jednotlivymi kontaminanty jsouuhow specifické, ovliviné
raiznymi koncentracemi latek, aletizné v ramci jedné skupiny latekijgemz se efekt e lisit i
v piipact pouziti stejnych koncentraci, ale jinychigphi expozice — jeji délka, kontinuita,
pusobeni v tekoudii stojaté vod apod. (Brodin et al. 2013; Hossain et al. 20E¥Hoha 10).
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Obr. 9. Celkova urazena vzdalenost (cm), rychlost ¢*), aktivita (%), a poditasu straveného
mimo Ukryt (%) u raka mramorovaného ve skdpexponované environmentélirelevantni

koncentraci sertralinu a v kontrolni skugisignifikantni rozdil hodnot je ozdeny hwzdickou.

U rakih exponovanych 21 dni environmentételevantni koncentraci sertralinu bylo krém
zmen chovéani pozorovanoitsi mnozstvi svlek (nesignifikantni) a signifikantnveétSi mnozstvi
samic kladoucich vajka a vySsi mortalita nez u kontrolni skupiny (T&b.Zrychleni reprodukce
bylo rovnéz pozorovdno ve spojitosti s expozici antideprasiv (fluoxetinu) u slaviky
mnohotvarné Preissena polymorph®allas 1771) (Fong 1998). Escitalopram naopakikiag
narusoval produkci jiker u dania pruhovanébargio rerio Hamilton 1822). Vzhledem k tomu, Ze
antidepresivaijsobi rovigZ jako imunosupresanty agobi na hormony ovliwijici sviékani u rak

je logicky i rozdil v mnozstvi sviéka vysSi mortalé, ktera mohla byt nejspiSe ovli&ma
abnormalitami pi svliékani (Fanjul-Moles 2006; Gobin et al. 2014).
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Tab. 4.Pctet svlékani, kladeni vé&gk a uhynulych jedincraka mramorovaného exponovaneho
metamfetaminu a sertralinu v porovnani s kontroinéadinci. Riznd pismena u hodnoty indikuji

signifikantni rozdil mezi exponovanou a kontrolkiiginou.

Pharmaceutical Group (n) Molted (n) Spawned (n) rtilay
(n)

Control (73) 7
Exposed (73) 9
Control (75) 15
Exposed (75) 22

Methamphetamine

Sertraline

& N o ©
QR @ © o

Predchozi vysledky spolu s naSimi studiemi ilustrjgk variabilni a intenzivni dZe byt
vliv psychoaktivnich latek ve velmi nizkych koncexich v povrchovych vodéach. Efekt
testovanych latek v danych koncentracich je Jagditelny a nabada k ostrazitosti z hlediska
bezpenosti povrchovych vod a fungovani vodnich ekosystéfndlouhodobého hlediska by se

melo fesit jednak naduzivaniahto latek, tak jejich &inné odstraovani z odpadnich vod.

2.3.2. Zpiusob expozice fluoxetinu ovliviuje raznym zpasobem chovani rak

Efekt psychoaktivnich latek nebo jinych polutardyl prokadzan urady latek arady
organisni. Obvykle tyto eko-toxikologické studie byvaji pexleny ve statickych exp@nich
systémech. Ty ignoruji prostor&¢asovou dynamiku toxikafit v tekoucich vodach.
V dynamickych systémech se mohou vlivy toxiKaligit z divodu fluktuace frekvence, rozsahu a
trvani oblaku (vIg) toxikanty ktery je vysledkem prowdi vody interagujiciho
s geomorfologickymi charakteristikami priedi. Cilem studie bylo porozuwmi tomu, jak
dynamika expozice antidepresivu (fluoxetin) oiliye agresivni chovani rakStudie probhla na
terénni stanici v Ohiu (USA) s pouzitim raka sthméFaxonius virilis Hagen 1870)
exponovanéehaiznym koncentracim fluoxetinu (kontrola; 0,05; @510 a 100 pg/l) po dobu 23
hodin, a to ve statickém a dynamickém systému.adaslbyly pary velikostd podobnych rak
ze stejnych skupin sledovangi pgonistickych interakcich a analyzovany dle esogn popsaného
v Tab. 3. Podrobny popis studie a detg8ninformace jsou patrnéR¥ilohy 10.
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Raci signifikantd casgji volili unikové reakce failflip, Gk) ve skupi se statickou
expozici v porovnani s identickymi koncentracemiymamické expozici. Retnost a trvani
nejwtsi intenzity soubdj se roviZ lisila mezi statickou a dynamickou expozicas straveny v
statické kontrole. Vysledky indikuji, Ze raci vyatai i nizkym koncentracim fluoxetinu jsou
vyrazre ovlivnéni ve svém agresivnim chovani, ale dynamicka exggozyraz® meni miru tohoto

chovani.
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Obr. 10. Pimerny ¢as straveny v nejvyssi intenzagonistickych interakci u rakexponovanym
riznym koncentracim fluoxetinu v podminkach statickédynamické expozice. Hedicky
poukazuji na signifikantni rozdily mezi statickodymamickou expozici. Velka pismena oauja
signifikantni rozdily v ramci expoaniho paradigmatu.

V predchozich studiich bylo prokdzano mnotnych znén chovani vodnich organism
vyvolanych fluoxetinem a zaroieo rizné intenzi v zavislosti na koncentraci, druhu,

experimentalnim designu a délce expozice (Backi@lgl; Bossus et al. 2014; Fong & Ford
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2014). Nicmeén vSechny nam znameé studie vlivu fluoxetinu byly yadeny ve statickych
rezimech expozice. Ty n&gsre reprezentuji fluktuace toxikantutipjeho Steni a redni

v ptirodnich podminkach (Harrigan & Moore, 2017). Poosta acasova variabilita koncentrace
toxikantu nfize vyvolat fizné odpowdi exponovanych organismcoz je doke reprezentovano
nasi studii i pedchozimi studiemi pouZzivajicimi dynamicka exgokzparadigmata (Neal & Moore
2017; Steele et al. 2018). V nasi studii, napodeobpfirodni dynamické sytémy, bylo chovani
sledovanych rakzménéno op&nym zpisobem nez u rakve statickém systému. Efekt pristi
byl detekovan jak u exponovanychiatj tak u kontrolnich.

Ekotoxikologické studie recentrzjistuji, Ze dynamicka expoaii paradigmata ovliwiji
nejen agresivni chovani nakale i teba fist ryb, nebo mohoutgobit i WtSi negativni efekty nez
ve statickych systémech (Angel et al. 2015; Diamaidal. 2006; Welsh et al. 2008).
Geomorfologické charakteristiky habitatu tvatizné prostorové mapy a ouiuji dynamiku
chemické disperze latek. Zde potom Izel@vatéasto nelinearni a na davce nezavislé vysledky
dynamické expozice. Dokonce organismy Zijici vejngt@® regionu, alec¢elici riznym
hydrodynamickym rezitiim, jsou vystavenytiznym koncentracim polutan{Harrigan & Moore
2017; Steele et al. 2018). Budouci vyzkum by gkahrétit vice na pochopeni realnycistedika

zne&isteni vyvolanych strukturou habitatu a expgdim paradigmatem.
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3. Zavéry

3.1.Vyznam vysledki pro védni obor a moznosti snéfrovani dalSiho vyzkumu

V Priloh4dch 1 a 2 je prezentovan ieghled dostupnych informaci o chovani irakejich
komunikaci a rozhodovacim procesu, stejako dostupné informace o raku mramorovaném,
jakozto recentt hojre vyuzivaném modelovém organismu pro Sirokou Skétinich oboii. Obs
tyto prehledové publikace twily a stale tvéi zaklady pro ekologicky, etologicky i eko-
toxikologicky vyzkum nejen v ramci naseho pracayisle i pro ostatni podobnzanmeiené
védecke tymy.

Priloha 3 prezentuje u koryspoprvé popsanou schopnost rozpoznavat dominanjedinae
na zaklad predchoziho sledovani souboje a étda tak dalSi otazky pro vyzkum chovani a
komunikace bezobratlych Zivighu.

V Priloze 4bylo provedeno unikatni srovnani sedmi drydivodnich a nejovodnich rak
s cilem gijistit jejich schopnost snaSet vysouSehkality a schopnost ipékdvat nepiznivé
podminky ve vybudovanych norach. Studie akcentupbdlpmatiku lokalnich extréinpotasi —
kratkodobého i dlouhodobého vysychani ttolPavodni druhy jsou vtomto sfru viditelng
neadaptibilni, naopakigini invaznich druhse da éekavat i v podminkach s nizkymi srazkovymi
ahrny.

V Priloze 5je prezentovan n@&wpopsany druh chovani u bezobratlych — zahrabaxasini
svletky, pravdpodobré jako maskovani jejiho bezbranného majitele. Toikmvéni bylo popsano
u dvou druli raki ze dvou tiznychceledi, Zijicich na severni a jizni polokouli, c&kanuje dlouho
pietrvavajici druh chovani, pratgbdobr Siroce roz&eny, festoze dlouhoighlizeny. Vysledky
oteviraji nové moznosti vyzkumu chovani karys

Priloha 6 obsahuje informace o interakcich dvou invaznichhidraki. Na jedné strantémsi
kosmopolitniho agresivniho druhu a na &truhé recenth nejrychleji se iciho druhu,
profitujiciho zejména z obligatorni asexualni rejukce. Vysledky napovidaji, Ze rak
mramorovany je schopen koexistovat a&dsp konkurovat i etablovanym agresivnim déufn

V Priloze 7byla popsana nova schopnostirakzpoznat a preferovatipsexualnim vybru
jedince z matiské populace iies 5 tydenni periodu aklimatizace, kdy byli jedimt#Zeni

individudlrg ve stejnych podminkachidtipokladame, Ze dana schopnost neni danatpdamych
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jedinal na jedince z matské populace, ale spiSe chemickou cestou detekgypaoh lokality*
diky podobnému mikrobiomu réak

V Prilohdch 8 9 a 10 jsou raci pouziti jako modelové organismy v ekgHologickych
studiich zamd'enych na vliv environment&relevantnich koncentraci psychoaktivnich latek na
zakladni parametry chovani faK v nizkych koncentraci tramadolu, citaloprametamfetaminu
a sertralinu byly prokazany nezanedbatelti@ky na necilové organismy s potencialeatsich
duslediki pro populace a ekosystémpi(lohy 8 a 9). Priloha 10 pracovala sice séholika
koncentracemi psychoaktivni latky (antidepresivulmoxetin) nicmég jeho vliv na vodni
organismy jiz byl zndm a nebytgddmétem studie. Studie prokazala, Zemé expozini pristupy
(zde saticka a dynamicka expozice) mohou vést egaitnym vysledkm, Proto by se v eko-
toxikologickych studiich rlo dbat na co nejtSi napodobeniirodnich podminek.

VySe zmirné studie v naprostéétding pripadi ne@indsi pouze informace o daném
studovaném tématu, ale zaréveinoho otazek pro dalsi vyzkurdasto zasadnich. Na zakéad
ziskanych vysledka novych hypotéz se momentéhozviji dalSi aktivity naSeho tymu zejména
na poli vyzkumu komunikace a chovaniiak

3.2.Vyuziti dosaZzenych vysledl pri vyuce

Teoretické i praktické adomosti, které byly ziskany vigschu feSeni zde prezentovanych i
dalSich ¥deckych praci (viz. Kapitola 10) ziskan& peSeni prezentované problematiky byly
kromg jiného vyuzity pi tvorbé nového studijnihofiedmétu s nazvem ,Zaklady etologie vodnich
organisni” a prednetu ,, Biologické invaze ve sladkovodnich systémepltt nov akreditovany
doktorsky studijni program ,Ochrana vodnich ekosyst'.

K dosazeni prezentovanych vyslédkyznamr prispéli dva studenti (momenté&dnjiz po
obhajobach svych doktorskych praci) doktorskéhaliating. Jan Kubec, Ph.D. a M. Sc. Md
Shakhawate Hossain, Ph.D. a zaroné&kolik student: bakald&ského a magisterského stémtudia
Ing. Kat&ina Svagrova, Ing. Lucie Mullerova, Ing. Martin £dpg. Jii Jaks, Ing. Martin Musil,

Bc. Josef MareS. VSichni vySe jmenovani studertpvali pod vedenim autora habiité prace.
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3.3.Vyuziti dosazenych vysledid pro praxi

Vysledky této habilitani prace v praxi, pokud vim, dosud vyuZity nebybyesto maji
potenciél z hlediska ochrais&ého (studium invaznich druha adaptability druln na zngny
Zivotniho prostedi), z hlediska ochrany vod (studium vlivu poldtama vodni organismy a jejich
odezvy) ¢i z hlediska rozvoje vyuziti rékjako modelovych organisirpro celouradu v¥deckych
odwtvi.

Chovani organisin¢asto neovliviuje jen jejich populace, ale i populace ostatniganisni,

a tak niize mit dopad na strukturu celych ekosystébh raki, ¢asto ozn&vanych jako kkiové
organismy sladkovodnich ekosysténo pak plati utité. Informace o chovani rékmohou byt

teoreticky pinosem i pro akvakulturni chovy.
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6. Cesky abstrakt

Buri¢, M., 2020. Chovéni rakjako nastroj pro vyzkum invaznich diub nenicich se podminek
prostedi. Habilit&ni prace, Jihteska univerzita ¢eskych Budjovicich, Fakulta rybistvi a
ochrany vod, Votlany, 166s.

Habilita¢ni prace je tvtena komentovanou kompilaci 1@deckych publikaci vybranych
z praci autora tak, aby naiplala ti tématické celky. Prvni celek je tken gehledovymi pracemi
uvadtjicimi problematiku dalSich dvou tematickych dgl to ,Behavioralni adaptace a interakce
raki“ a ,Chovani rak vyvolané zné&isténim prostedi®.

Raci jsou zajimavou skupinou sladkovodnich orgahjsre které mizeme nalézt jak kriticky
ohroZené druhy, tak celofeveé nebezpené invazni druhy. Raci, pokud se na lokaliyskytuiji,
obvykle tvdi naprostou ¥tSinu biomasy bentickych organiéma jsou potravou Sirokého spektra
predatot. Sami pak psobi jako konzumenti vSech dostupnych zilpmtravy a zprogedkovavaji
tak tok Zivin a energie ve vodnim ekosystému. Rami proto velmiasto povaZzovani za kbhvée
druhy vodnich ekosystéima zarové ekosystémove ,inzenyry“. Studium vzajemnych inkefa
raka, ¢i neprobadanych specifik jejich socialniho chovarmkiomunikace stalefedstavuje velkou
vyzvu pro vyzkum. Ukazuje se take, Ze raci jsoumveslibnymi modelovymi organismy
pouzitelnymi v ekotoxikologii, ale‘¢ba i medicia.

Tato habilit&ni prace pinasi nové poznatky o schopnostech chemické a Mizkdmunikace
raki, o novych behavioralnich parameterech, stgako o interakcich rak mezi sebou a
prostedim \etrg jejich adaptace néjznivym vlivam. Kromg toho ukazuje raky jako vhodné

organizmy pro posuzovani nebegpgch kontaminarit vodniho prosedi.

Kli ¢ova slova rak, biologické invaze, chovani, komunikace, iakee, sucho, Zivotni prdsti,

znegisteni, behavioralni odezva, dynamicka expozice.
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7. Anglicky abstrakt

Buri¢, M., 2020. Crayfish behaviour as a tool for theerch of invasive species and the changing
environmental conditions. Habilitation thesis, Usrsity of South Bohemia irCeské

Budgjovice, Faculty of Fisheries and Protection of Weit&'ochany, 166pp.

Habilitation thesis consists of ten scientific poations selected from the publication list of the
author to fulfil three thematic units. The firstiligomprises two review articles providing a
knowledge basis for following two units: ,Behavibedaptations and interactions of crayfish®,
and ,Crayfish behaviour affected by environmentaluysion®.

Crayfish are an interesting group of freshwatemats, where critically endangered species, as
well as invasive dangerous species, can be fourad/fi€h, if present in the ecosystem, usually
constitute a bulk of the biomass of benthic orgasisand serve as a prey for wide spectre of
predators. Moreover, they act as consumers ofvailable food sources, and managing the
nutrients and energy flow in freshwater ecosystebnayfish are therefore often called keystone
species of freshwater ecosystems and even ecosgstgmeers. The study of intra- and inter-
specific interactions of crayfish or not known gfies of their social behaviour and
communication are still great challenges for sdiientesearch. It is also obvious, that crayfish ar
very promising model organisms usable for ecotdrigy but also in medical research.

Presented habilitation thesis shows new findinggiabhemical and visual communication in
crayfish, about their new behavioural patternswali as about their intra- and inter-specific
interactions, their interactions with environmeahd about their adaptability to the changing
environmental conditions. Besides those topicssishehows crayfish as usable organisms for an

assessment of contaminants of freswaters.

Key words: crayfish, biological invasions, behaviour, comnaation, interactions, drought,

environment, pollution, behavioural response, dyica@rposure.
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ABSTRACT

Animals exhibit behavioural patterns characterized by responses to information received from internal
and external stimuli. The ultimate response or decision is based on physical, chemical, or biological
factors and their analysis by the nervous system, and may be influenced by previous experiences,
stressors, and limitations. This review summarizes behavioural patterns connected with decision making
in crayfish, and includes similarities to vertebrates and other invertebrates that may be applied to
freshwater crayfish. Concurrently, purpose of this review is introduce behavioural patterns from outside
and inside of crustaceans taxa, in which might crayfish have potential exhibit them. Knowledge of
patterns influencing behavioural responses and decisions in organisms is necessary for understanding
basic biological relationships and for extraction of information applicable to crayfish. Information on
sensory and nervous systems, communication, social behaviour, reproductive behaviour, and decision
making within the context of species success and adaptations to changing environments will contribute
to a model design for future studies of reproductive and social behaviour and behavioural ecology of
crayfish. The study of crayfish behavioural patterns can extend knowledge of habitat and reproductive
requirements of native crayfish as well as investigate success and impacts of non-native species in

environment.

© 2018 Elsevier GmbH. All rights reserved.

1. Introduction

From the perspective of ethology, studying communication and
signal reception is important for understanding behavioural pat-
terns of organisms. Behaviours are dependent on multiple factors,
including but not limited to biological and chemical stressors
(Moller & Milinski 1998). Communication signals play significant
roles in animal societies during important events such as repro-
duction (sex and maturity recognition, mate choice) and in intra-
and inter-specific competition. Animals employ a wide range of
signals to share or send information regarding their identity, status,
mood, position, and experience of the environment (Bradbury &
Vehrencamp 1998). Organisms are able to make decisions and act
on preferences for mating, feeding, homing, and survival based on
interaction of signals and sensory organs, previously known in-
formation, and learning abilities (Atema 1988; Bierbower et al.
2013; Veselovsky 2005). Fig. 1.
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In this review, we provide an overview of current knowledge
about communication processes and their effect on behaviour and
decision making in crayfish. Within this topic, it is necessary to
integrate the disciplines of neurophysiology, physiology, ecology,
behaviour, and even psychology such as personality. Similar inte-
gration of disciplines is used in investigations of animals ranging
from mammals (Veselovsky 2005) to small arachnids (Chapin &
Hebets 2016) and worms (Capowiez & Bérard 2006) which have
been the subject of studies, with no limitations on behaviours
observed.

Crustaceans are widely used as model animals for behavioural
studies, largely due to their global distribution (Briffa 2013; Huxley
1880). They are ecologically important mostly benthic macro-
invertebrates often regarded as keystone species (Crustacea,
Decapoda, Astacida) as well as ecosystem engineers and bio-
indicators (Fureder & Reynolds 2003; Kouba et al. 2016). Fresh-
water crayfish, with their high level of social interaction in both the
field and the laboratory, offer advantages over many other inver-
tebrate groups (Gherardi 2002). Crayfish are physiologically,
ecologically, and behaviourally remarkable animals occurring in a
wide range of habitats including lentic and lotic waters such as
springs, lakes, ponds, creeks, rivers, alpine and subtropical streams.
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Fig. 1. Illustration of flow map of behaviour in crayfish.

They exhibit diverse life histories, including a broad spectrum of
behavioural patterns and show widespread natural distribution
patterns that have been further extended via introductions and
subsequent spread into new areas (Souty-Grosset et al. 2006). Even
their adaptive capacity as long-term survival of Astacidea into
brackish water (Holdich et al. 1997) or tolerance of warm-water
crayfish (Karplus et al. 1998; Vesely et al. 2015) to cold water in
winter period plays role in their success in new areas. Some are
significantly invasive, causing damage to freshwater habitats
(Crandall & Buhay 2008; Holdich et al. 2009). They are able to dig
burrows and can be found in subterranean and semi-terrestrial
environments (Holdich 2002; McMahon et al. 2005; Taylor 2002).
Crayfish exhibit their highest activity in darkness (McMahon et al.
2005) and possess highly developed sensory organs for move-
ment, orientation, food searching, and communication (Basil &
Sandeman 2000). All these features make the crayfish as a suit-
able model species for ethological studies with broad applicability
across research disciplines.

2. Sensory and nervous system

Animals are closely connected to their physical and chemical
environment, with which they maintain continuous interaction via
their senses. They have adapted sensory organs for obtaining spe-
cific information characteristic of the environmental conditions
under which they live (Atema 1988). Animals operate in different
environments, and their sensory organs and behaviours have
unique constraints and opportunities to acquire and filter stimuli
from the variety of signals typical of their habitat (Atema 1988; Hu
et al. 2003; Palacios et al. 1996).

In crustaceans, as in many other animals, the sensory system
comprises interoceptors and exteroceptors that transmit informa-
tion from the internal and external world to the central nervous
system. Interoceptors relay information about the position and

motion of the body, while chemo- and baro-receptors monitor the
chemical state of body fluids and blood pressure. Exteroceptors
include sense organs such as compound eyes, chemoreceptors, and
mechanoreceptors that detect stimuli arriving at the surface of the
body from a distance: light, scent, sound, and hydrodynamic
stimuli (Anger 2001; Brusca & Brusca 2003; Vogt 2002).

The crayfish central nervous system comprises the cerebral
ganglion (brain) formed by the fusion of anterior ganglia, together
with a ventral nerve cord located below the alimentary tract
(Holdich & Reeve 1988; Sandeman et al. 1992). Five paired nerves
and two unpaired nerves originate in the crayfish cerebral ganglion.
The paired nerves include the oculomotor, antennular, antennary,
optic, and tegumentary nerves. The unpaired nerves link the brain
with the neural network of the suboesophageal ganglion
(Sandeman & Sandeman 2003; Tautz & Muller-Tautz 1983; Vogt
2002). This ganglion splits into nerve roots on each side that pro-
ceed to cephalothoracic limbs and continue caudally to connect
with muscles of the thorax and the thoracic and abdominal ganglia
(Brusca & Brusca 2003; Vogt 2002).

Both groups of nerves serve as conduits for axons of both sen-
sory and motor neurons. The axons terminate in synapses, sites of
transmission of information between neurons and motor cells,
sensory receptors, and the brain (Anger 2001; Atema 1988; Brusca
& Brusca 2003).

3. Bio—communication

Appropriate social, sexual, and defence behaviours depend on
mutual understanding. Communication provides location and
harmonic coexistence of social and reproductive partners, as well
as warning against an enemy (Gherardi 2002; Veselovsky 2005). It
is a process of information exchange that includes participants or
participant groups, a sender and a receiver. The sender creates a
signal that contains codes transmitted by specific channels through
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the environment to the receiver. The selection of the proper
channel, whether optic, acoustic, tactile, or olfactory (Table 1), is
related to sender ability and the sensory facilities of the intended
receiver (Bradbury & Vehrencamp 1998; Hopkins 1988). The re-
ceiver‘s sense organs intercept and decode the signal and send the
information to the nervous system where it is processed (Vogt
2002). The receiver uses the information in the decision-making
process and selects an appropriate response (Dawkins & Krebs
1978). In bio-communication, the transmitted signal generally
prepares sender and receiver for new circumstances, which might
be manipulation of one or the other or a challenge to mutual
cooperation (Schaller 1978). However, reception of signals may
vary both among species and among conspecifics. The communi-
cating participants may encounter eavesdroppers such as parasites,
predators, potential prey, or rivals (Brandley et al. 2013). A sender
may err in the assessment of a new situation and imperfectly
encode the signal. However, in bio-communication both sender and
receiver should benefit from the information exchange (Bradbury &
Vehrencamp 1998).

3.1. Vision and visual communication

Crayfish possess a complex visual system including well-
developed compound eyes, one on each eyestalk that can be
moved by oculomotor muscles (Vogt 2002). The compound eye
contains multiple lenses, each associated with a receptor or a
cluster typically made up of eight photoreceptors. The typical
compound eye contains one hundred lens systems and receptor
group units, called ommatidia (Land 2005; Porter et al. 2010) that
constitutes part of a composite image that is assembled and
transmitted to the brain (Bradbury & Vehrencamp 1998). In the
majority of decapod crustaceans (crayfish, lobster, Caridean and
penaeid shrimp, and the anomuran galatheids) the ommatidia on
the eye surface are square, and the structures beneath are not rigid
cylinders, but pyramids of soft jelly (Land 2004; Land 2005).

Advantages of vision are accurate determination of course, rapid
dissemination, and detection of movement (Alcock 2001;
Veselovsky 2005). The transmission of visual signals from sender to
receiver over long distances is influenced by terrain barriers,
availability and quality of ambient light, and light transmission
conditions such as turbidity (Bradbury & Vehrencamp 1998). Visual
communication involves cues such as colour or patterning, biolu-
minescence (Haddock et al. 2010), size and shape of morphological
structures (Palmer 2009), and resources (shelters), often in
connection with elaborate courtship behaviour (Diaz & Thiel 2004).
For example, ground-nesting birds can distinguish a flying predator
according to body shape (Manning & Dawkins 2012). Honeybees
use visual communication through dancing movements (Dornhaus
& Chittka 2004; Wenner 2002). In the absence of light, the fre-
quency of visually-mediated behaviours decreases (Bruski &
Dunham 1987).

Exploitation of visual signals has been observed in male Ocypode
crabs. Pyramids of sand placed in front of burrows are typical for

Table 1

Types of signals and general characteristics. Adapted from Alcock (2001).
Properties Signal

visual acoustic tactile chemical

Range limited long short long
Transmission rapid rapid rapid slow
Limited by barrier yes no yes no
Localization accurate variable accurate variable
Energy expenditure low high low low

this genus, and males use these readily visible signs to mark their
territory and to attract females (Christy et al. 2002; Linsenmair
1965). Many animals possess ornamentation or weapons that
may also function as visual signals (Hughes 1996), as in fiddler crab
(genus Uca) males, which wave their larger claw in species-specific
undulations during courtship (Zeil & Zanker 1997). Colour orna-
ments feature in mate choice of cichlid fish (Baldauf et al. 2010) and
in crabs that display prominent colour patterns on the carapace and
claw (Cummings et al. 2008) serve for recognition and mates
attraction. A similar behaviour is seen in the snapping shrimp
(Alpheidae) (Schein 1977). Equally in crayfish, vision plays a role
during the initial stages of agonistic behaviour (Bruski & Dunham
1987), facial recognition of previous opponents (Van der Velden
et al. 2008), and in selection of a reproductive partner (Aquiloni
& Gherardi 2008c; Snedden 1990).

3.2. Water—borne acoustic communication

In crayfish, receptors receive acoustic signals or vibrations using
the hair pit organ on the chelae, well-suited to measure water ve-
locity (Vogt 2002); statocysts; hair-like setae cells on the body
surface; and chordotonal organs associated with antenna joints,
legs, and other body appendages. These mechanoreceptors consist
of one or more hairs that are associated with sensory cells. Me-
chanical disturbances from an acoustic signal result in stimulation
of the sensory cells (Popper et al. 2001). These sensory cells are
often organized tonotopically, i.e. different parts are stimulated by
different frequencies (Rosenthal & Ryan 2000). Acoustic stimuli can
also be sensed by mechanoreceptors that monitor the deformation
of the antennal flagella, as well as by the statocysts. The antennae
have external and internal joint receptors that react to weak water
vibrations, gravity, and possibly to angular acceleration (Vogt
2002).

Similar to light signals, sound signals can be highly degraded
when travelling over long distances. High frequencies attenuate
and become scattered by obstacles to a greater extent than do low
frequencies in all types of habitat including aquatic (Manning &
Dawkins 2012). The transmission of a long-distance acoustic
signal involves challenges such as attenuation, pattern loss, and
ambient noise (Bradbury & Vehrencamp 1998).

Three successive steps in sound production are essential for
acoustic communication in an aquatic environment: The produc-
tion of vibrations carrying specifically coded information, modifi-
cation of the acoustic vibrations to match biological function such
as mechanoreceptors, and finally the coupling of the modified vi-
brations to the medium in which the sound is propagated
(Bradbury & Vehrencamp 1998). In comparison to terrestrial ani-
mals, aquatic organisms have an advantage in coupling of sound to
medium, as sound waves travel about 5 times faster in water than
in air (Hopkins 1988). Acoustic organs of aquatic animals have an
impedance sufficiently similar to water that the sounds they pro-
duce are transmitted over long distances without the aid of reso-
nant structures (Bradbury & Vehrencamp 1998). Production of
acoustic signals by some fish is used predominantly as a tool for
attracting females and for mate choice. This pattern has been re-
ported in male plainfin midshipman Porichtys notatus, which cre-
ates sound using the swimbladder (Brantley & Bass 1994); in gobiid
fish Zosterisessor ophiocephalus males, which emit sound via head
movements and enlargement of the branchial cavity (Malavasi et al.
2003); and in several cichlid species (Longrie et al. 2013). Some
cyprinids and silurids also emit acoustic signals using muscular
contraction and expansion of the swimbladder (Bradbury &
Vehrencamp 1998; Radford et al. 2014). Evidence of acoustic sig-
nals is reported, albeit rarely, in crustaceans, such as in snapping
shrimp, which strike parts of their claws to make cracking noises
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(Versluis et al. 2000). The purpose of snapping shrimp behaviour
seems to be to disturb the communication of other animals rather
than to communicate (Lohse et al. 2001), whereas semi-terrestrial
crabs produce and use sound for communication for social inter-
action and probably to attract mates (Popper et al. 2001). The
acoustic signals of the spiny lobster Panulirus interruptus can be
used as a startle or aposematic cue to predators (Staaterman et al.
2010).

Sensitivity to hydrodynamic stimuli has been described in the
red swamp crayfish Procambarus clarkii (Monteclaro et al., 2011)
and spiny-cheek crayfish Orconectes limosus (Tautz, 1987), but the
use of acoustic signals for communication or defence has not been
observed.

3.3. Tactile communication

Touch plays a prominent role in signalling and discrimination in
invertebrates, to distinguish objects, for movement, and orienta-
tion, as well as for demonstration of social relationships and to calm
aggressive behaviour (Alcock 2001; Bradbury & Vehrencamp 1998).
Arthropods obtain information of the near surroundings through
the tactile response (Wiese 1993). The major intermediaries for
tactile sensory tasks are antennules and antennae. These organs
possess both chemosensors and mechanosensors, but antennules
primarily have an olfactory function, while the antennae respond
chiefly to mechanosensory stimuli (Vogt 2002; Wiese 1993). In
crayfish, each antenna consists of basal segments and a long
segmented flagellum. In some species, the antennae are as long as
the body and extremely flexible. These mechanoreceptive organs
assist crayfish in determining the position of objects as well as their
own position, posture, and movement by using information from
receptors on the flagellum (Vogt 2002; Zeil et al. 1985). Stimulation
of sensilla on the flagellum assists in sensing a stimulus (Masters
et al. 1982) and this provides information about an object and the
distance to it (Zeil et al. 1985). Despite this, evidence of the use of
antennae during exploration of new environments is limited. There
is no available information about the extent that crayfish explore or
navigate in confined spaces or whether mechanosensors are
actively involved. On the other hand, in natural aquatic environ-
ments, crayfish inhabit areas that contain crevices, stones, and
wood debris that restrict or impede movement and force decisions
about travel over or around obstacles primarily based on infor-
mation gained from mechanoreceptors (McMahon et al. 2005).

3.4. Olfactory receptors and chemical communication

The chemical signals, pheromones, belong to the oldest
communication systems, and are species-specific. Pheromones can
have different functions, such as sexual, alarm, and territory-
marking, depending on molecular weight (Alcock 2001; Bradbury
& Vehrencamp 1998; Breithaupt & Thiel 2011). Some animals,
especially aquatic, despite other available senses, primarily use
olfactory cues in inter- and intra-specific interactions to decide
what they should eat, run from, fight with, or mate with (Breithaupt
& Thiel 2011; Hay 2011).

In an aquatic environment, chemical signals influence feeding,
habitat, and mating choices and stabilize dominance in hierarchies
(Hay 2011). Hence, chemical communication is well developed and
widely used by aquatic organisms (Wyatt 2011). Chemical
communication is widely exploited in mate attraction, such as re-
ported in blind livebearer Poecilia mexicana females, which secrete
a substance increasing their sexual attractiveness to males (Tobler
et al. 2008). Goldfish and other teleost fish release reproductive
pheromones by both females and males (Stacey et al. 1994; Van Den
Hurk & Resink 1992). These pheromones not only attract mates, but

mediate increasing milt production and enhance fertility in males
(Barki et al. 2011). African jewelfish Hemichromis bimaculatus use
the olfactory system in parental care. Females are able to distin-
guish their own offspring even at different ages of juveniles
(Immelmann et al. 1996). A similar finding of recognition of inde-
pendent juveniles in crayfish would be interesting. Olfaction is also
used in fish including the Atlantic salmon Salmo salar (Johnstone
et al., 2012; Stabell, 1984) and the European eel Anguilla anguilla
(Churcher et al,. 2015) for the long-distance migration to their
home locations for reproduction (Ueda & Shoji 2002).

Crustaceans, essentially occurring in all environments including
aquatic as well as terrestrial habitats, face numerous challenges in
communicating with conspecifics (Thiel & Breithaupt 2011). All
crustaceans possess a carapace, which impedes diffusion of
chemical substances into the environment (Hallberg & Skog 2011).
In the aquatic environment, most pheromones are contained in the
urine, which is released through the nephropores (Breithaupt &
Thiel 2011). Chemoreceptors have evolved for interception of
chemical signals in crustaceans (Vogt 2002).

In crayfish, the olfactory system comprises receptor neurons on
the antennules, paired olfactory and accessory lobes, and various
cell clusters in the brain (Vogt 2002). The chief olfactory detection
system is represented by chemoreceptors, the chemosensilla, and
the aesthetascs. The chemosensilla are innervated structures of
small, often hair-like cuticular organs with sensory cells (See
Breithaupt et al. 2016). The sensilla are mainly concentrated on the
oral appendages and tips of the pereopods (Breithaupt 2011;
Hallberg & Skog 2011). At these sites, chemoreceptors receive sig-
nals from chemical sources that are in direct contact with the an-
imal, similar to taste in vertebrates (Hallberg & Skog 2011). The
aesthetascs are generally located in the outer flagella on the an-
tennules and are composed of cuticular hairs. Aesthetascs serve to
mediate reception of chemical signals such as prey scent or sex
pheromones released by conspecifics from a long distance too
(Breithaupt 2011; Hallberg & Skog 2011; Vogt 2002). In addition,
the major chelae contain necessary chemosensory structures for
recognition of female scent and can be an alternative site of
reception (Belanger & Moore 2006).

In crustaceans, chemical signals are one of the most significant
messengers. They can effectively transmit coded information about
specific properties such as sex, sexual receptivity, species identity,
health status, motivation to fight, dominance, individual identity,
and moult stage and communicate information about important
functions throughout life stages (Thiel & Breithaupt 2011). Phero-
mones are powerful elements in agonistic behaviour and hierarchy
establishment (Atema & Steinbach 2007). Lobsters can recognize
individuals that they have previously encountered by chemical
scent and behave appropriately given their relative dominance
(Hay 2011). The hermit crab Pagurus longicarpus can distinguish
individual conspecifics and their status by chemical scent (Gherardi
et al. 2005). Memory of crustaceans in similar cases has been
demonstrated to last from one to two weeks (Karavanich & Atema
1998). Chemical scents and signals are used by crustaceans in
foraging, especially the food specialists such as the turtle-weed
crab Caphyra rotundifrons (Hay, 2011).

A major role for pheromones is in mediating reproductive
behaviour. The first evidence of a female sex pheromone in a
decapod crustacean was demonstrated in the black-spotted
swimming crab Portunus sanguinolentus (Ryan, 1966). Some male
crustaceans, including the green crab Carcinus maenas and the
American lobster Homarus americanus, often guard females
through moulting and subsequent egg laying. Mating is restricted
to a short time, signalled by sex pheromones. Intermoult females
can be rejected by males, since they do not secrete the pheromone
indicative of the correct moult stage (Atema & Engstrom 1971;
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Hardege et al. 2002). Sex pheromones have also been detected in
rock shrimp Rhynchocinectes typus (Diaz & Thiel, 2004) and signal
crayfish Pacifastacus leniusculus (Stebbing et al., 2003).

The use of chemical signals in crayfish is similar to other crus-
taceans, but in reproduction is not related to the female moulting
period (Reynolds & Holdich 2002; Stebbing et al. 2003). Mating in
crayfish occurs during the intermoult stage and is dependent on
prior agonistic interactions between the sexes (Reynolds & Holdich
2002). Females release chemicals in urine during aggressive acts.
Males recognize female receptivity via these urinary components
and initiate courtship (Berry & Breithaupt 2010). In dominance
competition, importance of chemicals and olfactory receptors of
the combatants was observed in red swamp crayfish (Schneider
et al. 1999), rusty crayfish Orconectes rusticus (Bergman et al.,
2003), and narrow-clawed crayfish Astacus leptodactylus
(Breithaupt, 2011).

4. Social behaviour

In ethology, social behaviour is defined as interactions between
two and more individuals, typically within a group of conspecifics
(Krebs & Davies 1997; Manning & Dawkins 2012). Examples
include coordination of activities between males and females in
mating and caring for offspring and the integration of members of
group-living species (Bradbury & Vehrencamp 1998; Krebs &
Davies 1997). Female crayfish care for eggs while they are
attached to the pleopods (Gherardi 2002) using shaking move-
ments, and juveniles are cleaned and fanned to ensure that they
receive sufficient oxygen (Vogt 2013). Crayfish males may prey
upon juveniles (Mathews 2011). Social behaviour in parental care is
demonstrated by recognition and care of conspecific offspring
(Beermann et al. 2015).

In addition to providing active assistance and support, social
behaviour may be aggressive (Manning & Dawkins 2012). Efforts of
an individual to manipulate another member of society to obtain
some advantage is an important aspect of social behaviour (Krebs &
Davies 1997; Manning & Dawkins 2012). Aggressive behaviour is
characteristic of all life stages of crayfish. It is typical of inter- and
intra-specific relationships and appears during conflicts for re-
sources such as food and shelter, preferred habitat, and a repro-
ductive partner (Gherardi 2002; Krebs & Davies 1997). Agonistic
behaviour is primarily demonstrated by increased aggressiveness
between participants of conflict. The use of chemical or visual
communication signals to intimidate an opponent can be a sub-
stitute for combat and avoid higher costs of physical aggression

Fig. 2. Chemical communication visualized using Fluorescein dye during aggressive
interaction of two males narrow-clawed crayfish (Breithaupt 2011).

(Breithaupt & Thiel 2011) (Fig. 2). When pre-fight signals fail, op-
ponents commence the characteristic fight for resources or a mate.
This may lead to energy depletion, time lost from foraging or
mating, and injury or death of one or both combatants. Opponents
are also more prone to predation during conflicts (Jakobsson et al.
1995; Payne 1998). A functioning social hierarchy within the ani-
mal group can forestall overt fighting (Gherardi 2002; Manning &
Dawkins 2012; Neumann et al. 2011) and ensure the safety of in-
dividuals. Generally, hierarchy is based on dominance from the
strongest to the weakest, with the dominance rank determined by
experience and fitness (Gherardi & Daniels 2003; Manning &
Dawkins 2012; Neumann et al. 2011). Studies show dominance
hierarchies to be based on strength, size, age category, sex, and
ability to manipulate others, as well as ability to recognize indi-
vidual (Aquiloni et al. 2008; Fero & Moore 2014; Seebacher &
Wilson 2007). Even, balance in hierarchy is necessary in social
behaviour, high winner effects with low loser effects result in an
overall increasing of aggressiveness and lead to decrease of stability
of social group (Hock & Huber 2009).

Opponents can tolerate only a certain level of direct physical
damage in fights. In some cases, fighting may not occur, due to lack
of time and physical costs such as loss of body parts, and vulnera-
bility to predation or death. Hence, a potential combatant may
decide whether to initiate, persist in, or retreat from combat (Payne
1998).

Agonistic inter- and intraspecific interactions occur when a
stranger invades to a crayfish's territory (Bruski & Dunham 1987).
In the wild, crayfish are solitary and territorial animals, with rare
cases of eusociality (Vogt 2013). Territoriality comes with a hier-
archy in which a dominant animal has greater access to food and
mates (Delgado-Morales et al. 2004; Fero & Moore 2014).
Goessmann et al. (2000) observed that dominant animals and in-
dividuals occupying dominant positions became increasingly likely
to escalate to higher fight intensity and are less likely to retreat, in
the noble crayfish Astacus astacus. Manifestation of the agonistic
behaviour in crayfish includes a combination of postural displays
using the chelipeds, antennae whipping, or walking legs and
physical contact in the form of grappling (Kravitz & Huber 2003).
Individuals may also use chelipeds to inflict injuries on the oppo-
nent (Briffa 2013). Crayfish are able to not only recognize conspe-
cifics, but also the position and characteristics of chelae and the
length and thickness of antennae may decide (Delgado-Morales
et al. 2004). Red swamp crayfish show the ability to recognize the
dominance status of conspecifics (Schneider et al. 1999). Agonistic
behaviour is more affected by distribution and availability of shel-
ters and the distance to shelter than is past social experience and
current social status (Chibucos et al. 2015). Competition for
important resources indirectly increases vulnerability to predation
and cannibalism (Figler et al. 1999). Agonistic behaviour and
fighting occurs in females as well as males. Female on female
competition occurs in establishing dominance and in competition
for males (Jennions & Petrie 1997), but female—female combats are
not fatalistic and frequent as in males.

Social interactions are not restricted to relationships between
conspecifics, but also occur in encounters between native species
and invaders. Invasive crayfish species are generally characterized
by higher aggressiveness, which enables them to dominate native
species. In European region, both signal crayfish and spiny-cheek
crayfish are more capable of establishing clear dominance via
their greater tendency to continue engagement in high-intensity
combat than native species which are losing their habitats
(Hudina & Hock 2012). Impact of invasive crayfish interactions is
not European problem, it is global. Klocker & Strayer (2004) show
in a study of interactions among native and non-native species that



J. Kubec et al. / Zoologischer Anzeiger 278 (2019) 28—37 33

elsewhere dominant species spiny-cheek crayfish is oppressed by
an even more aggressive rusty crayfish in native habitat.

5. Reproductive behaviour

Reproductive behaviour of animals is a significant manifestation
of their life (Alcock 2001; Gherardi 2002; Krebs & Davies 1997)
with the exception potential behavioural patterns of species with
asexual reproduction such as the marbled crayfish Procambarus
fallax f. virginalis (Scholtz et al., 2003), where this is still an unex-
plored field. Most animals are distinguished by sexual differentia-
tion reflecting preferences and requirements of potential mates
(Manning & Dawkins 2012). Reproductive behaviour is preceded by
courtship, creating of pairs and mechanisms of synchronization and
consolidation of relationships between male and female (Alcock
2001; Bradbury & Vehrencamp 1998). In crayfish, reproduction is
often tied to factors such as temperature, photoperiod, and season
(Gherardi 2002).

In sexual selection, individuals attempt to increase the chances
of successful reproduction and the fitness of offspring by choosing
the best available mate on the basis of visual (size, coloration),
chemical (pheromones, major histocompatibility complex), and
behavioural (courtship behaviour, agonistic interactions, domi-
nance status) cues (Alcock 2001; Bakker et al. 1999; Chenoweth &
Blows 2006; Partridge 1980; Roberts & Gosling 2003). The right
partner most often is of the same population or conhabitant (Lande
1981; Roberts & Gosling 2003; Veselovsky 2005). Factors involving
sexual history, dominance status, size of body parts, investment in
offspring, and fitness provide a decisive advantage in partner
finding (Jennions & Petrie 1997). During the selection of a repro-
ductive partner, individuals often engage in agonistic interactions
with competitors (Alcock 2001; Hunt et al. 2009). Male competition
for a female has been observed in crayfish. This competition is not
always decisive, since the female may choose to receive or refuse
either male, regardless of the outcome of the battle (Gherardi 2002;
Mellan et al. 2014; Villanelli & Gherardi 1998). Males have been
observed to remove spermatophores deposited by other males by
eating them and subsequently replacing them with their own
(Snedden 1990).

An important aspect of successful reproduction is recognition by
both partners. Males can distinguish at a distance between recep-
tive and non-receptive females based on pheromone signalling
(Breithaupt & Thiel 2011; Gherardi 2002). In crayfish, both sexes are
polygamous and mate with multiple partners for higher paternity
success, obtaining benefits of greater investment in offspring
(Bretman et al. 2009; Reynolds & Holdich 2002) such as larger and
stronger juveniles from a larger and dominant partner.

Maternal behaviour is another aspect of social and reproductive
behaviour. In crayfish, maternal care is important to egg incubation
as well as early developmental stages of offspring (Gherardi 2002;
Vogt 2013), with females engaging in extended care to protect ju-
veniles from predation and cannibalism (Mathews 2011). Extent of
maternal care in crayfish differs with species, from 1 to 2 weeks in
the noble crayfish (Skurdal & Taugbal 2002) to 5 months in Para-
nephrops zealandicus (Whitmore & Huryn/ 1999). In maternal care,
chemical communication is employed for protection of juveniles
from stresses (Little 1975; Tricarico 2015; Vogt 2013; Vogt & Tolley
2004), especially the brood pheromone, which attracts juveniles
back to the female (Little 1975). This pheromone, possibly species-
specific, has not been chemically isolated, but its existence has been
described based on behavioural changes in mother and offspring
(Aquiloni & Gherardi 2008b; Little 1976; Mathews 2011). Vogt
(2013) reports return of juveniles to the mother's pleopods as a
response to optical maternal signals. Brood protection is also
associated with an increase in territoriality against non-maternal

individuals and use of shelters by ovigerous and offspring-
carrying females (Figler et al. 2001). Female red swamp crayfish
and the Neotropical burrowing crayfish Parastacus pilimanus accept
and protect offspring of other females without aggressive behav-
iour (Aquiloni & Gherardi 2008b; Dalosto et al. 2012). Mathews
(2011) described a female spiny-cheek crayfish that collected un-
familiar juveniles, heavily overloading her pleopods, although ge-
netic analysis of wild living Orconectes placidus has shown that
females most often carry their own offspring (Walker et al. 2002).
The preservation of own offspring remains paramount, as shown by
behaviour after juveniles become independent, when females are
likely to cannibalize offspring of other females (Mathews 2011;
Tricarico 2015).

6. Decision making

The study of decision making is the core of behavioural ecology
(Dill 1987). All living organisms must make decisions throughout
life regarding feeding, courtship, sleep, escape, competition. Final
decisions should maximize, as much as possible, chances for sur-
vival and reproductive success (Krebs & Davies 1997; Manning &
Dawkins 2012; Tricarico 2015). In other words, they should repre-
sent the optimal strategy at a given time. Hypothetically, optimal
behaviour can be compared with actual behaviour and decision
making of the animal, to shed light on the evolution of behaviours
based on experience, conditions, fitness, motivation, and individual
personality (Krebs & Davies 1997; Manning & Dawkins 2012;
Mcfarland 1977). Decision making processes in animals are com-
plex and sophisticated, since, for any behaviour directed and co-
ordinated by the brain, nerve impulses, muscle movements, and
hormone levels must coordinate in specific ways (Krebs & Davies
1997; Manning & Dawkins 2012).

Basic models of optimal behaviour consider relatively simple
problems, such as prey size choice, when the sole objective is
maximizing net energy intake rate (Dill 1987; Krebs & Davies 1997).
Lima (1998) reviewed decision making on diet selection and pref-
erence for certain food types when the animal is at risk of preda-
tion. In such situations, crayfish preference for food or shelter may
be altered on the basis of environmental variations such as the
relative risk of predation compared to the relative reward of
resource (Fero & Moore 2014; Jurcak & Moore 2014; Lima 1998). On
the other hand, food choices of native and non-native species
crayfish may differ. The white clawed crayfish Austropotamobius
pallipes tends to be selective, while invasive species, represented by
signal crayfish, are primarily non-selective and choose larger prey
than do natives (Haddaway et al. 2012). Buric et al. (2016) described
an unexpected behavioural pattern in signal crayfish and yabby
Cherax destructor: both species buried their own exuviae after
moulting. An animal behaviour may reflect the expression of evi-
dence of decision making for preference of self-protection or cre-
ation of mineral storage (Buric et al. 2016).

In recent years, animal behaviour is seen to reflect expression of
individual personality. This phenomenon in non-human animals
aids in understanding of many aspects of their ecology (Gherardi
et al. 2012). Personality traits, which are typical for higher ani-
mals, are found in crayfish (Tricarico 2015). Pintor et al. (2008)
observed positive correlations among activity, aggressiveness, and
boldness in populations of signal crayfish. More aggressive behav-
iour of this species compared to non-aggressive and shy Pacifasta-
cus fortis might explain the success of signal crayfish (P. leniusculus)
invasion. Vainikka et al. (2011) suggested, based on observation of
decreased resource holding potential, that boldness can be an in-
dividual personality trait. Two test groups of noble crayfish (naive),
upon exposure to predator scent showed differences in behaviour.
Vainikka et al. (2011) found individuals with higher levels of



34 J. Kubec et al. / Zoologischer Anzeiger 278 (2019) 28—37

boldness repeatedly left shelters during periods of varying risk of
predation.

Another manifestation of decision making is choice of repro-
ductive partner. Mate choice can be defined as a response to a
pattern of sensory and behavioural properties exhibited by poten-
tial mates, grounded in benefits derived from choosing certain
mates over others. This leads to higher likelihood of mating with
the more attractive members of the opposite sex (Halliday 1983;
Jennions & Petrie 1997). Many factors that can be seen as meeting
criteria of mate quality play a role in mate choice including po-
tential to mate, degree of investment in offspring, and resource
holding potential reflected in the ability to defend resources or
shelters from intruders (Bateson 1983; Mellan et al. 2014; Rahman
et al. 2004; Tricarico 2015). Preference for conspecifics does not
necessarily lead to mating with them. Mate choice may be based on
mate quality or sperm competition (Galipaud et al. 2015), and leads
to hybridization among the noble crayfish and the narrow-clawed
crayfish (Jeli¢ et al. 2013; Maguire et al. 2013).

Penn (2002) reviewed the preference observed in vertebrates
for mating with individuals carrying dissimilar genes of the major
histocompatibility complex (MHC), which may increase heterozy-
gosity of offspring. The observation of mate choice according to the
MHC in the female house mouse, Mus musculus domesticus con-
firms the selection of partners according to ability to produce
offspring with greater survival (Ilmonen et al. 2009; Penn 2002). In
addition to its role in the immune system, the MHC is responsible
for scent secretion. Potential mates with dissimilar MHC loci, which
produce a different scent than mates with similar loci, are more
attractive for female house mice (Penn 2002; Roberts & Gosling
2003; Veselovsky 2005). Evidence for MHC-dependent mating
preferences has also been found in humans (Havlicek & Roberts
2009; Ober et al. 1997; Wedekind et al. 1995), the Swedish sand
lizard Lacerta agilis (Olsson et al., 2003), and the Atlantic salmon
(Evans et al. 2012; Landry et al. 2001). Most invertebrates do not
possess an MHC system (Dishaw & Litman 2009), but similar
polymorphic immune genes with a locus involved in histocom-
patibility have been described in the tunicate Botryllus schlosseri
(De Tomaso et al., 2005) and the cnidarian Hydractinia (Rosa et al.,
2010). Considering the capability for chemical communication in
crustaceans, including crayfish, they may possess a similar mech-
anism enabling recognition of related individuals. Unfortunately,
any kind of MHC system is still only speculative in crustacean taxa.

In crustaceans, the evidence for preferences in mate choice is
similar to results of studies describing mate selection throughout
taxa. The preference for larger sized mates has been reported in
amphipods (Beermann et al. 2015; Sutherland et al. 2007), the big-
clawed snapping shrimp Alpheus heterochaelis (Rahman et al.,
2004), hermit crab Pagurus middendorffii (Wada et al., 2011), and
in the spotted spiny lobster Panulirus guttatus (Robertson & Butler,
2013). Similar preference was shown in several species of crayfish,
including the white-clawed crayfish A. pallipes species complex
(Galeotti et al. 2012; Gherardi et al. 2006; Villanelli & Gherardi
1998) and the red swamp crayfish (Aquiloni & Gherardi 2008a, c),
in which at least one of sexes spent significantly more time in
proximity of larger individuals than smaller. Larger body size is
positively correlated with fecundity in crayfish females (Aquiloni &
Gherardi 2008c; Rahman et al. 2004). Similarly, females, which
produce highly costly gametes in a limited reproductive season,
prefer larger males which translates to higher dominance status
(Aquiloni et al. 2008). It is positively correlate with size of males
(Snedden 1990) which produce of larger quantities of sperm to
increase chances of fertilization. Female red swamp crayfish are
able to discriminate, and prefer, large-sized as opposed to large-
clawed males (Aquiloni & Gherardi 2008c). The hypothesis that
larger body size leads to higher investment in offspring is

supported by Aquiloni & Gherardi (2008a) who confirmed that
females copulating with large males produced larger and heavier
juveniles. Larger males also exhibit a significantly higher proba-
bility of winning competition for acquiring or defending shelters
(Figler et al. 2005; Figler et al. 1999).

Sub-preferences have been observed in mate choice. Aquiloni
et al. (2008) and Aquiloni & Gherardi (2008c) described higher
preference for victors in male—male competition in red swamp
crayfish and signal crayfish. However dominance preference among
size-matched males was not shown in naive females, which had not
eavesdropped on male—male competition (Aquiloni & Gherardi
2008c; Berry 2008). After the effect of body size, mate choice
may be positively affected by shelter ownership, according to a
study of big-claw snapping shrimp, with shelter competition suc-
cess or occupancy and defence influencing pair formation. When
presented with small size-matched males, females paired more
frequently with those that occupied a shelter (Rahman et al. 2004).

In some cases, individuals may benefit from information gained
from prior reproductive experience to make a mate choice. Previ-
ously unmated (virgin) spiny-cheek crayfish of both sexes were
chosen more often for mating than mated ones by experienced
mates. But virgin animals were choosier than those who had mated
in mate choice (Mellan et al. 2014). A similar scenario was described
in red swamp crayfish males, which were shown to preferentially
discriminate and select virgin females rather than mated (Aquiloni
& Gherardi 2008c). Hence, individuals seek unmated mates for
highest reproductive success.

The speed of decision making as well as the final choice can be
significantly affected by stress factors and predation pressure (Lima
1998). Crowley et al. (1991) reviewed studies of terrestrial and
aquatic invertebrates such as the snapping shrimp Alpheus armatus
(Knowlton, 1980), the katydid Metaballus sp. (Gwynne, 1985), and
the tngara frog Physalaemus pustulosus (Ryan, 1985), all of which
showed reduced discrimination in mate selection when under
predation risk. We suggest that reduced discrimination may be
useful in crayfish females, which are generally selective (Aquiloni
et al. 2008).

Infection with pathogens and reduced fitness can also play a
significant role in decision making. Beltran-Bech & Richard (2014)
reviewed the impact of infection on mate choice with possible
application to all animals, including crayfish. Parasites from eu-
karyotes to bacteria and viruses can reduce fitness and decrease
attractiveness or lead to errors in decision making.

Mate choice may not be solely dependent on physical factors.
Chemical signals, such as pheromones, can influence decision
making by providing chemical cues to signal receptivity, specific
phases in the reproductive phase, or mated/unmated status
(Johansson & Jones 2007). Stebbing et al. (2003) demonstrated the
influence of sex pheromones on male signal crayfish. In the pres-
ence of female scent transmitted through air-stones, males initiated
seizure, mounting, and deposition of spermatophores on the sur-
face of the air-stone.

7. Conclusions

This review provides an overview of social interactions and
decision making, including channels for recognition and processing
of environmental stimuli, with the primary focus on freshwater
crayfish. We reviewed relationships between the environment and
the organism and the basic biology of signal processing. These as-
pects are important, as every decision and interaction results in
consequences for survival and reproduction, i.e. at some level of
species success.

For ethological studies in aquatic ecosystems, crustaceans,
especially crayfish represent very suitable model organism.
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Crayfish show advantages over other invertebrates due to their high
level of social interaction in both the field and laboratory. They
exhibit unique eco-ethological behaviour in diversity of feeding
habits, activity cycles, habitat selection, and resource utilization at
the level of species, sex, and age (Gherardi 2002). Similar to ver-
tebrates, crayfish demonstrate unique behaviours throughout life.
They possess ability to recognize, not only conspecifics, but in-
dividuals such as mates and offspring as well.

The study of agonistic behaviour is useful for understanding
hierarchy in social communities and resource partitioning, and
consequently for creating diverse habitats to reduce conflict and
possible losses. Knowledge of individual animal personality can be
applied to commercial production and animal welfare (Gherardi
et al. 2012).

Chemical stimuli have comparatively high impacts on behaviour
of crayfish in mating, kin recognition, and social status. There is
opportunity for future research to identify the compounds that
influence specific behaviours.

The results of recent studies could be applied in conservation
research, captive breeding, and recovery programs as well as to
aquaculture. Native crayfish are usually studied to extend knowl-
edge of habitat requirements and mating behaviour (Tricarico
2015), while the invasive crayfish species are investigated for
their reproductive behaviour, plasticity, and for developing
methods for their control (Gherardi et al. 2011). The study of
behaviour in crayfish is currently an open research area in both the
field and laboratory.
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Abstract

Since the mid-twentieth century, numerous vertebrates and invertebrates have been used as model organisms and become
indispensable tools for exploring a broad range of biological and ecological processes. Crayfish seem to be adequate
models which resulted in their involvement in research. In the two decades since its discovery, ongoing research has
confirmed that the marbled crayfish (Procambarus virginalis Lyko, 2017) is an ideal taxon in this regard, especially due
to its almost continuous asexual reproduction providing a source of genetically identical offspring. This review provides
an overview of the occurrence, biology, ecology, ethology, and human exploitation of marbled crayfish with primary
focus on its use as a laboratory model organism as well as potential risks to native biota in case of its introduction.
Genetic uniformity, ease of culture, and a broad behaviour repertoire fosters the use of marbled crayfish in epigenetics
and developmental biology, as well as physiological, ecotoxicological, and ethological research. Marbled crayfish could
be further exploited for basic and applied fields of science such as evolutionary biology and clonal tumour evolution.
However, due to its high invasive potential in freshwater environments security measures must be taken to prevent its

escape into the wild.

Keywords Model species - Epigenetics - Developmental biology - Procambarus virginalis - Biological invasion

Introduction

The marbled crayfish (Procambarus virginalis Lyko, 2017) is
an enigmatic species with unknown origin and primary pop-
ulation range (Martin et al. 2010a; Lyko 2017). For almost a
decade after its first observation, its phylogenetic position and
species status have remained unclear (Scholtz 2015), being
considered a possible hybrid of the slough crayfish
Procambarus fallax (Hagen, 1870) and another species of
the same genus or possibly of an autopolyploid (Martin et al.
2016). It was usually regarded as P, fallax f. virginalis (Martin
et al. 2007, 2010a), but Vogt et al. (2015); Lyko (2017) sug-
gested its elevation to species status.
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The marbled crayfish is unique among decapods by repro-
duction via obligatory apomictic parthenogenesis, and males
are unknown (Martin et al. 2007; Vogt 2007; Vogt et al. 2008,
Martin and Scholtz 2012). It was discovered in the mid-1990s
in the German aquarium trade (Lukhaup 2001; Scholtz et al.
2003), and, due to its characteristic conspicuous colour pattern
it quickly became known as Marmorkrebs, which literally
translates to English as ‘marbled crayfish’. This species has
gradually shown its adaptability and invasive potential, which
is higher than was originally expected (Vesely et al. 2015;
Kawai et al. 2016). Its popularity in the pet trade (Chucholl
etal. 2012; Patoka et al. 2014; Faulkes 2015) along with rapid
and frequent reproduction and high stress resistance, facili-
tates its present occurrence in several European countries with
further spread predicted (Lokkos et al. 2016; Patoka et al.
2016b; Liptak et al. 2017; Parvulescu et al. 2017). This makes
the marbled crayfish an ecologically important species. It is
also valuable as a model organism (Vogt 2011), due to its
biological characteristics and production of genetically iden-
tical offspring (Martin et al. 2007). Despite this genetic uni-
formity, substantial variability in growth rate, size, age at mat-
uration, fecundity, frequency of spawning, colour patterns
(Vogt et al. 2008), and behaviour patterns exist (Farca Luna
et al. 2009). These variations have not been adequately
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explored and represent a wide field for research and its use as a
model species (Vogt 2008c, 2010, 2011). On the other hand, it
must be mentioned that European Commission Regulations
(EU Regulation No. 1143/2014 and Commission
Implementing Regulation No. 2016/1141), among others, cur-
rently prohibits the import, trade, keeping and breeding of
marbled crayfish in the European Union (EU). Keeping for
research is allowed but requires permission. Therefore, prop-
agation for research or commercial use should follow these
regulations to avoid possible escapes into the natural environ-
ment. The aim of this review is to summarize the available
information on marbled crayfish distribution, growth, matura-
tion, reproduction, behaviour, and responses to chemical,
physical, and ecological factors to document its impact on
natural ecosystems. We also discuss its potential as a biolog-
ical model in scientific research.

Probable origin and current distribution

As mentioned above, the marbled crayfish was originally
discovered in the German aquarium trade in the mid-
1990s (Scholtz et al. 2003), and indigenous populations
have never been reported (Taylor et al. 1996; Martin et al.
2016). Martin et al. (2010a) suggested that marbled cray-
fish originated directly from P. fallax (Decapoda:
Cambaridae), native to Florida and southern Georgia)
without hybridization. Martin et al. (2016) detected a
large subtelocentric chromosome, which appears once in
haploid and twice in diploid cells of sexually-reproducing
individuals of P. fallax and three times in the parthenoge-
netic marbled crayfish. Its triploid AA B homologous ge-
notype with heterozygosity at third copy advocated its
origin from the autopolyploidization of a P. fallax eggs
followed by fertilization by sperm of a distantly related
P. fallax individual (Gutekunst et al. 2018). One way or
another, marbled crayfish is now considered as an inde-
pendent species (Lyko 2017).

The marbled crayfish is frequently sold in pet shops
and online (Chucholl 2013; Faulkes 2013; Liptak and
Vitazkova 2015; Mrugata et al. 2015). Due to its asexual
mode of reproduction and prolific breeding, home aquaria
can be rapidly overpopulated, a situation that often leads
to sale or disposal of redundant individuals into the wild,
including in garden ponds (Peay 2009; Patoka et al. 2014,
2016a). Such releases led to numerous marbled crayfish
populations in natural ecosystems (Chucholl 2011;
Faulkes et al. 2012; Patoka et al. 2016b). Risks of cray-
fish introduction, including marbled crayfish, from the pet
trade, has been studied worldwide (Faulkes 2015;
Chucholl and Wendler 2017; Uderbayev et al. 2017).

The first marbled crayfish captured from the wild was re-
ported in southwestern Germany in late 2003 (Marten et al.
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2004) and was followed by reports from other areas of
Germany (Chucholl and Pfeiffer 2010; Martin et al. 2010b).
Chucholl and Pfeiffer (2010) suggested that the published
records from Germany represent merely the tip of the iceberg,
a statement that applies to other regions and countries as well.
Since the German discovery, there have been numerous re-
ports of the presence of marbled crayfish in European coun-
tries. In 2003, approximately 30 individuals of marbled cray-
fish were introduced into a small waterbody near Dordrecht in
the Netherlands (Souty-Grosset et al. 2006) but, similar to
other cases, their population status is unknown (Chucholl et
al. 2012; Kouba et al. 2014). A single individual of marbled
crayfish was found in a red swamp crayfish (Procambarus
clarkii Girard, 1852) population in a flowing canal in
Tuscany, Italy in 2008 (Nonnis-Marzano et al. 2009), and an
individual was found near Venice, Italy in 2009 (Vojkovska et
al. 2014). Well-established populations were reported in
Germany (Chucholl and Pfeiffer 2010) and Slovakia (Jansky
and Mutkovi¢ 2010) in 2010, followed by other records in the
basin of the Danube and Rhine rivers (Chucholl et al. 2012;
Weiperth et al. 2015; Liptak et al. 2016, 2017). In December
2012, 13 individuals of marbled crayfish were found in the
Mirstaan River in Sweden (Bohman et al. 2013). Marbled
crayfish was also detected in southern Sweden, but the
established population was not confirmed (Bohman et al.
2013). Its presence was also reported in Croatia (Samardzi¢
et al. 2014), Ukraine (Novitsky and Son 2016), Hungary
(L6kkos et al. 2016), Romania (Parvulescu et al. 2017),
Estonia (Estonian Research Council 2018) and the
Czech Republic (Patoka et al. 2016b).

Outside Europe, the marbled crayfish has established abun-
dant populations in Madagascar, where it was probably intro-
duced in 2003 (Jones et al. 2009), and in the recent decade the
dispersal area increased by 100 times from 10° km? to
>10° km? (Gutekunst et al. 2018). Individuals were captured
in Japan near Sapporo City, Hokkaido in 2006 (Kawai and
Takahata 2010; Faulkes et al. 2012), and 2017 (Usio et al.
2017). Currently, there are no confirmed introductions in the
United States, where it is a popular ornamental animal
(Faulkes 2010, 2015). The reported occurrence of marbled
crayfish worldwide is summarized in Table 1. One can assume
a high probability of future marbled crayfish establishment in
natural waterbodies through intentional or unintentional re-
leases or escapes, basically anywhere in the world.
Therefore, it is necessary to continuously monitor wild stocks
and waterbodies and to educate the public with respect to risks
of marbled crayfish invasions and related impacts.

Life cycle

Based on life history, we can classify crayfish as K-selected or
r-selected (Holdich 2002). Marbled crayfish clearly belong to
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Table 1 The records of marbled

crayfish Procambarus virginalis Country Recorded year Reference
in natural habitats with first record F/E
(F) and year of the report of first
established population (E). NE = Croatia 2013 /2013 (Cvitani¢ 2017)
not established Czech Republic 2015 /2016 (Patoka et al. 2016b)
Estonia 2018 /2018 (Estonian Research Council 2018)
Germany 2003 /2010 (Marten et al. 2004; Chucholl and Pfeiffer 2010)
Hungary 2013 /2014 (Weiperth et al. 2015; Lokkos et al. 2016)
Italy 2008 / NE (Nonnis-Marzano et al. 2009)
Japan 2006 / NE (Kawai and Takahata 2010)
Madagascar 2005 /2007 (Jones et al. 2009)
Netherlands 2003 / NE (Soes and Koese 2010)
Slovakia 2010/2010 (Jansky and Mutkovi¢ 2010)
Sweden 2012 /NE (Bohman et al. 2013)
Ukraine 2015/2015 (Novitsky and Son 2016)
Romania 2016 /2016 (Parvulescu et al. 2017)

the latter, with rapid growth, early maturation, high fecundity,
short embryogenesis, and frequent spawning (Seitz et al.
2005). Crayfish growth is typically isometric in juveniles
and allometric in adults (Rhodes and Holdich 1979; Holdich
2002). Growth of marbled crayfish is not isometric (Seitz et al.
2005) resembling other species such as the noble crayfish
Astacus astacus (Linnaeus, 1758), signal crayfish
Pacifastacus leniusculus (Dana, 1852) (Abrahamsson 1971),
and spiny-cheek crayfish Faxonius limosus (Rafinesque,
1817) (Bufic et al. 2010).

In a favourable environment, marbled crayfish can grow to
~12 cm in total body length. Its optimal thermal range is from
18 to 25 °C, with highest growth rate observed at 25 °C and
maximum survival rate (80%, at maturity) at 20 °C (Seitz et al.
2005; Vogt 2008Db). It was originally supposed that the species
could thrive at temperatures <8 °C and >30 °C for many
weeks, but with increased mortality and limited reproduction,
which ceased at temperatures <15 °C (Seitz et al. 2005).
Pfeiffer (2005) stated that marbled crayfish can survive under
ice during winter season, though Martin et al. (2010b) as-
sumed low winter temperature as a main obstacle against suc-
cessful long-term establishment of wild populations in Central
Europe. However, in accordance with outdoor experiments
realized by Kaldre et al. (2016), marbled crayfish might be
able to survive even North European winters and establish
there permanent populations. Moreover, it was recently con-
firmed (in experimental as well as in field conditions) that
marbled crayfish can survive (Vesely et al. 2015) and repro-
duce (Chucholl and Pfeiffer 2010) in moderate climate winter
conditions (Liptak et al. 2016). Moulting usually ceases at
10 °C (Seitz et al. 2005), but successful moulting has been
reported during gradual temperature decrease to lower values
(5.1-9.5 °C) (Kaldre et al. 2016). Water temperature also af-
fects gonad development and reproduction in crayfish
(Carmona-Osalde et al. 2004; Vogt 2013; Kaldre et al. 2016)

and is the most important factor influencing biological and
physiological processes, including behaviour (Gherardi
2002; Reynolds 2002). Under favourable conditions, marbled
crayfish reproduces year-round with intervals of only 8—
9 weeks between spawnings (Vogt et al. 2004), but with peaks
in spring and autumn under laboratory conditions (Vogt
2015). Reproducing females can be found throughout the
whole year (Vogt 2015; Vogt et al. 2015), but reproduction
timing in free-living populations remains poorly studied
(Liptak et al. 2016, 2017). Jones et al. (2009) reported that
ovigerous females have been observed in warm conditions of
Madagascar frequently during the year leading to fast over-
population and disturbance of environmental stability. In mod-
erate climates, ovigerous females were frequently found from
early June to mid-October (Chucholl and Pfeiffer 2010; Liptak
et al. 2016), but females with developed oocytes and well
developed glair glands have been reported also in March
(Patoka et al. 2016b). Recently, Cvitani¢ (2017) observed con-
tinuous growth and reproduction in a Croatian population
throughout the warm season and with peaks of reproductive
activity in September, October, and November. Therefore, in
tropical climate marbled crayfish has a higher chance to be-
come widespread and a sustainable invasive species within a
very short period of time.

The maximum reported lifespan of marbled crayfish is
1610 days, while it is typically 2—-3 years. Under laboratory
conditions, marbled crayfish can complete up to seven repro-
ductive cycles within that lifespan (Vogt 2010). Marbled cray-
fish begin to reproduce when younger than 6 months, at total
body length of c. 40 mm (Vogt 2008c), which is early in
comparison with other crayfish species (Table 2). Seitz et al.
(2005) reported first spawning at 141-255 days (cephalotho-
rax length of 14.0 to 21.5 mm, weight 0.63-2.0 g) at a water
temperature of 20-25 °C. However, the onset of maturity in
crayfish can be postponed or interrupted by low hierarchical
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The maximum life span, age at sexual maturity, total body length at sexual maturity (TL), fecundity, and incubation period

Table 2

Reference

Incubation

(no./female) period (days)

TL at maturity (mm) Fecundity

Age at sexual

Maximum life
span (y1)

Species

maturity (yr)

(Kozak et al. 2015)

240-270

40-70

50-65

3-5
3-5
2-3

> 10
> 20
>20
<4
<2

Austropotamobius torrentium (Schrank, 1803)

(Abrahamsson 1971; Kozik et al. 2015)

240-270

80-200
200-400

200-300
<900

70-90

Astacus astacus (Linnaeus, 1758)

(Guan and Wiles 1999; Capurro et al. 2015; Kozak et al. 2015)
(Kozak et al. 2006)

166-280

37-56
21-30

20-42

70-90

Pacifastacus leniusculus (Dana, 1852)

40-60

45-90
32-40

1-2

<1

Faxonius limosus (Rafinesque, 1817)
Procambarus clarkii (Girard, 1852)

(Alcorlo et al. 2008)

(4-5)*

(Seitz et al. 2005; Vogt et al. 2008; Kozak et al. 2015;

50-700

<0.5

>3

Procambarus virginalis Lyko, 2017

Cvitani¢ 2017)

*in colder habitats (e.g. Holdich et al. 2006)

status or unfavourable conditions (Reynolds et al. 2002). In
laboratory condition, moulting was identified as the main
cause of death for marbled crayfish. Specimens with lowest
life span showed fast growth, early onset of reproduction and
short time intervals between reproduction cycles. Females
reproduced until high age indicating negligible reproductive
senescence and active stem cells in different organs at all ages.
Regeneration of appendages did not negatively affect longev-
ity. In contrast, social stress shortened life expectancy consid-
erably (Vogt 2012). Therefore, Vogt (2012) emphasizes the
suitability of marbled crayfish for general biogerontology, par-
ticularly the investigation of non-genetic aspects of ageing.

Marbled crayfish reproduction is less complex than in other
crayfish species, since all individuals are females. They repro-
duce via obligatory apomictic parthenogenesis, producing ge-
netically identical offspring, which are clones of the mother
(Martin et al. 2007; Martin 2015). Parthenogenesis is fairly
common in the animal kingdom (Suomalainen et al. 1987,
Simon et al. 2011) but animal groups differ considerably with
respect to the frequency of parthenogenetic forms (Vogt et al.
2004). Out of nearly 15,000 decapod crustacean species, the
marbled crayfish is alone in reproducing via obligatory par-
thenogenesis (Scholtz et al. 2003; Martin et al. 2007; Vogt et
al. 2008). Facultative parthenogenesis has been detected
(Bufi¢ et al. 2011, 2013) or suggested (Yue et al. 2008) in
other cambarids that generally show typical sexual reproduc-
tion. In those cases, asexual reproduction is suggested to be an
adaptation to non-optimal or extreme conditions, but the in-
duction stimulus is not confirmed (Bufic¢ et al. 2013). Marbled
crayfish spawning is, in other respects, similar to other cray-
fish species, so the only important difference is the absence of
egg fertilization. However, it is necessary to explore the mech-
anisms and genes responsible for obligate parthenogenesis in
marbled crayfish and the physiological, molecular and genetic
mechanisms underlying spawning in marbled crayfish com-
pared to other freshwater crayfish.

Marbled crayfish is morphologically similar to its sexual
ancestor, P. fallax, but marbled crayfish reproductive efficien-
cy (e.g. clutch size, frequency of reproduction) is considerably
larger due to parthenogenetic mode of reproduction.
Conversely, facultative parthenogenesis in spiny-cheek cray-
fish lead to opposed patterns (Bufi¢ et al. 2013). In marbled
crayfish, clutch size increases with female size (Vogt 2011), as
is typical for other sexual crayfish species (Reynolds 2002).
The maximum values reported in laboratory culture and free-
living populations ranged from 416 to 731 eggs (Seitz et al.
2005; Jones et al. 2009; Chucholl and Pfeiffer 2010; Vogt et al.
2015; Liptak et al. 2017). Due to the apomictic parthenoge-
netic production of up to 400 offspring per female and clutch,
its suitability as a laboratory model for research was first sug-
gested by Scholtz et al. (2003).

Marbled crayfish incubation and embryo development ex-
tend over 17-28 days depending on water temperature (Vogt
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2010; Kozak et al. 2015). Commonly, hatched juveniles re-
main at developmental stage I for 4-5 days and stage 11 and
III for 6-7 days and 10-26 days, respectively. During this
period, juveniles undergo two moulting events while at-
tached to female abdominal appendages (pleopods) (Vogt
and Tolley 2004; Kozak et al. 2015). After the second
moult, juveniles are fully developed (stage III, carapace
length 2.7 mm and TL 5.7-6 mm) and are free-living indi-
viduals that actively move and forage. The juveniles often
rest on the maternal pleopods and stay near their mothers
for several weeks (Seitz 2001; Vogt and Tolley 2004; Vogt
2008b). The marbled crayfish embryonic development is
almost identical to that of other crayfish species (Seitz et al.
2005) which also contributed to its use as a model organ-
ism for crustacean developmental biology.

Ecology and adaptability

All animals must act within their environment and modify
their behaviour based on sensory information obtained
through various stimuli (Bierbower 2010). They have evolved
physiological adaptations to survive in changing conditions
(Holdich 2002). Globally, we presently see an increasing
numbers of non-indigenous invasive species, including cray-
fish. These species are assumed to be drivers of changes in
energy flow, decreasing biodiversity richness and altering
food webs (Holdich 2002; Larson et al. 2016).

The marbled crayfish is a prominent recent and potential
future invader characterized by low requirements for living
conditions (Jimenez and Faulkes 2010; Kawai et al. 2016). It
can survive in dry periods by burrowing (Kouba et al. 2016)
and withstand low winter temperature (Vesely et al. 2015). In
addition to high environmental adaptability (Vogt 2017), it
shows competitiveness against the highly invasive red swamp
crayfish when size matched individuals are faced to each other
(Jimenez and Faulkes 2011). This high competitiveness might
represent a serious threat to freshwater ecosystems when they
meet with similarly sized individuals of already prevalent
crayfish species. The marbled crayfish is also a known vector
of the crayfish plague pathogen Aphanomyces astaci Schikora
(Keller et al. 2014; Mrugata et al. 2015), which is highly
harmful to crayfish of non-North-American origin (Feria and
Faulkes 2011; Kawai et al. 2016; Svoboda et al. 2017).

For marbled crayfish, as well as for other species, estab-
lishment in a new environment requires suitable conditions
after the initial introduction (Catford et al. 2009). New
incomers usually face unfamiliar physiological and behaviour
challenges in the new environments (Chung et al. 2012).
Generally, the “tens rule” is valid for invasive species: only
about 10% of species introduced to new regions become
established, and ~10% of them become pests (Williamson
and Fitter 1996; Jeschke and Strayer 2005). Highly invasive

cambarid crayfish (including marbled crayfish and red swamp
crayfish) defy the tens rule and are more successful than pre-
viously expected (Bufi¢ et al. 2011). Although marbled cray-
fish is genetically uniform its heterozygous triploid chromo-
some pattern (Gutekunst et al. 2018) make it more adaptable
to variable environmental conditions, making it a super inva-
sive crayfish in aquatic environments (Vogt 2017). In fresh-
waters of Madagascar marbled crayfish was identified as a
particularly dangerous invader (Gutekunst et al. 2018).

In aquatic crustaceans, the environmental acclimation re-
sponse and physiological and behavioural adaptations are
highly influenced by water temperature (Espina and Herrera
1993; Hill et al. 2004). The ability to withstand short temper-
ature extremes or long-term changes in water temperature
varies significantly among crayfish species (Holdich 2002)
and is associated with oxygen saturation and the crayfish’s
physiological state (Reynolds 2002). The occurrence of mar-
bled crayfish in temperate as well as tropical waters (Jones et
al. 2009; Martin et al. 2010a; Novitsky and Son 2016; Patoka
et al. 2016b) shows its tolerance to a wide range of tempera-
tures. However, crayfish, including marbled crayfish, may
avoid or prefer some temperatures when they have a choice
in experimental situations, or under natural conditions such as
the proximity of thermal springs (Payette and McGaw 2003;
Lokkos et al. 2016).

Crayfish species differ greatly in the ability to survive out
of water during drought conditions (Reynolds et al. 2012).
The survival of crayfish in dry periods depends on burrowing
(Bravo et al. 1994; Correia and Ferreira 1995) and active
dispersal capacities on the terrestrial environment (Correia
and Ferreira 1995; Cruz and Rebelo 2007). Indigenous
European crayfish species are primarily predestined to a life
in permanent water bodies (Holdich 2002; Kozak et al. 2015;
Kouba et al. 2016). In contrast, invasive crayfish are usually
able to move over land (Peay et al. 2010; Ramalho 2012; Puky
2014; Herrmann et al. 2018) to withstand long drought con-
ditions (Holdich et al. 1995; Banha and Anastacio 2014), and
to excavate burrows connected to the water table or at least
sufficiently humid for survival (Kouba et al. 2016; Souty-
Grosset et al. 2016; Stebbing 2016). The marbled crayfish
can be considered as a highly resistant species due to its origin
from P, fallax, triploidy, and overall adaptability, along with its
ability to excavate vertical burrows (Chucholl 2014; Kawai et
al. 2016; Kouba et al. 2016; Vogt 2017). Marbled crayfish
have been frequently reported on land during migration or
found dead in places distant from waterbodies (Chucholl et
al. 2012). It can probably react to unfavourable conditions by
active overland dispersal.

Aquatic environments are increasingly polluted due to hu-
man activity (Walker et al. 2012) as well as by atmospheric
deposition (Holdich 2002). The release of pharmaceuticals
and personal care products into water bodies has been increas-
ing (Boxall et al. 2012; Ebele et al. 2017) and can outweigh
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the adverse effects of the above mentioned sources of pollu-
tion (Brodin et al. 2014). Exposure to these substances at
environmentally relevant concentrations in aquatic ecosys-
tems can result in modifications of behaviours associated with
predator-prey relationships, social traits, reproduction, and mi-
gration strategies (Valenti Jr et al. 2012; Brodin et al. 2013).
Crayfish are susceptible to the presence of external substances
in water that can affect behaviour patterns (Lahman et al.
2015; Neal and Moore 2017). Jackson (2016) reported that
marbled crayfish locomotion can be significantly affected by
drug exposure and suggested marbled crayfish as suitable
model for the investigation of mechanisms of behavioural
epigenetics and drug addiction. Information on the sensitivity
of marbled crayfish to chemicals is still scarce, but it seems to
be a suitable model organism for the evaluation of ecological,
behavioural, and physiological responses to pollutants, due to
its availability and genetic uniformity (Vogt 2011; Bufi¢ et al.
2018). The marbled crayfish has already been used in toxico-
logical and ecotoxicological studies (Vogt 2007; Velisek et al.
2018; Marenkov et al. 2017; Cisaf et al. 2018), and it can be
expected that its exploitation for this purpose will increase.

Behaviour

Crayfish are able to detect the presence of predators via
olfactory organs and avoid predators by seeking shelter
(Blake and Hart 1993; Shave et al. 1994). Visual and me-
chanical stimuli provoke escape through rapid backward
movement by repeated flexing of the abdomen (tail-flips)
in response to a predatory attack (Wine and Krasne 1972;
Herberholz et al. 2004). This escape behaviour is costly and
tends to reduce growth, due to reduced feeding opportuni-
ties (Resetarits 1991; Hill and Lodge 1999). However, mar-
bled crayfish seem to be generally more calm in stressful
conditions (Kawai et al. 2016) but its predator-prey re-
sponses remain poorly understood (Vesely et al. 2017).
Apart from basic responses to impending danger or
unfavourable conditions, crayfish exhibit complex social and
reproductive behaviour patterns. The dominance hierarchies
in crayfish are settled through dyadic social, and often aggres-
sive, interactions, in which winners obtain better access to
resources including food, shelter, and mates (Zulandt et al.
2008). The winners are also more territorial, with greater ter-
ritory assigned to dominant individuals (Delgado-Morales et
al. 2004; Fero and Moore 2014). Crayfish are able to recog-
nize their home range and repeatedly return to the same sys-
tem of shelters (Merkle 1969; Guan and Wiles 1997; Bufi¢ et
al. 2009) through visual cues under light and tactile cues at
dark conditions (Takahashi and Nagayama 2016). Defence of
the territory, individual shelters, and other resources are main-
ly the reasons of aggressive agonistic interactions (Gherardi
2002). Crayfish movement and encounters are rhythmic
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behaviours which are regulated by light-entrained endogenous
pacemaker (Farca Luna et al. 2009).

Crayfish primarily use chemical or visual communication
signals as an alternative to physical combat to avoid related
higher energy costs (Breithaupt and Thiel 2011) and are able
to recognize the dominance status of conspecifics (Schneider
et al. 1999). Agonistic behaviour can be provoked by avail-
ability, quality, and quantity of shelters and the distance to
shelter rather than past social experience and current social
status (Chibucos et al. 2015). These behaviour patterns are
confirmed also for marbled crayfish (Vogt et al. 2008). The
marbled crayfish displays agonistic behaviour similar to that
observed in crabs (Sneddon et al. 2000), lobsters (Kravitz
2000) and other crayfish species (Farca Luna et al. 2009). It
establishes dominance hierarchies similar to sexual species
(Herberholz et al. 2007), and, despite its placid nature (Vogt
et al. 2008; Jimenez and Faulkes 2011; Kawai et al. 2016), is
successful in combat with similarly sized highly aggressive
red swamp crayfish, the most successful introduced crayfish
species worldwide (Jimenez and Faulkes 2011). In a situation
of multiple invaded ecosystems it is worth to be explored how
marbled crayfish acts, and how influences other taxa, includ-
ing both, natives and non-natives. The level and intensity of
aggressive interactions can be increased, reduced or compen-
sated by means of other survival techniques, but there is still
lack of information i.e. broad space for future research.

Increased aggressiveness is reported in ovigerous female
crustaceans, mainly against conspecifics approaching their
shelters or burrows (Gherardi 2002; Thiel 2007). Ovigerous
and juvenile-carrying P. clarkii females have been reported to
win a significantly higher proportion of fights than the non-
maternal individuals (Figler et al. 2001). It is confirmed that
serotonin is closely associated with aggressive or dominant
behaviour in crayfish and indirectly with the synthesis of vi-
tellogenin (Fossat et al. 2014; Fossat et al. 2015). Several
researchers proved that 5-Hydroxytryptamine (5 HT, seroto-
nin), an important biogenic amine present in the central ner-
vous system (Laxmyr 1984; Fingerman et al. 1994), stimu-
lates the release of neurohormones such as vitellogenesis-
inhibiting hormone (Bomirski et al. 1981; Quackenbush and
Keeley 1988; Quackenbush 1989), vitellogenesis-stimulating
ovarian hormone (Takayanagi et al. 1986), vitellogenesis-
stimulating hormone (Eastman-Reks and Fingerman 1985),
and methyl farnesoate (Laufer et al. 1993), which are involved
in the formation of vitellogenin in crustaceans (Vaca and
Alfaro 2000; Alfaro et al. 2004; Kuo et al. 2009). Relatively
little is known about the role of different vitellogenin and
serotonin levels in mediating female behaviour e.g. aggression
in pre-maternal or egg-carrying females.

Reproductive behaviour of animals usually comprises mate
selection, pair formation, mating, and offspring care (Holdich
2002). In marbled crayfish, with obligatory asexual reproduc-
tion, only maternal care is relevant (Vogt 2008b). Maternal
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care is complex and critical to egg incubation as well as to
early development of the offspring (Gherardi 2002; Vogt
2013). Crayfish females engage in extended care to protect
hatchlings and juveniles from predation and cannibalism
(Mathews 2011). Ovigerous females dramatically reduce ac-
tivity, and eggs and juveniles are fanned at regular intervals by
quivering movements of the pleopods (Vogt 2013). Vogt
(2013) reported that the ovigerous marbled crayfish leaves
the water for a period of time to ventilate the brood in the air
during unfavourable conditions. Females also regularly groom
the eggs and juveniles with the pereopods and discard and eat
the dead juveniles as well as decaying eggs (Thiel 2007;
Aquiloni and Gherardi 2008). Hatchlings attach to the mater-
nal pleopods by innate reflexes and remain attached by special
hooks on their chelipeds (Vogt 2008b). Independent marbled
crayfish juveniles, at stage III, occasionally leave the mother
to move freely and forage in the vicinity (Vogt and Tolley
2004). Juveniles return to the mother’s abdomen after short
excursions or if disturbed (Ameyaw-Akumfi 1976; Figler et
al. 1997) with the help of species-specific brood pheromones
(Little 1975) released by the female. Vogt (2013) reported that
red swamp and marbled crayfish juveniles return to the mother
pleopods also in response to visual maternal signals.
Laboratory experiments with marbled crayfish demonstrated
that stage III juveniles preferred maternal feces compared to
other food (Vogt 2008b). Crayfish juveniles are able to differ-
entiate their own mother from unfamiliar maternal females
more than 10 days after separation and prefer to stay close to
their own mother when offered a choice (Mathews 2011).
Premature isolation from the mother then have a negative
effect on juvenile growth as reported in red swamp crayfish
(Patoka et al. 2015). With respect to marbled crayfish, it is not
known whether the clonal offspring can differentiate between
the own mother and another genetically uniform mother with
the identical reproduction status.

Crayfish plague transmission

The fungal-like organism Aphanomyces astaci (Oomycetes) is
considered among the world’s one-hundred most invasive
species (Lowe et al. 2000), causing crayfish plague, which
has destroyed a great proportion of the native crayfish popu-
lations in Europe (Unestam 1972; Edgerton et al. 2004,
Dieguez-Uribeondo et al. 2006) but also susceptible crayfish
species worldwide (Hsieh et al. 2016). Currently, five geno-
types (A, B, C, D, and E) of A. astaci have been recognized
using random amplified polymorphic DNA (RAPD)
(Svoboda et al. 2017). These genotypes exhibit close associa-
tion with particular crayfish species and vary in virulence
(Makkonen et al. 2012; Viljamaa-Dirks et al. 2013; Becking
et al. 2015) as well as climate requirements (Diéguez-
Uribeondo et al. 1995; Rezinciuc et al. 2014). Strains from

genotype groups A, B, D and E have been identified in cray-
fish plague epidemics throughout Europe and Japan
(Viljamaa-Dirks et al. 2013; Kozubikova-Balcarova et al.
2014; Rezinciuc et al. 2014).

Generally, crayfish of North American origin are resis-
tant to the pathogen (Cerenius et al. 2003) and serve as its
vectors in the invaded ecosystems (Kozubikova et al. 2009).
The marbled crayfish has been confirmed as a host of the A.
astaci strain from genotype group D, the group originally
isolated from the red swamp crayfish (Keller et al. 2014).
New data on the presence of A. astaci in the aquarium trade
(Mrugata et al. 2015) suggest that A. astaci strains can be
horizontally transmitted among North American crayfish
species. We speculate that the marbled crayfish may soon
also host other strains of A. astaci, due to its increasing
occurrence in natural ecosystems that may be populated by
other crayfish species and other A. astaci strains (James et
al. 2017). This might have devastating consequences for
extended East European crayfish stocks (Kotovska et al.
2016; Vodovsky et al. 2017). Evidence of a strain of geno-
type group E originating from spiny-cheek crayfish
(Svoboda et al. 2017) can be expected in marbled crayfish
as a result from future co-occurrence of these species
(Chucholl et al. 2012; Liptak et al. 2016; Patoka et al.
2016Db). Besides the crayfish plague, detection of rickettsial
and coccidian-like organisms in the ovary and further or-
gans of marbled crayfish make fears also real for native
European species by transmission of pathogens once es-
caped into the wild (Vogt et al. 2004). In addition, crayfish
could be an important vector in the spread of chytrid fungus,
Batrachochytrium dendrobatidis pathogenic for amphib-
ians (Brannelly et al. 2015). These disease transfers can
increase the potential impact of marbled crayfish in the wild.

The marbled crayfish as a biological model

In science, a model organism is an animal, plant or microbe
that can be used to study certain biological processes. Model
organisms generally grow quickly, are commonly available,
and the work with them is relatively simple and inexpensive.
The first model organism, small fruit fly Drosophila, was
introduced in the early nineteenth century by the Columbia
University zoologist Thomas Hunt Morgan as an organism to
test Darwin’s hypotheses (Singer 2016). Over time, model
organisms (protists, fungi, plants, invertebrates, and verte-
brates) became the irreplaceable tools of fundamental biolog-
ical and clinical research and helped scientists to amass an
enormous amount of knowledge (Hunter 2008). Among in-
vertebrates, decapod crustaceans have been used as models for
laboratory-based investigation in many areas of biology,
highlighting the prospects for marbled crayfish as a valuable
model organism (Faulkes 2015).
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Crayfish show complex morphology, development, and
behaviour, including elaborate social interactions (Gherardi
2002; Alwes and Scholtz 2006; Vilpoux et al. 2006).
Hence, marbled crayfish is ideally suited for physiological,
ecological, genetic, developmental, and evolutionary stud-
ies representting decapods and other invertebrates. Due to
elevated heterozygous ploidy (Gutekunst et al. 2018), par-
thenogenetic lineages can significantly mitigate the disad-
vantages of lethal alleles by masking deleterious mutations
through the presence of multiple alleles of an affected locus
and by increasing functional heterozygosity (Suomalainen
et al. 1987; Otto and Whitton 2000; Comai 2005).
Therefore, marbled crayfish would be suitable to spell out
the association between genetic and epigenetic dissimilar-
ities, the transgenerational inheritance of epigenetic signa-
tures, and the contribution of epigenetic phenotype varia-
tion to the establishment of social hierarchies, environmen-
tal adaptation and speciation (Vogt 2018a, b).

The marbled crayfish satisfies the basic requirements of a
general laboratory animal: ease of culture, suitable size, indi-
vidual traits, tolerance to handling, high fertility, relatively
short generation time, and adaptability to a wide spectrum of
environmental and nutritional conditions (Kawai et al. 2016).
In addition, they have the particular advantage of genetic iden-
tity of mother and all offspring, which is important in investi-
gation of epigenetic aspects of phenotypes (Martin et al. 2007;
Vogt 2010, 2018a). Further benefits are direct development,
short germ cell development, and stereotyped cell lineage in
early development (Seitz et al. 2005; Alwes and Scholtz
2006), allowing precise experimental interventions in devel-
opmental studies. Other advantages are morphological char-
acters that are easy to evaluate (Vogt et al. 2008), absence of
free-swimming larvae, lack of resting stages, alternation of
growth and reproduction phases, indeterminate growth and
associated lifelong functionally diverse stem cell systems
(Vogt 2010), a broad behaviour repertoire, high regeneration
capacity (Vogt et al. 2008), and tissue-invariant housekeeping
gene methylation throughout life (Falckenhayn 2017).

The marbled crayfish may be a suitable model intermediate
between small short-lived and larger long-lived organisms,
since it is small enough to be mass-cultured and sufficiently
large to allow individual physiological, biochemical, and be-
havioural analyses (Vogt 2008a, b, c; Kouba et al. 2010;
Kawai et al. 2016). It allows individual longitudinal studies
via collection of haemolymph samples or biopsies or by
analysing the exuviae of subsequent life stages, to provide a
valuable archive of morphological traits inclusive of external
sense organs. This character is particularly appropriate for
examining fluctuating asymmetry, the right-to-left difference
in a trait (Vogt 2010).

The marbled crayfish have advanced circulatory, hormone,
and immune systems (Vogt 2002; Gherardi et al. 2010),
which, in mammals, are primary targets of age-related
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alterations. The increased prevalence of cancer seen in mam-
mals due to senescence is rare in crustaceans, even in later
stages of life (Vogt 2008a). Tumour formation has not been
observed in marbled crayfish (Vogt 2011) so far. Therefore, it
is suggested that crustaceans such as marbled crayfish may be
appropriate models for studying mechanisms to prevent envi-
ronmentally induced cancers. The life-span of marbled cray-
fish is adequate to complete time-consuming processes such
as regeneration of damaged body parts, investigation of the
effects of chronic doses of toxicants, and alteration of the
epigenetic code with age (Vogt 2010).

The marbled crayfish have been exploited to investigate
many research goals in e.g. developmental biology (Seitz et
al. 2005; Alwes and Scholtz 2006; Jirikowski et al. 2010),
neurobiology (Vilpoux et al. 2006; Fabritius-Vilpoux et al.
2008; Rieger and Harzsch 2008), epigenetics (Vogt 2008c;
Vogt et al. 2008, 2009), stem cell biology (Vogt 2010), ethol-
ogy (Vogt et al. 2008; Farca Luna et al. 2009; Jimenez and
Faulkes 2010), biogerontology (Vogt 2010), toxicology
(Lidova et al. 2016; Koutnik et al. 2017; VeliSek et al.
2018), ecology (Jones et al. 2009; Chucholl and Pfeiffer
2010), or evolutionary biology (Sintoni et al. 2007).
Challenges to wider use of marbled crayfish as a model or-
ganism remain. Their generation time is relatively long (about
210 days, Seitz et al. (2005) compared to other model species
(180 days in Danio rerio (Hamilton, 1822), Singleman and
Holtzman 2014, and 7-9 days in Drosophila, Ashburner and
Thompson Jr 1976). Secondly, the mortality rate of the juve-
nile stage is relatively high (40-50%) (Jimenez and Faulkes
2010) even when grouped with similar-sized individuals at
low density (Vogt 2010). Thirdly, the egg contains a large
amount of yolk, making it opaque. The long generation time,
compared e.g. with fruit flies, may be advantageous for aging
and cancer research. The yolk problem can be resolved by
dissecting the yolk from embryos prior to fluorescent micros-
copy, which is highly valuable in studying the dynamics of
cell movement and gene expression during development
(Fabritius-Vilpoux et al. 2008; Rieger and Harzsch 2008;
Jirikowski et al. 2010). The recent exploration of the whole
genome sequence of marbled crayfish (Gutekunst et al. 2018)
would help to overcome some issues and open a promising
new door to study evolutionary biology as well as establish
marbled crayfish as a super model organism. Recently pub-
lished annotated bibliography on marbled crayfish also will
help for its broader use (Vogt 2018b).

Conclusions

Within the past two decades, the marbled crayfish has be-
come a promising model organism for laboratory research
and at the same time represented an increasing risk as a
non-indigenous invasive species. The potential of the
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unique aspects of its biology needs to be more intensively
investigated. It is also important to identify factors trigger-
ing variation in growth, behaviour, and reproductive pa-
rameters among clones of the same mother. There is a good
potential for using marbled crayfish to investigate the
physiological, behavioural, and functional responses to
stimuli or to assess effects of chemical compounds. In ad-
dition, marbled crayfish offers the advantage of using ge-
netically identical organisms for various research topics.

The marbled crayfish is also a highly invasive species. A
single female is theoretically sufficient to establish a new pop-
ulation. The European Commission implementing Regulation
2016/1141, among others, prohibits the trade and breeding of
marbled crayfish. It allows research with marbled crayfish in
secure in-door environments. Hence, the future use of marbled
crayfish for research purposes should follow these recommen-
dations for laboratory studies to avoid the possibility of release
or escape into the natural environment.
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previous experimental evidence
of a link between these two traits
in birds [10] and our finding in
pre-manipulated males that
heavier individuals had lower
concentrations of androgens. The
implication of these results is that
androgen concentrations change as
a function of an individual’s signal
expression within a social and
reproductive context. Furthermore,
such a response might be costly,
as darkened males lost mass at
a time in the reproductive cycle
where individuals typically gain
weight after having completed their
migration to breeding grounds.
The hormonal feedback between
signal and physiological traits is a
likely mechanism for linking signals
appropriately to the expression
of sexual or aggressive behavior
as both signals and the social
environment change.

The existing unidirectional view
of how physiology and signals
are mechanistically related is not
sufficient to explain the bidirectional
relationship we uncovered between
ventral coloration, androgen
concentrations and body mass in
male barn swallows. The interactions
between the expression of signals,
their production processes, and the
dynamic qualities (e.g., aspects of
health and condition) add important
complexity to our understanding
of sexual signals. For example,
if an animal’s androgens change
due to social stimuli induced by
its own signal, that individual will
be more or less likely to perform
androgen-associated behaviors,
such as mating or aggression.
Because physiological parameters
in addition to the ones we studied
here are temporally variable, we
expect our results to apply generally
to other animal signals. Signals
that are flexible and dynamic
themselves (i.e. courtship behavior,
vocalizations) may even more
strongly affect and respond to an
individual’s current physiological
state. The aim in future studies of
the signal-physiology nexus should
be to determine the suite of social
responses to these flexible signals,
including traits that advertise
resource defense and parental
investment, and their effects on
specific physiological processes,
such as immune function and
stress.
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Supplemental data including experimental
procedures are available at http://www.
current-biology.com/cgi/content/full/18/11/
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Crayfish females
eavesdrop on
fighting males
before choosing the
dominant mate

Laura Aquiloni', Milo§ Buii¢?
and Francesca Gherardi’

Identifying the traits that influence
mate choice is a major challenge in
behavioral ecology and evolutionary
biology. Male dominance often
conditions mating decisions by
females, but how the hierarchical
status of potential mates is assessed
remains poorly understood. In
crustacean decapods, chemical
signals convey information about
male sexual responsiveness and
quality. At least in the red swamp
crayfish Procambarus clarkii, however,
females appeared unable to recognize
dominant mates using smell only.
Here, we report the first evidence that
a form of social eavesdropping may
occur in an invertebrate species.

Since its first formulation in the
1990s [1], social eavesdropping
has attracted increasing attention
by researchers interested in animal
behavior and communication
networks. The ability of animals to
extract information from signaling
interactions between conspecifics [1]
and the benefits gained from attending
to the behavior of others — instead
of gathering the same information
on one’s own — have stimulated a
plethora of studies focused on fish
[2], birds [1], and primates [3]. By
witnessing interactions between two
or more individuals (for example,
male-male fights or male-female
courtships), bystanders assess the
relative or absolute quality of the
interactants; such information can be
later used in an adaptive fashion when
the same individuals are encountered
in a social context (for example,
territorial aggression or mate choice).
The costs of mate choice, for example,
may be reduced in female guppies by
copying the mating decision of other
females [4].

Because of the apparent complexity
of the neural machinery involved, social
eavesdropping has been assumed until
now to be a prerogative of vertebrates.
As recently reported [5], the behavior
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of a crayfish can be affected by
observing social interactions between
conspecifics. Conversely, the literature
gives only hints on the occurrence of
social eavesdropping in invertebrates.
Females of the crab Uca deichmanni,
for example, were described as
soliciting male fights before selecting
the dominant as a mate [6]; however,
these observations were not supported
by dedicated experiments.

Males of the crayfish P. clarkii also
often engage in intra-sexual fights
during the reproductive season in the
presence of females. The winners are
expected to be favored by female
crayfish, because they are more likely
successful at accessing or defending
limited resources, such as shelters.
Surprisingly, when tested in the
laboratory with the simultaneous sight
and smell of two seemingly identical
males that had previously battled to
form a hierarchy, females appeared
unable to choose dominants over
subordinates [7]. This result falsified
our original idea that a putative
dominance odor, possibly combined
with visual signals, might be used by
P. clarkii females to select the winner;
it also apparently contradicts evidence
that, along with conveying information
about sex, reproductive condition [8],
and size [7], chemicals are involved in
recognizing the dominance status of a
conspecific [9]. We thus hypothesized
that, before making a decision
between two apparently identical
males, females should be allowed to
witness their agonistic interactions.

To test this hypothesis, we
compared the responses of bystander
(n = 15) and naive females (n = 15)
towards a dyad of males (dominant/
subordinate). The experiment was
composed of two phases: in the first
phase (‘fight phase’) the females
were either allowed (bystander) or
impeded (naive) to watch and smell
two similarly-sized males fighting; in
the second phase (‘choice phase’),
both types of female were free
to choose between the dominant
and the subordinate male (see
the Supplemental data available
on-line for detailed experimental
procedures). Our results are clear
in showing that eavesdropping on
agonistic interactions improves the
female’s ability to recognize the
dominant male over the subordinate.
In fact, bystander females visited
the dominant male more often,
remained in his proximity for longer,

Table 1. Results from the choice phase of the experiment, in which female crayfish, either naive or
bystander, were free to select between a dominant and a subordinate male.

Data Naive Bystander

Dominant Subordinate Dominant Subordinate
First male visited 7 8 1 4
Total duration of visits (sec) 254.4 (32.3) 247.6 (31.7) 379.0 (44.28) 180.6 (36.9)
Mean duration of visits (sec) 20.65 (2.18) 20.39 (2.7) 32.8 (3.8) 16.8 (2.1)
Number of contacts 10.1 (1.2) 10.5 (0.9) 14.6 (2.4) 8.4 (1.7)
Statistical results Naive Bystander

G/t/iZ P G/It/Z P
First target visited 0.065 0.500 3.287 0.059
Total duration of visits (sec) -0.048 0.963 3.895 0.002
Mean duration of visits (sec) 0.151 0.882 4.643 1]
Number of contacts -0.22 0.826 2.205 0.027

First male visited by females, means (+SE) of the total and mean duration of visits, and numbers of
contacts (top). Types of male have been compared using G tests (G; df = 1) for the first male visited,
Student’s t-tests (t; df = 14) for the total and mean duration of visits, and Wilcoxon tests (Z; n = 15) for
the contacts (bottom). Sample sizes are 15 for both naive and bystander females. Significant values

in bold.

and engaged him in more numerous
pre-copulatory contacts (Table 1).
Conversely, naive females showed

no preference for any male. This
result is not due to visual signals of
dominance released by males during
the choice phase: the time spent by
them raising the claws, as an index of
dominance, did not significantly vary
either between dominant/subordinate
males (F; g0 = 1.685, P = 0.200) or
between treatments (F; g0 = 1.868, P =
0.177). We thus may conclude that the
females cannot recognize dominant
males from their posture or from some
chemical badges but are instead able
to extract information from watching
male-male fights without being
directly involved in those

interactions [1].

By eavesdropping on fighting males,
P. clarkii females seem to make
low-cost, direct comparisons
between the two potential mates,
obtain information about the quality
of the signalers (for example, their
hierarchical status), and can then use
this information to guide their future
decisions. A similar experiment on
jumping spiders [10] provided a less
clear result, showing that bystander
females are unable to choose the
winner over the loser, whereas naive
females prefer the loser. Our study
offers a first unequivocal proof
that social eavesdropping enables
invertebrate females to gather
information on the dominance status
of potential mates. This finding
has the potential to open avenues
for the future research on the still
understudied field of mating systems
in invertebrates.

Supplemental data

Supplemental data are available at http://
www.current-biology.com/cgi/content/
full/18/11/R462/DC1
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Freshwater biodiversity is globally threatened by various factors while severe weather events like long-
term droughts may be substantially devastating. In order to remain in contact with the water or stay in
a sufficiently humid environment at drying localities, the ability to withstand desiccation by dwelling in
the hyporheic zone, particularly through vertical burrowing is crucial. We assessed the ability of three
European native and five non-native crayfish as models to survive and construct vertical burrows in
a humid sandy-clayey substrate under a simulated one-week drought. Three native species (Astacus
astacus, A. leptodactylus, and Austropotamobius torrentium) suffered extensive mortalities. Survival of
non-native species was substantially higher while all specimens of Cherax destructor and Procambarus
clarkii survived. The native species and Pacifastacus leniusculus exhibited no ability to construct vertical
burrows. Procambarus fallaxf. virginalis and P. clarkii constructed bigger and deeper burrows than
C. destructor and Orconectes limosus. In the context of predicted weather fluctuations, the ability to
withstand desiccation through constructing vertical burrows into the hyporheic zone under drought
conditions might play a significant role in the success of particular crayfish species, as well as a wide
range of further hyporheic-dwelling aquatic organisms in general.

Freshwater ecosystems occupy less than 1% of the Earth’s surface, but support approximately one tenth of the
world’s species and one third of all vertebrates'. These systems provide a wide range of valuable services also
to human populations. The increased demand on freshwater resources has led to a freshwater crisis in both
human and biodiversity perspectives®. While the conservation status and distribution of freshwater taxa is less
well-known than that of terrestrial species?, there is growing evidence that freshwater taxa are at greater risk of
extinction than those in terrestrial or marine ecosystems*, making freshwater conservation a priority”.

Freshwater crayfish (Crustacea, Decapoda, Astacida) are considered not only keystone species in freshwaters
but also strong ecosystem engineers modifying the environment to suit themselves. Indigenous crayfish species
(ICS) have been often designated as e.g., bioindicator, umbrella, or even flagship species in aquatic conserva-
tion”®. Three prominent crayfish invaders of North American origin (spiny-cheek crayfish Orconectes limosus,
signal crayfish Pacifastacus leniusculus, and red swamp crayfish Procambarus clarkii) have been introduced to
Europe between 1890 and the mid-1970s and became particularly widespread across the continent®. Thousands of
populations of native European astacids have been lost, and many more have been substantially reduced, largely
due to direct or indirect effects of the presence of non-indigenous crayfish species (NICS). These not only influ-
ence their European counterparts by competition but especially spread the causative pathogen of crayfish plague
(an oomycete Aphanomyces astaci), causing mass mortalities to crayfish not originating from North America.
Apart from imposing strong competitive pressures on native crayfish populations, these invaders possess the
ability to alter food webs and entire ecosystems'’. The main reason for NICS introductions in Europe was initially
their expected commercial use (fisheries and aquaculture)!. In recent years, however, introductions of further
NICS have usually involved escapes or intentional releases of aquarium-bred specimens'?!?, making the situation
more inauspicious.

*University of South Bohemia in Ceské Budé&jovice, Faculty of Fisheries and Protection of Waters, South Bohemian
Research Center of Aquaculture and Biodiversity of Hydrocenoses, Zatisi 728/11, CZ-389 25 Vodnany, Czech Republic.
2Department of Zoology and Fisheries, Faculty of Agrobiology, Food and Natural Resources, Czech University of
Life Sciences Prague, Kamycka 129, CZ-165 21 Prague 6-Suchdol, Czech Republic. Correspondence and requests for
materials should be addressed to A.K. (email: akouba@frov.jcu.cz)
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Besides the expectation of high extinction rates in crayfish in general”'4, interactions with non-native crayfish
are the leading cause of decline of the native counterparts'>!®. Explanation of these displacements have been
generally based on the evaluation of one, or a combination, of four biotic mechanisms: competition, predation,
reproductive interference and disease transmission'®, as well as lower environmental requirements in non-native
crayfish!''. However, an array of factors threatening biodiversity and aquatic ecosystems in general is much wider
and more complex, including climate change and severe weather events like long-term droughts, unexpected
floods, fires, heavy storms etc.”'” having far reaching consequences'®'. Indeed, the role of abiotic disturbances
such as long-term droughts on aquatic biota has remained overlooked and poorly understood for a long time!*-%!,
and such knowledge is still scarce and fragmentary??~2*. In the context of ongoing and predicted weather fluctu-
ations?>?, the ability to withstand desiccation and particularly to be involved in vertical burrowing under severe
drought conditions might play a significant role in the success of various crayfish. Similar kinds of adaptations
have been documented for unionid mussels, gill-breathing snails*”* and a wide range of aquatic insects'>?!.

In this study, we assessed the ability of three European ICS and five NICS as models to survive simulated
drought conditions and to construct vertical burrows in a humid sandy-clayey substrate as a protection against
drought conditions.

Results

Substantial differences were detected by means of survival analysis among studied species (x>=44.3, df=7,
p <1079). All specimens of red swamp crayfish, yabby and marbled crayfish survived the simulated one-week
drought but certain post-treatment mortality was modeled for marbled crayfish during a one-week observation
in aquaria with a final survival of 85.7 & 13.2% (mean + SD; Fig. 1). Relatively high survival rates of spiny-cheek
crayfish and signal crayfish at the end of the simulated one-week drought (84.6 £10.0 and 88.9 £ 10.5%, respec-
tively) were followed by post-treatment mortality resulting in final values of 42.3 £21.7 and 59.3 & 18.5%, respec-
tively. Narrow-clawed crayfish (Astacus leptodactylus) and stone crayfish (Austropotamobius torrentium) suffered
substantial losses during simulated drought (25.0+21.7 and 30.0 4 23.9% survival, respectively) but the values
remained stable thereafter. All noble crayfish (Astacus astacus) died within 5 days of simulated drought.

No attempts at vertical burrowing were observed in ICS (noble, stone and narrow-clawed crayfish) and sig-
nal crayfish. The remaining species exhibited different degrees of burrowing activity (Fig. 2). Crayfish usually
constructed a single burrow in the suggested position (“initial burrow”). One red swamp crayfish and one yabby
created two burrows and two other red swamp crayfish, both males, even dug three burrows in different places.
The most prominent burrow was always located in the originally suggested depression. Only red swamp crayfish
exhibited the ability to close the burrow entrance by means of a mud plug in our experiment. One out of twelve
males created the plug but females were more active (n=7) in doing this (Z= —2.050, p=0.040).

Differences in burrowing between the sexes of particular species were detected only in red swamp crayfish
(Fig. 2). Although the relative volume was comparable (t,, ,, = —0.670, p=0.491), females constructed deeper
burrows than males (4 ,, = —2.989, p=0.007). Marbled and red swamp crayfish constructed bigger (p < 0.020
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Figure 1. Kaplan-Meier survival analyses of crayfish species involved in the experiment. Legend refers
to the particular species as follows: Aa-noble crayfish Astacus astacus, Al-narrow-clawed crayfih Astacus
leptodactylus, At-stone crayfish Austropotamobius torrentium, Ol-spiny-cheek crayfish Orconectes limosus,
Pl-signal crayfish Pacifastacus leniusculus, Pf-marbled crayfish Procambarus fallax . virginalis, Cd-yabby
Cherax destructor, and Pc-red swamp crayfish Procambarus clarkii.
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Figure 2. Examples of constructed burrows in yabby (A), marbled crayfish (B), spiny-cheek crayfish (C), and
red swamp crayfish (D). 3D models of burrows of males (if present) are located on the left side of respective
species. Further examples of burrows are available in supplementary materials (Fig. S1).

and p < 1074, respectively) and deeper burrows (p < 0.002 and p < 0.004, respectively) than did yabby and
spiny-cheek crayfish (Fig. 3).

Discussion

We conducted the first comparative study evaluating burrowing activity under drought conditions in both
selected native and non-native crayfish species currently present in Europe. Taking the results as a whole, it
should be understood that the outlined crayfish desiccation capacities and burrowing abilities possess a degree
of simplification and are related to the experimental set up, thus crayfish responses might vary under specific
conditions. For instance, crayfish facing desiccation at localities might be exposed to even worse conditions, e.g.
in terms of higher temperature and lower air humidity?*-°, the substrate might not be plastic enough for stability
of burrows or the presence of coarse particles might prevent burrowing as such, i.e. substrate composition mat-
ters**3!. Also desiccation capacities and burrowing abilities of small-bodied juvenile animals are expectedly lower
compared to sub-adults and young adults. Smaller animals have less water reserves compared to their relatively
big body surface, allowing their desiccation; their physical ability to manipulate relatively big substrate particles is
lower?*". On the contrary, burrowing capacities of large-bodied specimens are likely also low due to difficulties
with movement out of water (among others, the presence of big claws). Nevertheless, we believe it is unexpected
that the patterns of desiccation capacities and burrowing abilities presented would change substantially among
species under specific conditions. Also, the terminal stages of drought events when free water becomes unavaila-
ble at the localities are similar at both lotic and lentic sites, thus some degree of generalization is warranted.

Elevated desiccation capacities under different conditions have been documented among a wide range of
NICS#723_ Our results clearly document substantially reduced survival of European ICS compared to NICS
under simulated drought conditions, with absolute resistance in red swamp crayfish and yabby (Fig. 1), both
considered to be warm-water species well adapted to conditions even in semiarid and arid regions***>. Marbled
crayfish suffered only post-treatment mortality with a final modeled survival of above 80%. The closely related
slough crayfish P, fallax was found to cope less successfully with drought conditions than the Everglades crayfish
P alleni***; the latter has also been found accidentally released into European waters, although its establishment
is considered unlikely”’. High survival was also achieved by signal crayfish and spiny-cheek crayfish after the
simulated drought followed by some post-treatment mortality (Fig. 1).

Resistance to desiccation is a necessary prerequisite for burrowing that mediates successful survival during
severe droughts. A certain degree of burrowing is a habit present among crayfish. Less burrowing species just cre-
ate short, unbranched burrows (or depressions) in the substratum, under stones, logs etc. They may also excavate
burrows in the sides of clay banks**-%. Nevertheless, such burrowing activity might not be as adequate for survival
as vertical burrowing under severe long-term droughts. European ICS species and signal crayfish exhibited no
ability to construct vertical burrows. On the other hand, red swamp crayfish and marbled crayfish constructed
bigger and deeper burrows than yabby and spiny-cheek crayfish (Fig. 3).

Considering their desiccation resistance and burrowing abilities, the red swamp crayfish is the most tolerant
species we compared. It is worth mentioning that red swamp crayfish is also the only species in our experiment
exhibiting the closing of the burrow entrance with a mud plug®"*!, particularly in females, which also created
deeper burrows than males (Fig. 2). Females frequently use burrows for egg incubation. Females with eggs are
not usually submerged in the ground water due to low available levels of dissolved oxygen, and oxygen diffuses
directly from the burrow atmosphere while egg are fanned by swimmeret movements*2. However, deeper bur-
rows constructed by females in our experiment suggest the possible importance of having better access to the
water. Even signal crayfish and white-clawed crayfish Austropotamobius pallipes eggs artificially stored in a humid
environment require incubation in aquatic conditions at least during final stages of embryonic development,
likely due to increased metabolic waste excretion®, thus, at least periodical egg submergence can be expected in

crayfish.
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Figure 3. Relative volume and depth of burrows in burrowing crayfish species involved in the experiment.
Significant differences between the sexes were detected only in case of red swamp crayfish-left column.
Interspecific values are shown in the right column. Data are presented as mean % SD. Values with differing
letters within each graph are significantly different (P < 0.05).

Besides red swamp crayfish, further NICS involved in the study exhibit combined strategies focusing on
increased desiccation capacity (yabby, marbled crayfish and signal crayfish) and burrowing (marbled crayfish and
to a lesser extent also yabby and spiny-cheek crayfish). The lowest success belongs to ICS in particular and signal
crayfish in terms of burrowing. We consider desiccation capacity and burrowing as further, still largely over-
looked factors”!!'7, whose importance will rise with ongoing and predicted weather fluctuations in the future?2°.
Descriptions of current status and projections of droughts in European freshwater habitats together with current
and future distributions of crayfish are beyond the scope of this article, however, the first suggestion might be
that such events will be particularly pronounced among ICS in the warmer (Mediterranean) regions of the con-
tinent. Nevertheless, local extremes cannot be neglected and their importance will likely rise in the future too.
For instance, a long-lasting drought hit Europe in 2015. It particularly affected Central and Eastern Europe while
in some regions it was the driest (North Slovakia) and in others (Czech Republic and Poland) it was the second
driest summer of the last 50 years-following 2003*. Expanding from its importance during droughts, burrowing
also plays a role in overwintering which might increase the probability of establishment of non-indigenous spe-
cies®>. Following crayfish as a model group of freshwater organisms, a similar mode of action can be expected
in further hyporheic-dwelling aquatic biota e.g. unionid mussels and clams, and a wide range of aquatic insects,
as well as crabs and fish.

Methods

Container preparation. To create a suitable test substrate, sixteen kilograms of sand (Ceské stérkopisky
Inc., Cavyné, Czech Republic) with a humidity of 5.2% and 24 kg of WBT clay (Keraclay, Plc., Brnik, Czech
Republic) with a humidity of 7.1% were thoroughly mixed by hand (=60% clay proportion expressed on a wet
weight basis). For size distribution of sand and clay particles see Table S1. Aged tap water was added to get a final
humidity of 16.5%. Our preliminary experiment revealed that the clay itself and a mixture with 80% clay propor-
tion are too plastic to facilitate manipulation by crayfish. On the other hand, a substrate with 40% clay proportion
was not stable enough for burrowing, which confirms the importance of substrate composition for successful bur-
rowing?**!. The resultant humid mixture was used to fill a series of plastic containers (inner diameter =34.0 cm,
height=44.5cm) to a depth of ca. 34 cm. To better simulate natural conditions when certain areas with residual
water persist at the drying-up localities?, a shallow “initial burrow” (diameter 2.6 cm, depth 1.3 cm; volume
6.9 cm®) was created in the margin of the container and 5 mL of water was added to stimulate burrowing in the
suggested position. A single crayfish individual (see respective species and numbers below) was placed in the con-
tainer. Each container was covered by a 0.5 cm thick polystyrene lid in order to prevent acute desiccation of the
experimental animal. The air relative humidity (RH) reached at least 99% within an hour after coverage. The cov-
erage was implemented in order to enhance survival of susceptible indigenous crayfish species allowing supposed
burrowing. Natural conditions necessarily possess lower air humidity but there is a certain time period before free
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water becomes unavailable. It opens a space for animals to prepare a burrow, find water pools etc. For comparison,
highly tolerant red swamp crayfish exposed to room air of approximately 50% RH showed mortality after 3-7
days’ exposure® and all animals died at 30% RH and 24 °C within about a day®’. The experimental temperatures
(mean £ SD) of air and the sandy-clayey mixture were 20.2 £ 0.3 and 20.3 £ 0.1 °C, respectively. Temperature was
registered hourly using Minikin loggers (Environmental Measuring Systems, Brno, Czech Republic). Fairly sim-
ilar temperatures are often used in laboratory experiments and are relatively high—representing warm periods
of the year when the most pronounced droughts usually occur. Although the temperatures might be even higher
during such events??°, we considered values close to 20 °C the best compromise, taking the requirements of the
most sensitive species involved (the stone crayfish) into account®#.

Experimental animals.  We selected intact (with all walking legs including well developed chelae) inter-
moult specimens of three European ICS and five NICS. These were usually adults based on biometry and sec-
ondary sexual characters, but a few subadults might also have been involved. The sex ratio was balanced except
for marbled crayfish Procambarus fallax f. virginalis where only females occur. For reasons of conservation and
following a lack of vertical burrowing activities (see results above), only limited numbers of ICS (n =4 for each
species) were used. Noble crayfish Astacus astacus were caught from the pond U Sudu (Tésinov u Protivina,
Czech Republic; 49° 20’ N, 14° 28’ E) under permit no. KUJCK 4820/2011 OZZL/4/Ou, Regional Office of South
Bohemian Region. Narrow-clawed crayfish A. leptodactylus were obtained from the limestone quarry Kosov
(Jarov u Berouna, Czech Republic, 49° 56’ N, 14° 3/ E) under permit no. 123564/2012/KUSK, Regional Office of
Central Bohemia Region, and stone crayfish Austropotamobius torrentium came from Zubtina brook (Havlovice,
Czech Republic; 49° 12/ N, 14° 17’ E) based on permit no. ZP/2450/2011, Regional Office of Plzet Region. Both
signal crayfish Pacifastacus leniusculus and spiny-cheek crayfish Orconectes limosus (n= 10 for both species)
were caught from the wild populations in the Vysoc¢ina Region and from the Lipno Reservoir, South Bohemian
Region, respectively. Marbled crayfish (n=12), yabby Cherax destructor (n = 14), and red swamp crayfish
P. clarkii (n = 24) were obtained from laboratory cultures. Considering the categorization by Hobbs*, all crayfish
species involved in our experiment belong to the tertiary burrower category. Some members of this group are
often incorrectly referred to as non-burrowers® but they may respond to habitat drying by excavating shallow
simple burrows into the hyporheic zone, although experiencing population declines and local extinctions during
severe droughts?%1-4,

Crayfish were individually acclimatized for three days in a bucket with 8 L of aerated tap water, without feed-
ing. Animal wet weights (to the nearest 0.1 g) and carapace lengths (to the nearest 0.1 mm) were determined
and crayfish were placed in the experimental container for a one week period simulating drought conditions
(for crayfish biometry see Table S2). Crayfish survival was evaluated daily. After one week’s exposure, surviving
animals were collected and transferred to aquaria with water for one week to evaluate post-treatment mortality.

All experimental manipulations were conducted according to the principles of the Institutional Animal Care
and Use Committee (IACUC) of the University of South Bohemia, Faculty of Fisheries and Protection of Waters,
Research Institute of Fish Culture and Hydrobiology, Vodiiany, based on the EU harmonized animal welfare act of
Czech Republic. Nevertheless, no specific permissions were required for the locations and activities considering
taxa involved in this study.

Creation and measurement of casts. Gypsum casts of any burrows excavated were created after removal
of animals. If direct collection of crayfish from burrows was impossible, a small amount of carbonated water was
added to the burrow in order to evict animals, which led to success in most cases. If collection of animals was
prevented (as occurred only with several specimens of red swamp crayfish), a new independent replication was
conducted. Any excess water was removed from the burrow bottom by blotting with absorbent paper. Depth
of casts was measured by a digital caliper to the nearest mm. Casts were further scanned by an Artec Spider™
hand-held 3D laser scanner (Artec Group, Luxenbourg) located at the Department of Cybernetics, Faculty of
Applied Sciences, University of West Bohemia in Pilsen with a stated resolution of 0.1 mm and accuracy up to
0.03 mm. The scanner is based on the structured light principle and provides a 3D mesh of the object as an output,
generated in real world coordinates (mm). The resulting STL (STereoLithography) mesh was imported to the
Artec Studio, version 10 (Artec Group, Luxembourg) where the volume of the 3D mesh was calculated. As size
naturally varies within and among crayfish species, relative data reflecting weight of respective animals were used
in presentation of burrowing activity (volume and depth).

Statistical analysis. Non-parametric Kaplan-Meier survival analyses were performed in the R-statistics
software (version 3.2.4, R Development Core Team 2015), with the packages: “KMsurv” and “survival”. In addi-
tion, for graphical visualisation the packages “GGally” and “ggplot2” were employed. In assessing sex differences,
the ability to close the burrow entrance by means of a mud plug was assessed as 1 or 0. Due to lack of normal-
ity and homoscedasticity of this dataset (evaluated with Kolmogorov-Smirnov and Levene’s tests, respectively;
these tests uniformly used further if appropriate for testing assumptions of parametric tests), a non-parametric
Mann-Whitney U was applied. Intersex differences in term of relative burrow depth and volume were compared
with Student’s t-test. Because of heteroscedasticity in data, the non-parametric Kruskal-Wallis test followed by
multiple comparisons of mean ranks for all groups was applied for interspecific comparisons (values of both sexes
were pooled among species for this purpose). These data were analyzed using Statistica 12.0 (StatSoft, Inc.). The
null hypothesis was rejected at o= 0.05 in all tests of this study.
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Crayfish bury their own exuviae: a newly
discovered behavioral pattern in decapods
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Abstract

Invertebrates are a very diverse group of animals, showing a wide spectrum of life strategies and adaptations. They
often exhibit very complex behavioural and social patterns. In crayfish, the largest freshwater invertebrates, we found
a new behavioural pattern, burying their own exuviae after moulting. Such a pattern may be an as yet unrecognized
type of hoarding or caching. The buried exuvia is exhumed after 2 or 3 days (when the crayfish body is no longer as

research.

soft) and consumed. This behaviour is probably self-protective (hiding the mark of a helpless prey), as well as hav-
ing mineral storage reasons. Such complex behavioural patterns in invertebrates present new challenges for future

Keywords: Invertebrate, Behaviour, Hoarding, Caching, Crustacean, Crayfish

Background

Caching or hoarding behaviour is well known, particu-
larly in mammals (Prestrud 1991; VanderWall and Jen-
kins 2003) and birds (Bugnyar and Kotrschal 2002; Emery
and Clayton 2001), as a type of appetitive behaviour char-
acterized by foraging and carrying food from the source
to a hidden place for a period before it is consumed (Sch-
neider et al. 2013; VanderWall 1990). Such behaviour is
usually induced by the need of a food supply for specific
unfavourable conditions e.g. winter season, when food
sources are not available or considerably limited (Van-
der Wall 1990). On the other hand, food hoarding can be
promoted by food deprivation in some previously clas-
sified non-hoarders (Yang et al. 2011). In invertebrates,
food storage may be induced by a period of starvation, as
in decapod crustaceans (Kim 2010; Wickins et al. 1996),
or by specific life traits as in leafcutter ants (Mueller et al.
2011) or spiders (de Crespigny et al. 2001). But burying
or caching in invertebrates is at least very sporadic and
any report of exuviae caching has never been reported in
invertebrates.
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and indicate if changes were made.

During acclimation of two crayfish species (representa-
tives of both northern and southern hemisphere crayfish
species) prior to experimental work unexpected evidence
was found of undescribed behaviour in invertebrates.
Hence, the observed caching behaviour was explored for-
tuitously without previous hypothesis or expectations.
Present work therefore should outline the new hypothe-
sis and challenges in research of invertebrate behavioural
patterns.

Methods

Two species were involved in the study; signal crayfish
(Pacifastacus leniusculus (Dana, 1852), family Astacidae)
and yabby (Cherax destructor Clark, 1936, family Par-
astacidae). Signal crayfish specimens were captured in a

16°4’53”E) in April 2015. They were placed in a flow-
through system with natural ambient light and water tem-
perature conditions. Seventy specimens (young adults
and sub-adults; carapace length, CL = 29.9 £+ 2.5 mm,
weight, w = 7.5 £+ 2.0 g) were taken for acclimation for
a planned study under experimental conditions (28 May
2015). Crayfish were individually stocked into plastic
boxes filled with a sandy layer (200 ml-376 g of sand) and
2000 ml of tempered tap water, and placed to an incu-
bator maintaining the water temperature at 16 °C. Five
(CL =283 £ 2.7 mm, w = 6.4 £+ 1.7 g) of 70 stocked

© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license,
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specimens moulted during the 24 h acclimation period.
All of these exhibited exuvial burying behaviour and
were therefore observed for a further 3 days at 24 h inter-
vals (to prevent disturbance). The time from burying to
exhuming of exuviae and time of its consumption was
monitored.

Yabby specimens originated from our own aquarium
culture reared under stable conditions of approximately
20 °C of water temperature and a light regime of 12 h
light and 12 h dark. The first evidence of burying behav-
iour in yabby, seen in non-standardized conditions of
small aquaria with sandy substrata, was discounted
as a random event in March 2015. Following similar
observations on signal crayfish, ten yabby specimens
(CL =259 £ 3.0 mm, w = 5.8 £ 2.6 g) were selected,
exhibiting signs of forthcoming moulting (softened cara-
pace) and placed in the same standardized conditions
(except for water temperature, which was maintained
at 20 °C) as described above for signal crayfish for 24 h.
Only two crayfish (CL =23.7 £ 1.0 mm, w =4.4 + 1.0 g)
moulted, but both specimens exhibited the same burying
pattern.

Results and discussion

We observed unexpected behavioural pattern, caching
or burying of own exuviae, in two crayfish species: yabby
(Cherax destructor, a southern hemisphere crayfish of
the family Parastacidae) and signal crayfish (Pacifastacus
leniusculus, a northern hemisphere crayfish of the fam-
ily Astacidae) in experimental conditions. Crayfish were
found to bury their exuviae after moulting event prior
to its later consumption in 2—3 days. This is the first evi-
dence of exuvial caching in invertebrates.

This unexpected behaviour is unusual and surprisingly
has escaped attention despite the fact that both species
are cultured in many countries of the world (Holdich
et al. 2006). The postponed consumption of exuviae, as a
source of minerals for carapace re-calcification, is prob-
ably because mouthparts are still hardening from internal
resources during the post-moult period (Reynolds 2002).
During this period lasting 2 or 3 days, when soft shelled
specimens are unable to defend themselves, the exuviae
are buried in suitable textured substrata. Food hoarding
can be promoted by previous food deprivation in some
previously classified non-hoarders (Yang et al. 2011).
However, the newly described behaviour is probably con-
nected with self-protective activities because the exuviae
left beside a shelter can mark an available helpless prey.

The caching ability was not the primary reason of the
research, but was observed fortuitously, when yabby
and signal crayfish, were placed individually in small
aquaria to acclimate for 24 h with a sandy layer prior
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to experiments designed for different purposes. The
observed behavioural patterns have remained undetected
over many decades of decapod research, probably due to
many issues which could becloud or prevent the obser-
vation of this pattern (e.g inappropriate conditions for
observation of such events in natural conditions, tanks
and aquaria without suitable substrata, use of animals
in intermoult period). Another possible reason could be
marginalizing of the observed events, as we did at first
case with the yabby. In that case, the burying and exhum-
ing of exuviae was marked as an interesting but probably
random event caused by digging activity. Despite this,
the burying pattern was later confirmed in two other
moulted yabbies. In signal crayfish, all five moulted speci-
mens independently buried their exuviae under a mound
of sand (Fig. 1), which is not a sign of a random phenom-
enon. The last reason why this behavioural pattern may
have been overlooked is the likely frequent failure of the
burying activity, perhaps in response to the presence of
potential danger, which can frequently interrupt caching
(Bugnyar and Kotrschal 2002).

All observed specimens exhumed and ate their exuviae
after 2 or 3 days (Fig. 2). The delay between moulting and
eating exuviae cannot be marked as hoarding, because
that behaviour is directly connected with food (Vander-
Wall 1990), whereas exuviae are not a main or the only
food item, despite the fact that it can be utilized as valu-
able source of minerals for recalcification of exoskeleton
(Reynolds 2002). A better designation is caching or, even
better, burying, because the event is only completed by
burial in a sandy mound.

The explicit reason for such behaviour is unknown,
but may be motivated by two main reasons. Firstly, hid-
ing and storing of this easily available source of minerals
for re-calcification [internal resources are insufficient to
harden the whole exoskeleton (Reynolds 2002)] during
the time when crucial feeding structures such as chelae
mouthparts and other limbs are hardening from inter-
nal resources (particularly from gastroliths) (Greenaway
1985). After this period, mouthparts are able to chew
and exuviae can be uncovered and eaten. Secondly, by
burying their exuviae, just moulted crayfish hide their
own soft body vulnerability, as considerable mortality
occurs by predation or cannibalism in this time (Reyn-
olds 2002). Exuviae are hidden from the sight of both
conspecifics and heterospecifics and their concealment
through burial can limit location of freshly moulted
specimens. It must be said that crayfish are unable to
guard the hiding place of their exuviae and pilferage can
often occur. On the other hand, such pilferage leads only
to resource loss, while the builder of the burial mound
remains unseen.
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and a detailed view of exuviae buried in sand (b)

Fig. 1 Signal crayfish (Pacifastacus leniusculus), initial carapace length = 32.4 mm, and its burial mound for exuviae located centrally in aquaria (a)

Fig. 2 The burial mound of yabby (Cherax destructor), initial carapace
length = 24.7 mm, made by heaping sand against the side of the
aquarium (a) and its excavation during consumption of the exuviae
(b)

Conclusions

Generally, the described type of caching has not been
classified among the known types of hoarding or caching
described in other animal taxa (Dally et al. 2006; Vander-
Wall 1990). Nevertheless, the controlling mechanisms of
such behaviour could be similar and can suggest broader
and more complex behavioural patterns in invertebrates
so far unknown. Mechanisms inducing or inhibiting
the newly observed behaviour remain unidentified, and
represent a new challenge for future research as well as
presence/absence of this behavioural patterns in other
decapods. Present work therefore should outline the new

hypothesis and challenges in research of invertebrate
behavioural patterns.
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Abstract Intra- and interspecific interactions con-
tribute to the successful establishment and consequent
spreading of species in the environment, which
became particularly apparent in the context of ongoing
biological invasions. The parthenogenetic marbled
crayfish, Procambarus virginalis, Lyko 2017 is
recently recognized as an emerging invader due to
its high adaptability, fast growth, early maturation, and
high fecundity. The present study explored the inter-
action patterns of size-matched (including 15 body
parts morphometry evaluation) pairs of marbled
crayfish and red swamp crayfish Procambarus clarkii,
a well-known highly aggressive and widely distributed
invader of freshwater ecosystems. Despite this, mar-
bled crayfish won significantly more fights and
establish dominancy in more cases in both premature
and mature experimental trials. Premature red swamp
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crayfish pairs were more active in contact and fight
initiation than mature. In mature, the dominance over
female red swamp crayfish was 100%, in males it
reached 60%. Premature marbled crayfish dominated
in more than 75% pairs. Agonistic behaviour and
intensity of fights significantly dropped after estab-
lishment of dominance in particular (size and sex)
pairs. Therefore, we confirmed that sex and age (size)
have effects on agonistic behaviour in crayfish as well
as the dominance of marbled crayfish within similarly
sized specimens. Despite described behavioural pat-
terns, we can expect that the situation in the potential
sympatric occurrence of both species will not be as
clear as found in experimental conditions due to
greater maximal size of red swamp crayfish.

Keywords Competition - Dominance - Interaction -
Procambarus virginalis - Procambarus clarkii

Introduction

Agonistic interactions (i.e. antagonism and aggres-
sion) are the key aspects of animal behaviour (Parker
1974; Manning and Dawkins 2012) contributing to a
success of species in the environment. Aggressive
behaviour occurs during the entire life span of
crayfish, and is associated with an invasion success
(Sih et al. 2012). Their importance often arise up when
animals forage in overlapping ecological niches and
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use identical resources, e.g. food and shelter (Wilson
2000; Huntingford 2013). Agonistic behaviour is
primarily demonstrated by increased aggressiveness
between participants of conflict (Gherardi 2002) and
boosts success in coping with novel predators and
competitors (Duckworth 2008; Hudina and Hock
2012). The non-native species that persist, establish,
and become invasive can cause negative effects on
economy, native biota and ecosystem functioning
(Kolar and Lodge 2001).

The mysterious, obligate apomictic partheno-
genetic marbled crayfish Procambarus virginalis,
Lyko 2017 which has no male individuals (Martin
et al. 2007; Vogt et al. 2008) and native range (Taylor
et al. 1996; Martin et al. 2016) were firstly discovered
in the German aquarist trade in the mid-1990s (Scholtz
et al. 2003). Their fast growth, early maturation, high
fecundity and frequent spawning (Seitz et al. 2005),
tolerance to various environmental conditions facili-
tate their spread over many localities over the Europe
during the last decade through human translocation
(Hossain et al. 2018). Due to unintentional or inten-
tional releases by hobbyists marbled crayfish have
been reported from natural conditions in the Nether-
lands (Souty-Grosset et al. 2006), Germany (Chucholl
et al. 2012; Chucholl 2015), Italy (Nonnis-Marzano
et al. 2009; Vojkovska et al. 2014), Czech Republic
(Patoka et al. 2016), Slovakia (Jansky and Mutkovic¢
2010; Liptak et al. 2016), Hungary (LOokkos et al.
2016), Sweden (Bohman et al. 2013), Madagascar
(Jones et al. 2009), Japan (Kawai and Takahata 2010),
Croatia (Samardzi¢ et al. 2014), Ukraine (Novitsky
and Son 2016), Hungary (Lokkos et al. 2016), Estonia
(Estonian Research Council 2018) and Romania
(Parvulescu et al. 2017).

Marbled crayfish have higher potential to be
invasive than expected in the past (Kawai et al.
2016) being able to withstand desiccation by burrow-
ing (Kouba et al. 2016) and winter temperatures of
temperate climate (Vesely et al. 2015), which could
pose a great threat for native crayfish and other
representatives of freshwater biota (Faulkes et al.
2012; Kawai et al. 2016). However, ecological
impacts are hypothesized rather than demonstrated.
It is only assumed that marbled crayfish can be a
perfect invader for its high reproductive performance
(Jones et al. 2009) and ecological adaptability (Kawai
et al. 2016). Marbled crayfish engaged in intraspecific
fight (Farca Luna et al. 2009), in groups or in resource
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less environment, and establish dominance hierarchies
like other decapods of sexual species (Bovbjerg 1953;
Huber and Kravitz 1995; Issa et al. 1999; Herberholz
et al. 2007) although exhibit less aggressiveness than
other crayfish (Vogt et al. 2004).

Recently, Jimenez and Faulkes (2011) showed that
the marbled crayfish is able to compete with the red
swamp crayfish Procambarus clarkii, the utmost
successful crayfish invader around the world (Souty-
Grosset et al. 2016). Nevertheless, the authors exam-
ined nearly adult marbled crayfish (in accordance with
size used) interaction with only intermolt premature
group of red swamp crayfish. Moreover, the pairs used
were only roughly size-matched where difference was
about 10-20% in size. Hence, this study aims on the
revision of observed patterns together with gaining
results from two size groups of interacting pairs (using
size-matched individuals with detailed morphometry
of used animals) and evaluation of more behavioural
characteristics. The present study is therefore designed
to clear discover the interaction patterns of the
emerging invasive crayfish with highly aggressive
and widely established invader.

Materials and methods
Experimental animals and measurements

Marbled crayfish and red swamp crayfish originated
from our own laboratory culture reared at the same
environment, having the similar social experience
from their monospecific culture tanks (temperature
was maintained at 20 °C and crayfish were fed daily in
excess by commercial dry feed for aquarium fish
enriched with algae). For experimental work, we
selected two size groups representing premature (yet
non-reproducing and without developed glair glands)
and mature (reproducing) of both species in January
2017. In juveniles or premature animals are the
morphological and behavioural differences between
sexes determined commonly as minimal or unimpor-
tant (Gherardi 2002; Reynolds 2002). Only mature red
swamp crayfish were therefore paired considering also
the sex since it has significant effect on dominant
status in adults (Bovbjerg 1956; Pavey and Fielder
1996). The size of individuals used in interaction pairs
was matched prior experiment to be at lower differ-
ence than 5% of wet weight (Aquiloni and Gherardi
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2008; Momohara et al. 2013) despite the fact that some
previous studies were less strict in this regard (Hudina
et al. 2011; Jimenez and Faulkes 2011). The carapace
length (CL) and weight of live crayfish used in
experiments are shown in Table 1. The values did not
differ in both, premature (¢ test, fcp = 0.53, Pcp.
= 0.60; tyy = — 0.12, Py = 0.91) and mature animals
(l test, fcp = 109, PCL = 028, tw = — 003,
Py = 0.98).

Acclimation and experimental set-up

In order to avoid the effects of previous hierarchical
status in the source stocks, all selected specimens were
kept individually in separated plastic boxes for 7 days
(individuals cannot see each other during this acclima-
tization period) prior the experiment. During this
period, the water temperature was maintained at
20 °C, and crayfish were fed daily in excess by
commercial dry feed for aquarium fish enriched with
algae (Sera Granugreen, Sera GmbH, and Germany).

After acclimation period, crayfish pairs were
stocked into the rectangular experimental arenas
(Steele et al. 2018). Smaller arena for premature
animals (265 x 185 x 70 mm in size) was filled by

2 1 of aged tap water (~ 20 °C) and 0.2 1 (376 g of
dry weight) of fine sand (particle size < 1 mm). Arena
for mature animals (400 x 250 x 200 mm in size)
was filled by 6 1of aged tap water (~ 20 °C)and 0.4 1
(752 g of dry weight) of fine sand. Crayfish were
stocked under transparent perforated plastic cups to
acclimate to experimental water conditions for 5 min
(Buri¢ et al. 2018). Then perforated cups were
removed to enable crayfish to move and interact
freely with each other in experimental arena. The
experimental period lasted for 15 min (Steele et al.
2018). Crayfish in experimental arenas were recorded
using digital video camera (Sony HDR-CX?240, Sony,
Japan). In total, 10 and 17 size-matched pairs were
recorded for premature and mature animals, respec-
tively. In mature animals, 9 males and 8 females of red
swamp crayfish were used.

Data were evaluated later using both visual and
automatic analysis of obtained recordings. Visual
evaluation was carried out to evaluate the number of
contacts, threats, the number of fights, fight duration,
to recognize fight initiator, fight winner, avoidance
behaviour, and tail flips (Table 2). The dominance
establishment was determined as the time where the
last underwent agonistic event lead to further

Table 1 Carapace length (CL) and weight (W) of premature and mature P. virginalis and P. clarkii used in interaction pairs

Experimental group Species CL (mm) W (g) D (%)
Premature Marbled crayfish 16.07 £ 0.53 0.96 £+ 0.09 2.65 £ 0.57
(13.65-18.13) (0.54-1.35) (0-4.65)
Red swamp crayfish 16.45 £+ 0.50 0.94 £ 0.08
(14.38-19.25) (0.55-1.27)
Mature Marbled crayfish 27.37 £ 1.36 4.81 £ 0.94 2.13 + 0.49
(22.32-34.47) (2.28-11.38) (0.24-4.60)
Red swamp crayfish—males 29.01 £ 1.59 4.84 + 0.95
(23.78-38.35) (2.39-11.6)
Marbled crayfish 30.68 £ 1.11 5.66 + 0.53 2.45 +£0.73
(24.93-35.57) (3.94-7.93) (0.19-4.68)
Red swamp crayfish—females 32.03 £ 091 5.67 £0.53
(27.94-35.93) (4.12-7.90)
Marbled crayfish 28.93 + 0.95 541 £ 0.74 228 +£ 042
(22.32-35.57) (2.28-11.38) (0.19-4.68)
Red swamp crayfish—in total 30.43 £ 0.99 539 £ 0.73

(23.78-38.35) (2.39-11.60)

Last column shows the average percent weight difference (D) between individuals in particular pairs. Data are presented as

mean + SE and as the range (minimum-maximum) in parentheses
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Table 2 Definition of agonistic interaction pattern of P. virginalis and P. clarkii. Modified from Sato and Nagayama (2012),

Aquiloni et al. (2008) and (Fort et al. 2019)

Event Definition

Contact Touch with claws, body (carapace, abdomen) rather than antennae and antennules

Avoidance  Retreat from an approaching crayfish that has not exhibited threatening behaviour

Threat Approach with signs of warning—mainly raising, waving, and shaking claws

Winner The individual that did not retreat from the fight or that left the opponent that assumed a body down posture or
remained motionless. In the very few cases when both individuals retreated simultaneously no winner was scored

Fight Crayfish make contact with pushing or slight pinching with claws or direct contact and biting with clear intent to inflict
injury

Fight Crayfish which one start first the fight activity recognize as a fight initiator

initiator
Tail flip Rapid abdominal flexions results powerful backward swimming stroke

persistent avoidance of one opponent to fight, contact
or stay in the proximity (one body length) of the
dominant crayfish. To support this determination, the
number of fights won and fights initiated were also
taken into account.

Ethical statement

The study did not involve endangered or protected
species. No specific permissions were required for the
locations and activities involved in this study. It must
be mentioned that both species used are involved to a
species list of European Commission Regulations (EU
Regulation No. 1143/2014 and Commission Imple-
menting Regulation No. 2016/1141). That means that
the import, trade, keeping and breeding of marbled
crayfish is prohibited in the European Union (EU).
Keeping for research is allowed but requires permis-
sion and should be done in proper way to avoid
possible escapes into the natural environment (Hos-
sain et al. 2018). However, Czech Republic still not
has the national implementation of regulations men-
tioned above, and there are no permissions needed for
research organisations yet. All experimental manipu-
lations (rearing, capture and measurements) were
conducted according to the principles of the Ethical
Committee for the Protection of Animals in Research
of the University of South Bohemia, Faculty of
Fisheries and Protection of Waters, Research Institute
of Fish Culture and Hydrobiology, Vodnany, based on
the EU harmonized animal welfare act of Czech
Republic. The above-named Institutional Animal Care
and Use Committee (IACUC) specifically approved
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this study. The principles of laboratory animal care
and the national laws 246/1992 and regulations on
animal welfare were followed (Ref. No. 22761/2009-
17210).

Statistical analysis

Statistical analyses were performed using Statistica
13.2 software (StatSoft Inc., Tulsa, USA). Chi-square
(*) test was used to test expected frequencies of
interactions outcomes with observed values (contact
initiator, fight initiator, avoidance, winner and dom-
inance establishment) according to hypotheses of
experiment. Fight number, duration and latency to
first fight were analysed using student ¢ test. Tailflip
and retreat were analysed through nonparametric
Mann—Whitney U test. The null hypothesis was
rejected at o < 0.05 in all tests of this study. Data
were presented as mean & SE.

Results
Dominance establishment

There were no significant differences were observed
among the measured parameters in the species com-
pared except the abdomen width (Table S1). In
premature animals, the dominance was clearly estab-
lished in 90% of pairs observed. In this group, marbled
crayfish dominated over red swamp crayfish signifi-
cantly (y* test = 30.91; P < 10™?). In mature animals
group, 52.9% of pairs showed no defined dominancy
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over each other. While among the rest (i.e. 8 pairs
where dominance was established) in mature animals,
marbled crayfish governed a dominating role in
greater percentage than red swamp crayfish (y
test = 25.0; P < 1074). When the sex of red swamp
crayfish is taken into account, marbled crayfish
dominate in all female—female pairs (Xz test = 100.0;
P < 10_4). In the case of male-female pairs, the
situation was more balanced, but the overweight of
marbled crayfish was still evident (y* test = 4.0;
P =0.045). Data are described in more details in
Table 3.

Latency to start first fight was similar among
experimental groups (¢f test=0.52; P = 0.600),
though mature pairs tend to initiate fight slightly
earlier than prematures. However, total fights duration
(t test = —2.85; P = 0.010) and number of fights per
pair (¢ test = —2.46; P = 0.020) differed significantly
between premature and mature animals. Though the
mean fight duration showed large variation between
the groups, statistically there was no significant
variation (¢ test = —1.82; P = 0.08) (Table 4). The
difference in crayfish behaviour was detected in the
pairs after the dominance establishment (Table 5)
with the number of fights significantly dropped down
in both premature (¢ test =9.44; P < 107%) and
mature animals (¢ test = 3.71; P = 0.003). The mean
fight duration was significantly lower after dominance
establishment in premature (¢ test = 3.04; P = 0.010)
and mature animals (¢ test = 2.36; P = 0.040).

Agonistic encounters and contacts

In the premature animals, red swamp crayfish was
significantly more active in contact initialization (>
test = 4.796; P = 0.029), while in fight initialization,
it also showed higher number while not significant (3
test = 0.34; P = 0.560). On the other hand, marbled
crayfish won significantly more fights over red swamp
crayfish (xz test = 20.04; P < 10_3); thus the avoid-
ance to meet the opponent was higher in the latter (i
test = 6.44; P = 0.010).

In mature animals, the situation was different in the
case of contact (y* test = 0.52; P = 0.470) and fight
initialization (X2 test = 5.29; P = 0.020), where mar-
bled crayfish were significantly more active. Similarly
as in premature, marbled crayfish were more success-
ful in the fights won (¢ test = 30.78; P < 10™%), with
significantly more avoidance events in the mature red
swamp crayfish (y* test = 9.85; P = 0.002). In addi-
tion, mature marbled crayfish also won significantly
more fight, when grouped and analysed with consid-
ering the male and female of red swamp crayfish (3
testyae = 232.79; P <107* and 4*  teStpemale.

=208.84; P < 10_4). These differences are shown
in Figs. 1, 2 for premature and mature group (sex
together) and for mature group when sexes are

considered, respectively. Tailflip (premature:
1.7 £ 0.3; adult: 1.1 &+ 0.1) (U =13.5, P = 0.2) and
retreat (premature: 2.0 & 0.6; adult: 2.6 & 0.7)

(U=16.0, P=0.6) in interacting pair were not
significantly vary among premature and adult groups.

Table 3 Percentage of premature and mature P. virginalis and P. clarkii pairs with established and not defined dominance, and
percentage of dominant specimens of each species in pairs where dominance was established

Group Species Established dominance (%, n) Not defined (%, n) Dominant from established (%)
Premature Marbled crayfish 70.0 (7) 10.0 (1) 77.8*

Red swamp crayfish 20.0 (2) 22.2°
Mature Marbled crayfish 33.3 (3) 44.5 (4) 60.0%

Red swamp crayfish—males 22.2 (2) 40.0°

Marbled crayfish 37.5 (3) 62.5 (5) 100.0*

Red swamp crayfish—females 0.00 (0) 0.0°

Marbled crayfish 35.3 (6) 52.9 (9) 75.0*

Red swamp crayfish—in total 11.8 (2) 25.0°

Number in parentheses indicates the no. of crayfish pairs. Different superscripts in the same column shows the statistically significant

differences at a < 0.05 between used species within the groups
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Table 4 Total number of fights per pair, time to start first fight, total fights duration per pair and mean fight duration in premature
and mature P. virginalis and P. clarkii

Group Total no. of fights Time to start fight (s) Total fights duration (s) Mean fight duration (s)
Premature 34407 257.9 + 65.0° 57.4 £ 15.5° 169 + 3.9

Mature (male—female) 514+ 07% 228.1 + 56.1* 163.0 & 39.6* 31 + 6.6*

Mature (female—female) 6.0 + 0.9* 218.4 + 39.5% 272.8 + 74.3* 53.6 + 20.3*

Mature (total) 5.6 £ 05 223.3 4+ 32.2% 217.9 + 41.8* 423 + 10.4*

Values are presented as mean £ SE. Different superscripts in the same column highlight the statistically significant differences at
o < 0.05

Table 5 Percentage of fights and mean fight duration till the dominant/subordinate status of crayfish was established and after that in
interacting premature and mature pairs of P. virginalis and P. clarkii

Group Percentage of fights Mean fight duration (s)
Till dominance After dominance Till dominance After dominance
establishment establishment establishment establishment
Premature 88.2 + 5.7 11.8 +54° 19.8 £ 5.6 1.6 +£0.7°
Mature (male— 704 £ 7.2% 29.6 + 7.7° 36.8 £ 9.2% 12.1 £ 3.9°
female)
Mature (female— 81.0 £ 11.7° 19.0 + 11.7° 140.4 + 32.2° 83+ 5.1°
female)
Mature (total) 74.9 £+ 9.5% 25.1 +6.1° 81.2 £ 19.1* 10.5 + 2.8°

Values are presented as mean + SE. Different superscripts in the same row highlight the statistically significant differences at
o < 0.05 between the same parameters

Fig. 1 Comparison of = Contact initiator ™ Avoidance = Fight initiator = Fight winner
percentage of contact L

initialization, avoidance a
events, fight initialization 90 4

and fight wins between
premature and mature P.
virginalis and P. clarkii.
Values are presented as
mean £ SE. Different
superscripts within the
column colures (groups
apart) highlight the
statistically significant
differences at o < 0.05.
(Color figure online)

Proportion (%)

Marbled Red-swamp Marbled Red-swamp

Pre-mature Mature (sex together)
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Fig. 2 Comparison of 100
percentage of contact
initialization, avoidance
events, fight initialization

. 80
and fight wins between a
mature P. virginalis and P. 70
clarkii in respect to sex of P. a
clarkii. Values are presented 60
as mean £ SE. Different
superscripts within the
column colours (groups
apart) indicates the
statistically significant
differences at o < 0.05.
(Color figure online) 20
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Discussion

Successful crayfish invaders are basically determined,
aside from ecological strategies and adaptability
(Lindqvist and Huner 1999; Holdich et al. 2009)
through agonistic behaviour during interspecific inter-
actions (Gherardi 2002; Hudina et al. 2016). The
importance of marbled crayfish is increasing due to its
current spreading in natural habitats worldwide
(Kawai et al. 2016; Patoka et al. 2016). The informa-
tion about the competitiveness of marbled crayfish
with other species, including other already established
aliens, is scarce (Jimenez and Faulkes 2010; Kawai
et al. 2016). Generally, marbled crayfish is considered
more placid in stress conditions (Kawai et al. 2016)
often stimulated by mechanical stimuli only (Kasuya
and Nagayama 2016). Despite its reputation for a calm
disposition, it has the previously dominance over size-
matched spiny cheek crayfish caught from wild
populations in Germany (Linzmaier et al. 2018) and
very active and aggressive red swamp crayfish, which
is probably an utmost successful introduced species
worldwide (Jimenez and Faulkes 2011). In some
previous research, some (Jimenez and Faulkes 2011)
trials were not performed on size-matched individuals,
which resulted in potential bias in results since size is
one of the major determinants of dominance in
agonistic interactions in crayfish. In addition, from
the size of marbled and red swamp crayfish can be
supposed that nearly adult marbled crayfish, especially
when 8—10 months old (Seitz et al. 2005), fought with

Red-swamp(jI Marbled Rcd-swampg

juveniles of red swamp crayfish. However, this stock
was assessed as premature but unfortunately without
evidence of glair glands development consideration
(Faulkes, personal communication). We therefore
decided to revise these results to a greater extent
using two size groups tightly matched for weight and
with detailed morphometric evaluation of specimens
used. Moreover, two observation methods (including
visual and automatic software evaluation) were used
to see deeply to the patterns accompanied with
dominance establishment.

Our results indicate that marbled crayfish might be
a potent challenger in interspecific competition even
with highly aggressive and widely distributed alien
crayfish. Marbled crayfish significantly more success-
fully established dominance in interspecific pairs with
red swamp crayfish in both premature and mature
group. In addition, the status of hierarchy remained not
defined in about 50% pairs in mature group, whereas in
premature, it was only 10%. The mature group seems
to require more time to establish dominancy. More
time to establish dominance could be due to prolonged
sequential assessment of the opponent due to pair
matching. Moreover, the pattern of more rapid
formation of social hierarchy in small size crayfish
than in larger has been already reported (Sato and
Nagayama 2012). In the mature group, marbled
crayfish dominated in female—female pairs. In the
female—male pairs, the dominance of marbled crayfish
was less pronounced (60% with male and 100% with
female) probably due to more aggressive nature of
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males (Gherardi 2002). Males are usually also advan-
taged with resource-holding potential (RHP) over
females (Parker 1974; Shine 1989; Wilson 1992)
because males primarily compete for access to female
(Draud et al. 2004), while female spent most time and
energy in reproduction (including vitellogenesis) and
carrying young (Trivers 1972). Male and female
crayfish also use different strategies during agonistic
interactions (Wofford 2013). Mature crayfish males
are more aggressive than females, but in premature
animals, their agonistic features are not pronounced by
sex (Bovbjerg 1956) though dominant-subordinate
relationship is formed between premature as early as
the third developmental stage (Issa et al. 1999).

The morphometric comparison did not reveal any
significant differences in strategic body parts, as
chelae and carapace dimensions, abdomen or total
length (Bovbjerg 1953; Stein 1976; Gherardi 2002),
and the differences of body dimensions therefore
probably did not play important role in our study. The
only evident difference was significantly wider abdo-
men of red swamp crayfish in premature group and
conversely wider abdomen of marbled crayfish in
mature group, which can hypothetically be at the
utmost the precursor of better stability of marbled
crayfish during fights (Bufi¢ et al. 2010; Hossain,
Bufié, unpublished work). However, other variables
such as plasma protein level and exoskeleton calcium
concentrations (Vye et al. 1997) should be considered
in future studies being physiological and biochemical
status has effect on aggressive motivation (Kravitz
1988).

Size and developmental stage are important factors
related to agonistic behaviour of crayfish (Bovbjerg
1956) with an elevated level of aggression and more
fighting events occurred as juvenile (premature)
crayfish became larger (Sato and Nagayama 2012).
In our experiment, we found that total fight number per
pair, fight duration and mean fight duration was
significantly higher in mature group. Schroeder and
Huber (2001) also showed that duration of fights
(fights escalated more rapidly) is shorter and resolved
generally at lower intensities in small crayfish.
Premature red swamp crayfish was more active in
contact and fight initiation than marbled crayfish. On
the other hand, their attacks (contact and fights
initialization) was in the majority of cases unsuccess-
ful which led to more established dominant marbled
crayfish in experimental pairs. Therefore, lower rate of
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success of red swamp in fights might be due to
continuous locomotion in experimental period com-
pared to less active marbled crayfish.

Crayfish aggressive behaviour is mediated by
visual, tactile and chemical communication (Brei-
thaupt and Eger 2002; Bergman et al. 2005; Bergman
and Moore 2005) with body vital statistics as possible
predictors of dominance (Pavey and Fielder 1996).
During direct interaction or conflict, fighters of many
animal taxa are thought to evaluate an opponent’s
relative fighting ability, comparing it with their own
(Parker 1974; Whitehouse 1997). The subordinate one
avoids the dominant one and also the activity of
contact initiation drops down (Rubenstein and Hazlett
1974; Hojesjo et al. 1998; Issa et al. 1999). Chemical
signals are usually responsible for this social recog-
nition, and crayfish have therefore the ability to
recognize even unfamiliar dominant and subordinate
individuals through chemical cues (Schneider et al.
1999). We therefore performed a prolonged 7-day
lasting acclimation where crayfish were reared indi-
vidually to reset their previous social status in original
communal stocks. In crayfish, use of antennules as
chemosensory organs has been well documented in
agonistic interaction (Rutherford et al. 1996; Smith
and Dunham 1996). In our experiment, in most of
cases, both crayfish avoided each other or engaged in
fight before communicated with their antennules. It is
also noticeable that the subordinate crayfish also
avoided the dominant one after seeing raised claws at a
distance. This behaviour is therefore result of visual
and chemical communication. Subordinate crayfish
often avoid dominate individuals from possible con-
tact through tailflip or retreat. In present study, tailflips
frequency were higher value in premature animals,
whereas retreat frequency was elevated in mature
group which was also true for American lobster
Homarus americanus with the increasing size escape
behaviour through tailflip replaced by a defensive
strategy (Lang et al. 1977). Sato and Nagayama (2012)
also observed that with increasing body size, the
probability of tailflips decreased, while retreats
increased as the submissive behavioural act of subor-
dinate animals. This contrast in the repertoire of
submissive behavioural acts between smaller and
larger crayfish could be due to a different level of
activation of the neural circuitry underlying tailflip
(Edwards et al. 1994a, b).
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Conclusion

Finally, it can be the assumed that the marbled crayfish
is able to dominate to similarly sized premature,
mature females as well as mature males of red swamp
crayfish despite its less activity in initialization of
contact and fights in premature animals. Marbled
crayfish seems to be thrifty in terms of energy
expenditure, but is able to effectively react of the
challenges. When dominance is established, both
crayfish species lost the interest to initialize other
contacts and fights. However, the interaction pattern
would not be always straightforward, because in
natural conditions, the population structure is not
balanced as in experimental conditions, and crayfish
usually have to face to different-sized specimens in
more complex habitat and predation risk. In addition,
red swamp crayfish have faster growth than marbled
crayfish and disproportionate claw size in large male
adults (Holdich et al. 2006). On the other hand,
marbled crayfish being all female specimens have
moderately sized claw also in larger specimens (Seitz
et al. 2005). These would limit the success of marbled
crayfish in natural habitats. Either way, marbled
crayfish was confirmed as successful competitor in
interactions with the probably most aggressive alien
crayfish species (Gherardi and Cioni 2004; Gherardi
and Daniels 2004; Jimenez and Faulkes 2011). More-
over, the successful invader is not determined only by
aggressive behaviour and dominancy in the fights but
also in other specifics like reproduction strategy and
outputs together with an ability to adapt in different
conditions (Lindqvist and Huner 1999). In this view,
marbled crayfish is recently known as highly adapt-
able, early maturating and fecund species which can
reproduce more than once per year via apomictic
parthenogenesis (Martin et al. 2007; Kawai et al. 2016;
Kouba et al. 2016). Moreover, marbled crayfish seems
to have an ability to spare the energy and be more
active only in the inevitable conditions. Hence,
together with the found abilities to directly outcom-
pete even such aggressive species as red swamp
crayfish, marbled crayfish pose a substantial threat to
native ecosystems and biodiversity of aquatic envi-
ronment which can establish not only in crayfish free
habitats, but is able to compete with resident species.
One way or another, future studies are needed for
example to evaluate the competition for strategic
resources like food or shelter in basic as well as

complex experimental conditions and in established
populations.
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Abstract Reproductive behaviour is a central pat-
tern in animals and understanding mate choice is
among major challenges in behavioural and ecological
studies. Mate choice is often based on recognition of
conspecifics, their physiological state and social
experiences, which play important roles in decision
making. In crayfish, females are choosier than males
because of their higher energy costs for reproduction
(oogenesis, incubation, parental care). We analysed
mate preferences of the spiny-cheek crayfish (Faxo-
nius limosus) where the choosing crayfish was faced
with two similarly sized mature counterparts or
different origin (three geographically separated pop-
ulations were used). Both sexes were presented either
with a single familiar and unfamiliar counterpart or
with two unfamiliar ones, reflecting the source pop-
ulation. Our results suggest that females are able to
recognize and prefer mates from the familiar popula-
tion, whereas males do not exhibit any specific
preference. Chemical communication is the most
possible driver but the mechanism of recognition at
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population level is not known. The specific population
microbiome may be contributing to this pattern.

Keywords Invertebrates - Decapoda -
Communication - Mate choice - Population - Chemical
ecology

Introduction

Ever since Darwin’s idea of female preferences for
male ornaments, research into sexual selection con-
tinues to be a rapidly growing field (Danchin &
Cézilly, 2008). Evidence of many different traits
affecting mate choice has been described from a range
of animals, from small invertebrates to large mam-
mals. Identification of particular traits of reproductive
behaviour that influence mate choice is a major
challenge in behavioural ecology and evolutionary
biology (Aquiloni et al., 2008; Danchin & Cézilly,
2008). Andersson (1994) reviewed sexual selection in
the animal world as a way to maximize reproductive
success. Mating entails costs and potential benefits to
both sexes; therefore it is necessary to make optimal
choices from among the available potential mates
(Mellan et al., 2014).

Females are generally choosier than males, because
they invest more energy into production of relatively
low number of big gametes. Males producing large
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numbers of relatively low-cost sperm are usually
limited only by the frequency of mating (Aquiloni &
Gherardi, 2008c) and sperm maturation (Vogt, 2002).
For these reasons, males are less choosy than females
in mate choice (Trivers, 1972). Individual selectivity
is a specific function of many factors such as mate
quality, availability of potential mates, degree of
investment into offspring or ability to defend an
important resource, e.g. shelter, food (Bateson, 1983;
Rahman et al., 2004; Mellan et al., 2014; Tricarico,
2015). A range of preferences that influence decision
making in mate choice is known in crustaceans. The
studies of Rubolini et al. (2006), Aquiloni & Gherardi
(2008b) and Aquiloni & Gherardi (2008c) showed
higher preference for mates having larger body size in
both sexes. Similarly, crayfish females preferred
dominant males when choosing between similarly
sized known males (Aquiloni et al., 2008; Aquiloni &
Gherardi, 2008b). On the other hand, males are able to
recognize and prefer virginity in females (Aquiloni &
Gherardi, 2008c). Recognition of functional state of
crayfish, or of an individual crayfish, is possible
mainly through chemical communication (Simon &
Moore, 2007; Berry & Breithaupt, 2010) processed by
well-developed sensory organs (Vogt, 2002; Hallberg
& Skog, 2011). This is supported by many studies
examining the ability of individual recognition among
crustaceans, e.g. in the hermit crabs Pagurus longi-
carpus Say, 1817 (Gherardi & Tiedemann, 2004), in
the American lobster Homarus americanus H. Milne
Edwards, 1837 (Karavanich & Atema, 1998b), in the
big-clawed snapping shrimp Alpheus heterochaelis
Say, 1818 (Ward et al., 2004) and in yabby Cherax
destructor Clark, 1936 (Van der Velden et al., 2008).
Aquiloni et al. (2009) also investigated sex identifica-
tion and recognition in red swamp crayfish Procam-
barus clarkii Girard, 1852 during female—male
interactions via chemical cues only.

In the current study, we investigated if crayfish
could recognize mate conspecifics from their own
(familiar) or geographically distinct (unfamiliar) pop-
ulation. When the study was designed, we supposed
that if there is a preference, it would probably be for
unfamiliar mates, to increase heterozygosity of the
population.
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Materials and methods
Collection and maintenance of animals

Crayfish collections were planned and designed to
capture on small area (up to 100 m of river bank) at
each locality. This methodology would be appropriate
to fulfil familiarity (previously met) assumptions. All
used crayfish were adults that have travel radius within
tens of metres for foraging, social contact and mating.
Males and females of the spiny-cheek crayfish Fax-
onius limosus (Rafinesque, 1817) were captured by
hand from three separate localities in the Czech
Republic: (1) the Elbe River (50°45'45"N;
14° 23'65"E), (2) Hrejkovicky brook where it enters
the Orlik water reservoir (49°40'38"N; 14°25'37"E)
and (3) the MalSe River at its mouth to the Vltava
River in Ceské Bud&jovice (48°97'28"N; 14°46/99"E)
(see Fig. 1). All localities belong to the Elbe River
catchment and have been highly invaded by spiny-
cheek crayfish for more than 10 years (Petrusek et al.,
2006). Crayfish were collected from July to August
2015, before the reproductive season. In the labora-
tory, crayfish were held individually in floating plastic
boxes placed in flow-through channels under natural
ambient light and temperature conditions for at least
5 weeks until the onset of breeding. Crayfish from all
three population can smell one another but any tactile
or visual contact was prevented.

Both sexes were examined for sexual maturity
before the experiment. Sexual maturity of males was
assessed using the shape of gonopods, and only
sexually active FI males were used (Hamr, 2002;
Buric et al., 2010b); and by the presence of developed

N\ “'\

Fig. 1 Map of the Czech main river network showing source
localities of the spiny-cheek crayfish. E the Elbe River, O the
Orlik reservoir, M the MalSe River
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glair glands in females (Hamr, 2002; Bufi¢ et al.,
2010a). In all used crayfish, we measured carapace
length and length and width of both chelae to the
nearest 0.1 mm using Vernier callipers. Wet weight
was measured to the nearest 0.1 g with an electronic
balance (Kern & Sohn GmbH, Balingen, Germany).
Thereafter each measured crayfish was assigned a
unique box with identification code. Only crayfish
without visible damage (lost or regenerating chelae or
other appendages) were selected for experimentation.

Experiment design

The experiment was conducted in the reproductive
period between 15th and 28th October 2015. Exper-
imental triads were made from two electors (two males
or two females) and one chooser of the opposite sex.
Electors were chosen as one familiar and one
unfamiliar, or as two unfamiliar individuals (control).
On the basis of studies by Aquiloni & Gherardi
(2008b) and Aquiloni & Gherardi (2008c), we tried to
eliminate size-preference effects. Electors in each
single triad were therefore chosen using a size-
matching strategy where differences in carapace
length and chelae size (both length and width) were
always < 5%. Used crayfish males and females were
encoded not to be influenced by unconscious biases of
the observer. We set up 12 trials with familiar and
unfamiliar and 6 trials with two unfamiliars per
population and sex; in total we observed 108 trials.
For the experiments, we used the modified exper-
imental apparatus from Aquiloni & Gherardi (2008c)
which consisted of an elliptical plastic arena
(60 x 40 cm, water level 10 cm). Water for experi-
ments was from the same source as for flow troughs
with crayfish. On the opposite sides of the arena were
two elector’s areas (radius of 15 cm marked by small
points) (Fig. 2), where each elector was carefully
attached around the thorax (between the 3rd and 4th
pair of pereopods) using a fine fishing line, enabling
free movement in a defined area. After the electors
were attached, the chooser was placed into the middle
of the arena and covered by a 15-cm opaque circular
perforated container for 10 min of acclimatization,
during which only chemical stimuli were possible.
After that, the mate choice experiment began with the
removal of the container, when the chooser was free to
move in the entire arena. The behaviour of the stocked
crayfish was then observed for 10 min in each trial.

&t
CHOOSER

ELECTOR

Fig. 2 Tllustrated schematic drawing of the experimental arena
(dimensions are not to scale). Elector crayfish attached by
fishing line; chooser crayfish is freely moving; dotted line—
marked elector’s area

Selected time range is appropriate for animal com-
munication and decision making in mate choice. To
avoid pseudo-replication, each chooser crayfish was
used only once. Between each trial, the experimental
arena was thoroughly washed with clean tap water and
new water was provided for a subsequent trial.

Collecting of data

Each trial was video-taped using a Sony digital camera
(HDR-CX240E). Each record was examined by an
experienced observer. During the mate choice exper-
iments, the observer recorded parameters of the
chooser’s selection such as the first choice, time spent
and numbers of pre-copulatory contacts, the last
choice and mating. Records were processed using
the software program EthoVision XT® 13 (Noldus
Information Technology b.v., Netherlands) for time
spent in each elector’s area.

Statistical analyses

Data were tested for normality using the Kolmogorov—
Smirnov test. Variables such as time spent in area
(carapace centre of chooser crossed the elector’s area
border), and spent time and number of contacts
(chooser actively grasped the elector by claw),
fulfilled assumptions of parametric test, were analysed
using two-tailed Student’s tests () for dependent
samples; if not, the Wilcoxon matched paired test
(z) was used. Other variables such as first and last
choices, and mating were tested using Pearson’s
contingency table y* test. The null hypothesis was
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rejected at o = 0.05 using the software program
Statistica version 13.2 for Windows (StatSoft).

Results
Chooser: female

In general, females visited both males about three
times during mate choice period, only in four trials
females visited just one male. Females did not show
preference for males from any unfamiliar population
in time spent in elector’s areas, time spent and
numbers of pre-copulatory contacts, and first and last
choices (Table 1). Female choosers from all three
populations spent significantly more time in the
familiar elector’s area and made more contacts with
them. Females preferred familiar males more often
than unfamiliar in comparison of time spent in
elector’s area (Fig. 3), spent time in contact (Fig. 4)
and in numbers of contacts (Fig. 5). First and last
choices of choosers were without significant prefer-
ence to familiar or unfamiliar mates (Table 2).

Female choosers copulated in 19 trials (35.2%) out
of 54 trials. Females showed preference for copulation
with familiar males in 6 trials. In some cases (8 trials),
the unfamiliar male grasped a female passing them. As
this act was involuntary, these copulations were not
included in results as the decisive factor for mate
choice. No females were observed copulating with
more than one male in each trial.

230
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Time spent in elector's zone (s)

140

130

Familiar Unfamiliar

Fig. 3 Average time spent by female chooser in familiar and
unfamiliar elector’s zone. Data are mean + SE. Significant
difference between familiar and unfamiliar group P < 0.05

o
o

45

40

35

30

Time spent in contact with elector (s)

25

Familiar Unfamiliar

Fig. 4 Average time spent by female chooser in familiar and
unfamiliar elector’s zone. Data are mean + SE. Significant
difference between familiar and unfamiliar group P < 0.05

Table 1 Statistical analysis of female preferences for both unfamiliar electors (M—E-O)

Variable Population

M (ct = 6) E (ct =6) O (ct =06)

Statistic P value Statistic P value Statistic P value
First choice (f) 7°=0.00 1.000 7’=1.33 0.248 =133 0.248
Time spent in elector area (s) z=0.94 0.345 z =157 0.116 z=0.52 0.600
Time spent in contact (s) z=1.15 0.249 z =157 0.116 z=0.11 0.916
Number of contacts (7) z=10.00 1.000 z=0.13 0.893 z=121 0.225
Last choice (f) 7’=1.33 0.248 =133 0.248 =133 0.248

M the MalSe River, E the Elbe River, O the Orlik water reservoir, z Wilcoxon test, ¢ number of crayfish trials, f frequencies,

s seconds, n numbers
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Fig. 5 Average number of female chooser’s contacts with
familiar and unfamiliar males. Data are mean £ SE. Significant
difference between familiar and unfamiliar group P < 0.05

Chooser: male

Total number of copulated male choosers was 34
individuals (63.0%) out of 54 trials. Males did not
exhibit interest in any specific population, either
familiar or unfamiliar. Their choices were independent
on origin of females. No significant preferences were
observed in time spent in elector’s areas, time spent
and numbers of pre-copulatory contacts, first and last
choices and copulations (Table 3). Similar non-sig-
nificant results were obtained in comparison of male
first choice, times spent and contacts with familiar and
unfamiliar females (Table 4). An exception was
observed only for the last choice, where males
significantly preferred unfamiliar females
(P < 0.05). No females copulating with more than
one male were observed.

Discussion

Recognition of individuals by crayfish has been
studied in recent decades. Several studies demonstrate
capabilities of individual recognition in crayfish from
different families (Seebacher & Wilson, 2007; Aqui-
loni & Gherardi, 2008a; Aquiloni et al., 2009).
However, there are no reports if crayfish are able to
distinguish between animals from geographically
distinct areas. Previous studies mainly focused on
social interactions such as hierarchy levels, mate size,
winner and loser cognition, and gender and conspeci-
fic recognition (Acquistapace et al., 2002; Aquiloni
et al., 2008; Van der Velden et al., 2008).

Our results show that at least females of spiny-
cheek crayfish are able to recognize males from their
familiar population and prefer them to ones from a
distant unfamiliar population. Newly introduced ani-
mals can therefore theoretically be discriminated in
reproduction in accordance to female choice. On the
other hand, males did not show any recognition-
preference in the study, which confirms the previous
findings of Villanelli & Gherardi (1998). They found
males not to be choosy, targeting mainly the quantity
of mates rather than quality, despite the described
preference for large size or virginity in males
(Ameyaw-Akumfi & Hazlett, 1975; Acquistapace
et al., 2002; Aquiloni & Gherardi, 2008c). Hence,
males are very active in order to find as many mates as
possible during the mating season (Gherardi &
Barbaresi, 2000; Bufic et al., 2009) especially when
they can remove the sperm of a previously mated
male, as in Cambaridae (Snedden, 1990) and Astaci-
dae (Villanelli & Gherardi, 1998). In contrast, females
consider their choices more because of higher invest-
ment in oocyte development and future incubation and
parental care (Thiel, 2000, 2003).

Table 2 Statistical analysis
results of variables in
preferences for familiar or

unfamiliar males

z Wilcoxon paired test,

t Student’s test, ¢t number
of crayfish trials,

f frequencies, s seconds,

Variable Familiar versus unfamiliar (ct = 36)
Statistic P value

First choice (f) 7°=0.89 0.346
Time spent in elector area (s) s = — 2.71 0.010
Time spent in contact (s) z=3.03 0.002
Number of contacts (n) z=273 0.006
Last choice (f) %*=0.00 1.000
Mating (f) %= 0.09 0.759

n numbers
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Table 3 Statistical analysis of male preferences for both unfamiliar electors (M—E-O)

Variable Population

M (ct = 6) E (ct=06) O (ct=6)

Statistic P value Statistic P value Statistic P value
First choice (f) 7’=1.33 0.248 7’=1.33 0.248 7’=1.33 0.248
Time spent in elector area (s) z=0.52 0.600 z=1.78 0.075 =032 0.753
Time spent in contact (s) z=0.32 0.753 z=1.78 0.075 z=0.73 0.463
Number of contacts (n) z=0.99 0.382 z=0.51 0.605 z=091 0.412
Last choice (f) =133 0.248 =133 0.248 *= 0.00 1.000

M the Malse River, E the Elbe River, O the Orlik water reservoir, z Wilcoxon test, ¢z number of crayfish trials, f frequencies,

s seconds, n numbers

Table 4 Statistical analysis
results of variables in
preferences for familiar or

unfamiliar males

z Wilcoxon paired test,

t Student’s test, ¢t number
of crayfish trials,

f frequencies, s seconds,

Variable Familiar versus unfamiliar (ct = 36)
Statistic P value
First choice (f) = 13.56 0.059
Time spent in elector area (s) t35 = 0.14 0.889
Time spent in contact (s) 5 = 0.11 0.913
Number of contacts (n) z=0.01 0.992
Last choice (f) $’= 18.00 <0.1073
Mating (f) =236 0.125

n numbers

However, some questions still persist, e.g. why
females prefer, and how do they detect the difference
between familiar and unfamiliar individuals. The
reason for our original hypothesis was because all
spiny-cheek populations in Europe are probably based
only on 90 individuals introduced at the end of the 19th
century and underwent many bottlenecks during their
man-made translocations (Filipova et al., 2011). But
crayfish are probably not as capable and resourceful as
to manage their population diversity. A more realistic
answer as to why to choose between a familiar and
unfamiliar mate can be reached from literature where
recognition and preference of familiar individuals for
shoaling are well documented in many fish species,
e.g. Griffiths & Magurran (1997), Brown (2002) and
Ward & Hart (2003). Mate choice towards familiars
was also detected in other crustaceans (Johnson, 1977,
Caldwell, 1992; Karavanich & Atema, 1998a). A
familiarity mechanism of natural selection can poten-
tially reduce costly aggressive behaviour as reported
in fish (Hojesjo et al., 1998), Seppa et al. (2001) and
also discussed in crayfish in light of decreased
agonistic behaviour, reduced costs of competition
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(Bovbjerg, 1953; Daws et al., 2011) and shortening of
the courtship period. Such advantages can play an
important role in determining why females preferen-
tially select mates from the same locality.

However, the mechanism by which females make
their decision is unknown. Due to origins of used
experimental animals, we were unable to tell if the
effect was based on familiarity rather than kinship
(Griffin & West, 2003; Mathews, 2011). Obviously,
mate preference is not based on long-term memory or
full differentiation of known individuals. Moreover,
Van der Velden et al. (2008) described cognition
ability of crayfish, although based only on three
individuals. In addition, these crayfish were stored
individually for at least 5 weeks and to our knowledge
there is no report in the literature about such long-term
memory in crayfish, regardless of the stimuli (visual or
chemical).

It can be assumed that the recognition is rather
based on chemical stimuli, as crayfish are aquatic
animals mostly dependent on chemical signals from
the environment, predators, prey, food or heterospe-
cifics and conspecifics (Gherardi, 2002; Breithaupt,
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2011). Olfactory cues are therefore widely used for
circumstances of evaluation and decision making, so
we can consider specific odours actively or passively
produced by males. It seems too unlikely to imagine
that males actively report about their place of origin,
but the cues may be a function of previous cohabita-
tion at a locality which could lead to a special “odour
of the locality”. This odour can probably be connected
with the similar microbiome of animals living in a
similar locality (Ezenwa et al., 2012; Arbuthnott et al.,
2016), with minimal impact on metabolic, functional
and virulence potential during the change of environ-
mental conditions (Van Bonn et al., 2015). Specific
chemical, physical and biological conditions in dif-
ferent localities can lead to significant differentiation
of microfloral settlement and therefore to different
odour scent (Lize et al., 2013). The concrete mecha-
nism of familiar population recognition and its func-
tioning is a challenge for future research.

Conclusions

This study demonstrated different reproductive strate-
gies of females and males, from observations that
females rely on some familiarity of sexual partners as a
reliable guarantee for successful mating, to confirma-
tion of a different male reproductive priority for
securing successful mating which includes as many
mating acts as possible. This study raised the question
of the importance of familiarity in mating in mixed
wildlife populations where there are significant dif-
ferences in adult size. Is familiarity of a partner
stronger than a larger migrating super-male? And
finally, how can females recognize conspecifics from
the same populations? Future studies are expected to
solve these issues.
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ARTICLE INFO ABSTRACT

Keywords: Environmental pollution by pharmaceutically active compounds, used in quantities similar to those of pesticides
Pollutants and other organic micropollutants, is increasingly recognized as a major threat to the aquatic environment.
Pharmaceuticals These compounds are only partly removed from wastewaters and, despite their low concentrations, directly and
Freshwaters indirectly affect behaviour of freshwater organisms in natural habitats. The aim of this study was to beha-
?:iar:::;:;te viourally assess the effects of an opioid painkiller (tramadol) and antidepressant drug (citalopram) on behaviour

patterns of a clonal model species, marbled crayfish. Animals exposed to environmentally relevant concentra-
tions of both tested compounds (~1 pg1~!) exhibited significantly lower velocity and shorter distance moved
than controls. Crayfish exposed to tramadol spent more time in shelters. Results were obtained by a simple and
rapid method recommended as suitable for assessment of behaviour in aquatic organisms exposed to single
pollutants and combinations.

1. Introduction

Pharmaceutically active compounds (PhAC) are an important group
of pollutants that represent a serious threat to aquatic ecosystems
worldwide (Boxall et al., 2012). Freshwater ecosystems are exposed to
mixtures of PhACs and their residues (Azuma et al., 2017; Li et al.,
2011) originating from municipal wastewater from which they are re-
moved only partially or not at all by sewage treatment (Golovko et al.,
2014a; Heberer, 2002; Petrovi¢ et al., 2003). Pharmaceutically active
compounds are designed to be effective at low concentrations and their
residues entering environments through wastewaters can therefore af-
fect non-target organisms (Huerta et al., 2012; Hughes et al., 2012;
Santos et al., 2010). Toxic effects of PhACs on mammals are well-
known, but information of their ecotoxicity and ecological effects is
sparse (Boxall et al., 2012). Antibiotics and hypertension drugs, the
most common PhACs found in the environment as well as being those at
the highest levels, were the focus of most past studies (Lindberg et al.,
2014; Padhye et al., 2014; Petrie et al., 2016). Pharmaceutically active
compounds without obvious toxic effects, such as antidepressants,
psycholeptics, and opioids have received less attention (Brodin et al.,
2013; Brodin et al., 2014).

Psychoactive pharmaceuticals are designed to impact signal path-
ways in the brain, so they may be expected to affect organism beha-
viour (Fedorova et al., 2014b; Feighner, 1999; Fong and Ford, 2014;
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Irvine et al., 2011; Thomas et al., 2014). Some antidepressants bioac-
cumulate in fish tissues (Du et al., 2012; Gelsleichter and Szabo, 2013;
Grabicova et al., 2017; Grabicova et al., 2014) and in the benthos
community (Grabicova et al., 2015), which increases the possibility of
detectable effects on these organisms.

Similar to fish and aquatic and semi-aquatic insects (Barry, 2013;
Jonsson et al., 2014), crayfish are susceptible to behavioural changes
induced by extraneous substances in water (Cook and Moore, 2008;
Lahman et al., 2015). Exposed aquatic animals often exhibit alterations
that affect predation, social interactions, reproduction, and migration
(Brodin et al., 2013; Corcoran et al., 2010; Valenti et al., 2012). These
effects are not lethal but can indirectly influence entire populations,
and thus ecosystem functioning, through disrupted prey/predator re-
lationships and altered defence and reproductive behaviour. Several
psychoactive PhACs are still labelled as environmentally safe due to
their non-lethal effects, despite their known influence on behaviour of
aquatic organisms (Boxall et al., 2012; Fong and Ford, 2014).

Assessment of the effects of PhACs requires a method simple enough
to be repeated in precisely-defined conditions as well as a suitable
model species. Crayfish show a complex morphology, development, and
behaviour, including elaborate social interactions (Gherardi, 2002;
Vilpoux et al., 2006). They are considered keystone species in fresh-
water ecosystems and are strong ecosystem engineers (Creed and Reed,
2004; Dorn and Wojdak, 2004). Hence, pollution impact on native
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crayfish stock can result in ecosystem instability (Creed and Reed,
2004; Momot, 1995; Usio and Townsend, 2004).

The marbled crayfish (Procambarus virginalis Lyko 2017) is an ideal
model organism for many research areas with the potential to gen-
eralise results to other members of Crustacea/Decapoda/Reptantia
(Vogt, 2011). They are easily cultured, of suitable size, and exhibit
individuality, tolerance to handling, high fertility, a relatively short
generation time, and adaptability to a wide spectrum of environmental
and nutritional conditions (Kawai et al., 2015; Vogt, 2008). In addition,
mother, offspring, and all batch-mates of marbled crayfish are geneti-
cally identical (due to reproduction by obligatory apomictic partheno-
genesis), which can partly eliminate variability related to genotype
(Martin et al., 2007; Vogt, 2008). On the other hand, these clones need
not be sensitive enough due to their low demands and high adaptability
(Kawai et al., 2015).

Behavioural patterns can be detected using specialised software
enabling movement tracking in defined, appropriate conditions for
testing PhAC effects. The goal of this study was to compare the beha-
viour of size matched, genetically uniform, marbled crayfish exposed to
environmentally relevant concentrations of an opioid painkiller tra-
madol and the antidepressant drug citalopram with un-exposed con-
trols.

2. Material and methods
2.1. Chemicals

Tramadol hydrochloride and citalopram hydrobromide were ob-
tained from Sigma-Aldrich (USA). Individual stock solutions were pre-
pared in ultra-pure water (aqua-MAX-Ultra system, Younglin,
Kyounggi-do, Korea) at a concentration of 10 mg L.! and stored at 4 °C.
The exposure solutions of 1 ugL~" were prepared by dilution of the
stock solution with aged tap water.

Acetonitrile (LC/MS grade purity) was obtained from Merck
(Germany), formic acid (for acidification of mobile phases of LC) from
Sigma-Aldrich (Germany). Isotopically labelled tramadol (D3) and ci-
talopram (D6) were purchased from Toronto Research Chemicals
(Canada) and Lipomed (USA), respectively, and were used as internal
standards for LC-MS/MS analyses of water samples.

2.2. Experimental animals

Marbled crayfish were cultured in our laboratory at the Research
Institute of Fish Culture and Hydrobiology in Vodnany, FFPW USB,
Czech Republic, where all experimental work was conducted. Young
mature marbled crayfish specimens were randomly selected from the
culture tanks. Carapace length to the nearest 0.1 mm was measured
using Vernier callipers and weight to the nearest 0.1 g was obtained
with an electronic balance (Kern & Sohn GmbH, Balingen, Germany)
after video-recordings. The mean length and weight (Table 1) did not
differ between control and exposed groups.

Table 1
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Table 2

Concentration of tramadol and citalopram in marbled crayfish exposure solu-
tion and control water at 0 and at 48h (a = 0.05). Data are presented as
mean * standard deviation.

Tested Group n Time 0 Time 48 (ug Paired P

compound (ugL™hH LY t-test

Tramadol exposed 3 0.98 + 0.03 0.81 = 0.11 1.417 0.391
control 3 < 0.02 < 0.02 — —

Citalopram exposed 4 0.87 = 0.06 0.89 = 0.09 —0.457 0.678
control 4 < 0.02 < 0.02 — —

2.3. Experimental design

Crayfish were exposed to either tramadol (7 d) or citalopram (21 d)
at the concentration of ~1ugL~! of pure compound (Table 2), a level
considered environmentally relevant (Fedorova et al., 2014b; Grabic
et al., 2012; Grabicova et al., 2015; Rta-Gémez and Piittmann, 2012;
Thomas et al., 2014). The exposure times were based on the mechan-
isms of action of the selected compounds. Tramadol acts immediately
(peak plasma concentration in humans is observed 1.5 h post-ingestion
(www.medscape.com, 8 September 2017), in contrast to citalopram in
which a steady-state plasma concentration is achieved in one to two
weeks (www.fass.se, 8 September 2017). Animals maintained in phar-
maceutical-free aged tap water were used as control and handled in the
same way as exposed animals. Animals were stocked individually in
clear plastic boxes with capacity of 1.25L (190 x 140x 75 mm) con-
taining 0.5L of exposure solution or aged tap water alone. Water
quality parameters were ammonium (NH,* ) < 0.01 mg L™%, nitrite
(NO,-) < 0.01 mg L.™?, nitrate (NO5-) 4.2mg L™ 7, fluoride (F-) 0.6 mg
L%, chloride (Cl-) 8.9mg L™", iron (Fe) 0.093mg L™~ !, calcium (Ca)
32.0 mg L. ', magnesium (Mg) 8.5 mg L™ !, manganese (Mn) < 0.02 mg
L™ !, conductivity 24.1 mSm ™!, hardness 1.16 mmol L™, and turbidity
0.65 FNU.

The animals were fed ad libitum on commercial feed (Sera
Granugreen, Sera, Heinsberg, Germany). Boxes were cleaned during the
solution/water change every second day. The control group was
cleaned first in order to avoid contamination with tested compounds.
Animals that moulted or spawned during the exposure period were
removed from the experiment. The water temperature (alcohol ther-
mometer accurate to 0.1 °C) did not differ among exposed and control
groups in tramadol and citalopram exposure and reached values of
(mean =+ standard deviation) 20.0 + 0.5°C and 20.0 = 0.2°C, re-
spectively.

The real concentration of pharmaceuticals in exposure solutions and
water were checked by liquid chromatography tandem mass spectro-
metry (LC-MS/MS) twice over the exposure period for tramadol and
four times for citalopram, before (at time 0, i.e. fresh water or freshly
prepared exposure solution) and after changing the water (at time 48 h,
i.e. water or exposure solution removed after 48 h). Samples were fil-
tered through a syringe filter of regenerated cellulose, 0.45pm pores
(Labicom, Olomouc, Czech Republic) and stored at —20 °C until the

Carapace length (CL) and weight (W) of marbled crayfish specimens used in experimental groups. The number of individuals in each experimental group was n = 20.

Data are presented as mean =+ standard deviation.

Tested compound Group Shelter available CL (mm) t-test P W (g) t-test P

Tramadol exposed no 21.2 = 19 -1.07 0.290 2.8 + 0.8 -1.39 0.173
control no 20.5 = 2.4 2.4 = 0.7
exposed yes 20.7 = 1.6 —0.47 0.643 2.6 + 0.6 —0.58 0.567
control yes 20.5 = 1.7 2.4 = 0.7

Citalopram exposed no 21.3 = 1.8 0.15 0.884 2.6 = 0.6 0.52 0.608
control no 214 = 2.1 2.7 £ 09
exposed yes 21.2 = 1.8 -0.09 0.925 25 + 0.7 0.16 0.873
control yes 212 = 15 2.6 * 0.6
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Fig. 1. Schematic of the arrangement of the replicate group of tanks for video-
recording of marbled crayfish under treatment (TR1 -T10) and control condi-
tions (C1 - C10) with shelters. Crayfish in all tanks were recorded and analysed
simultaneously.

analysis. Water samples were thawed and internal standard was added.
The analyses were conducted using a triple stage quadrupole MS/MS
TSQ Quantum Ultra Mass Spectrometer coupled with an Accela 1250
and Accela 600 LC pumps (Thermo Fisher Scientific) according to
Fedorova et al. (2014a) and Lindberg et al. (2014).

2.4. Experimental set-up and data acquisition

Crayfish were placed individually in 280 mm diameter plastic tanks
containing 2 L aged tap water and 200 mL fine sand (< 1 mm) (Fig.1).
For each tested compound, two groups each comprising 20 crayfish,
one group without shelter and the other with shelter consisting of a half
a ceramic plant pot, 50 mm depth, 60 mm entry attached to the bottom
of the tank. Each group was further separated into 10 exposed and 10
controls. The trial was duplicated.

The crayfish were video-recorded for 4h using a digital video
camera (Sony HDR-CX240, Sony, Japan) attached above arenas. Light
was provided as a permanent indirect illumination by fluorescent tubes
(day light, 23101lm). Video recordings were evaluated by an
EthoVision® XT 12.0 software (Noldus Information Technology by,
Wageningen, Netherlands) using a multiple arena module to detect
patterns of crayfish movement. Distance moved (cm), activity (percen-
tage of time when crayfish locomotion was detected), and velocity (cm
s~ 1) were evaluated. When shelters were included, the software was
programmed to detect the percentage of time spent outside the shelter.

[
o
o
o
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2000

Mean velocity [cm.s™]

Control Tramadol
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2.5. Statistical analysis

Statistical analyses were performed using Statistica 12.0 (StatSoft,
Tulsa, OK, USA). A paired t-test was used to compare the concentrations
of the tested compound at time O (newly prepared exposure solution)
and time 48 (exposure solution after 48 h). For the comparison of length
and weight of exposed and control crayfish, t-test for independent
samples was used. Nested ANOVA was used to analyse distance moved,
velocity, activity, and time spent outside the shelter (replicate groups as
a random factor, exposure as a fixed factor), followed by multiple
comparisons of means as a post hoc test (Fisher's exact test). The null
hypothesis was rejected at a = 0.05.

3. Results
3.1. Analysis of water samples

The concentrations of tested compounds in analysed water samples
at the time 0 and 48 h of exposure did not differ. Water from control
group revealed concentration lower than detection limits of the method
used (Table 2).

3.2. Tramadol

In the set-up without available shelter, exposed crayfish moved
significantly shorter distances than control animals (F;3s = 4.34,
P = 0.045). Tramadol-exposed crayfish showed significantly lower ve-
locity than controls (Fy 35 = 4.34, P = 0.045). Activity duration was
slightly greater in the treated group compared to control, but difference
was not significant (F; 35 = 1.65, P = 0.21) (Fig. 2). None of the tests
between replicate groups within treatments were significant.

In the crayfish with available shelter, distance moved did not differ
significantly between exposed and control (F; 36 = 1.55, P = 0.221).
We found no significant differences in velocity between exposed and
control animals (F; 36 = 0.57, P = 0.455). Activity duration of exposed
and control animals showed no significant differences (F; 3¢ = 0.06,
P = 0.810). There was a trend that exposed crayfish spent less time
outside the shelter (F; 3¢ = 3.99, P = 0.053) and this pattern was si-
milar in both groups (F; 36 = 0.0002, P = 0.988). None of the test be-
tween replicate groups within treatments were significant.

3.3. Citalopram

In the group without available shelter, crayfish exposed to citalo-
pram moved significantly shorter distances than control animals
(F1,35 = 5.91, P = 0.020). Citalopram-exposed crayfish also showed
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0.20

o
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o

Coﬁtrol Tramadol

Fig. 2. Total distance moved and mean velocity in marbled crayfish exposed to an environmentally relevant concentration of tramadol and control in the system
without available shelter. The number of replicates in both groups (Control and Tramadol) was n = 20. * = Significant differences (a = 0.05) between exposed and

control crayfish. Data are presented as mean *+ standard error of mean.
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Fig. 3. Total distance moved and mean velocity in marbled crayfish exposed to environmentally relevant concentration of citalopram and control in the system
without available shelter. The number of replicates in both groups (Control and Tramadol) was n = 20.* = significant differences (a = 0.05) between exposed and

control crayfish. Data are presented as mean *+ standard error of mean.

significantly lower velocity than control (F;3s = 4.61, P = 0.039).
Activity of treated and control animals did not differ (F; 35 = 0.49,
P = 0.488) (Fig. 3). None of the test between replicate groups within
treatments were significant.

When shelter was available, the distance moved did not differ sig-
nificantly among exposed and control animals (F; 36 = 0.07,
P = 0.797). The difference in velocity of treated and control animals
was not significant, either (F; 3¢ = 1.01, P = 0.321). Activity of ex-
posed and control crayfish did not differ (F; 36 = 2.70, P = 0.109), but
the pattern was visible in both replicate groups. Exposed and control
animals spent similar proportion of time outside the shelter
(F1,36 = 0.21, P = 0.647). None of the test between replicate groups
within treatments were significant.

4. Discussion

The quality of surface waters is crucial for ecosystem function and
biodiversity as well as for human use for domestic water and agri-
culture (National Intelligence Council, 2012). Research into the effects
of PhACs on non-target aquatic organisms has recently expanded from
investigations of the most commonly occurring compounds (antibiotics
and hypertensive drugs) to micropollutants that are present at lower
concentrations (e.g. antidepressants, psycholeptics, and opioids)
(Brodin et al., 2014; Fong and Ford, 2014; Klaminder et al., 2014), also
entering surface waters through sewage treatment plant effluent
(Golovko et al., 2014a, b; Lajeunesse et al., 2012). At least some have
been shown to induce behavioural changes in aquatic organisms at low
(Barry, 2013; Berninger et al., 2011; Brodin et al., 2014) and environ-
mental concentrations (Brodin et al., 2013; Fong and Ford, 2014;
Kellner et al., 2016).

Alterations in basic behavioural patterns such as activity level,
boldness, and sociability, especially of predatory and omnivorous or-
ganisms, can change functioning of entire ecosystems (Krebs and
Davies, 1997; Manning and Dawkins, 2012; Schmitz, 2007). Increased
activity, aggressiveness, and changed foraging behaviour can rapidly
impact resources and lead to ecosystem instability, disrupting re-
lationships in the food chain and affecting biodiversity (Duffy et al.,
2007; Schmitz, 2007). On the other hand, decreased activity, slower
reactions, and reduced foraging can render the animal more prone in
predatory or limit successful reproduction (Gherardi, 2002; Krebs and
Davies, 1997; Manning and Dawkins, 2012). Evidence of the effects of
PhACs at environmentally relevant concentrations is scarce (Brodin
et al.,, 2014; Fong and Ford, 2014; Klaminder et al., 2014), and in-
formation of their ecological impact in aquatic ecosystems is therefore
insufficient (Boxall et al., 2012; Corcoran et al., 2010; Hughes et al.,
2012). The development of practical methods to detect ecologically
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important behaviours of animals exposed to environmentally relevant
concentrations is an important step toward realistic risk assessment of
PhACs (Brodin et al., 2014; Klaminder et al., 2014).

Studies of chronic exposure to PhACs or other pollutants often use
observation of a wide spectrum of behavioural patterns in exposed
animals compared to controls (Brodin et al., 2014). These studies, as
opposed to those assessing acute toxicity, development, or reproduction
as endpoints, are suggested as appropriate tools for evaluating the ef-
fects of environmental contaminants (Melvin and Wilson, 2013). Stu-
dies have confirmed that some PhACs induce behavioural alterations
with drug- and species-specific effects (Backhaus, 2014; Fong and Ford,
2014). For example, changes in activity and feeding rate are reported as
effects of antidepressants or psychiatric drugs (Backhaus, 2014; Brodin
et al., 2014). Generally, methodology should be standardized and as
simple as possible to make the study replicable and should allow ob-
servation of control and exposed animals simultaneously. We used
video recording of individual animals in a defined space and conditions
(unknown novel ambience for all tested animals), enabling evaluation
of 10 control and 10 treated animals simultaneously, limiting the po-
tential of differing conditions between control and treated individuals.
Data analysis by automatic software also eliminated any bias of sub-
jective evaluation.

We found wide variation in the data. Both control and exposed
crayfish showed individuality in activity, distance moved, velocity, and
time spent outside the shelter, with wide differences in exploratory
behaviour in novel conditions. This suggests potential for personality,
individual variation in behaviour that is consistent across time or
context, e.g. tendency to exploration in new environments, level of
boldness, activity levels in a non-novel environment, aggressiveness,
and non-agonistic sociability (Réale et al., 2007). Personality traits have
been confirmed and studied in numerous vertebrate and invertebrate
taxa (Cote et al., 2014; Cote et al., 2013; Sih et al., 2012), including
crayfish and other aquatic animals (Pintor et al., 2008; Vainikka et al.,
2011; Zhao and Feng, 2015). Here we confirmed differences in ten-
dency to explore a new environment in genetically identical animals, in
which lower variability could be expected. The effect of the in-
dividualistic nature of the chosen model species could be counteracted
by reasonable number of replications.

The groups always showed similar levels of variation and similar
behaviour patterns with the compounds tested. Despite the high in-
dividual variation, significant differences were detected between con-
trol and exposed stocks in both tested compounds. Tramadol was as-
sociated with lower velocity, resulting in shorter distance travelled in
crayfish without shelter. On the other hand, crayfish exposed to tra-
madol were slightly more active without available shelter. This pattern
disappeared in the group with available shelter, no effect of Tramadol
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could be detected.

Shelter availability, an important resource for crayfish (Gherardi,
2002; Longshaw and Stebbing, 2016), led to the elimination of differ-
ences between treatments in all observed behaviours. Differences in
time exposed and control animals spent outside the shelter were bor-
derline significant (P = 0.053). Tramadol exposed animals spent less
time outside the shelter, which can reflect higher shyness or reduced
mobility.

Similar results were obtained in the animals exposed to citalopram.
Movement of experimental animals was significantly slower, resulting
in shorter distances moved in the absence of shelter. No differences
were observed between groups when shelters were available.

The observed behavioural differences may be related to the mode of
action of the opioid painkiller with analgesic properties on the central
nervous system. Tramadol is reported to cause decreased alertness,
drowsiness, dizziness, loss of appetite, and impaired sensitivity to en-
vironmental cues (Langley et al., 2010; National Center for
Biotechnology Information, 2017a, b). Citalopram is described as re-
ducing aggressive and impulsive behaviour (Armenteros and Lewis,
2002; Reist et al., 2003) and decreasing desire for the reward (Tiihonen
et al., 1996).

Most studies of PhACs on behavioural patterns of aquatic organisms
have used concentrations thousands or tens of thousands times higher
than those reported in surface waters, or tested chemicals administered
by injection into the circulatory system (Brodin et al., 2014; Fong and
Ford, 2014; Klaminder et al., 2014). Research of effects on aquatic
animals of PhACs that act via serotonin and norepinephrine reuptake
transporters and interaction with the serotonin system (Brodin et al.,
2014; Lillesaar, 2011) provides clear information of their influence on
physiology and behaviour (Brodin et al., 2013; Gunnarsson et al., 2008)
and their crucial role in activity, locomotion, territoriality, aggression,
and reproductive behaviour (Brodin et al., 2014; Fong and Ford, 2014;
Kohlert et al., 2012; Lillesaar, 2011).

Several fish species respond to very low concentrations of
Citalopram, e.g. increased locomotor activity was observed in three-
spined stickleback Gasterosteus aculeatus at 1.5ugL~" (Kellner et al.,
2016). Conversely, no effect on rainbow trout Oncorhynchus mykkis was
reported even at concentrations hundreds- or thousands-fold higher
(Holmberg et al., 2011). Crayfish, a representative of freshwater in-
vertebrates, showed in our experimental work behavioural changes at
environmentally relevant concentration (1 ug L™ ). Hence, the response
of tested animals to Citalopram seems to be species-specific as reviewed
Brodin et al. (2014).

The effects of environmentally relevant concentrations of tested
compounds areclear. Concentrations of < 1pgL' of these widely used
PhACs have shown impact on basic behavioural patterns of freshwater
biota, here represented by the crayfish. The use of behaviour as a cri-
terium has the potential to allow generalization of behavioural effects
across species within classes of pharmaceuticals and for monitoring key
behaviours when assessing the risk of ecological effects of PhACs
(Backhaus, 2014; Brodin et al., 2014; Huerta et al., 2012; Klaminder
et al., 2014). The knowledge of how a particular species is affected by
particular PhAC compounds or their mixtures is of key importance for
future research. The manifestation of behavioural changes of organisms
in ecosystems and their impact on ecosystem properties and functioning
are of the most concern (Backhaus, 2014; Melvin and Wilson, 2013).
Species-specific effects of PhACs are suggested as possible drivers dis-
rupting or altering food-web structure and ecosystem functioning
(Brodin et al., 2013; Brodin et al., 2014). In our study, exposed animals
that did not have access to shelter showed less tendency to explore the
new environment, and their movements slowed down. Under natural
conditions this may result in reduced foraging and greater vulnerability
to predation when leaving the shelter. Shelter availability removes the
difference between control and exposed groups, although the tramadol-
exposed crayfish tended to spend more time in the shelter than did
controls. The target behaviours are reported as crucial determinants of
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fitness and are connected to growth, reproduction, and survival (Brodin
and Johansson, 2004; Longshaw and Stebbing, 2016). Reduced nutri-
tion resulting from lethargy may lead to higher vulnerability to en-
vironmental changes, reduced competitiveness, and, ultimately, lower
survival (Reynolds, 2002). Lower success in mate searching, couple
forming, and mating may affect successful reproduction (Gherardi,
2002; Krebs and Davies, 1997). Impact on native crayfish species,
which play an important ecological role, may lead to a reduction in
ecosystem stability (Creed and Reed, 2004; Momot, 1995; Usio and
Townsend, 2004).

The tested PhACs can significantly alter behaviour of large aquatic
invertebrates at dilute concentrations similar to those detected in en-
vironmental conditions (Grabic et al., 2012; Grabicova et al., 2015;
Grabicova et al., 2017). The impacts of environmentally relevant con-
centrations of PhACs remain largely overlooked, despite their wide-
spread presence worldwide (Ebele et al., 2017; Luo et al., 2014; Petrie
et al., 2016). Increasing concentrations of pharmaceutical residues in
aquatic systems can be expected, as pharmaceutical use is projected to
increase (National Intelligence Council, 2012).

5. Conclusions

Our results highlight the ecological importance of PhACs in aquatic
ecosystems, and call for new test protocols to examine the full en-
vironmental impact of PhAC residues. Our research also presents a re-
latively simple method for assessing effects on organisms of compounds
commonly present in surface waters.

Aquatic organisms living in contaminated environments are ex-
posed not only to single contaminants but to combinations of PhACs
that could lead to antagonistic, additive, or magnified effects
(Backhaus, 2014; Schoenfuss et al., 2016). Hence, research is needed to
assess effects of particular pharmaceuticals along with studies of effects
of PhAC combinations to evaluate the real ecological impact on affected
ecosystems.
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ARTICLE INFO ABSTRACT

Keywords: Pharmaceutically active compounds are major contaminants of aquatic environments that show direct and in-
Aquatic pollutants direct effects on aquatic organisms even at low concentrations. The aim of this study was to assess the effects of
Behavior the illicit drug methamphetamine and the antidepressant sertraline on clonal marbled crayfish Procambarus
C‘rayﬁ‘sh . virginalis. Crayfish exposed to the environmentally relevant concentrations of methamphetamine of ~1 ug L™*
Life history traits . e e e . s s . ..

. did not exhibit significant differences from unexposed controls in distance moved, velocity, and activity level
Pharmaceuticals

with or without available shelter. Sertraline-exposed (~1 pg L™1) crayfish were significantly more active, re-
gardless of available shelter, and moved greater distances when shelter was available, compared to control
crayfish. Crayfish exposed to methamphetamine and sertraline spent significantly more time outside the shelters
compared to controls. Sertraline-exposed crayfish spawned more frequently and showed higher mortality than
controls. The results suggest that the low environmental concentrations of the tested compounds could alter the

Procambarus virginalis

behavior and life history traits of crayfish, resulting in higher reproductive effort and mortality.

1. Introduction

The presence of pharmaceutically active compounds (PhAC) in
aquatic environments, particularly in surface waters, has created en-
vironmental concern (Burkina et al., 2015) as emerging contaminants
(Ebele et al., 2017). Pharmaceutically active compounds arising from
human and animal excretions, hospital wastes, and improper disposal
(Chang et al., 2007; Collado et al., 2014; Loos et al., 2013) find their
way to surface waters via effluents from sewage treatment plants which
at best may only partially remove them from sewage (Blair et al., 2013;
Golovko et al., 2014; Heberer, 2002). In surface waters and sediments,
different PhACs are reported at concentrations from ng to pg L™ (Loos
et al., 2013; Silva et al., 2012). These residues may affect non-target
organisms and whole ecosystems (Boxall et al., 2012; Bufic et al.,
2018), as they are designed to be effective in target organisms at low
concentrations (Huerta et al., 2012; Kaushik et al., 2016). Most past
research focused on antibiotics and hypertension drugs (Grenni et al.,
2018; Parrott and Balakrishnan, 2017; Zhou et al., 2018), which occur
in the environment at higher frequency and greater concentrations
(Marti et al., 2018; Stankiewicz et al., 2015) than do antidepressants

* Corresponding author.
E-mail address: mhossain@frov.jcu.cz (M.S. Hossain).

https://doi.org/10.1016/j.aquatox.2019.105222

(Fong and Ford, 2014) and other psychotropic substances (Yadav et al.,
2017) that are present at lower concentrations in surface waters (Schulz
et al., 2012).

Sertraline and methamphetamine affect brain function by flooding
with the neurotransmitter serotonin (5-HT) (Hyttel, 1994; Kish, 2008),
which alters the physiology and behavior of vertebrates and in-
vertebrates (Fingerman et al., 1994; Fong and Ford, 2014; Frazer and
Hensler, 1999) through the regulation of hormonal and neural signals
(Santos et al., 2010). Some invertebrates possess receptors for psycho-
tropic compounds similar to those of mammals (Rosi-Marshall et al.,
2015), and the potential for bioaccumulation of some antidepressants is
present in tissues and brain of fish, crayfish, and other benthic in-
vertebrates (Fong and Ford, 2014; Grabicova et al., 2015, 2017). This
increases the likelihood of observable effects on these animals at low
concentrations of the above-mentioned PhAC (Meredith-Williams et al.,
2012).

Selective serotonin re-uptake inhibitors are highly bioactive and
persist for an extended time in sediments of surface waters (Klaminder
et al., 2015; Shen et al., 2011). Methamphetamine half-life in soil is up
to 1.5 years (Pal et al., 2011). Their persistence in nature leads to
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transfer to the food-web (Lagesson et al., 2016) and possible behavior
modifications in aquatic organisms (Brodin et al., 2017). However, the
effects of these psychotropic compounds in behavior (Brodin et al.,
2014; Pal et al., 2013; Rosi-Marshall et al., 2015) are less studied than
are their physical effects (eco-toxicity) (Pal et al., 2013). Impact on
behavior is important from an ecological standpoint for short-term
survival of an individual as well as long-term sustainability of a popu-
lation (Nielsen et al., 2018). Similar to fish and aquatic and semi-
aquatic insects (Barry, 2013; Jonsson et al., 2014), crayfish have been
shown to exhibit behavior changes induced by PhAC in water (Buric¢
et al., 2018; Stropnicky, 2017; Tierney, 2016).

Crayfish are a suitable model species to assess the effect of PhAC
through simple and rapid behavior tests as described by Bufic et al.
(2018) and Hossain et al. (2018). Crayfish are also keystone species in
ecosystems (Creed and Reed, 2004), and their altered behavior may
have both direct and indirect effects on the ecosystems they inhabit. As
a single species model, the obligate parthenogenetic marbled crayfish
Procambarus virginalis Lyko 2017 is an ideal model organism (Hossain
et al., 2018; Vogt, 2011) because of eliminated variability related to
genotype (Martin et al., 2007; Vogt et al., 2008).

The primary goal of this study was to investigate effects of en-
vironmentally relevant water concentrations of sertraline and me-
thamphetamine on the clonal marbled crayfish behavior (exploratory
behavior and shelter use behavior), post-exposure and molting, mor-
tality, and spawning during exposure.

2. Materials and methods
2.1. Chemicals

Methamphetamine and sertraline were obtained from Lipomed
(Cambridge, MA, USA) and AK Scientific (Union City, CA, USA), re-
spectively. Individual stock solutions were prepared at 10 mg L™ ! ultra-
pure water (AquaMax Basic 360 Series and Ultra 370 Series, Young Lin
Instruments, Korea) and stored at 4 °C. The exposure solutions of 1 ug
L~! were prepared by dilution of the stock solution with aged tap
water.

Isotopically labelled standard of methamphetamine (D5-MEA) and
sertraline (D3-SER) were purchased from Lipomed and Cerilliant
Corporation (Round Rock TX, USA), respectively, and used as internal
standards for liquid chromatography with tandem mass spectrometry
(LC-MS/MS) analyses of water samples. Ultra-pure water and acetoni-
trile (LC/MS grade, Merck), both acidified with formic acid (Sigma-
Aldrich, Germany), were used as mobile phases in LC.

2.2. Experimental animals

Marbled crayfish (carapace length 16-22 mm) were randomly se-
lected from our laboratory cultured population. At the conclusion of the
behavior trial, the presence of glair glands was recorded, and carapace
length was measured to the nearest 0.1 mm using Vernier calipers and
whole animal weighed to the nearest 0.1 g with an electronic balance

Table 1
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(Kern & Sohn GmbH, Balingen, Germany). The mean length and weight
(Table 1) did not differ between control and exposed groups.

2.3. Experimental design

Crayfish were exposed at environmentally relevant concentrations
of ~1pgL~! (Fedorova et al., 2014; Grabicova et al., 2015; Sehonova
et al., 2018; Thomas et al., 2014) of pure methamphetamine (n = 73)
or sertraline (n = 75) for 7 and 21 days, respectively. The exposure
durations were based on the mechanism of action of the selected
compounds. Methamphetamine acts immediately (Freye, 2009), in
contrast to sertraline in which a steady-state plasma concentration is
achieved in 2-3 weeks (Warrington, 1991). An equal number of cray-
fish maintained in aged tap water were used as controls and handled in
the same way as exposed animals. Crayfish were held individually in
clear 1.25L (190 x 140 x 75 mm) plastic boxes containing 0.5L of ex-
posure solution or aged tap water alone. Water quality parameters of
tap water were as follows: ammonium (NH4*) < 0.01 mg L™, nitrite
(NO3-) < 0.01mgL~", nitrate (NOs-) 4.2mgL~?', fluoride (FI)
0.6 mg L™}, chloride (Cl-) 8.9 mg L™%, iron (Fe) 0.093 mg L™}, calcium
(Ca) 32.0mgL~ "', magnesium (Mg) 8.5mgL™~ !, manganese (Mn) <
0.02mg L™ !, conductivity 24.1 mSm~?, hardness 1.16 mmol L™}, and
turbidity 0.65 FNU (provided by supplier of tap water).

During the exposure, crayfish were fed ad libitum with commercial
feed (Sera Granugreen, Sera, Heinsberg, Germany) and boxes were
cleaned during the exchange of all exposure solution/water every 24 h
(sertraline) or 48 h (methamphetamine). To avoid contamination with
tested compounds, the control group was always handled first. Crayfish
that molted or spawned before ten days of the video-tracking trial were
omitted from the experiment. Water temperature did not differ (P >
0.05) among exposed and control groups and reached values of
20.4 = 1.2°C and 20.3 * 0.9 °C, respectively. During the experiment
exposure period a natural light: dark cycle used was 15:9 h.

Concentrations of methamphetamine and sertraline in control, to
confirm the absence of tested chemicals, and exposed treatments were
analyzed by LC-MS/MS three times (methamphetamine) and four times
(sertraline) during the experiment. Water was sampled by 05 mL plastic
syringe (Braun, purchased from Labicom, CR) before (time 0) and at
24 h (sertraline) or 48 h (methamphetamine) after exchange. Samples
were filtered through 0.20 um regenerated cellulose (Labicom, CR) in a
10 mL glass vials for LC-MS (LaPhaPak, purchased from Labicom, CR)
and stored at — 20 °C until analysis. After thawing and addition of in-
ternal standards, the samples were measured within 10 min using a
Hypersil Gold aQ column (50 x 2.1 mm; 5mm particles) coupled with
an Accela 1250 LC with TSQ Quantum Ultra Mass Spectrometer
(Thermo Fisher Scientific) (Table S1).

2.4. Behavior observations and data acquisition

After the exposure period, crayfish were placed individually in
280 mm diameter plastic tanks containing 2L aged tap water and
200 mL fine sand (< 1 mm). For methamphetamine and sertraline 120

Carapace length (CL) and whole animal weight (W) of marbled crayfish Procambarus virginalis specimens in experimental groups. n, number of tested individuals.
*crayfish that molted during video tracking were omitted from count and measurement. Data are presented as mean * standard deviation.

Tested compound Group (n)* Shelter available CL (mm) t-test P W (g) t-test P

Methamphetamine Exposed (30) no 194 = 1.7 1.23 0.223 2.0 £ 0.5 1.78 0.082
Control (30) no 188 = 1.6 1.8 = 0.4
Exposed (28) yes 18.7 £ 1.9 0.24 0.809 1.9 = 0.6 —-0.12 0.902
Control (30) yes 18.8 = 2.0 1.9 + 0.6

Sertraline Exposed (27) no 20.0 = 1.8 1.37 0.175 23 = 0.7 1.90 0.060
Control (27) no 19.3 £ 2.1 2.0 £ 0.5
Exposed (24) yes 19.0 = 1.8 0.44 0.660 21 = 0.6 1.06 0.294
Control (25) yes 188 = 1.5 1.9 = 0.4
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and 104 crayfish were video-recorded, respectively. The video-re-
cording trial was repeated six times for each compound with each trial
comprising 20 crayfish (10 exposed and 10 control) with the exception
of the sixth trial of sertraline, which comprised two crayfish in each
group. Half of the trials for each compound were conducted without
shelter and half with a shelter consisting of half a ceramic plant pot,
50 mm depth with 60 mm diameter entry attached to the bottom of the
tank. Following exposure, each day two trials were conducted between
7:00 AM to 05:00 PM. The remaining crayfish were maintained in the
same way as mentioned in section 2.3 until used in next video trails.

Crayfish were video-recorded for 4h using a digital video camera
(Sony HDR-CX240, Sony, Japan) attached above arenas. Permanent
indirect illumination was provided by fluorescent tubes (daylight,
2310 Im). Video-recordings were evaluated by an EthoVision” XT 13.0
software (Noldus Information Technology, Wageningen, Netherlands)
using a multiple-arena module to detect individual patterns of crayfish
movement. Distance moved (cm), activity (percentage of time that
crayfish locomotion was detected), and velocity (cm s™1) were eval-
uated. The software also detected the percentage of time spent outside
the shelter when shelters were present. Glair gland presence was re-
corded. Crayfish molting or spawning during video recording were
omitted from behavior analysis. For further details see also Bufic et al.
(2018) and Kubec et al. (2019).

2.5. Statistical analysis

Statistical analyses used Statistica 12.0 (StatSoft, Tulsa, OK, USA).
The concentrations of the tested compound at time 0 and time 24/48
were compared through paired t-tests. The t-test for independent sam-
ples was used to compare the length and weight of exposed and control
crayfish. Distance moved, velocity, activity, and time spent outside the
shelter (replicate groups as a random factor, exposure as a fixed factor)
were analyzed by factorial ANOVA followed by multiple comparisons of
means as a post hoc test (Fisher's exact test). The null hypothesis was
rejected at a = 0.05.

3. Results
3.1. Analysis of water samples

The concentrations of tested compounds in water samples from
exposure boxes at time 0 and 24/48 h of exposure did not differ. Water
from the control group showed concentrations below limits of detection
(Table 2) and details of sample data are presented in Supplementary
Table (S2).

3.2. Methamphetamine

In the systems without shelter, there were no significant differences
among observed parameters between exposed and control crayfish or
among replicate groups within trials.

In the systems with shelter, exposed crayfish spent (54.2 + 31.5%)
significantly more time outside the shelter (F;, 50 = 5.41, P = 0.02)
than did controls (37.3 * 26.1%). There were no significant

Table 2

Concentration of methamphetamine and sertraline in water at time O (control,
exposed), and after 24 h/48 h of exposure (control, exposed) (P = 0.05). Data
are presented as mean * standard deviation.

Tested compound  Group n Time O (ug Time 24/48 Paired t-test P

L™ (ugL™
Methamphetamine exposed 3 1.3 = 0.3 1.1 + 0.1 2.219 0.08
control 3 < 0.01 < 0.01 — —
Sertraline exposed 4 0.8 = 0.3 09 * 05 —0.731 0.26
control 4 < 0.05 < 0.02 — —
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differences in distance moved, velocity, or activity between exposed
and control crayfish. No significant differences among trials were de-
tected.

3.3. Sertraline

In the group without available shelter, crayfish exposed to sertraline
moved longer distances at higher velocity than did control animals with
the difference marginally significant (F;, 36 = 3.65, P = 0.06; Fq,
36 = 3.20, P = 0.08, respectively). Activity of exposed animals was
significantly higher (F;, 36 = 10.60, P = 0.002) than that of the control
crayfish (Fig. 1). No differences among trials were detected.

In the system with shelter available, the distance moved differed
significantly between exposed and control animals (F;, 43 = 6.28, P =
0.02). The difference in velocity of exposed and control animals was not
significant (Fy, 43 = 3.01, P = 0.09). Activity level of exposed crayfish
differed significantly (F;, 43 = 4.99, P = 0.03) from the control.
Exposed animals spent a significantly higher proportion of time outside
the shelter (F;, 43 = 5.22, P = 0.03) than did controls (Fig. 2). No
significant differences were detected among trials.

3.4. Life history traits

In systems with shelter, both control and methamphetamine ex-
posed crayfish with visible glair glands showed significantly lower ac-
tivity (Fq, s2 = 5.12, P = 0.03) and spent less time outside the shelter
(F1, 52 = 4.59, P = 0.04) than those without glands (Fig. 3). No sig-
nificant differences were observed in distance moved (F;, 55 = 3.06,
P = 0.09) or velocity (F;, s = 0.05, P = 0.82) compared to crayfish
without glands. No differences were observed between crayfish with
and without visible glair glands in the trials without shelter.

Crayfish with glands also moved significantly shorter distances (Fy,
48 = 8.66, P = 0.005) but at higher velocity (F;, 43 = 8.61, P = 0.005)
and showed lower activity (F;, 45 = 15.17, P < 1073 compared to
crayfish without glands in absence of shelter in both sertraline exposed
and control groups (Fig. 4).

In presence of shelter, crayfish with and without glands did not
show significant difference in distance moved (F;, 45 = 0.50, P =
0.48), velocity (F;, 45 = 0.06, P = 0.81), activity (F;, 45 = 0.07, P =
0.80), or time spent outside the shelter (F;, 45 = 0.02, P = 0.65).

During the exposure period, the number of molted crayfish did not
significantly differ from controls in either methamphetamine
(x* = 0.25, P = 0.62) or sertraline (x> = 1.32, P = 0.25) exposure.
The number of crayfish that spawned during the exposure period was
significantly higher (x* = 4.45, P = 0.03) in the sertraline exposed
group than in control. The sertraline exposed group showed sig-
nificantly higher mortality (x> = 8.00, P = 0.005) than seen in con-
trols. No spawned or dead crayfish were observed in the methamphe-
tamine group (Table 3).

4. Discussion

Crayfish exposed to methamphetamine at ~1pug L~! with or
without shelter did not significantly differ in total distanced moved,
velocity, or activity from unexposed control. This is in contrast to
previous research demonstrating that a single, repeated, or chronic
exposure to cocaine, morphine, or methamphetamine increased loco-
motor activity in crayfish (Imeh-Nathaniel et al., 2016, 2017) and
mammals (Arencibia-Albite et al., 2017; Pang et al., 2016). These re-
sults were obtained using injections of higher doses than were applied
in our study, and therefore only confirm that methamphetamine can
affect invertebrates. Our exposure of crayfish to a low concentration
showed a significant effect only in the longer time spent outside the
shelter. This did not extend to increased exploring behavior outside the
shelter which was passive. This can have a detrimental effect on cray-
fish, as sheltering is an essential need of crayfish throughout life,
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especially in daylight (Gherardi, 2002; Kubec et al., 2018; Lozan,
2000).

There is a question of whether longer exposure can have more se-
vere effects. Methamphetamine acts acutely on the nerve terminals to
stimulate initial euphoric action and, with long-term exposure, can
contribute to cognitive impairment leading to loss of memory, atten-
tion, and decision-making skills (Marshall and O’Dell, 2012; Vollm
et al., 2004). Our seven-day exposure produced some visible effects,
and it could be assumed that continuous exposure at environmental
concentrations might damage the monoamine nerve terminals of the
brain (Amanda et al., 2016). These effects have been reported at
thousand-fold our tested concentrations (Valente et al., 2016;
Yamamoto et al., 2010).

We found crayfish exposed to an environmental concentration of
sertraline to exhibit significantly higher activity with and without
available shelter, move significantly greater distances in presence of
shelter, and approach significance in velocity and distance moved in

conditions without shelter. Research has revealed that antidepressants
such as SSRIs reduce locomotor activity in fish through reducing an-
xiety, similar to their action in humans (Giacomini et al., 2016; Kohlert
et al., 2012; Nielsen et al., 2018; Simmons et al., 2017). They have also
been shown to alter behavior and life history traits in species including
crustaceans, mollusks, and amphibians (Bossus et al., 2014; Bufic et al.,
2018; Carfagno and Fong, 2014; Di Poi et al., 2014). Crayfish and
lobsters are reported to show reduced locomotion due to upsurge of
serotonin levels in synapses after SSRI binding to the serotonin trans-
porter (Fossat et al., 2014; Peeke et al., 2000).

The effects of antidepressants on aquatic organisms vary with con-
centration and exposure duration. Tierney (2016) and Bufic¢ et al.
(2018) observed reduced locomotion in crayfish exposed to fluoxetine
and citalopram, respectively, at ~1 pg L™ '. Other studies have shown
that fluoxetine at 20 ug L' and 40-345 ug L™ ! affected movement and
burrowing behavior of freshwater mussels (Hazelton et al., 2014) and
retarded locomotion in marine snails through foot detachment (Fong

16 - <70
14 S Vot glands < S with glands
:[ E § 60 = without glands'.. :[

g ii : * % 20 ]: had
Ev 3 : b1y ] 40 .
'E : % 30 H RA
S 6 H 2
<4 220 :

2 8 % 10 H

0 =~

Fig. 3. Activity (%) and time spent outside the shelter (%)
in Procambarus virginalis exposed to an environmentally
relevant concentration (~1pg L~ 1 of methamphetamine
and control in systems with shelter with respect to glair
H gland status. The number of replicates was 30 (9 with
gland and 21 without gland) and 28 (7 with gland and 21
without gland) for control and exposed group respec-
tively.* = significant differences (a = 0.05) between ex-
posed and control crayfish. Data are presented as
mean *+ standard error of mean.

Control Methamphetamine Control

Methamphetamine
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Table 3 studies have focused on acute effects of PhACs, while we evaluated

Number of molted, spawned, and dead crayfish in control and exposed groups
during the exposure to sertraline and methamphetamine. Different superscripts
indicate significant differences (P = 0.05) between exposed and control
groups.

Pharmaceutical Group (n) Molted (n)  Spawned (n)  Mortality (n)
Methamphetamine Control (73) 7 0 0

Exposed (73) 9 0 0
Sertraline Control (75) 15 2P ob

Exposed (75) 22 9? 8

et al., 2015; Fong and Molnar, 2013). Arabian killifish Aphanius dispar
Ruppel 1829 and Siamese fighting fish Betta splendens Regan 1910 de-
creased activity after exposure to an environmental concentration of
fluoxetine (Barry, 2013; Kohlert et al., 2012). In contrast, Fong et al.
(2015) found venlafaxine to be associated with increased crawling
speed in both Lithopoma americanum Gmelin 1791 and Urosalpinx ci-
nerea Say 1822 at higher concentrations, and Mesquita et al. (2011)
observed increased walking speed of European green crab Carcinus
maenas L. 1758 at 120 and 750 ug L.~ fluoxetine. Lower concentrations
of fluoxetine and sertraline (0.01 ug L™ !) than used in the present study
have been reported to increase swimming speed in an amphipod Echi-
nogammarus marinus Leach 1815 (Bossus et al., 2014). This incon-
sistency in SSRI effect might be due to variation in experimental design
or to species differences (Backhaus, 2014; Fong and Ford, 2014), which
in turn affect serotonin level in exposed organisms (Lillesaar, 2011). In
Crustacea, the increase in serotonin level could influence other hor-
mones, e.g crustacean hyperglycemic hormone, to increase locomotor
activity (McPhee and Wilkens, 1989) and exploration behavior. The
duration of exposure may also modify serotonin secretion; chronic ex-
posure to fluoxetine leads to gradual decrease in serotonin level in
hybrid striped bass (Gaworecki and Klaine, 2008) and rats (Amodeo
et al., 2015). Bossus et al. (2014) observed elevated swimming velocity
of E. marinus after one-hour and one-day exposures to fluoxetine and
sertraline at environmental concentrations but not after 8 days of ex-
posure. Contrary to this, but similar to our study, Guler and Ford (2010)
found significant differences in phototaxis behavior of E. marinus male
after three weeks exposure to fluoxetine at 0.1 ug L™ . Most previous

outcomes with chronic exposure to low concentration. Neuro-
transmitter concentrations in the circulatory system or brain of crayfish
or other invertebrates after exposure may be a topic for future research.

With available shelter, crayfish exposed to both sertraline and me-
thamphetamine spent significantly more time outside the shelter than
did unexposed controls. Similarly, shelter seeking behavior was re-
duced in flathead minnow Pimephales promelas Rafinesque 1820 after a
four-week exposure to sertraline at 3-30 ug L™ ' (Valenti et al., 2012).
Juvenile Piaugu fish Leporinus microcephalus Garavello & Britski 1988
did not respond to alarm signals from conspecifics after fluoxetine ad-
ministration at 10 pug g~ ! body weight (Barbosa Junior et al., 2012) and
zebrafish boldness increased after exposure to escitalopram (Nielsen
et al., 2018). Our current observations, along with previous results
(Bufi¢ et al., 2018) suggests an increase in boldness and activity of
crayfish after SSRI or methamphetamine exposure. Boldness are asso-
ciated with aggressiveness (Huntingford, 2013), but lead to higher risk
of predation. Boldness or reduction in shelter seeking behavior is also
linked to increased anxiety through elevated brain serotonin levels
(Fossat et al., 2015; Fossat et al., 2014). Anxiety, high aggressiveness,
and higher vulnerability to predators has repercussions for ecosystems
functioning, and there is a need to investigate further details with alarm
or predator cue.

In addition to behavior patterns, the long exposure period enabled
us to evaluate effects on the crayfish life cycle such as molting, re-
production, and mortality. Maturation, reproduction, and molting are
regulated by neurohormones, the secretion of which is directly or in-
directly regulated by serotonin and dopamine (Fingerman et al., 1994;
Fong and Ford, 2014; Huber et al., 1997). Serotonin influences vi-
tellogenesis in ovarian development (Alfaro et al., 2004; Kuo et al.,
2009; Wongprasert et al., 2006), and dopamine inhibits ovarian and
testicular maturation (Chen et al., 2003; Sarojini et al., 1995a,b).
Therefore, it can be expected that molting and spawning can be affected
in a similar manner as spawning behavior.

We also studied crayfish behavior in control and exposed groups
with respect to glair gland development, an indication of maturity that
plays a key role during spawning. Only two crayfish exposed to me-
thamphetamine without shelter exhibited glair glands, and no behavior
effects were observed. With available shelter, the presence of glands
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was significantly associated with reduced activity and increased shelter-
seeking behavior of 35methamphetamine-exposed crayfish and controls
compared to those without glair glands. Conversely, without shelter,
sertraline-exposed and control crayfish with glair glands demonstrated
significantly reduced activity and velocity and shorter distance moved
compared to those without glair glands. This behavior in marbled
crayfish with glair glands might be related to maternal characteristics.
Crayfish females during reproduction are much less active than non-
reproducing females (Gherardi, 2002; Reynolds and Holdich, 2002).
However, glair gland presence affected behavior in all groups. Both
chemicals were associated with increase in certain activity (time spent
outside the shelter with methamphetamine and activity, velocity and
distance moved with sertraline) of crayfish with glands to the level of
controls without glands (Fig. 4). This implies that the tested chemicals
diminished maternal characteristics and maternal aggression (Figler
et al., 1995) to defend offspring from conspecifics (Brain et al., 1992)
and predators, for resource acquisition, defining territory, rank in social
hierarchies, and mate choice (Cavigelli and Pereira, 2000; Figler et al.,
1995; Martin and Moore, 2010).

No differences were detected in the methamphetamine-exposed
crayfish with respect to molting, spawning, and mortality. Crayfish
exposed to sertraline for 21 days demonstrated significantly higher
spawning and mortality than seen in control crayfish. The number of
molting events to be higher, but not significantly (Table 3). The ele-
vated spawning frequency might be attributed to serotonin-driven in-
fluence of the reproductive neuroendocrine, axis as mentioned earlier.
Fong (1998) reported that fluoxetine at 34 and 340pug L™ ' induced
spawning in male and female zebra mussel Dreissena polymorpha Pallas
1771 in less than 1h. Lazzara et al. (2012) assumed that spawning
could be induced in the same species even at lower concentrations with
several days of exposure. Escitalopram has been found to disrupt egg
production in zebrafish (Nielsen et al., 2018), and, in goldfish, fluox-
etine decreased estradiol circulation with increasing mRNA levels of
genes encoding LH and ovarian aromatase (Mennigen et al., 2017).
Serotonin modulates the molt hormone in crustaceans (Fanjul-Moles,
2006) which might result in higher molting in sertraline-exposed
crayfish. Higher mortality of sertraline-exposed marbled crayfish could
be due to influence on the immune system or to molting abnormalities.
It was reported that antidepressant SSRIs impaired the bone healing
process (Abu Nada et al., 2018) and act as immunosuppressants (Gobin
et al., 2014).

The effect of methamphetamine and sertraline at environmentally
relevant concentration was evident. The clonal marbled crayfish pre-
sented altered behavior and life history traits, which may have im-
portance in assessing the ecological effect of PhACs across species.
Disturbance in behavior or a physiological process leads to the dis-
ruption of other related functions/system and breakdown of ecosystem
processes (Brodin et al., 2014). The effect of sertraline was more pro-
nounced than methamphetamine at the applied concentration, possibly
due to the higher toxicity of sertraline to crustaceans (Christensen et al.,
2007). Nevertheless, behavior endpoints show potential to assess the
risk of ecological effects of PhACs (Backhaus, 2014; Brodin et al., 2014;
Klaminder et al., 2014). Previous results, together with our contribu-
tion, show wide variability in type, strength, and direction of PhAC
effects. These effects can be considered dependent on species tested,
concentration used, exposure time, exposure technique as well as ex-
perimental conditions and observed endpoints.

5. Conclusions

The effects of environmentally relevant concentrations of selected
PhACs are evident when tested as single compounds. The effect of a
cocktail of PhAC substances needs study, as aquatic organisms are
subjected to a mixture of PhACs in their environment. Due to the large
number of compounds in surface waters and their differing modes of
action, there is a need to explore their effects for better understanding
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of their real impact on ecosystems. Further study is also needed to in-
vestigate mechanisms of action on life history traits and reproduction as
well as to determine persistence of the detected effects.
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tems, a chemical’s effect on an organism will vary due to fluctuations in the frequency, magnitude,
and duration of the chemical concentration within the plume, which develops due to turbulence interact-
ing with the geomorphology of habitat. The aim of this study was to analyze how different exposure
dynamics to the antidepressant fluoxetine might alter the agonistic behavior of aquatic organisms.

Editor: Daniel Wunderlin

ii{miﬁséssam Male crayfishes, Faxonius virilis, were subjected to 23 h exposures at different concentrations of fluoxetine
Agonistic interaction (control, 0.05, 0.5, 1, 10 and 100 pg/1) in both static and dynamic mesocosm systems. After exposure, size-
Crayfish matched crayfishes, from the same exposure system and fluoxetine concentration, underwent a fifteen
Dynamic exposure minute fight trial. The aggressive intensities and duration of agonistic interactions were quantified.
Pharmaceutically active compound The time spent performing a tailflip was significantly longer for fluoxetine concentrations of 1, 10,

100 pg/l in the static exposure than in the dynamic exposure. On other hand, the time spent at higher
intensities and the time to escalate to the highest intensity of interactions in control treatments were sig-
nificantly lower in the dynamic exposure than in the static exposure. Whereas, in elevated fluoxetine
concentrations, these times were significantly higher in the dynamic than in static treatments.
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Future research should incorporate different exposure methods that more accurately represent chemical

exposure in natural habitats.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Pharmaceuticals, extensively used in human and veterinary
prescription, were invisible pollutants in the aquatic environment
until the 1960s. Within the last twenty years, these chemicals
have been increasingly detected in aquatic environments, espe-
cially in surface water samples, and have gained environmental
attention (Burkina et al., 2015). Due to their increasing presence
and concentrations in aquatic habitats, pharmaceuticals are con-
sidered an emerging contaminant (Ebele et al., 2017). Pharmaceu-
ticals from human or animal excretion, industrial waste, runoff
from hospitals, or improper disposal (Chang et al., 2007; Escher
et al., 2011; Loos et al., 2013; Collado et al., 2014; Frédéric and
Yves, 2014) find their way to surface waters via the effluent of
sewage treatment plants (STPs) (Heberer, 2002; Blair et al.,
2013; Golovko et al., 2014). Nonsteroidal anti-inflammatory drugs
(NSAIDs), fibrates, B-blockers, selective serotonin reuptake inhibi-
tors (SSRIs), azoles, and antibiotics (Loos et al., 2013) are the most
common mixture of pharmaceuticals residues in effluents from
STPs, surface waters, groundwater, and sediments. Pharmaceuti-
cals are designed to adjust the physiology and subsequent behav-
ior of their intended target organisms without creating
detrimental effects (Boxall et al., 2012; Meredith-Williams et al.,
2012). Residues of these compounds that enter into the aquatic
ecosystems could also have non-lethal effects on non-target
organisms which could subsequently alter ecosystem functioning
as well (Boxall et al., 2012).

The frequent detection of antidepressants in aquatic environ-
ments across the world make these chemicals an important class
of pharmaceuticals to examine from an ecotoxicological perspec-
tive (Mazurova et al., 2008; Fong and Ford, 2014; Hamilton et al.,
2016). Standard acute toxicity tests of a number of pharmaceuti-
cals, including antidepressants have shown no lethal acute toxicity
to aquatic organisms at low environmental concentrations (10-
1000 ng.1"!) (Fent et al., 2006). However, antidepressants, such as
selective serotonin re-uptake inhibitors (SSRI), are of particular
interest as these chemicals are designed to alter the behavior and
neurophysiology of the target organism (Tain et al., 2006; Valenti
et al., 2012; Brodin et al., 2014; Hamilton et al., 2016; Woodman
et al., 2016). Thus, it is possible that these compounds can affect
organisms even at these environmentally-low concentrations
(Mazurova et al., 2008; Valenti et al.,, 2009; Guler and Ford,
2010; Kaushik et al., 2016). Behavioral effects could be exaggerated
due to bioaccumulation rates in tissues and in the nervous system
of fish, crayfish, or other benthic organism (Fong and Ford, 2014;
Grabicova et al., 2014; Grabicova et al., 2015; Grabicova et al.,
2017).

Fluoxetine, a compound of the SSRIs class, is a widely pre-
scribed antidepressant around the world. As such, concentrations
have been detected in surface waters at levels up to 0.54 to
0.93 pg/l, in ground water at 0.056 pg/l (Silva et al., 2012), and
in seawater at 0.0026 ng/l at Chesapeake Bay, USA (Pait et al,
2006). Diverse sets of effects of fluoxetine or SSRIs on aquatic life
have been reported and are exact changes on behavior depend
upon the exposure scenarios, exposure duration, as well as con-
centration used (Brooks et al., 2003). Fluoxetine has negatively
impacted the growth, reproduction, and behavior of invertebrates
and vertebrates (Santos et al., 2010; Bossus et al., 2014; Tierney,
2016; Ding et al,, 2017). In toxicological studies, animals have

commonly been exposed to antidepressant either by direct injec-
tion, infusion, or through an aqueous immersion. Static exposures
and constant concentration flow-through exposure systems are
usually applied to assess lethal toxicity endpoints (LCso: concen-
trations at which 50% of the test animals die from exposure
within a certain time period) (Stephan, 1977). These same para-
digms have been used to investigate sub-lethal effects. However,
the introduction of anthropogenic chemicals to natural systems
(rivers and lakes) is typically not a steady-state function as turbu-
lent plumes are chaotic in nature in both lakes and rivers. So,
these uniform concentration paradigms do not reflect the dynamic
nature of exposure in flowing systems (Harrigan and Moore,
2017). The spatial and temporal fluctuations of chemicals are
dependent on seasonal fluctuations in the hydrological cycle, the
physicochemical properties of the compounds, removal rates in
the STPs, stream/river dilution factors, turbulence as well as habi-
tat structures of streams (Harrigan and Moore, 2017). Therefore,
for the effective quantification of chemical impacts, it is necessary
to consider the spatial and temporal variability of chemical
(toxicant) fluctuations in natural systems. Given the wide fluctu-
ations in concentrations under turbulent dispersal, the effects of
antidepressants in dynamic systems should be more variable than
those assessed in static systems (Neal and Moore, 2017; Steele
et al., 2018). This conclusion doesn’t even consider the exacerba-
tion of the chemical effect due to bioaccumulation (Grabicova
et al, 2017).

In the present study, the crayfish F. virilis was used as a model
organism because of its well-studied morphology, development,
and behavior. The latter includes elaborate social interactions
(Vilpoux et al., 2006; Gherardi, 2002). Along with these character-
istics, crayfish are keystone species as well as ecosystem engi-
neers (Creed and Reed, 2004; Dorn and Wojdak, 2004). Thus,
they are an excellent candidate species to be used as a bio-
indicators to measure overall aquatic ecosystem health. Presence
or absence of crayfish in particular habitats, or even changes in
particular behaviors such as foraging or aggression, could have
large effects on ecosystem services. Agonistic behavior is an eco-
logically important behavior for crayfish as these intraspecific
interactions determine social hierarchies (Souty-Grosset et al.,
2006) as well as the acquisition of food, shelters and mates
(Gherardi, 2002).

As a principle, SSRIs are designed to block the functioning of
serotonin reuptake transporters which can alter behavioral states
by changing the concentrations of the neurotransmitter, serotonin,
within synaptic clefts (Hyttel, 1994; Fedorova et al., 2014).
Serotonin functions as a modulator of anxiety-like and social
(agonistic) behaviors in crayfish (Fossat et al., 2014; Fossat et al.,
2015). The formation of social hierarchies heavily depends on
serotonin levels (Huber and Delago, 1998; Sneddon et al., 2000)
and elevated levels of serotonin in an animal’s nervous system
can increase the likelihoods of subsequent winning in combat
(Bergman et al., 2003). In the present study, crayfish were exposed
to different concentrations of fluoxetine in both static and
dynamic exposure systems to assess the changes of agonistic
behavior due to different exposure paradigms. We hypothesized
that crayfish behavior and serotonin level would be impacted
more in the dynamic exposure due to the large scale fluctuations
in fluoxetine concentration compared to a static exposure
paradigm.



M.S. Hossain et al./Science of the Total Environment 699 (2020) 134300 3

2. Materials and methods
2.1. Experimental animals and care

Male F. virilis (3.60 £ 0.39 cm, mean carapace length + SD) were
collected from Maple Bay of Burt Lake located in Cheboygan
County, Michigan, USA (45.4873°N, 84.7065°W) by the use of
metal hand nets. After collection, crayfish were sorted according
to size, sex, and health conditions. Only crayfish with all of their
appendages intact were selected for the study. All animals were
kept isolated mechanically and visually in plastic containers
(15 x 10 x 10 cm) which were housed in a flow-through artificial
stream. The stream was constructed using cinder blocks
(20.3 x 20.3 x 40.6 cm) and polyethylene sheeting (0.01 mm
thickness) and unfiltered water from the Maple River which was
fed into one end of the stream. All research and housing took place
at the Stream Research facility of University of Michigan Biological
Station, Pellston, Michigan, USA. Crayfish were kept isolated for at
least seven days to remove any previous social status that may
have been established in their natural settings (Bergman et al.,
2003; Hudina et al., 2016). In the holding streams, unfiltered Maple
River water delivered naturally produced detritus which allowed
the crayfish to feed. During this holding time, crayfish were
exposed to ambient water temperature (~20°C) and a natural
light: dark cycle (15:9 h).

2.2. Experimental design

The experiment consisted of a 2 x 6 fully factorial design with
two factors. The first factor was fluoxetine concentration and had
levels 0 (control), 0.05, 0.5, 1, 10 and 100 pg/l measured at the
location of the animal (see below). The second factor was the expo-
sure paradigm which consisted of a static or dynamic exposure
system. All animals were used only once throughout the experi-
ment either in static or dynamic exposure systems. A total 129
trails (258 male crayfish) were analyzed in this study (Table 1).

2.3. Exposure paradigms

2.3.1. Dynamic exposure arena

Four artificial streams consisting of cinder blocks and 0.01 mm
polyethylene sheeting were constructed for the dynamic meso-
cosms. The streams were 160 x 40.5 x 40.5cm (interior
L x W x H, Fig. 1). Water from the east branch of the Maple River
was pumped into reservoir head tanks and delivered to each
stream via two garden hoses (1.72 + 0.2 cm, mean ID+ SEM) at a
constant flow of 0.22 +0.003 I/s (mean flow + SEM). The water
was filtered through nylon mesh (0.01 cm? holes) to remove large
debris and macroinvertebrates. To reduce the turbulence and to

Table 1
Number of crayfish fight trials after exposure to different graded concentrations of
fluoxetine under variable exposure systems.

Concentration (pg/l) Exposure type Number of trials

Control (0) Static 11
Dynamic 08
0.05 Static 11
Dynamic 11
0.5 Static 10
Dynamic 12
1 Static 12
Dynamic 11
10 Static 10
Dynamic 10
100 Static 10
Dynamic 12

160 cm

40.5 cm|| | ==

R

Crayfish

»*
|

\

20 cm 49 cm

Fig. 1. Diagram of artificial dynamic and static exposure arenas drawn to scale.
Fluoxetine source input at upstream region is marked by the star. Solid black
squares indicate locations of crayfish and the thin line around the downstream
crayfish represents the static-exposure aquarium. Flow is in the direction of
animals. The dotted line represents the collimator used to reduce turbulence and
the exit cinder block is marked by the grey section.

increase replication across the streams, collimators made of acrylic
egg crating (1.7 cm? square holes) covered with fiberglass window
screening (0.1 cm? square holes) were placed 20 cm downstream
of the inflow. The bottom of each stream was filled with sand sub-
strate to a depth of approximately 3 cm to approximate local river
conditions. The water depth of the artificial streams and outflow of
water were controlled through the outflow blocks at the down-
stream end. Outflow blocks constructed of a single cinder block
turned on its size so that the holes were horizontal and window
screening attached to middle holes of the cinder block. The water
level of each stream was maintained at a depth of 27 +0.2 cm
(mean water depth = SEM). Crayfish movement within the expo-
sure stream was limited by attaching a piece of Velcro® to the cara-
pace via superglue. The opposite Velcro® square was attached to a
glazed tile via 10 cm fishing line. The crayfish/tile/fishing line com-
bination was placed within each stream at the same distance
downstream from the chemical delivery source. This setup allowed
the animal to move freely within a circular area, at relatively con-
stant distance downstream from the chemical source (Ludington
and Moore, 2017; Neal and Moore, 2017). Input tubing of fluox-
etine was placed 49 cm upstream of animal location at the ground
water according to Steele et al. (2018) (Fig. 1). Flow of fluoxetine
solutions into the artificial streams was 0.97 +0.02 ml/s
(mean * SEM).

Fluoxetine was delivered into streams using a gravity system
connected to a constant head tank. The design allowed for a con-
stant and consistent delivery of fluoxetine into the dynamic expo-
sure streams throughout the exposure period. The constant head
tank consisted of a reservoir (75.7 1) that housed the stock solution
and a delivery tank (1.33 1) that allowed for the gravity feed. The
delivery tank was constructed out of 7.62cm ID PVC tube
(height = 29.2 cm) with an end cap fitted with 12 cm of 0.6 mm
ID tubing connected to 0.5 cm ID aquarium tubing for output of flu-
oxetine solution. A Hydor pump (model: Seltz 130; 700 I/h) contin-
ually replenished the fluoxetine solution in the delivery tank from
the reservoir. A 7.62 x 7.62 x 5.08 cm PVC Y connected to a
5.08 cm ID PVC (length = 36.8 cm) diverted the overflow fluoxetine
solution from the delivery tank back into reservoir. The fluoxetine
tube was buried beneath the substrate to mimic a groundwater
contaminant source (Edwards and Moore, 2014; Steele et al.,
2018). Fluoxetine reservoir and delivery tank were covered to
reduce contamination and dilution from precipitation and pho-
tolytic degradation of fluoxetine. Flow of fluoxetine solution was
controlled by powering the constant head tank aquarium pumps
with Woods 50015WD Outdoor 7-Day Heavy Duty Digital Plug-in
Timers.

While flow-through systems are used in ecotoxicological stud-
ies, those systems often present chemicals at a steady or constant
concentration. Yet, in natural flow systems, chemicals are dis-
persed by flow which create turbulent odor plumes where the con-
centrations are heterogeneous in space and time (Edwards and
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Moore, 2014; Ludington and Moore, 2017). The dynamic fluctua-
tions of chemicals downstream have very different effects than
flow-through constant concentration exposure paradigms (Neal
and Moore, 2017). Thus, the mesocosm system used in this study
mimics natural exposures because of the development of a turbu-
lent odor plume. In addition, our ability to quantify the overall
average exposure at the location of the animal still allows for com-
parison of average concentration effects in steady state exposures.

2.3.2. Electrochemical measurement of dilution

The dilution factor for fluoxetine at the location of the crayfish
within the dynamic exposure streams was calculated using an
EmStat3+ Blue electrochemical detection system (Bioanalytical
Systems, West Lafayette, IN). The EmStat system was connected
to a 30-um carbon fiber electrode to measure oxidation-
reduction reactions within the water column 5 cm above the sand
substrate (Edwards and Moore, 2014; Harrigan and Moore, 2017;
Ludington and Moore, 2017). A chemical tracer, dopamine, was
used as the detection chemical in calculating the dilution factor.
Dopamine has the appropriate molecular weight for similar diffu-
sion and transport mechanism to that of fluoxetine and has been
used in the past for this type of procedure (Edwards and Moore,
2014: Ludington and Moore, 2017). The Péclet number for this
flowing artificial stream system shows that advection is more
important for determining the fine scale distribution of the chem-
ical than diffusion (Denny, 1993). The EmStat system sampled, at
the crayfish’s location, 50 cm downstream of the chemical source
at a sampling frequency of 20 Hz for 5 min. Prior to measuring
the dopamine distribution in the streams, the electrodes were cal-
ibrated with known concentrations of dopamine. The stock solu-
tion of dopamine was delivered to the artificial stream using the
same constant head tank used in the exposure studies. All test ani-
mals were placed in locations where electrochemical measure-
ments were recorded. Appropriate stock solutions of the
fluoxetine were prepared in accordance to the calculated dilution
factor of 34 to create the intended concentration at the animal’s
location.

2.3.3. Static exposure arena

Static trails were done in aquaria (20 I) filled with a 3 cm sand
layer and 13 1 of the same Maple River water used in the dynamic
trials. The aquaria were placed at the downstream end of each
dynamic exposure streams to maintain similar water temperature
and natural light dark cycles experienced by the dynamic exposure
crayfish. Each aquarium was fitted with an aerator pump to

Table 2

oxygenate the water. The upstream aquarium wall was painted
black to visually isolate the dynamic and static exposed crayfish.

Final concentrations of fluoxetine hydrochloride (Sigma-
Aldrich) were calculation dilutions from a stock solution of 1 g/I.
All final concentrations of stock solution were verified using LC/
MS techniques in the UMBS analytical chemistry laboratory using
methods described by Chu and Metcalfe (2007). Samples were
extracted by solid phase extraction (SPE) with Oasis HLB cartridges
(Waters Inc., Milford, MA, USA), and the analytes were then eluted
from the cartridges with methanol Chu and Metcalfe (2007). Liquid
chromatography was done using an Agilent Series 1100 HPLC sys-
tem (Agilent Technologies Canada, Mississauga, ON, Canada) with
a Genesis C18 column (150 x 2.1 mm i.d., 4 pm particle size).

2.4. Exposure of experimental animals

Crayfish were exposed to fluoxetine solutions of different con-
centrations in the dynamic artificial streams or in static aquaria
for 23 h. The 23 hour-periods was chosen to allow 1h to reset
the exposure systems for the next treatment such that each set
of trials began at the same time of day. Artificial streams were
allowed to flush for 1 h before the next treatments and static aqua-
ria where manually cleaned to remove any effects of the previous
treatment. In both systems, crayfish were restricted to one location
(Fig. 1) by use of tethers consisting of a 0.64 cm? Velcro ® square
attached to a tile weight via fishing line. The opposite Velcro ®
piece was fastened to the carapace of each animal using superglue
to secure the animal’s position in exposure arenas (Neal and
Moore, 2017; Steele et al., 2018). Crayfish were subjected to a nat-
ural light: dark cycle of approximately 15:9 h and water tempera-
ture of ~20 °C during the 23 h exposure period.

2.5. Behavioral analysis

Immediately following the removal of the crayfish from the
exposure arena, dyad fight trials were performed for each exposure
treatment. Fight trails were performed between two similarly
exposed crayfish, i.e. static with static and dynamic with dynamic.
Opponents were sized matched with a maximum of 10% difference
in carapace length. Fights occurred in an opaque Plexiglas fight
arena (39 x 39 x 14 cm, L x W x H) filled with 13.8 | of water from
the East Branch Maple River and divided into four equal quadrants
by retractable Plexiglas walls. The fight tank design allowed for ani-
mals to be mechanically, visually, and chemically isolated until
start of fight trial. Crayfish were initially separated in each

Ethogram of crayfish agonistic behaviors adapted from Wofford et al. (2015) and Steele et al. (2018) used in video analysis. Numerical intensities listed represent the intensity of

behavior displayed.

Behavior name Intensity Behavior description
level
Tailflip -2 Rapid retreat from opponent made by quickly flicking tail in reverse direction
Slow Retreat -1 Low intensity, slow walking away from opponent
Slow Approach 1 Low intensity, slow walking toward opponent without threat display
Rapid Approach 2 Quick high intensity approach toward opponent with major chelae raised in meral spread threat display
Closed Chelae Touch 3 Non-forceful contact made with opponent using closed major chelae. Chelae are not used to push or box with opponent
or grab or hold opponent
Antennal Whipping 4 Rapid flicking of antennae used to hit opponent
Stiff Arm 5 Holding opponent away by presenting closed major chelae straight out in front of body
Closed Claw Boxing 6 Forcefully pushing opponent using closed major chelae. Chelae are not used to grab or hold opponent
Open Claw Touching 7 Non-forceful contact made with opponent using open major chelae. Chelae are not used to push or box with opponent or
grab or hold opponent
Open Claw Boxing 8 Forcefully pushing opponent using open major chelae. Chelae do not close and are not used to grab or hold opponent
Grabbing at Appendages 9 Major chelae grasp by closing chelae on appendages of opponent. Force is not used to pull or rip appendages of opponent
Tearing of Appendages 10 Major chelae used to grasp appendages of opponent while forcefully pulling or tearing opponent’s appendages
Inversion 11 Major chelae grasp appendages of opponent and with forcefully pulling, tearing, or manipulation invert body of

opponent
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quadrant and allowed to acclimate for 15 min. After acclimation
period, the retractable wall of two quadrants was removed and
crayfish were allowed to interact for 15 min (Wofford et al.,
2015). Each fight trial was video recorded using a Panasonic (Model
# HDC-HS250) or Sony (Model # HDR-CX405) handheld camera.
Duration, intensity (escalated or nonescalated), time to reach each
intensity level, and time spent at each intensity level were ana-
lyzed. Intensity levels were determined using a pre-established
ethogram adapted from Steele et al. (2018) (Table 2). Initiation of
a fight was defined as the time at which a crayfish aggressive con-
test begins (i.e., when one animal approaches the other within one
body length). End of a fight was defined as opponents remaining
approximately two body lengths away for a minimum of 10 s. Dura-
tion was defined as difference in seconds between the time at
which a fight ended and the time at which it was initiated.

2.6. Quantification of hemolymph serotonin content

After the dyadic fight trials, hemolymph samples were collected
from ventral side of crayfish abdomen from the space between par-
ticular myosepta using insulin syringes. Samples were collected
from at least five pairs of crayfish from each treatment. Approxi-
mately 700 pl of hemolymph were collected in Eppendorf tubes
from each pair, quickly frozen in liquid nitrogen, and stored in
refrigerator at —20 °C until lyophilisation. Lyophilized hemolymph
samples were extracted 3x in 0.75 ml 10% sodium bicarbonate in
an ultrasonic bath. Following sonication for 15 min, the vials were
centrifuged and the supernatant collected. The composite extracts
were brought to 5 ml total volume with 10% sodium bicarbonate.
In a fume hood, 0.5 ml acetic anhydride was added at ambient tem-
perature with constant stirring. Once completed, this reaction
yielded the n-acetyl serotonin derivative (and n-acetyl dopamine,
n-acetyl octopamine). The final pH of this solution was 3.5, optimal
for extraction of acidic compounds into organic solvents. The solu-
tion was extracted 3x with 325 pl of methylene chloride, and con-
centrated to dryness at 45 °C in a vacufuge. 10 ng of Ibuprofen
(internal standard) were added after the vacufuge. The residue
was reacted with 15 pl MSTFA at 80 °C for 30 min and then ana-
lyzed by LC/MS in selection ion monitoring (SIM) mode
(Woodman et al., 2016). With a 1:50 split, the detection limit
was 0.01 ng serotonin on-column.

2.7. Statistical analysis

Changes in agonistic behavior dynamics as a result of fluoxetine
concentration and exposure paradigm were analyzed by a non-
linear mixed model in R (Bates et al., 2015; R Core Team, 2018).
The difference in time to different behavioral intensities as well
as the time spent at different behavioral intensities was the inde-
pendent variables within the mixed model. The model was run
with the full interactions between fluoxetine concentration and
exposure paradigm using the Imer function. In addition, stream
number was included in the model as a random factor to account
for any potential differences between exposure streams/aquaria.
When significant differences were found with the interaction
terms, pairwise comparisons were made using the emmeans func-
tion with a Tukey-hsd correction factor (R Core Team, 2018;
Russell, 2018).

3. Results
3.1. Time spent at different intensities
3.1.1. Time spent at —2 (tailflip)

The mixed model exhibited a significant difference of time
spent at —2 between the static and dynamic exposure conditions

(F(1,128,0.05)=4.97, p = 0.027), but no difference between concentra-
tions (p = 0.66) or interaction between concentrations and expo-
sure type. A pairwise Tukey post-hoc comparison showed that
the difference between static and dynamic exposure was only
apparent at the highest three concentrations (1, 10, and 100 pg/
1). At these three concentrations, crayfish in the static condition
spent more time tailflipping from their opponents than the crayfish
in the dynamic exposure condition (Fig. 2).

3.1.2. Time spent at —1 (retreat)

The mixed model revealed a significant difference of time spent
at —1 with the interaction between exposure condition (static and
dynamic) and the exposure concentration (F1280.05)=6.62,
p=0.027). A subsequent pairwise Tukey post-hoc comparison
showed that the statistical difference between static and dynamic
exposure and between concentrations for time spent at —1 was
only evident at the highest concentration (100 pg/l). At this con-
centration, crayfish in the static condition spent nearly four times
the amount of time in retreat than those animals in the dynamic
exposure condition or than those animals at the other fluoxetine
concentrations (Fig. 3).

3.1.3. Time spent at 11 (highest intensity)

The mixed model revealed a significant difference of time spent
at the most intensive level of fighting with the interaction between
the exposure condition and the exposure concentration
(F(1.128,005)=7.02, p=0.022). A subsequent pairwise Tukey post-
hoc comparison showed a statistical difference between static
and dynamic exposure for time spent at 11 for all concentrations,
including controls (p < 0.05). For control crayfish, the time spent
at 11in the static condition was longer than in the dynamic condi-
tion. However, this outcome was reversed at all fluoxetine concen-
trations (p < 0.05). In addition, there was no significant difference
in the time spent at intensity level 11 between different fluoxetine
concentrations under the dynamic exposure condition, but the
time was significantly longer in all of these treatments than in con-
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Fig. 2. Mean (+SEM) time spent at intensity level —2 (tailflip) for crayfish exposed
to different concentrations of fluoxetine under static (solid black squares) and
dynamic (open black circles) exposure conditions. Asterisks indicate a significant
difference between the two exposure conditions (static and dynamic) within a
single concentration (mixed model followed by Tukey-HSD post-hoc, p < 0.05). No
significant differences between concentrations within an exposure paradigm were
recorded.
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Fig. 3. Mean (+SEM) time spent at intensity level —1 (retreat) for crayfish exposure
to different concentrations of fluoxetine under static (solid black squares) and
dynamic (open black circles) exposure conditions. Asterisks indicate a significant
difference between the two exposure conditions within a single concentration
(mixed model followed by Tukey-HSD post-hoc, p < 0.05). Different capital upper-
case letters indicate significant difference between concentrations within the static
exposure paradigm (p < 0.05).
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Fig. 4. Mean (+SEM) time spent at intensity level 11 (highest intensity) for crayfish
exposed to different concentrations of fluoxetine under static (solid black squares)
and dynamic (open black circles) exposure conditions. Asterisks indicate a
significant difference between the two exposure conditions within a single
concentration (mixed model followed by Tukey-HSD post-hoc, p < 0.05). Different
capital uppercase letters indicate significant difference between concentrations
within the static exposure paradigm. Different lowercase letters indicate significant
difference between concentrations within the dynamic exposure paradigm
(p<0.05).

trols. This situation was reversed for the statically exposed crayfish
which had lower levels of time spent at the highest intensity as flu-
oxetine concentration was increased (p < 0.05) (Fig. 4).

3.2. Time to reach a specific intensity

3.2.1. Time to 10 (tearing of appendages)

The mixed model revealed a significant difference of time to
intensity level 10 between the static and dynamic exposure condi-
tions (F(1, 128, 0.05)=4.97, p=0.027). A pairwise Tukey post-hoc
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Fig. 5. Mean (+SEM) time spent to reach intensity level 10 (tearing of appendages)
for crayfish exposed to different concentrations of fluoxetine under static (solid
black squares) and dynamic (open black circles) exposure conditions. Asterisks
indicate a significant difference between the two exposure conditions within a
single concentration (mixed model followed by Tukey-HSD post-hoc, p <0.05).
Different capital uppercase letters indicate significant difference between concen-
trations within the static exposure paradigm (p < 0.05).

comparison showed that the difference between static and
dynamic exposure was only apparent at the lowest three concen-
trations and the control. At 0, 0.05 and 0.5 pg/1 crayfish in the static
condition took significantly longer to reach intensity level 10 than
animals in the dynamic condition, whereas at 1 g/l they took less
time to escalate fights. In addition, an effect of fluoxetine concen-
tration was observed for static exposed crayfish, in which animals
exposed to 1 and 100 pg/1 took less time to escalate fights than in
the other treatments (Fig. 5).

3.2.2. Time to 11 (highest intensity)

The mixed model revealed a significant difference of time to the
most intensive level of fighting with the interaction between the
exposure condition and the exposure concentration
(F1,128,005)=8.15, p<0.05). A subsequent pairwise Tukey post-
hoc comparison showed a statistical difference between static
and dynamic exposure for time to 11 for all concentrations, includ-
ing controls (p<0.05). The control crayfish and the crayfish
exposed to the lowest concentration (0.05 pg/l) in the dynamic
condition escalated fights to intensity 11 much quicker than cray-
fish exposed to similar concentrations but under static condition.
This outcome was reversed at higher concentrations (p < 0.05). In
addition, there was a significant difference in the time to intensity
level 11 for the dynamic exposure condition as concentration of
fluoxetine was increased, with longer times to reach the highest
intensity at higher concentrations (p < 0.05) (Fig. 6).

3.3. Serotonin level

Serotonin levels in the hemolymph of tested crayfish differed
significantly = with respect to fluoxetine concentration
(F(5,76.0.05) = 4.24, p<0.001), but no effect due to exposure para-
digm or interaction between concentration and exposure paradigm
were found. Serotonin levels in crayfish from all exposure concen-
trations higher than 0.05 pg/l where significantly lower than in
controls (figure not shown).
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Fig. 6. Mean (+SEM) time spent to reach intensity level 11 (highest intensity) for
crayfish exposed to different concentrations of fluoxetine under static (solid black
squares) and dynamic (open black circles) exposure conditions. Asterisks indicate a
significant difference between the two exposure conditions within a single
concentration (mixed model followed by Tukey-HSD post-hoc, p < 0.05). Different
uppercase letters indicate significant difference between concentrations within the
static exposure paradigm. Different lowercase letters indicate significant difference
between concentrations within the dynamic exposure paradigm (p < 0.05).

4. Discussion

In the present study, crayfish, F. virilis, were subjected to chem-
ical exposure under graded fluoxetine concentrations and variable
exposure systems (static and dynamic). As a result of these expo-
sures, crayfish spent significantly more time in tailflip and retreat
behaviors at the highest concentrations of fluoxetine (1, 10,
100 pg/l for tailflip; 100 pg/l for retreat) in static exposure com-
pared to identical concentrations under dynamic exposure (Figs. 2,
3). Significant differences between static and dynamic exposure
conditions were also observed for the highest level of fighting
intensity. Time spent at and time to escalate the highest fight
intensity were significantly lower in dynamic controls than static
controls (Figs. 4, 5, 6). However, in high fluoxetine concentrations,
these two parameters were significantly flipped (Figs. 4, 6). All of
these results indicate that crayfish exposed to fluoxetine have sig-
nificantly altered social behavior and that dynamic exposure para-
digms exacerbates significantly these behavior.

In previous studies, the antidepressant fluoxetine has shown
variable effects on aquatic invertebrates with respect to the con-
centrations tested, species exposed, experimental design, or dura-
tion of exposure (Backhaus, 2014; Fong and Ford, 2014). For
example, at 20 pg/l and 40-345 ng/l of fluoxetine, movement and
burrowing behavior of freshwater mussels have been altered
(Hazelton et al., 2014) and locomotion in marine snails has been
retarded (Fong and Molnar, 2013; Fong et al., 2015). Tierney
(2016) and Bufic et al. (2018) observed reduced locomotion in
crayfish exposed to fluoxetine and citalopram, respectively, at
~1 pg/l. On the other hand, Bossus et al. (2014) reported that swim-
ming speed was significantly increased in the amphipod
Echinogammarus marinus Leach 1815 at very low concentrations
(0.01 pg/l) of fluoxetine and sertraline (another SSRI) after a one-
day exposure but not after an eight-day exposure. Whereas,
Hossain et al. (2019) observed higher distance moved, higher activ-
ity, and more time spent outside of shelter in sertraline (~1 pg/l)
exposed marbled crayfish after 21 days of exposure. Guler and
Ford (2010) found significant differences in phototaxis behavior
of E. marinus males after three weeks exposure to fluoxetine at

10 ng/1-10 pg /1. All the above studies and currently most of the
eco-toxicological investigations are based on a time-averaged uni-
form concentration which is a chemically-based measure of con-
centration (e.g., molarity, ppt/ppb) over a defined time period
(e.g., 24, 48, 72 h) within a homogenous testing environment.
These models do not appropriately represent the spatial and tem-
poral fluctuations of the fine scale chemical dynamics found within
the turbulent plumes of natural aquatic ecosystems (Edwards and
Moore, 2014; Harrigan and Moore, 2017).

The spatial and temporal variations in chemical (toxicant) con-
centrations could create variable responses in exposed animals. In
addition, the peak-to-mean ratio in turbulent systems may result
in exposure to very high, albeit short, concentrations of chemical.
The impact of these dynamic exposures is demonstrated in this
study and other previous studies using dynamic exposure para-
digms (Bergman et al, 2003; Harrigan and Moore, 2017;
Ludington and Moore, 2017; Neal and Moore, 2017; Steele et al.,
2018). In this study, the exposure that mimicked natural exposure
paradigms produced the greatest changes in the social behavior of
crayfish, as evidenced by reduced tailflip and increased time spent
in high intensity fight. In static exposures, the opposite effects
were observed. This paper is the first report of dynamic exposure
effect on benthic crustacean using an antidepressant.

Recent ecotoxicology work has also shown that exposure para-
digms impact agonistic behaviors of crayfish differently (Diamond
et al., 2006; Cook and Moore, 2008; Welsh et al., 2008; Angel et al.,
2015). These variable effects of exposure are primarily due to tur-
bulent dispersion, which creates changes in chemical (toxicant)
pulse length, frequency, and magnitude of concentration in natural
systems. Previous research has demonstrated that habitat charac-
teristics (e.g., flow rate, roughness, sediment elements, etc.) create
different spatial maps of chemical fluctuations (Edwards and
Moore, 2014; Lahman et al., 2015; Ludington and Moore, 2017)
and that the mode of delivery (Steele et al., 2018) also impacts
the dynamic chemical dispersion/exposure landscape. All of these
studies point to the fact that subtle variations in the temporal fluc-
tuation in chemical concentration determine the impacts on organ-
isms. Here, non-linear and non-dose dependent results are most
likely a result of the variability created in dynamic exposure. Even
organisms living in the same spatial region of lotic water, but fac-
ing different hydrodynamic regimes, will be exposed to differing
fluctuations in chemical concentrations (Harrigan and Moore,
2017; Steele et al., 2018). Finally, the position of organism within
the flowing system, upstream or downstream of obstacles, has
impacted the behavioral changes due to chemical exposure
(Ludington and Moore, 2017). Therefore, future research must con-
sider temporal variation in toxicant concentrations to quantify the
real consequences of exposure in natural systems.

The toxicity of certain chemicals is less noticeable when pre-
sented as pulse exposure paradigms (Naddy and Klaine, 2001).
Yet, in the present study, the effects of fluoxetine on crayfish were
more pronounced in dynamic exposure systems. For example,
crayfish at the dynamic exposure took longer to escalate fights to
highest intensity level and also spent more time at these levels
than statically-exposed crayfish. These results are possibly due to
the greater peak-to-mean fluctuations of chemicals in flowing
water compared to static conditions. In dynamic systems, organ-
isms exposed to frequent high pulse/peak of chemical plumes are
potentially prevented from recovery from a previous chemical
pulse or accumulate hazardous levels of chemicals (Neal and
Moore, 2017). In addition, the peak-to-mean ratio may be what
is driving the effects of exposure rather than simply the mean con-
centration. Chronic uniform concentration effects on organism
may be less pronounced because of the lack of the extremely high
but transient concentrations achieved in dynamic systems. In our
study, we also observed that certain behavioral impacts were
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reversed as fluoxetine concentration increased in both static and
dynamic systems. This may be a result of to a sort of desensitiza-
tion effect on the behavioral or physiological system during static
exposure (Bossus et al., 2014). In mammals responsiveness to flu-
oxetine decreases after chronic exposure due to a critical
decrease of the precursor of serotonin, tryptophan (Delgado
et al.,, 1999). Animals in static exposures may have different phys-
iological responses because of the constant presence of the
toxincant/chemical.

The results from this study demonstrate that fluoxetine can
induce behavioral changes (agonistic behavior) in benthic crus-
taceans at concentrations that are present in natural systems and
are considered as environmentally safe levels (Alonso et al.,
2010; Metcalfe et al., 2010; Kostich et al., 2014). From an ecological
point of view, agonistic behaviors (retreat, tailflip and fight inten-
sity are more noticeable and important behavior in crayfish social-
ity) are important for potential resources acquisition, such as
shelter, food, and mates between contestants (Parker, 1974,
Martin and Moore, 2010; Fero and Moore, 2014). Ultimately,
behavior of animals arise from underlying neurological and physi-
ological processes. As chemicals alter aspects of neurological func-
tioning (serotonin reuptake), behavior should also change. For
SSRIs, the antidepressants affect brain function by maintaining
the neurotransmitter serotonin within the synaptic cleft (Hyttel,
1994; Kish, 2008). As a result of blocking uptake mechanisms,
the physiology and behavior of vertebrates and invertebrates is
altered (Fingerman et al., 1994; Frazer and Hensler, 1999; Fong
and Ford, 2014). This change in serotonin function can also alter
the regulation of hormonal and neural signals (Santos et al.,
2010). In our experiment, we found that the exposure paradigm
and the interaction of exposure paradigm and concentration had
no significant effect on hemolymph serotonin levels of tested cray-
fish. Yet, behaviors were altered. It is possible that the collection
process performed in these studies did not capture the faster tem-
poral fluctuations in reuptake modulation. Still, these results
demonstrate that physiological alterations are dependent on con-
centrations, but not on the exposure paradigm. However, the ago-
nistic behavior of crayfish is influenced by both concentrations and
exposure paradigm. Alterations in the social behavior of crayfish
(or even in physiological processes) can lead to the disruption of
other related behaviors such as foraging or burrowing. Crayfish
are ecosystem engineers and play an important role in structuring
stream communities. Changes in their behavioral repertoire can
have profound effects at the ecosystem level, such as plant com-
munity diversity and abundance (Brodin et al., 2014).

5. Conclusions

Certainly, crayfish under a more realistic exposure (dynamic)
system show different behavioral effects than those exposed to
the same overall concentration but within a static framework.
Thus, using static exposure paradigms might be more cost effec-
tive, but may underestimate the full impact of chemical pollutants
on ecosystem functioning. Finally, we could conclude that these
behavioral assessments even under this one type of dynamic expo-
sure are not enough work for a set of straight forward concluding
remarks. Future investigation are warranted, but should include a
focus on exposure paradigms that alter duration, exposure tech-
nique, habitat structure, and species tested in a more realistic
and natural design.
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