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1. Uvod

Koncept dobrych zivotnich podminek zvitat, znamy jako welfare, byl az doneddvna zaméten
pfevazné na suchozemské teplokrevné obratlovce, pficemz jen mélo pozornosti bylo vénovano
dobrym zivotnim podminkdm ryb. Soucasné studie vSak jednoznacné potvrzuji, ze ryby jsou
behavioralné komplexni organismy schopné citit bolest a prozivat mentalni utrpeni. To vede k
rostoucimu zajmu o welfare ryb mezi odbornou i laickou vetejnosti v poslednich letech.

Jednim z faktort ovliviiyjicich socialni prostiedi ryb je jejich télesné zbarveni. Pigmentace je
klicovym biologickym nastrojem pro komunikaci a pteziti ve vodnim prostfedi. Zbarveni hraje
dilezitou roli pfi maskovani a uUniku pied predatory, lovu kofisti, termoregulaci, ochrané¢ pied
slune¢nim zafenim a vybéru sexualniho partnera. Zbarveni také usnadiiuje hejnové chovani ryb,
protoze barva je pouzivana jako identifikacni kli¢ a signal pro shlukovani stejn€ zbarvenych jedincti.
U ryb hraje klicovou roli pii socialni komunikaci mezi barevnymi fenotypy, protoze ryby mohou
docasné€ zménit zbarveni, aby naznacily své postaveni v socialni hierarchii.

Vztah mezi pigmentaci a chovanim ryb lze jasn€ pozorovat napf. u extrémné zbarvenych
fenotyptl, tj. albinii a melanistickych jedincii. Podle melanokortinové hypotézy jsou fenotypy
s intenzivnéj$i/tmavsi pigmentaci agresivngj$i, reprodukéné aktivnéjsi, odolngjsi viici stresu a mayji
celkové lepsi zdravotni stav. Naopak albinoticti jedinci jsou citlivéjsi na stres, méné agresivni, a
protoZze jsou nachylni k fyziologickym omezenim, jako je zhorSeny zrak, nejsou schopni i¢inn¢ branit
zdroje ve srovnani s pigmentovanymi fenotypy. Oba tyto extrémné zbarvené fenotypy navic nejsou
schopny signalizovat své postaveni v socialni hierarchii zménou zbarveni, coz mize vést ke konfliktu
mezi jejich psychickym stavem a postavenim v socialni hierarchii a/nebo ke snaze zménit své socialni
postaveni.

Podobné vztahy mezi pigmentaci a chovanim lze sledovat i u domestikovanych rybich
fenotypti. V disledku tzv. syndromu domestikace mohou v pfirodnim prostedi byt domestikované
ryby znevyhodnény kviili své nadmérné agresivité, riskujicimu chovani, snizené zvidavosti a celkové
hor$im kognitivnim schopnostem.

Takové znevyhodnéni by se nasledné mohlo projevit v odlisSném vnimani okolniho prostfedi
jak pro extrémné zbarvené, tak pro domestikované fenotypy a snizenim kvality jejich zivota, tzv.
welfare. Cilem prace je proto analyza chovani a kognitivnich funkci albinotickych jedinct a
domestikovanych fenotypi ve srovndni s divokym fenotypem stejného druhu a odhad vlivu

ptipadnych odchylek na jejich welfare.



2. Prehled o soucasném stavu problematiky

2.1 Welfare ryb a socialni prostiedi

Jednim z aspektd pohody zvifat je prostiedi, ve kterém chované zvife prosperuje (Broom,
1991). Broom (1991) dale definuje vyznam adekvatnich podminek welfare pro dosazeni zdravych a
prosperujicich zvifat; naopak zvitata, které jsou vystavena stresu, maji zdravotni problémy a nemtizou
se vyrovnat se svym prostiedim, jinymi slovy maji Spatné podminky welfare. Diive se péce o dobré
zivotni podminky zvitfat soustfedila na suchozemské teplokrevné obratlovce a méné pozornosti se
vénovalo welfare ryb (Braithwaite & Boulcott, 2008). V soucasnosti jsou ryby vnimdny jako
behavioralné komplexni organismy schopné pocitovat bolest a dusevni utrpeni (Braithwaite, 2010;
Sneddon, 2007). Z téchto divodl se zajem o welfare ryb zvySuje v poslednich desetiletich mezi
zahrnuji kvalitu vody, prostiedi chovu, zdravotni stav, manipulaci, transport, krmeni a osvétleni
(shrnuté v Branson, 2008; Huntingford et al., 2006; Segner et al., 2019; Stevens et al., 2017). Mnoho
studii zaméfenych na welfare ryb zdiraziuje také dilezité aspekty socidlniho prostiedi, jako je
hustota obsazeni v akvakultufe, nucené¢ vnitrodruhové a/nebo mezidruhové socialni kontakty,
vystaveni predatoriim a izolace od jedinct stejného druhu (Huntingford et al., 2006; Morgan &
Tromborg, 2007; Stevens et al., 2017). Nicméné v minulosti bylo socilni prosttedi jedincti sledovano
pfedevsim za ucelem posouzeni jejich fyzického zdravi a zanedbaval se jejich dusevni stav a vztahy
ve hejnech (Huntingford et al., 2006). Nedavno bylo zjisténo, Ze dosazeni prahové hustoty specifické
pro dany druh méni socialni chovani ryb (Berlinghieri et al., 2021; Martins et al., 2012). Mezi tyto
zmény patii zvySena agresivita, snizené nebo zvySené hledani potravy a/nebo plavani a stereotypni
nebo abnormdlni chovéni; toto chovani je ukazatelem sniZzené pohody a negativnich emoci
(Castanheira et al., 2017; Martins et al., 2012). Naopak ptirozené chovani pii plavani, prizkumné
chovani nebo anticipacni aktivita (zvySena pohybova aktivita v ocekavani potravy) pfed krmenim
mohou byt spojeny s pfiméfenymi podminkami a pozitivnimi emocemi. Nevhodné socialni prostiedi
zvySuje akutni nebo chronicky stres, oslabuje imunitu a celkové snizuje kondici jedincti (Castanheira
et al., 2017; Martins et al., 2012). Jednim z dilezitych aspektt, ktery ovliviiuje vztahy v hejnu, je
morfologie jedinct, protoze se miize vytvorit hierarchie zaloZzend na velikosti (Nelissen, 1992) nebo
pigmentaci (Peichel, 2004). Kromé toho je pigmentace morfologickym rysem, ktery je pro vytvareni
socialnich vztahli mezi zvifaty nezbytny (Peichel, 2004). Pigmentace dale hraje dilezitou roli
v preziti jedince, protoze ptispiva k riznym funkcim, jako je teplotni regulace (Rudh & Qvarnstrom,
2013), ochrana pfed UV zafenim (Lin & Fisher, 2007), nebo ochrana pted predatory a schopnost lovit

koftist (Cheney et al., 2008; Duarte et al., 2017). Pigmentace je diilezita pro socialni komunikaci mezi



rybami, protoze piimo ovliviiuje jejich chovani, naptiklad agresivitu, reprodukci nebo hejnové
chovani (Price et al., 2008). Intenzita pigmentace také mtize ukazat celkovou kondici jedince a jeho
pozici v hierarchii (Ducrest et al., 2008; Price et al., 2008). Navic je pigmentace dulezita pro
"extrémné" pigmentované fenotypy ryb, jako jsou melani¢ti a albinoticti jedinci, ¢i vice
domestikované fenotypy ryb, kteti se 1iSi od typicky pigmentovanych "divokych" fenotypt nejen v
pigmentaci, ale také ve fyziologii a chovani (Horth, 2004, 2003; Ren et al., 2002; Slavik et al., 2022,
2016b; Valcharova et al., 2022; Svitacova et al., 2024). I kdyz existuje mnoho studii zabyvajicich se
pigmentaci ryb a jejim vlivem na socidlni strukturu hejna, data tykajici se dopadu pigmentace na
welfare ryb v akvakultufe jsou pomérné¢ vzacnd. Navic v poslednich letech dochdzi k rychlému
nartstu produkéni akvakultury a obchodu s okrasnymi rybami (FAO 2020; Novék et al., 2022, 2020),

proto jsme se zam¢fili na welfare ryb s riznou pigmentaci v hejnu a mozné disledky pro akvakulturu.

2.2 Fyziologické funkce pigmentace

Zbarveni ryb piedstavuje viceslozkové a vicevrstvé signaly, které asto obsahuji rizné typy
pigmentl a strukturdlnich prvkl (Grether et al., 2004). Zdkladnimi jednotkami rybiho zbarveni jsou
chromatofory, velké hvézdicovité bunky, které vznikaji v builkdch neuralni listy bé&hem
embryonalniho vyvoje a nasledn¢ migruji do epidermis a dermis (Oliveira & Franco-Belussi, 2012),
ale nachdzeji se také v oCich a uvnitf téla, napiiklad kolem riiznych organt, kde se usazuji a
diferencuji (Skold et al., 2013; 2015). Barva chromatoforové buiky zavisi na absorpci svétla
pigmenty nebo na interferencnim efektu zaloZzeném na latkach odrazejicich svétlo chromatofory
(Bagnara & Matsumoto, 2006.; Burton, 2011; Luo et al., 2021). Chromatofory se skladaji z n¢kolika
typti pigmentovych bunék, které¢ jsou obvykle rozdéleny do podtypii v zavislosti na barvé pigmentu
v bunce (Skold et al., 2016): zluté xantofory (které obsahuji karotenoidy a pteridiny a absorbuji modré
svétlo), cervené erytrofory (které obsahuji karotenoidy a pteridiny), stfibfité nebo modré iridofory
(které obsahuji guaninové granule zodpovédné za odraz svétla), cerné melanofory (které obsahuji
melanin a absorbuji svétlo v celém spektru) a bilé leukofory (které obsahuji purinové granule
zodpovédné za odraz svétla) (Niisslein-Volhard & Singh, 2017; Oliveira & Franco-Belussi, 2012;
Price et al., 2008). Zatimco melanofory, iridofory, erytrofory a xantofory jsou Siroce rozsifeny u
teleost (Schartl et al., 2016), leukofory jsou méné¢ hojné (Nagao et al., 2018). Karotenoidy (které
obvykle produkuji Zluté, oranzové a Cervené barvy), pteridiny (které produkuji podobné barvy jako
karotenoidy) a melanin (ktery produkuje hnédou, cernou a Sedou barvu) jsou pigmenty, které
absorbuji rizné vinové délky svétla a prispivaji k individualnimu zbarveni a vzoram (Grether et al.,
2001; Niisslein-Volhard Singh, 2017; Price et al., 2008). Souhrnné Ize poznamenat, Ze pigmentovy
vzor kiize ryb je vysledkem hustoty a rozmisténi raznych typt chromatoford, které davaji rybam

moznost vykazovat mnoho riznych barev (Fujii, 2000; Skold et al., 2016). Pigmentace je dualezita
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pro termoregulaci, protoze melanin hraje klicovou roli v termoregulaci vSech ektotermnich zivocicht;
konkrétné tmava téla absorbuji vice svétla (tepla), zatimco svétlejsi téla absorbuji méné svétla, a tak
mohou ptedejit prehiivani (Rudh & Qvarnstrom, 2013). Podle Rudh & Qvarnstrom (2013) jsou tmavé
fenotypy uc¢innéji ohfivany slune¢nim zarenim. Navic tato pigmentace chrani kizi pied ultrafialovym
(UV) zafenim, protoze melanofory absorbovanim zafeni brani genotoxickému stresu (Lin & Fisher,
2007). Experimenty s UV ozafovanim intenzivné a slabé pigmentovanych hybridnich ryb
Xiphophorus (Heckel, 1848) ukézaly, ze melaninova pigmentace muze skute¢né hrat ochrannou roli,
protoze tmavsi ryby vykazovaly mensi poskozeni DNA zptsobené UV zafenim (Ahmed & Setlow,
1993). Navic albinsti platysi Paralichthys olivaceus (Temminck & Schlegel, 1846) vystaveni UV
ozafovani vykazovali vyrazné niz$i pieziti nez jedinci s pfirozenym zbarvenim (Fukunishi et al.,
2017). Pigmentace chrani kazi a o€i pfed chemickymi stresory (Meredith & Sarna, 2006) a
melaninové pigmenty mohou také plsobit jako antioxidanty (Skold et al., 2013). Proto mohou
fenotypy albinli chovanych v akvakultufe trpét nevratnymi zdravotnimi dopady, jako je poSkozeni
DNA, kaze nebo o¢i, nebo dokonce smrt, v disledku vystaveni pfimému slune¢nimu zéieni, pokud
jsou chovany ve volné vodg, a jejich zivotni podminky mohou byt ve srovnani s normaln¢ zbarvenymi
fenotypy snizeny. Tito jedinci by méli byt pti chovu v otevienych vodach peclivé sledovani a mély

by jim byt poskytnuty moznosti ukrytu specifické pro dany druh.

2.3 Ochrana pred predatory a pomoc pri lovu koFisti

Pigmentace ovliviiuje schopnost skryt se pfed potencidlnimi predatory nebo konkurenty
(Duarte et al., 2017; Ryer et al., 2008). Krypse neboli kamuflaz je bézna taktika pfi ochrané pfed
predatory (Skold et al., 2013), pfi niz ryby béhem nékolika minut zméni pigmentaci tak, aby
odpovidala jejich vizudlnimu pozadi, coz jim umoziuje zvladnout ptipadné zmény v prostiedi (Skold
et al.,, 2013, Duarte et al., 2017). Naptiklad kdyz byly duhovky jizni Melanotaenia autralis
(Castelnau, 1878) po dobu dvou tydnti chovany v tmavych nebo svétlych akvariich, zménily své
zbarveni, aby se pfizplsobily zbarveni akvaria (Rodgers et al., 2010). Podobn¢ i hlava¢i mali
Pomatoschistus minutus (Pallas, 1770) vykazovali zménénou pigmentaci o¢i 1 t€la (Skold et al.,
2015). Experimenty s platysem tichomotskym Hippoglossus stenolepis (Schmidt, 1984) navic
potvrdily, Ze ryby jsou zranitelnéj$i vici predatoriim, pokud se krypticky neptizptisobuji svému
pozadi a aktivné nevyhledavaji odpovidajici sediment (Ryer et al., 2008). Hlavace pestré¢ Gobius
paganellus (Linnaeus, 1758) také vyuzivaji kombinaci morfologickych a behavioralnich prostredkti
k dosazeni maskovani (Smithers et al., 2018). Zmény zbarveni navic slouzi nejen k tomu, aby se ryby
predatorim vyhnuli, ale také k tomu, aby se jako predatofi podobali kofisti, kterou pak mohou snadno
chytit. Tato schopnost pfepinat mezi mimickymi a nemimickymi barvami béhem nékolika minut se

nazyva fakultativni (nebo dynamické) mimikry (Cheney et al., 2008; Coté¢ & Cheney, 2005). Podle
10



Cheney et al. (2008) jsou fakultativni mimikry neobvyklou strategii, ale byly prokazany u motské
ryby, slizouna modropasého Plagiotremus rhinorhynchos (Bleeker, 1852), ktery napodobuje zbarveni
juvenilnich pyskounii rozptlenych Labroides dimidiatus (Valenciennes, 1839) a vyuziva tito
mimikry k jejich lovu. Lze shrnout, Ze zmény zbarveni ryb jsou dilezitym faktorem ovliviiujicim
pteziti ve vodnim prostiedi, protoze poskytuji ochranu pfed predatory a zarovein usnadiiuji lov kofisti.
Tyto zaveéry maji uplatnéni pro welfare ryb v akvakultufe, protoze jedinci pigmentovani jinak, nez
jejich pozadi mohou byt vice stresovani kvili své preadaptaci na ochranu pied predatory (Strand et
al., 2007). Napftiklad juvenilni jedinci pakambaly velké Scophthalmus maximus (Linnaeus, 1758) a
motana pti¢nopruhého Diplodus sargus (Linnaeus, 1758) jednoznacné preferovali svétlejsi barvy
pozadi, protoze vykazovali nejvyssi rychlost rastu, pfijem krmiva a rychlost metabolismu pod
modrym a bilym pozadim (Karakatsouli et al., 2007; Li et al., 2016). Naproti tomu sumecek africky
Clarias gariepinus (Burchell, 1822) déaval ptfednost Cernym nadrzim a v téchto podminkéach
vykazoval vys$si denni pfijem potravy a lepsi ristové vysledky (Okomoda et al., 2017). Vzhledem k
vySe uvedenym zjisténim se doporucuje, aby barva zdzemi chovanych ryb odrdzela druhové
specifické vlastnosti, a zvlaStni pozornost je tfeba vénovat extrémné zbarvenym fenotypim, tj.

albinoticti jedinci by méli byt chovani na svétlém zdzemi a melanisticti jedinci na tmavém zazemi.

2.4 Pigmentace a agonistické interakce

Pigmentace pfispiva k vytvareni vnitrodruhovych i mezidruhovych vztahti, zejména tim, ze
ovliviiuje agresivitu ryb (Price et al., 2008) nebo vybér partnera (Amundsen & Forsgren, 2001;
Gardner, 2010). Agresivita je u ryb dalezitou vlastnosti pfi soupeteni o omezené zdroje, napft. potravu,
partnery a teritoria pro tfeni, protoze hraje roli pfi vytvareni teritorii a hierarchie dominance (Filby et
al., 2010). Souvislost mezi pigmentaci a dominanci v chovani byla zaznamenana u mnoha druhd,
vcetn¢ cichlid Neochromis omnicaeruleus (Seehausen & Bouton, 1998) a druhti rodu Pundamilia
(Dijkstra et al., 2010; 2009a). Agrese navic mlze hrat roli ve frekvenéné zavislé selekci (Dijkstra et
al., 2010), protoze mezi béznymi fenotypy dochazi k cast¢jsi konkurenci mezi samci a typicka je
agresivita vici jedinciim stejného fenotypu; tento vzorec poskytuje potencidlni negativni frekvenéné-
zavislou fitness vyhodu vzacnéjsim fenotyptim nebo odlisné pigmentovanym jedinciim (Dijkstra et
al., 2009b; Pauers et al., 2008; Seehausen & Schluter, 2004). Zjednodusené vyjadieno, agresivita je
Cast¢jsi vuci bézné€ barevnym nez proti vzacnym fenotypim. U Zivorodek byla prokézana frekvencné
zavisla vyhoda pigmentace, nebot’ bylo zjisténo, Ze jedinci se vzacnymi barevnymi vzory maji
vyhodu v pfeziti ve srovnani s jedinci béznych fenotypt (Olendorf et al., 2006). Kromé& toho hraje
agresivni chovani druhli vyznamnou roli také v evoluci barevnych vzorl a koexistenci barevnych
fenotypt (Lehtonen, 2014). Piedpojatosti v agresivnim chovani mohou ve skutecnosti napomahat

vzniku novych barevnych fenotypli a usnadiovat vznik druht bud’ pfimym pfinosem, nebo v
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disledku selekce, kterd zvyhodnuje jakykoli nizkofrekvencni fenotyp (Mikami et al., 2004;
Seehausen & Schluter, 2004). Napiiklad u dvou druht cichlid, které se li§i pigmentaci, Cervené
Pundamilia nyererei a modré Pundamilia pundamilia (Seehausen & Bouton, 1998), miize
konkurence samct usnadnit invazi nového barevného fenotypu (Dijkstra et al., 2005). Studie
prokazala, ze jasn¢ Cerveny svatebni Sat P. nyererei poskytuje samcim vyhodu v sam¢i konkurenci,
protoZze jasnost jejich pigmentace zastrasuje modré samce, a muze tak usnadnit invazi novych
cervenych morfi do modrych populaci. Soutéze samcti o mista k rozmnozovani také podporuji
barevnou rozmanitost (svatebni Sat od modré nebo zluté po cervenou) a nasledné vznik novych druhti
u cichlid Viktoriina jezera (Lehtonen, 2014). Proto je svatebni Sat samcii diilezity pti vyberu samic a
hraje vyznamnou roli pti vzniku druhti (Pauers et al., 2008, 2004; Seehausen et al., 2008; Tinghitella
et al., 2018a). Navic je svatebni Sat vyuzivan ostatnimi samci k identifikaci konkurenti v obdobi
rozmnozovani (Tinghitella et al., 2018b) a je nasledovan agresivitou zaméfenou na podobné
pigmentované protivniky (Seehausen & Schluter, 2004, Pauers et al., 2008, Dijkstra et al., 2009b).
Naptiklad u dvou blizce ptibuznych druhii haplochromnich cichlid se sameci 1i$i pigmentaci; jeden
druh je modry a druhy cerveny (Seehausen & van Alphen, 1998). Studie prokazala, zZe samice obou
druht vykazuji druhov¢ asortativni vybér partnera, kdyZ jsou rozdily v pigmentaci samcii viditelné,
ale ne tehdy, kdyz svételné podminky pigmentaci samct zakryvaji — v takovych podminkach samice
obou druhti reagovaly Castéji na modré samce, kteti jsou vétsi a viditelnéjsi, nez samci Cerveni.
Seehausen & van Alphen (1998) dale popsali, Ze samice si mohou vybirat partnera na zdkladé miry
vyskytu, velikosti nebo obojiho, pokud pigmentace neni viditelna; pokud je vSak pigmentace
viditelna, ma jeji informace pfednost pied ostatnimi aspekty. Kromé toho se u hlavaci Zlutavych
Gobiusculus flavescens (J. C. Fabricius, 1779) v obdobi rozmnoZovani objevuji u samic jasné zluto-
oranzova bficha, kterd slouzi jako znamka pfipravenosti na tfeni; samci davaji pfednost vyrazné
pigmentovanym samicim, coZ se projevuje tim, ze vici takovym samicim projevuji mnohem vice
namluv (Amundsen & Forsgren, 2001; Skold et al., 2008). Odlisn€ nebo nedostatecné pigmentovani
jedinci v hejnu mohou mit proto omezenou Sanci na reprodukci a jejich fitness a welfare mohou byt
sniZeny.

Pigmentace ryb je navic spojena s postavenim v socidlnim Zebticku a teritoridlnimi souboji
prostiednictvim docasnych vizudlnich signali, které se objevuji béhem kompetitivniho a agresivniho
chovani mezi zvitaty (O’Connor et al., 1999). Naptiklad podtizené lososovité ryby (O’Connor et al.,
1999; Suter, 2002) nebo cichlidy (Miyai et al., 2011; Volpato et al., 2003) mély tendenci vykazovat
rychlé doc¢asné zmény pigmentace do tmavsich odstind téla a o¢i, zatimco dominantni jedinci si spise
zachovavali svétlejsi barvy. Jakmile totiz podfizeny jedinec ztmavl, agresivita dominantniho jedince
se snizila. Zména zbarveni porazené ryby je tedy spojena s podfizenosti; takové signaly by mohly

minimalizovat potencialné nédkladné souboje zmirnénim agrese dominantni/vitézné ryby (O'Connor
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et al., 1999, Miyai et al., 2011). Extrémné zbarvené fenotypy (tj. albinsti nebo melanisti¢ti jedinci)
vSak nejsou schopny socidlni komunikace prostfednictvim zmény pigmentace (Cohen et al., 2018;
Slavik et al., 2020, 2015). Tito jedinci tedy nemusi byt schopni signalizovat podfizeni se
prostiednictvim zmény zbarveni, coz mlze vést ke konfliktu mezi jejich psychickym stavem a
postavenim v socidlni hierarchii a/nebo ke snaze o zménu socidlniho postaveni. Navic v dasledku
neschopnosti snizit agresivitu dominantnich jedincti mize dojit k vystupiiovanym konfliktim, které
mohou vést k vaznym zranénim nebo dokonce smirti.

Souhrnné lze fict, Ze zatimco vzacné zbarveni jedinci nejsou pfednostné vystaveni
agonistickym utoklim, nékterd zbarveni (napt. ¢ervend) mohou byt vyhodnéd pro vnitrodruhové a
mezidruhové interakce. Je zapotiebi dal$iho vyzkumu, ktery by ur€il, jak pigmentace ovliviluje
welfare ryb v akvakultufe. Pro podporu dobrych Zivotnich podminek ryb v akvakultufe by méla byt
zachovana druhové typickd rozmanitost barevnych fenotypi; mélo by se vSak zabranit spole¢nému

chovu typickych i extrémné zbarvenych fenotypii v akvakultufe.

2.5 Vliv pigmentace na fitness

Pigmentace, primarné karotenoidni pigmenty, souvisi s fitness, ktery je obecné definovan jako
schopnost organismu piezit a rozmnozovat se v aktualnim prosttedi (Kodric-Brown, 1989; Maan et
al., 2006; Orr, 2009). Karotenoidy zlepSuji antioxida¢ni a imunitni schopnosti ryb, coz mé za vysledek
lepsi preziti, ristovou vykonnost, odolnost vii¢i nemocem a kvalitu jiker; kromé toho suplementace
karotenoidli u matek zvySuje pfeziti a rist potomstva (Brown et al., 2014; Nakano & Wiegertjes,
2020). Nicmén¢ ryby obvykle nejsou schopny syntetizovat karotenoidni pigmenty pfimo, a proto je
musi pfijimat potravou (Kodric-Brown, 1989). Proto ryby s vétsim pfistupem k potravnim zdrojim
bohatym na karotenoidy maji pravdépodobné ¢ervenéjsi zbarveni a jsou v lep§im zdravotnim stavu,
agresivnéjsi, teritoridlnéjSi a Castéji vitézi v agonistickych soubojich; proto mohou byt
pravdépodobnéji dominantni v socidlni hierarchii (Price et al., 2008; Sefc et al., 2014), jak ukéazaly
experimenty s cichlidami (Evans & Norris, 1996; Sefc et al., 2014; Ziegelbecker et al., 2021).
Intenzivnéj$i karotenoidni pigmentace je navic spojena s vyS$i uspéSnosti pii vybéru partnera;
napiiklad u zivorodek Poecilia reticulata (Peters, 1859) travili samci, kterym byla poskytnuta strava
bohat4 na karotenoidy, vyrazné vice ¢asu v blizkosti samic, které samctiim davaly pfednost v testech
vizuélniho vybéru (Grether, 2000; Kodric-Brown, 1989). Podobny vysledek v tispéSnosti pareni byl
pozorovan u cichlid s intenzivnéjsi karotenoidni pigmentaci; tito samci byli Castéji preferovani
samicemi (Maan et al., 2006, Sefc et al., 2014). Intenzivnéjsi karotenoidni pigmentace byla navic
spojena s niz8i mirou napadeni parazity, coz je dalsi znak, ktery ovliviiuje vybér samicemi (Kolluru
et al., 2009, 2006; Maan et al., 2006; Stephenson et al., 2020). Pfestoze pigmentace zalozena na

karotenoidech je ve vétsin€ piipadl spojena se zvySenou odolnosti vici stresu a celkove vyssi kondici,
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existuji vyjimky. Nékteré druhy ryb s vétSim mnozstvim karotenoidnich skvrn vykazovaly vyssi
citlivost vici stresu a byly Castéji socidln€ podiizené; napiiklad u sivena severniho Salvelinus alpinus
(Linnaeus, 1758) signalizovala pigmentace na bazi karotenoidii nizsi agresivitu a odolnost vici stresu
(Backstrom et al., 2015, 2014). V akvakultufe mize dopliovani karotenoidi v potravé ovlivnit
welfare ryb, proto by m¢l byt pro zamezeni nadmérné socialni nerovnovahy ve skuping zajistén
rovnomérny a pravidelny pfijem potravy bohaté na karotenoidy pro vSechny ryby. Rovnomérny

ptijem lze zajistit zménou aspektl prostiedi, napiiklad vytvorenim $irsi skaly krmnych stanovist’.

2.6 Vliv pigmentace na hejnové chovani

Pigmentace usnadiiuje hejnové chovani ryb, protoZe je pouzivana pro identifikaci a signalizuje
jednotlivym fenotypim, aby se seskupovaly s podobnymi jedinci (McRobert & Bradner, 1998).
Jednou z vyznamnych vyhod zivota ve skupiniach zvifat v€etné ryb je spoluprace pii v€asném
odhaleni predatora a tiniku pied nim (Cattelan & Griggio, 2018). Pokud jsou ¢lenové hejna vzhledové
homogenni (napf. co do velikosti nebo pigmentace), je zietelné¢ vidét snizené riziko predace
(Krakauer, 1995), protoze predatofi se nemohou zaméfit na jednoho konkrétniho jedince. Tato taktika
kotisti Zijici v hejnech nebo skupinéach je znama jako tzv. efekt zmateni (Krakauer, 1995; Landeau &
Terborgh, 1986). V diisledku toho je jedinec, ktery se vzhledové 1isi od vétSiny skupiny, vystaven
vyssimu riziku predace, protoze je pro predatory napadnéjsi (tzv. efekt zvlastnosti, Theodorakis,
1989). Ryby si tedy obvykle vybiraji hejno s jedinci podobného vzhledu (velikost/ barva téla) (Godin,
1986; Gomez-Laplaza, 2009; Rodgers et al., 2010). Naptiklad tmavé zbarveni jedinci duhovky jizni
preferovali tmavé pigmentovany fenotyp, a naopak svétle zbarveni jedinci svétly fenotyp (Rodgers
et al., 2010). Podobn¢ i zivorodky Sirokoploutvé Poecilia latipinna (Lesueur, 1821) preferovali hejna
s podobnymi barevnymi fenotypy, pficemz ¢erné ryby preferovaly jiné ¢erné jedince a bilé ryby jiné
bilé jedince (McRobert & Bradner, 1998). Podobné i samice halan¢ikovce pruhovaného Aphanius
fasciatus (Valenciennes, 1821) preferovaly hejno s nejvyssi fenotypovou homogenitou (Cattelan &
Griggio, 2018). Juvenilni skaldry amazonské Pterophyllum scalare (Lichtenstein, 1823) se pfi
vytvareni vnitrodruhovych hejn spoléhaji na pigmentaci téla; nedavné sezndmeni se specificky
pigmentovanymi jedinci vSak muze ovlivnit barevné asortativni preference hejn (Gémez-Laplaza,
2009). Odlisn¢ pigmentovani jedinci v hejnu, napt. albini, se zdaji byt ohrozeni ostrakizaci ze strany
skupiny divoce zbarvenych jedinct (Slavik et al., 2015). Jinymi slovy albini nebyli pfijimani do
socializované skupiny divoce zbarvenych jedincli, coz miize potencidlné vést ke snizeni welfare
téchto jedinct (omezeni pfistupu ke zdrojim jako jsou potrava a tkryty). Lze shrnout, Ze pigmentace
je dulezitym faktorem pii tvorbé hejna. Aby se zabranilo snizeni welfare ryb v akvakultufe

(predevsim vzajemné agresivité), mély by byt spolecné chovany podobn¢ pigmentované fenotypy.
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2.7 Pleiotropni uc¢inky pigmentace

Melanokortinovy systém je neuroendokrinni systém, ktery reguluje fadu fyziologickych a
behaviordlnich procestt (Ducrest et al., 2008). Melanokortinovy systém se skladd a) z
melanokortinovych peptidl, endogennich agonisti, které stimuluji melanokortinové receptory a jsou
odvozeny od proopiomelanokortinového genu (POMC) - a-, B- a y-melanocyty stimulujicich
hormonti (a-, B-, y -MSH) a adrenokortikotropniho hormonu (ACTH), b) pét G-proteinovych podtypt
melanokortinovych receptorti. (MCIR-MCS5R), které zprostfedkovavaji ruznorodé ptlisobeni
melanokortinu, a ¢) z endogennich antagonistli, mezi néz patii agouti signalling protein (ASIP) a
agouti-related protein (AGRP), které konkuruji melanokortinovym peptidim vazbou na MC
receptory (Cal et al., 2017; Cerda-Reverter et al., 2011; Metz et al., 2006). Melanokortinovy receptor
MC2R véaze ACTH, ale vyzaduje ucast akcesornich proteinti (MRAP), aby dosahl svého funkéniho
projevu (Cerda-Reverter et al., 2011). Melanokortinové receptory MCIR, MC3R, MC4R a MC5R
jsou specifické pro vazbu MSH. Interakce a-MSH a MCIR hraje kli¢ovou roli v fizeni pigmentace a
mutace v MCIR jsou zodpovédné za sniZenou melanizaci. Melanokortinové receptory MC4R i
MCS5R jsou exprimovany v hypotalamu a piedpoklada se, ze centralni exprese MC4R reguluje
energetickou rovnovahu prostfednictvim modulace potravniho chovani (Cal et al., 2017; Cerda-
Reverter et al., 2011; Dijkstra et al., 2017). Melanokortinova hypotéza ptedpoklada, ze
melanokortinové drahy maji pleiotropni U€inky, které spojuji expresi pigmentace na bazi melaninu s
variabilitou fyziologickych a behaviordlnich znakd (Cal et al., 2017; Ducrest et al., 2008,).
Predpokladem této hypotézy je, Ze tmavéji pigmentované fenotypy jsou agresivngjsi, odolné&jsi vici
stresu, maji v&tsi imunitu a jsou sexualné aktivnéj$i nez svétleji pigmentované fenotypy, protoze
melanokortinovy systém zvysuje plodnost, sexualni vnimavost samic, sexualni motivaci a vykonnost
samct a produkci sexualnich hormonti (Dijkstra et al., 2017; Ducrest et al., 2008). Melanokortinovy
systém je spojen s imunitnim systémem; piedpoklada se tedy, Ze tmavsi fenotypy maji lepsi
Napriklad u lososovitych ryb, jako je losos obecny Salmo salar (Linnaeus, 1758) nebo pstruh duhovy
Oncorhynchus mykiss (Walbaum, 1792), vykazovali jedinci s vét§im poctem Cernych tecek snizenou
behavioralni reakci na stresovou udéalost a méli vyznamné niz§i hladinu kortizolu, coz souvisi s
odolnosti nebo toleranci vici stresu, nez jedinci s mensim poctem teCek nebo bez nich (Kittilsen et
al., 2009). Podobné¢ u polymorfni pigmentované cichlidy Astatotilapia burtoni (Giinther, 1894)
reguluje melanokortinovy systém jak pigmentaci téla, tak chovani. Tento systém je diferencialné
aktivovan u modrych a Zlutych samcli; dominantni samci (jasné modii nebo Zluti) brani teritorium
tieni, zatimco podfizeni samci (bledé modii nebo Zluti) jsou neteritoridlni; navic zluti dominantni
samci byvaji agresivnéjsi nez modii dominantni samci a modii samci maji vyssi hladiny kortizolu

nez zluti samci (Dijkstra et al., 2017). Naproti tomu studie, ktera zkoumala melanokortinovou
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hypotézu u samct zivorodek, nezjistila zddné korelace chovani (aktivita, krmeni, smélost, ndAmluvni
projevy a prondsledovani) s reakcemi na stres a pigmentaci (Santostefano et al., 2019).

Kromé toho je dulezité vzit v ivahu extrémné zbarvené fenotypy, které se v mnoha
charakteristikdch vyrazné 1i§i od typicky pigmentovanych fenotypl. Melanistické fenotypy mayji
abnormdlni mnozstvi tmavé pigmentace charakterizované nadmérnym ukladdnim melaninu
(Culumber et al., 2014; Horth, 2003), zatimco albinotické fenotypy se vyznacuji absenci pigmentace
v klizi a o¢ich (Kayis et al., 2017; Oetting &King, 1999). Albinoticti jedinci obvykle vykazuji nizsi
agresivitu, mén¢ reprodukéniho chovani a mensi tendenci k vytvareni hejn (Cohen et al., 2018; Slavik
et al., 2015; 2016b); tyto vzorce chovani mohou byt strategii, jak se vyhnout vystupiiované agresi ze
strany svych druhti. Neschopnost albinotickych jedincii ménit pigmentaci vSak vede k vys$Simu riziku
predace (Ellegren et al., 1997; viz vSak Stephenson et al., 2022). Albinoticky fenotyp je navic spojen
s fyziologickymi omezenimi, jako jsou snizené zrakové schopnosti a/nebo zvySend hladina stresu
(Kittilsen et al., 2009; Pavlidis et al., 2013; Ren et al., 2002; Slavik et al., 2022, 2020; Valcharova et
al., 2022), ackoli rychlost riistu albinskych a divokych jedinct se neliSila (Bondari, 1984a, 1984b).
Albinoticky fenotyp miize byt také nachylnéjsi k infekénim chorobdm a negativnim vliviim ze strany
svého druhu, jak bylo pozorovano u druhu tlamovce pti¢nopruhého Metriaclima zebra (Boulenger,
1899); u tohoto druhu trpéli albinoticti jedinci vy$§i mirou parazitismu na vytérech nez divoci jedinci
stejného druhu (Cohen et al., 2018). U kancikt pti¢nopruhych Cichlasoma nigrofasciatum (Glinther,
1867), vsichni albinsti jedinci uhynuli v disledku infekce (Kayis et al., 2017). Naopak melanistické
fenotypy jsou agresivnéjsi a reprodukéné aktivnéjsi nez jejich bézné€ zbarvené jedince stejného druhu
(Horth, 2004; 2003), jak bylo prokédzano u samcii gambusie holbrookovi Gambusia holbrooki
(Girard, 1859), u nichz melanisti¢ti jedinci projevovali vét§i agresivitu vici samicim b&hem
pronasledovani a castéji se pokouseli rozmnozovat nez typicky pigmentovani stiibrni samci; samice
se vSak pokusiim o pafeni melanistickych samcti vyhybaly vice nez pokusim stfibrnych samcii
(Horth, 2003). Podobné u zivorodkovitych ryb typicky pigmentované samice nevykazovaly zadné
preference nebo se dokonce vyhybaly melanistickym samciim, zatimco melanistické samice
preferovaly melanistické samce (Culumber et al., 2014). Tyto piiklady ukazuji rozporuplnost
extrémniho zbarveni, nebot’ vyssi agresivita melanistického fenotypu miize byt vyhodna, napt. pro
vyhnuti se predaci (Horth, 2004), ale také nevyhodna, napt. pro uspésnou reprodukei (Culumber et
al., 2014; Horth, 2003).

Lze shrnout, ze pigmentovangjsi anebo melanistické fenotypy jsou obvykle dominantnéjsi a
agresivnéjsi a vykazuji vyssi odolnost vii€i stresu nez svétlejsi, méne skvrnité a nebo albinotické
fenotypy. Proto by se v z4jmu zlepSeni welfare ryb v akvakultute mély minimalizovat velké rozdily
v barevnych fenotypech a extrémné zbarvené fenotypy by nemély byt zafazovany do smiSenych hejn

s typicky pigmentovanymi jedinci.
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3.8 Vazba mezi domestikaci a pigmentaci

Proces domestikace se tyka chovu zvifat v zajeti, kde jsou pod kontrolou proménné jako
rozmnozovani, dostupny prostor a piijem potravy (Clutton-Brock, 1999; Price, 1999). Béhem tohoto
procesu zvitata (Diamond, 2002; Driscoll et al., 2009; Cieslak et al., 2011), v¢etné ryb (Fleming et
al., 1994; Hindar et al., 2006; Jonsson & Jonsson, 2006), ziskévaji dédi¢né, geneticky urcené
vlastnosti, kterymi se 1i$i od svych divokych protéjskti. Domestikované ryby jsou vypoustény do
volné ptirody na podporu rekrea¢niho rybolovu a vycerpanych divokych populaci a/nebo unikaji do
volné ptirody z akvakultury (McGinnity et al., 2003; Jonsson & Jonsson, 2006; Arlinghaus et al.,
2007). Domestikovani jedinci se lisi od svych divokych protéjskl; naptiklad ve svych zkusenostech,
pfezivani a umrtnosti, a vyber jejich dédi¢nych behaviordlnich vlastnosti se méni napii¢ generacemi
(Price, 1999; Huntingford & Adams, 2005; Huntingford et al., 2010; Johnsson et al., 2014). Ve volné
ptirodé¢ mohou byt jedinci handicapovani svymi behavioralnimi vlastnostmi (Araki et al., 2008; Islam
et al., 2020), napiiklad vysokou agresivitou, riskantnim chovanim (Huntingford, 2004; Wilson &
McLaughlin, 2007; Klefoth et al., 2017), vyssi odolnosti vici stresu (Lepage et al., 2000; Tanck et
al., 2001; 2002) a/nebo snizenym prizkumnym chovanim (Wilson & Godin, 2009) a nizSimi
kognitivnimi schopnostmi (Brown & Laland, 2001; Marchetti & Nevitt, 2003). Zména pigmentace je
jednou z nejcastéjsich morfologickych zmén, kterd doprovazi domestikaci zvirat (Cieslak et al., 2011;
Clutton-Brock, 1999). Pleiotropicky vliv genil pro pigmentaci je ¢asto asociovan s urcitym typem
zivotni strategie a fyziologickymi a behaviordlnimi vlastnostmi. (Ducrest et al., 2008; Pryke et al.,
2007). Pleiotropicky vliv genti pro pigmentaci ma evolu¢ni disledky (Caro, 2005; Endler & Mappes,
2017), které se pti chovu zvifat v zajeti projevuji jako tzv. syndrom domestikace (Ahmad et al., 2020;
Wheat et al., 2019), prokadzany i u ryb (Huntingford & Adams, 2005; Anastasiadi et al., 2022)
Intenzita pigmentace mize byt uvazovana jako pravdivy signdl o fitness jedince vysvétlujici proc¢
jedinci s vice pigmentem (napf. karotenoidli nebo melanint) jsou ¢asto uspésnéjsi pii soutézi o zdroje.
Vzato dohromady, fyziologické a behavioralni vlastnosti jsou spojeny s geneticky ur¢enou a dédicnou

intenzitou pigmentace, avSak pigmentaci podminény syndrom domestikace u ryb byl mélo zkouman.
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3. Cile a hypotéza disertacni prace

Na zéklad¢ uvedenych udajt 1ze predpokladat, Ze barevny fenotyp ma vliv na socidlni chovani
ryb. Spolecny chov jedincti z odli$né zbarvenych fenotypt pak muze byt divodem pro sniZeni
welfare, pfedevsim u téch jedincii, jejichz fenotyp je ve skupiné v mensiné. Cilem disertacni prace je
zodpoveédét na otazky: 1) je odlisné zbarveni jedincii jednoho druhu (fenotypu) spojené s riiznymi
kognitivni schopnosti a chovanim, ii) zda chov odlisSnych fenotypi ve spole¢ném prostredi vyvolava
fenotypové specifickou stresovou odezvu. K ovéfeni predpokladu byly pouzity albinotické a
Slechténé barevné fenotypy, které lze jednoznacné charakterizovat ve srovndni s vice variabilnim
pigmentovanym ,,divokym® fenotypem. Fenotypy byly porovnany s ohledem na behavioralni vzorce,
lateralizaci chovani a dale kognitivni chovani jako je napt. schopnost fesit lohy, objevitelské chovani

a socialni uceni.
Byla testovana obecnd hypotéza, Ze pfi spole€ném chovu, jedinci s abnormalnim zbarvenim

jako jsou albinoticky a domestikovany barevny fenotyp vykazuji vyssi stresovou odezvu a snizeni

welfare. Pro dil¢i studie byly formulovany podrobné hypotézy.
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4. Zvolené metody zpracovani

4.1 Review: Pigmentace potencialné ovlivituje welfare ryb v akvakultuie

Na zékladé vyhodnoceni dostupné védecké literatury jsme vypracovali pfehled, ktery shrnuje
pigmentace mize mit pfimy vliv na welfare ryb, protoze se piimo podili na zprostfedkovani
komunikace mezi rybami. Nase prace se z velké ¢asti zaméfuje na potencialni rizika pro welfare

spojend s chovem extrémné pigmentovanych fenotypt (albini, melanisté) v akvakultufe.

4.2 Experiment 1: Rozdily v pohybové aktivité, priizkumném chovani a lateralité mezi
albinotickymi a pigmentovanymi jedinci

Vétsina zvirat, véetné ryb, vykazuje denni behavioralni rytmy a vykazuje aktivitu béhem dne
nebo noci, spiSe nez po cely 24hodinovy den (Boujard & Leatherland, 1992). V ptirozenych
stanovistich neni potrava neustdle dostupna a jeji dostupnost je Casto omezena na konkrétni ¢asova
obdobi béhem dne, coz lze napodobit v laboratornich podminkach implementaci krmného rozvrhu
(Sanchez et al., 2009). Kdyz jsou zvifata vystavena dennim rutindm s omezenou dostupnosti potravy,
vétSina z nich vykazuje anticipaéni aktivitu souvisejici s potravou (FAA) (Folkedal et al., 2012, Lall
& Tibbetts, 2009). Tento jev se vyznacuje zvySenim lokomoc¢ni aktivity nékolik hodin pfed krmenim
(Davis, 1964, Folkedal et al., 2012, Fortes-Silva et al., 2010; Sanchez-Vazquez & Madrid, 2001;
Sanchez-Vazquez et al., 1997). V pfitomnosti dostupné potravy ryby €asto vykazuji pocatecni fazi
zvySené aktivity krmeni, charakterizovanou zrychlenou mirou pfijmu potravy (Assan et al., 2021).
Postupem casu se jejich chut’ k jidlu postupné snizuje, coz vede k poklesu nebo tiplnému zastaveni
pfijmu potravy (Assan et al., 2021). Bézné chovéni po krmeni zahrnuje snizenou aktivitu, znamky
sytosti, traveni a odpocinek v klidnych oblastech, potencialni pokraCovani ve vyhledavani potravy
nebo pruzkumu, zapojeni se do socidlnich interakei a Cistici chovani (Assan et al., 2021, Gilannejad
et al., 2019, Lall & Tibbetts, 2009, Volkoff & Peter, 2006).

Dostupnost ukrytii hraje klicovou roli v pteziti divokych ryb tim, Ze jim umoziuje piekonavat
nepiiznivé podminky prostiedi (Valdimarsson et al., 1997) a/nebo se vyhnout riziku predace
(Valdimarsson & Metcalfe, 1998). V akvakultufe ukryty pomahaji snizovat spotfebu energie a
urychlovat zacatek krmeni (Alandrd, 1993, Benhaim et al., 2009), podporuji rtst ryb (Coulibaly et
al., 2007, Hossain et al., 1998) a snizuji agresivitu (Hecht & Appelbaum, 1988, Hossain et al., 1998),
coz muze vést ke zvySeni pieziti. Dostupnost ukryti a boje o Ukryty v akvakultufe vSak muze
zvySovat agresivitu ryb, coz mlize potencialné vést ke snizeni dobrych zivotnich podminek (Slavik et

al., 2012).
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Prizkumné chovani ryb zahrnuje zvédavost a ochotu vydavat se do novych oblasti,
shromazd’ovat informace o novych objektech nebo rtiznych stanovistich, hledat zdroje, zapojovat se
do socidlnich interakci a ptizplisobovat se ménicim se podminkam prostiedi (Baker et al., 2018,
Budaev, 1997, Mazue et al., 2015, Sommer-Trembo et al., 2022, Toms et al., 2010). Ryby mohou
vykazovat konzistentni lateralizované preference v prizkumném chovani pii pouzivani levé a/nebo
pravé strany (Bisazza & Brown, 2011, Dadda et al., 2010a), a jejich lateralizované reakce se mohou
v prubéhu ¢asu ménit, jak ziskavaji zkusenosti (Sovrano, 1999). Stupen lateralizace v prizkumném
chovani se mize mezi jednotlivymi druhy liSit (Brown et al., 2004, Miklosi & Andrew, 1999,
Nepomnyashchikh & Izvekov, 2006, Petrazzini et al., 2020, Takeuchi, 2023). Lateralizace u ryb je
uzce spojena s osobnostnimi rysy a emocemi, napf. agresivitou a strachem, coz ma vyznamné
disledky pro dobré zivotni podminky zvitat (Byrnes et al., 2016); proto miize hodnoceni lateralizace
slouzit jako cenny ukazatel dobrych Zivotnich podminek ryb (Berlinghieri et al., 2021, Bisazza &
Brown, 2011).

Nasim cilem bylo zkoumat a porovnavat lokomo¢ni aktivitu souvisejici s krmenim, tkryty a
prizkumnym chovanim a lateralizaci chovéani ve vztahu k barevnému fenotypu a distribuci téchto
fenotypti v hejnech albinti a pigmentovanych pancéini¢ka zelenych (Corydoras aeneus) (Gill, 1858).
Experimenty byly provadény v nadrzich a bludiStich tvaru Y. Pfedpokladali jsme, Ze ryby ve
smiSenych hejnech (sloZenych z albinli a pigmentovanych ryb) budou vykazovat behavioralni rozdily
ve srovnani s rybami v homogennich hejnech (pouze albini a/nebo pouze pigmentované ryby) a

zkoumali jsme, jak mohou tyto variace pfispét k rozdilim v dobrych Zivotnich podminkach ryb.

4.2.1 Experimentalni zvirata

Albini (160 jedincii; primérna hmotnost 0,962 g, rozmezi 0,563—1,622 g; primérna celkova
délka 35,4 mm, rozmezi 29-42 mm) a pigmentovani jedinci (160 jedincl; primérnd hmotnost 0,833
g, rozmezi 0,572-1,444 g; prumérnéd celkova délka 36,7 mm, rozmezi 32-48 mm) pancetfnicki
zelenych (Corydoras aeneus) byli ziskani od mistniho dodavatele ryb (PETRA-AQUA s.r.0., Velké
Piilepy, Ceska republika). Ryby byly rozdéleny do &tyi samostatnych 450litrovych nadrzi (v kazdé
nadrzi bylo ndhodné vybrano 80 ryb se stejnym fenotypem) za ucelem aklimatizace. Mésic pied
zacatkem experimentu byly ryby pifemistény do mensich 60litrovych nadrzi, ¢imz vznikla hejna po 8
rybach na nadrz. Byly vytvotfeny nasledujici typy hejn: albini (4 albini z jedné nadrze + 4 albini z jiné
nadrze), pigmentovani (4 pigmentovani jedinci z jedné nadrze + 4 pigmentovani jedinci z jiné nadrze)
a smiSend hejna (4 albini z jedné nadrze + 4 pigmentovani jedinci z jiné nadrze). Bylo provedeno 12
opakovani pro kazdy typ hejna, coz vedlo k celkovému poctu 36 hejn a 288 jedincii pouzitych béhem
celého experimentu. Vyzkum byl proveden ve étyfech po sobé jdoucich pokusech, z nichz kazdy

obsahoval 9 experimentalnich hejn/nadrzi (tj. 3 nadrze na typ hejna). Kazdy jedinec byl testovan
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pouze jednou (tj. v jednom hejnu) béhem celého experimentu. Béhem aklimatizace i béhem pobytu
v 60litrovych nadrzich byly ryby drzeny ve stejném rezimu. Ryby byly krmeny ad libitum peletami
(BioMar Group, Déansko) jednou denné¢ (béhem celého experimentu vzdy v poledne) a byl udrzovan
svételny rezim 12 hodin svétla/12 hodin tmy. Kazdd nadrz byla vybavena externim filtrem a
vzduchovacim kamenem. Denné bylo vyménéno 20 % objemu vody za odstatou dechlorovanou
vodovodni vodu z mistniho zdroje. Teplota vody byla automaticky regulovana a udrzovana na

pramérné hodnoté 26,5 °C.

4.2.2 Provedeni experimentu

Byly provedeny dva experimenty, kazdy v jiném prostfedi (v chovni nédrzi a v bludistich
tvaru Y) (obr. 1). Chovéani v nadrzi bylo pozorovano po dobu Sesti po sob¢ jdoucich dnti, pficemz
denné byly pozorovany tfi nadrze (jedna na typ hejna). Tfi nadrze byly pravidelné stfidany, coz vedlo
ke dvéma zaznamlim na jednotlivou nadrz béhem Sesti po sobé jdoucich dnli pozorovani. Po jednom
dni odpocinku zacala pozorovani v bludisti se tfemi varianty. VSechna experimentdlni hejna byla
pozorovana jeden den v jedné varianté, po cemz nésledoval den odpocinku, druhd sada pozorovani

varianty atd. Po poslednim pozorovani v labyrintu Y byl proveden dalsi pokus s 9 pokusnymi hejny.
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Obr. 1: Experimentalni schéma zndzornujici proces experimentalni tvorby hejn (A) a

zakladni uspotadani chovni nadrze (B) a bludiste tvaru Y (C).

Provedeni experimentu — chovani v chovni nadrzi

Kazda 60litrova nadrz o rozmérech dna 30 x 60 cm byla vybavena jednotnym pfistfeskem
(plocha 30 x 10 cm) umisténym podél kratsi strany nadrze (obr. 2). Ukryt byl vyroben z &erného
plastu, ktery nepropoustél svétlo, a vytvaiel tak v nadrzi vizualné€ izolované prostiedi. Pod dno nadrze
jsme umistili sit’ stejn¢ velkych ¢tvercovych bunék (cca 4 x 4 cm), které slouzily ke zjistovani aktivity
jednotlivych ryb. Po jednom meésici bylo chovani ryb v 60litrovych nadrzich 15 minut pted a 15 minut
po krmeni zaznamenano pomoci kamery GoPro Hero umisténé nad nadrzi. Pro nasledné analyzy jsme
pouzili sekvencni fotografie, zachycujici jeden snimek za sekundu. Lokomotoricka aktivita byla
zpocatku pfifazena jako pocet jednotlivych pohybtl ryb na jeden snimek (tj. jednu sekundu). Pohyb
byl navrZen jako stav, kdy se jednotliva ryba ptfesunula z jedné bunky mtizky do druhé. Nésledn¢ byl
pocet jednotlivych pohybt za sekundu vydélen poctem ryb ve viditelné ¢asti nadrze (tj. mimo ukryt),

aby se ziskaly standardizované a vzajemné srovnatelné hodnoty primérné individudlni lokomoc¢ni
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aktivity. Kromé toho byl zaznamenan také pocet jedincii v ukrytu. Ve smiSenych hejnech byla
lokomoc¢ni aktivita a ukryt hodnocena zvlast pro albinské a pigmentované fenotypy a
standardizovana na pocet jedincl, aby se ziskaly vziajemné srovnatelné hodnoty pro albinské a

pigmentované hejno.

50cm

30cm

4x4cm

Obr. 2: Nadrz, ve které probihal experiment a rozméry nadrze.

Provedeni experimentu — chovani v labyrintu tvaru Y

Bylo zkonstruovéano n&kolik stejnych labyrintii tvaru Y (obr. 3). Sitka ramen byla 8 cm a délka
20 cm. V pocateni fazi pokusu bylo celé pokusné hejno (8 jedincll) pfeneseno z nadrze do
startovaciho prostoru spojeného se vstupnim ramenem labyrintu pfes ,.gilotinové“ dvete. Po
desetiminutové aklimatizaci byla dviika opatrné oteviena a chovani ryb bylo nésledujicich 15 minut
zaznamenavano shora pomoci kamery GoPro Hero. Na konci obou ramen (levého i pravého) bludisté
Y byl pouzit ukryt, ktery byl replikou ptivodniho tkrytu v chovném zatizeni; ryby tedy po uspésném
priachodu celym bludistém skoncily v ukrytu. Byly pouzity tfi varianty bludi§t¢ — obé ramena
oteviend, levé rameno oteviené a pravé rameno oteviené. Lateralizace byla hodnocena pouze tehdy,
kdyz byla oteviena ob& ramena bludiste; a hodnotilo se jako pocet priichodu levym nebo pravym
ramenem. V ramci vSech variant byly také pfifazeny nasledujici proménné. Explora¢ni chovani bylo
hodnoceno dvéma proménnymi: I) pocet jedincti, kteti prosli celé bludisté ze startovaciho prostoru
do ukrytu, a II) pocet jedincti, ktefi neopustili startovaci prostor (tj. neochota vstoupit do bludiste).
Ukrytové chovani bylo hodnoceno jako pocet jedinci, kteti po dosaZeni Gkrytu v ném zistali. Ve
smiSenych hejnech byly vSechny proménné hodnoceny zvlast pro albinské a pigmentované fenotypy
a standardizovany na pocet jedinct, aby byly ziskany vzajemné srovnatelné hodnoty pro albinské a
pigmentované hejno. Pfed umisténim nového hejna do labyrintu bylo bludisté dikladné oplachnuto,

vycCisténo a naplnéno Cistou okysli¢enou a temperovanou odstatou vodou z vodovodu.
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Obr. 3: Bludisté tvaru Y a rozméry bludisté

4.2.3 Statisticka analyza

Statistické analyzy byly provedeny pomoci softwarového baliku SAS (SAS Institute, Inc.,
verze 9.4; www.sas.com). K analyze zavislych proménnych byly pouZzity zobecnéné linearni smiSené
modely (GLMM; funkce SAS PROC GLIMMIX) s Poissonovym rozdélenim. ID chovné nadrze bylo
pouzito jako ndhodny faktor pro vSechny modely. Vysvétlujici proménné popisujici pfitomnost
potravy, typ hejna a uspofaddni labyrintu Y byly pouzity jako fixni faktory. Vyznamnost
vysvétlujicich proménnych a jejich pfipadnych interakci byla posouzena pomoci F testli. Pro tfidy
tiidnich proménnych byly nésledné vypocteny primeéry nejmensich ctverct (ddle oznaCované a
zaznamenavané ve sloupcovych grafech jako ,,upravené priméry‘ modelovych piedpovédi). Rozdily
mezi tfidami byly stanoveny pomoci t-testu a pro vicendsobna srovnani byla pouzita Tukey-
Kramerova uprava. Stupné volnosti byly vypocteny pomoci Kenwardovy-Rogerovy metody

(Kenward a Roger, 1997).
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4.3 Experiment 2: Behavioralni vzorce a kognitivni schopnosti u kapri: rozdil mezi
méné domestikovanym typem s ,,divokym“ fenotypem pigmentace a vice
domestikovanym fenotypem ,,koi*

Zmény v pigmentaci jsou dobfe znamymi morfologickymi adaptacemi, které se vyskytuji
béhem domestikace zvifat (Clutton-Brock, 1999; Cieslak et al., 2011). Pleiotropni vliv genl
zapojenych do pigmentace je spojen s mnoha fyziologickymi a behaviordlnimi vlastnostmi a je
korelovan se zivotni strategii jedince (Pryke et al., 2007; Ducrest et al., 2008) s potencidlnimi
evoluénimi disledky (Caro, 2005; Endler & Mappes, 2017). Intenzita individualni pigmentace muize
byt povazovana za uptimny signal o zdatnosti jedince, naptiklad o vétSim uspéchu v alokaci zdrojii u
vice pigmentovanych jedinct.

Tyto zmény jsou patrné u nejstarsiho zndmého domestikovaného druhu ryby, kapra obecného
Cyprinus carpio (L. 1758) (Balon, 2004; Vilizzi et al., 2015), u n¢hoz vice domestikované linie
vykazuji vlastnosti, jako je niz§i kognitivni schopnost hledat stanovi§té¢ a potravu a schopnost
ukryvéani se k minimalizaci rizika predace (Matsuzaki et al., 2009), coz usnadnuje jejich uloveni
rybari (Beukema, 1969; Raat, 1985; Klefoth et al., 2013). Nizsi kognitivni schopnosti jsou spojeny s
vlastnostmi ziskanymi béhem domestikace, napiiklad zvySenou aktivitou souvisejici s potravou, jako
potravy (Klefoth et al., 2012; 2013; 2017), kter¢ jsou béhem domestikace posileny diky zménénému
vybéru pro rychlejsi rast (Price, 1999; Huntingford et al., 2010; Johnsson et al., 2014).

Fyziologické a behavioralni vlastnosti jsou béZné spojovany s intenzitou pigmentace; avSak
korelace mezi vlastnostmi jedinct a télesnou pigmentaci byla u ryb zfidka studovéna. Proto jsme v
nasi studii provedli experimenty v bludiSti a v terénu a shromazdili komplexni data o chovani a
fyziologické reakci na stres u dvou fenotypt kapra obecného: fenotypu divoce zbarveného a fenotypu
oranzov¢ zbarveného. Pohybova aktivita je povazovana za ukazatel adaptivnich vlastnosti (Reebs,
2002; Kronfeld-Schor & Dayan, 2003) a zavisi naptiklad na trovni stresu (Lima & Bednekoff, 1999)
a dostupnosti zdroji (Larranaga & Steingrimsson, 2015). Konkrétné byla pozorovana variabilita
pohybové aktivity kapra obecného v rtiznych stanovistich; maximalni pohybovéa aktivita byla
zaznamenana bud’ béhem dne (Rahman & Meyer, 2009; Benito et al., 2015), nebo v noci (Zék, 2021;
Hundt et al., 2022). Prizkumné chovani je reakci jedince na novy podnét (Réale et al., 2007; Conrad
et al., 2011) a jeho vyssi trovenl naznacuje lepsi schopnost jedince rozsifit sviij rozsah pohybu
(Dingemanse et al., 2003), najit zdroje, jako je potrava a/nebo tkryty (Schmitz et al., 2015; Germano
et al., 2017), a vykazovat vétsi odolnost viici stresu (Eronen et al., 2023).

V nasi studii jsme testovali hypotézu, Ze oranzové zbarveni koi kapti budou vykazovat i) nizsi

prizkumné chovani a ii) nizsi citlivost na stres nez ti s fenotypem divoce zbarvenym. Abychom tuto
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hypotézu otestovali, byli jedinci obou fenotypli vypusténi do experimentalniho bludisté, kde byla
pozorovana jejich pohybova aktivita a prizkumné chovani. Néasledné byly ryby vystaveny stresovym
podnétlim a byly odebrany vzorky krve pro analyzu fyziologického stavu experimentalnich jedinct.
Poté byly rybam implantovany vysilacky se senzory teploty a aktivity, aby byla pozorovéna jejich
pohybova aktivita béhem 24hodinového cyklu, po kterém byly ryby vypustény do neznamého fi¢niho

prostiedi.

4.3.1 Experimentalni zviFata

Pouzité experimentalni ryby byly kapii obecni dvou fenotypii (fenotyp divoce zbarveny a
oranzov¢ zbarveny fenotyp, koi ve varieté Orenji ogon) ziskani od mistniho dodavatele ryb (Czech
Fishery Ltd.; Ceska republika). Pfed experimentem byly oba fenotypy chovany za stejnych podminek
ve stejném zatizeni piiblizn€ jeden rok. Byly umistény ve dvou identickych sousedicich rybnicich
(jeden pro divoce zbarveny fenotyp 49°09'18.3”N 14°09'58.5"E a druhy pro fenotyp koi
49°09'19.0”N 14°09'57.2"E; nadmotska vyska 398 m; rozméry 36x23 m a primérna hloubka 80 cm
kazdy). Rybniky byly napajeny z feky Blanice. V kazdém rybniku bylo sto exemplait. Ryby byly
krmeny peletami De Heus (www.deheus.cz). Krmeni probihalo 5 dni v tydnu (pondéli — patek).
Soucasné byla kontrolovana spotieba krmné davky z predchoziho dne. Oblast je oplocena a chranéna
pred suchozemskymi predatory, avSak obcas se mohou vyskytnout ptaci predatofi, jako jsou volavky.
Néhodné vybrani jedinci byli opatrné odchytavani siti a podrobeni néasledujicim procedurdm ctyii
tydny pied zahajenim experimentu. Ryby byly oznafeny pasivnim integrovanym transpondérem
(PIT; Trovan ID 100, hmotnost: 0,1 g ve vzduchu, rozméry: 12 mm x 2,1 mm; EID Aalten B.V.,
Aalten, Nizozemsko) po anestezii 2-fenoxyetanolem (0,2 ml 1-1; Merck KGaA, Némecko). PIT byly
zavedeny do dorzalniho svalstva pomoci injekéni stiikacky. Celkem bylo pouzito 31 koi (primérna
hmotnost 239 g, rozmezi 140-362 g) a 31 divoce zbarvenych juvenilnich kapri (primeérnd hmotnost
297 g, rozmezi 139-524 g). Mezi kapry fenotypu koi a divoce zbarvenym fenotypem nebyly zjistény
vyznamné rozdily ve velikosti (P > 0,1). Dva chovné mezokosmy (jeden pro kazdy fenotyp) byly
pouzity k vytvoreni fenotypicky segregovanych hejn znamych jedincti. Mezokosmy (plocha 6 x 12
m, hloubka ve stfedni ¢asti 1,5 m, hloubka m¢l¢in na obou stranach 0,5 m) mély pfirozeny substrat
dna (pisek a $térk) a umélé stény z betonu. Voda byla nepietrzit¢ obnovovana ptitokovym systémem
a teplota behem aklimatiza¢niho obdobi se pohybovala mezi 14,4 a 20,1 °C. Ryby byly drzeny za
ptirozen¢ho svételného rezimu a krmeny peletami De Heus (www.deheus.cz) jednou denné. Zdravi
ryb, definované jako normaélni vzhled a chovani, v¢etné normélni polohy téla, pohybu a piijmu

potravy (FAO, 1983), bylo denné¢ sledovano.
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4.3.2 Provedeni experimentu

Provedeni experimentu — chovani v experimentalnimm labyrintu

Experimentalni bludisté bylo postaveno v samostatném mezokosmu nez byly mezokosmy pro
chov (plocha 5 X 6 m; hloubka ve stfedni ¢asti 1 m; hloubka mél¢in na obou stranach 0,3 m; ostatni
vlastnosti, jako substrat a obnova vody, byly stejné jako u chovnych mezokosmti). Cely mezokosmos
byl pfizplsoben tak, aby piedstavoval komplexni T-bludisté s nékolika T-kiizovatkami (obr. 4). Leva
a prava cast bludisté byly osoveé symetrické, tj. identické. Prichod z hluboké centrdlni ¢asti na
m¢él¢iny byl umoznén pouze pres T-kiizovatky (Sitka 0,5 m, délka kazdého ramene 1 m). Jedna T-
ktizovatka byla na levé stran¢ a druha na pravé strané rohu hluboké sekce. Prvni rozhodnuti, zda se
otocCit doleva nebo doprava, bylo tedy ucinéno v hluboké casti, a druhé rozhodnuti v T-kiizovatce.
Aby byl pohyb ryb bludistém zkouman, byl pouzit systém PIT s 8 anténami (vnitini plocha 0,4 x 0,4
m; navrzeno jako ramy, které detekovaly plavani ryb). Antény byly pfipojeny k zdznamovému
zafizeni, které ukladalo detekcni informace (kod PIT vysilacky, datum, ¢as a Cislo antény) do své
vnitini paméti. Jedna anténa systému PIT byla umisténa na kazdém konci kazdé T-kiizovatky (celkem
4 antény), aby bylo zjisténo, kam ryba vstoupila do méelké ¢asti. Krmné body umisténé na mél¢inach
byly ohrani¢eny vzdy 2 anténami, aby byla zkoumana pfitomnost ryb v této oblasti z&jmu. Kognitivni
schopnosti byly zaznamenavany podle behaviordlnich reakci na dvé pozménénd nastaveni
experimentalniho bludisté. V plivodnim nastaveni byly vyjezdy z T-kiizovatek blize ke krmné oblasti
oteviené a ostatni byly uzaviené, coz vedlo ke vzniku priichozich drah se zatackami vlevo/vpravo a
vpravo/vlevo. Konecné nastaveni bylo opacné, tj. vyjezdy z T-kiizovatek dale od krmné oblasti byly
oteviené a ostatni byly uzaviené, coz vedlo k prijezdnim drahdm s levymi/levymi a pravymi/pravymi
zatackami. Pfed kazdym nastavenim byli vSichni jedinci jednoho fenotypu umisténi do hluboké ¢asti
labyrintu se zavienymi vchody do T-kfizovatek. Tyto vchody byly nasledné otevieny a ryby byly
ponechany prozkoumaévat bludisté¢ po dobu nasledujicich sedmi dnti. Na konci tohoto obdobi byly
vchody do T-kfizovatek znovu uzavieny, vSichni jedinci byli jemné pfemisténi do hluboké casti
bludiste a bludisté bylo zménéno na kone¢né nastaveni. Poté byly vchody opét otevieny a ryby mély
moznost prozkoumavat celé bludisté po dalsich sedm dni. Po tomto obdobi byli jedinci pfesunuti do
svého piivodniho mezokosmu a stejny postup byl pouzit pro ryby druhého fenotypu, coz vedlo k
celkovym 28 dnlim nepfetrzitého sledovéani. Fenotyp koi byl pozorovéan jako prvni, nasledoval
fenotyp divoce zbarveny. Potadi bylo uréeno ndhodné. VSichni jedinci jednoho fenotypu byli ihned
uvedeni do bludiste, aby bylo umoznéno jejich ptfirozené chovani v hejnach (napt. Kdhler, 1976;
Huntingford et al., 2010). Sledovani probihalo v plném 1été (polovina ¢ervna — polovina ¢ervence),
aby byla zajiSténa minimalni variabilita prostiedi, zejména co se tyce teploty a délky dne. Teplota

vody byla métena kontinualné pomoci automatického zdznamniku. Mezi monitoringovymi udalostmi
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fenotypu koi (prumér 18,32 °C; rozmezi 14,9-25,0 °C) a fenotypu divoce zbarveného (primeér 18,44
°C; rozmezi 15,6-23,1 °C) nebyly zjistény zadné vyznamné rozdily v teploté (P > 0,1).
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Obr. 4: Pivodni a kone¢né nastaveni experimentalniho labyrintu.

Na konci experimentu byly vSechny ryby znovu odchyceny pomoci siti a Setrné premistény
do venkovni chovné nadrze s tekouci vodou. Nésledn¢ byly odebrany vzorky krve od kazdého jedince
pro hematologické a biochemické analyzy. Krev byla odebrdna z vena caudalis pomoci
heparinizované stiikatky (heparin inj., Lé¢iva, Ceska republika) podle sjednocenych metod pro
hematologické vysetfeni ryb (Borges et al., 2007; Sudova et al., 2009). Pro biochemickou analyzu
plazmy byla krev odd¢lena centrifugaci pii 12 000 xg po dobu 10 minut pti 4 °C a vzorky plazmy
byly uchovéavany piti —80 °C do doby analyzy. Biochemické ukazatele byly ziskany pomoci
analyzatoru krevnich plyni ABL90 FLEX (RadiometerMedical ApS, Brenshej, Dansko) a
analyzatoru VETTEST 8008 (IDEXX Laboratories, Inc., Westbrook, ME, USA; Gallardo et al., 2010;
Li et al., 2011). Kompletni seznam analyzovanych hematologickych a biochemickych ukazatell 1ze

nalézt v tabulce 1.

Provedeni experimentu — chovani v Fi€nim prostredi

Druhy experiment mél za cil zhodnotit chovani kapra obecného po nasazeni do fi¢niho
prostiedi, coZ je bézna manaZerska praxe v Ceské republice. Nejprve byly ryby ponechany v
klidovém stavu v chovnych mezokosmech po dobu 14 dni po prvnim experimentu. Nésledné, po
anestezii 2-fenoxyetanolem (0,2 ml 1-1; Merck KGaA, Némecko), byly ryby oznaceny
radiotelemetrickymi vysilackami s teplotnimi a pohybovymi senzory (MST-720-MT, hmotnost: 1,8

g ve vzduchu, s provozni zivotnosti cca 140 dni; Lotek Engineering, Inc., Kanada). Vysilacky byly
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implantovany do télni dutiny kazdé ryby prostiednictvim stiedové ventralni incize, ktera byla
uzaviena tfemi nebo ¢tyfmi samostatnymi stehy pomoci sterilniho, opleten¢ho, vstiebatelné¢ho stehu
(Ethicon-coated VICRYL). Poté byly ryby umistény do kleci ponofenych v chovnych nadrzich
pfiblizné na 30 minut po implantaci vysilacky, aby jim bylo umoznéno zotaveni. Nakonec byly
vypustény do feky Berounky (povodi Labe; 49°559 N; 14°149 E; dlouhodoby prumérny pritok Q330
=36 m?s—1; Sifka mezi 68 a 127 m; pro Uplny popis mista viz Slavik et al., 2007).

Ryby byly sledovany ptiblizné 2 mésice po vypusténi (29. Cervence — 11. zafi). VSechny ryby
v oblasti studie byly sledovany pro kontrolu jejich polohy, a skupina ndhodné vybranych jedinct
obou fenotypli byla sledovana jednou za 7 dni béhem 24hodinového cyklu. Béhem kazdého
24hodinového cyklu bylo sledovano 18 az 35 jedincti, pricemz fenotypy koi a divoce zbarvené byly
zastoupeny co nejrovnomeérnéji, v zavislosti na podminkach sledovani. Sledovaci vybaveni
zahrnovalo dva radiopfijimace (Lotek SRX 600; Lotek Engineering, Inc., Ontario, Kanada) a
tiiprvkovou Yagi anténu vybavenou kompasem. Sméry kompasu byly zaznamendvany ve sméru
vysilace z mist uréenych pomoci GPS (GPS map 76S, Garmin Ltd., USA). Pro ziskani soutadnic
polohy ryb a jejich zakresleni na mapu byla pouzita metoda biangulace navrzena Whiteem a Garrotem
(1990). Pozice ryb byly ur¢ovany béhem 8 po sobé jdoucich 3hodinovych intervalii (06:00-08:59,
09:00-11:59, 12:00-14:59, 15:00-17:59, 18:00-20:59, 21:00-23:59, 24:00-02:59 a 03:00-05:59 h).
Teplota (primér 21,6 °C, rozmezi 10,8-28,6 °C; Extech EC400, FLIR Commercial Systems, Inc.,
USA) a priatok (primér 10,5 m?s—1, rozmezi 5,6-20 m’s—1; poskytovano mistnimi
vodohospodatskymi organy) byly méteny béhem sledovacich seanci. Teplotni a pohybova data ze

senzorovych vysilact byla automaticky ukladdna a nasledné¢ stahovana z pfijimace.

4.3.3 Datova analyza

Datova analyza — chovani v experimentalnim labyrintu

Z experimentalniho bludisté bylo ziskano vice nez 800 tisic nezpracovanych datovych bodu.
Pocet prichodt jednotlivych antén definujeme jako obecné métitko individudlni pohybové aktivity,
zalozené na méfenich aktivity juvenilnich jelct tlousth Squalius cephalus (L. 1758) (Horky et al.,
2014) nebo sumci velkych Silurus glanis (L. 1758) (Slavik et al., 2016a). K feSeni struktury zavislosti
typu M skryté v datech jsme pouzili pfistup pravidelniho Sminutového okna (napt. Moon a Velasco,
2013). M-zavislost se tykd zavislych strukturovanych proménnych, které lze transformovat na
nezavislé proménné odstranénim po sobé jdoucich pozorovani. V nasem piipadé byla zavislost M
zpiisobena vice zdznamy na jednu rybu béhem kratkého obdobi. Aktivita v bludisti pro jednotlivé
ryby byla tedy vypocitana jako pocet umélych kandlovych jednotek proslych v rdmci Sminutového
casového okna. K popisu denni aktivity byly pouZity tfi svételné intervaly (den, soumrak a noc) podle
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Slavik et al. (2007). Prizkumné chovani bylo povazovano za schopnost jedince nalézt potravu
prozkoumavanim cesty v bludisti, véetné zmény umisténi potravy v bludisti béhem experimentu.
Prizkum byl definovan jako ¢as (v sekundach) potfebny k prozkoumani celého bludisté, tj. cas mezi
pocatecni detekei jedince prvni a posledni anténou (bez ohledu na jejich potadi). Vyuziti krmné
oblasti bylo definovano jako binomickad proménnd, kterd indikovala, zda byl jedinec detekovan (1)
nebo ne (0) v krmné oblasti. Vyskyt vlevo byl definovan jako binomicka proménna, kterd indikovala,
zda byl jedinec detekovan (1) nebo ne (0) v levé Casti celého bludisté. Stejné tak bylo definovano,
zda byl jedinec detekovan ,,prvni vlevo* v ¢asti celého bludisté (1) nebo ne (0) po zahdjeni sledovani.

Posledni dvé proménné byly pouzity k popisu laterality druht.

Datova analyza - chovani v Fiénim prostredi

Vice nez 1400 nezpracovanych datovych bodil z radiotelemetrie od 39 jedinct (19 koi a 20
jedincii s fenotypem divoce zbarvenym) bylo zahrnuto do nasich analyz. Cty¥i exempléie byly kratce
po oznaceni uloveny volavkami. DalSich 19 jedincii béhem studie zmizelo z oblasti vyzkumu. Tyto
exemplafe se mohly ptfesunout po proudu mimo 3,5 km dlouhy tsek studie ohraniceny jezy, nebo
také padly za obét’ predatorim. Obé moznosti jsou bézné osudy ryb odchovanych v lihni po vysazeni
(napt. Thompson et al., 2016). Pohyb béhem 24hodinového cyklu byl stanoven jako vzdalenost (m)
mezi pozicemi ryb ve dvou néslednych 3hodinovych intervalech a je dale oznaCovan jako ,.terénni
aktivita®. Tt ,,svételné intervaly* (den, soumrak a noc) byly pouzity k popisu denni aktivity, stejné
jako v prvnim experimentu. Teplota (v rozmezi od —6 do 34 °C; 50 postupnych hodnot teploty, tj.
ptesnost na 0,8 °C) a pohyb (binomicka proménnd; 0 — nehybnost; 1 — pohyb) byly automaticky
zaznamenavany senzory vysilacek kazdych 10s. Abychom se vyhnuli zavislosti naslednych boda v
nepfetrzitych hrubych datech, jak je uvedeno vySe (typ struktury zavislosti M; Moon a Velasco,
2013), kazdé rybé byla pfifazena jedna primérnd hodnota teploty a pohybu v kazdém intervalu
denniho pozorovani (8 po sob¢€ jdoucich 3hodinovych intervalil). Kone¢na senzorova data jsou dale

oznacovana jako ,,télesna teplota“ a ,,pohyb®.

4.3.4 Statisticka analyza

Statistické analyzy byly provedeny pomoci softwarového balicku SAS (SAS Institute, Inc.,
verze 9.4; www.sas.com). Byly sestaveny samostatné zobecnéné linedrni smiSené modely s
ndhodnymi faktory pro analyzu proménnych ,,aktivita v bludisti®, ,terénni aktivita®, ,,pruzkum®,
,»vyskyt vlevo“, ,prvni vlevo®“ a ,vyuziti krmné oblasti“. SmiSené modely jsou zobecnénim
standardnich modelli, napt. GLM, kde zobecnéni znamena, ze data mohou vykazovat korelaci a
nekonstantni variabilitu. Tato metoda se pouziva k feSeni experimentli s opakovanymi méfenimi, kde

jsou subjekty lidé nebo zvitata, a tyto subjekty jsou deklarovany jako ndhodné, protoze jsou vybirany
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z vétsi populace, ve které jsou vyzadovana zobecnéni (SAS Institute Inc., 2004). Proto byly v této
studii aplikovany faktory pro zohlednéni opakovanych méfeni zavedenych pouzitim stejnych
experimentalnich jednotek (tj. jednotlivych ryb). Podrobnéjsi informace o smiSenych modelech 1ze
nalézt jinde (napf. Searle et al., 1992; Breslow & Clayton, 1993; SAS Institute Inc., 2004). Zobecnény
linearni smiSeny model (GLMM; procedura SAS PROC GLIMMIX) s Poissonovym rozdélenim byl
aplikovan k analyze proménné ,,aktivita v bludisti a GLMM s binarnim rozdélenim byl aplikovan k
analyze proménnych ,,vyskyt vlevo®, ,,prvni vlevo* a ,,vyuziti krmné oblasti“. GLMM s normalnim
rozdélenim (procedura SAS PROC MIXED) byl aplikovan k analyze ,,prizkumu a ,terénni
aktivity®, logl0-transformované, aby spliiovaly pozadavky na normalitu pfed analyzami. Vyznam
vysvétlujicich proménnych a jejich interakei byl hodnocen pomoci F-testli. Nasledné byly vypocitany
priméry nejmensich ¢tvercii (dale oznacované a v sloupcovych grafech prezentované jako ,,upravené
priméry* modelovych predikci) pro rtizné tfidy kategoridlnich proménnych. Rozdily mezi tfidami
byly uréeny pomoci t-testu a pro vicenasobna porovnani byla pouzita Gprava Tukey—Kramer. Stupné
volnosti byly vypocéteny metodou Kenward—Roger (Kenward & Roger, 1997).

Hematologické a biochemické ukazatele byly analyzovany pomoci piistupu multivariacni
analyzy rozptylu (MANOVA) v procedute GLM. Data byla logaritmicky transformovana (log10)
nebo pievedena na druhou odmocninu pro splnéni podminek normality pted GLM analyzami, pokud
to bylo potieba. Wilksova lambda statistika byla testovana pomoci aproximaci zaloZenych na F
rozdéleni jako mira celkového vlivu fenotypu (koi, divoce zbarveny) na biochemické tidaje. Nasledné
byla provedena samostatna analyza rozptylu pro kazdou hematologickou/biochemickou proménnou
pomoci F-testl. Aby bylo zohlednéno opakované méfeni u stejnych experimentdlnich jednotek
(jednotlivé ryby), pouzili jsme prohlaseni REPEATED.

Pro testovani korelaci mezi vlastnostmi jsme pouzili Spearmanovy korelace podle Brodin et
al. (2013). Kazdému jedinci byla pfifazena jedna primérna hodnota na vlastnost (tj. ,,aktivita v
bludisti, ,,terénni aktivita®, ,,priizkum®, ,,pohyb* nebo ,,télesné teplota). Korelace mezi vlastnostmi
pro kazdy fenotyp (koi a divoce zbarveny) byly testovany zvlast. Vyznamny vztah indikoval vyskyt

behavioralniho syndromu mezi dvéma testovanymi individualnimi vlastnostmi.
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5. Vysledky disertac¢ni prace s uvedenim novych poznatki

5.1 Review: Pigmentace potencialné ovliviiuje welfare ryb v akvakulture

Na zéklad¢ ptehledu literatury jsme dospéli k zavéru, ze vramci chovu rtizné/stejné
pigmentovanych fenotypli ve stejném prostiedi mlze nastat nékolik rtiznych scénatfii (obr. 5)
(Svitacova et al., 2023). Na zakladé téchto scénafi jsme vyvinuly kratkd doporuceni pro zamezeni

moznych negativnich dusledkii pro welfare ryb v akvakultute:

5.1.1 Chov smési pigmentovanych fenotypt jako ve volné prirodé

Nejlepsim dostupnym scénafem je rovnomérné rozlozeni fenotypii blizici se pfirodnim
podminkam. Takové podminky umoziiuji rybdm vybirat si partnery k hejnovani i sexualni partnery a
snizuje se potencidlni riziko predace. Agresivita mezi rybami je rovnomérné rozlozena, i kdyz je
mozné predpojatéd agresivita vici jedincim podobnych fenotypti. Pozornost je tfeba vénovat hustoté

populace a podminkdm prostiedi v chovném prostiedi.

5.1.2 Nasazovani pouze podobnymi a/nebo stejné pigmentovanymi fenotypy

Chov a nasazovani podobn¢ pigmentovanych jedinct je ¢astym scénafem, protoze ryby tvoii
hejna s dalSimi jedinci podobného vzhledu. Aby se zlepsily zivotni podminky ryb a predeslo se agresi
zamé&fené na podobné pigmentované fenotypy, je tieba vénovat zvlastni pozornost hustoté populace
a podminkam prostfedi chovného prostiedi. Kromé toho by mé¢l byt proveden vyzkum, ktery by urc¢il
idedlni hustotu daného druhu, a mély by byt podniknuty kroky k vytvoteni hejn, které zamezi
zvySenému riziku konfliktd mezi jedinci pfi obrané teritorii a mist tfeni nebo b&hem obdobi

rozmnozovani.

5.1.3 Nasazovani podobnych a/nebo divokych fenotypii s nékolika odliSné zbarvenymi fenotypy

Tento nevhodny scénai mize nastat, pokud se chovatel rozhodne vytvofit hejno s jednim nebo
n¢kolika malo odlisn€ zbarvenymi jedinci mezi vétSinou podobné zbarvenych fenotypi. Mensinové
fenotypy mohou zazivat snizené Zivotni podminky v disledku ostrakizace ze strany vétSinového
fenotypu, jejich pravdépodobnost reprodukce je mnohem niz$i nez u vétsinovych fenotypi a mohou
mit omezeny piistup k potravé nebo prostoru (napi. ukrytu), protoze vétSinovy fenotyp obsadi jak
krmnd mista, tak tkryty. V disledku toho budou mit vzacné fenotypy snizené socidlni postaveni a
tito jedinci budou pravdépodobné podiizeni. Kromé toho budou vzicné fenotypy vystaveny
zvySenému riziku predace v disledku efektu zvlasStnosti. Zavérem lze fict, Ze welfare odlisné

pigmentovanych fenotypli bude ve srovnani s vétSinovym fenotypem snizeny. Proto je tfeba se
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vyhnout nasazovani nebo chovu ryb s pouze nékolika odlisn¢ zbarvenymi fenotypy a/nebo je peclivé

ZVazit.

5.1.4 Nasazovani podobnych fenotypii nékolika extrémné zbarvenymi fenotypy (albinskymi
nebo melanistickymi jedinci)

Tomuhle nevhodnému scénéfi je tieba se vyhnout. Obecné je chov extrémné zbarvenych
fenotypli povazovan za neeticky. Albinoti¢ti jedinci jsou obvykle méné agresivni, méné Casto se
hejnuji a jsou podiizenéjsi; je u nich tedy vétsi pravdépodobnost agrese ze strany jinych jedinct,
neefektivniho reprodukéniho chovani, vyssiho rizika predace a vyssiho rizika nakazy nez u typicky
pigmentovanych fenotypl. Albinoticky fenotyp je také doprovazen zménénymi fyziologickymi
funkcemi, napf. snizenym vidénim a zvySenou hladinou stresu. Naopak melanistické fenotypy jsou
agresivnéjsi a reprodukené aktivngjsi nez jejich typicky pigmentovani soukmenovci; samice se vSak
pokusiim o pareni melanistickych samct vyhybaji vice nez pokusiim o pateni divokych jedinct.
Melanistické fenotypy navic vykazuji zvySenou agresivitu vi¢i méné pigmentovanym fenotypim,
coz muze vést ke snizeni welfare na obou stranach. Zavérem lze fict, ze chov extrémné
pigmentovanych fenotypli mezi typicky pigmentovanymi fenotypy povede ke snizeni welfare; proto
je tfeba se vyhnout chovu albinskych a/nebo melanistickych jedinct s typicky pigmentovanymi

fenotypy.

5.1.5 Chov pouze extrémné zbarvenych fenotypi (albinskych nebo melanistickych jedinci)
Chov extrémné zbarvenych fenotypl je povazovan za neeticky, pokud nejsou zajiStény
specifické podminky. Scénafe chovu a/nebo nasazovani by mély byt peclivé vyhodnoceny podle
aktualnich poznatkti o fyziologickych a behaviordlnich omezenich extrémné pigmentovanych
fenotypti. Oba fenotypy by mély byt pti chovu piisné oddéleny. Podminky prostfedi chovu, jako je

zbarveni stén, dostupnost tkrytil a osvétleni, je tfeba ptizplsobit specifickym pozadavkiim fenotypu.

K ovéfeni vySe nastinéného vztahu mezi pigmentaci ryb a welfare je zapotiebi dalSiho

vyzkumu s vyuzitim vhodnych ukazatelti welfare ryb (Barreto et al., 2022).
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Obr. 5: Scénare chovu rizné/stejné pigmentovanych fenotypti ve spoleéném prostiedi.
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5.2 Experiment 1: Rozdily v pohybové aktivité, priizkumném chovani a lateralité mezi

albinotickymi a pigmentovanymi jedinci

5.2.1.1 Vysledky — chovani v chovni nadrzi

Statistické vysledky konecnych modell jsou shrnuty v tabulce 2.

Dependent Variable Fixed Effect Significance Related Figure
Activity food presence Fi, 2705 =28.67, P < 0.0001 Fig. 2A
food presence * shoal type Fo 7412=46.82, P <0.0001 Fig. 3A
Sheltering food presence Fi 2572=722.9, P < 0.0001 Fig. 2B
food presence * shoal type Fs 5635=25.22, P <0.0001 Fig. 3B
Lateralization Y-maze arm * shoal type F73934=8.34, P < 0.0001 Fig. 4
No. of individuals shoal type (both arms open) F32314=5.07, P <0.01 Fig. 5A
traversed the Y-maze
shoal type (left arm open) F343=439, P<0.01 Fig. 5B
shoal type (right arm open) F32150=2.98 P> 0.05 n.a
No. of individuals shoal type F3138=4.36, P <0.01 Fig. 6A
remained in shelter
Traversal of the Y- shoal type F3138=247, P> 0.06 n.a
maze (only ind. who
entered it)
Reluctance to enter shoal type Fs138=8.12, P<0.0001 Fig. 6B

the Y-maze

Tab. 2: Ukazuje vysledky analyz smiSeného modelu, kde je zavisla proménné uvedena spolu s
fixnim efektem a jeji vyznamnost je vyjadiena vysledkem F testu. Uvedeny jsou souvisejici Ciselné

udaje.
Krmeni provadéné v odchovnych nadrzich mélo vyznamny vliv na chovani a troven aktivity

sledovanych ryb. Celkova aktivita v odchovnych nadrzich se po krmeni snizila (graf 1A) a doslo ke

snizeni poctu ryb v tkrytu (graf 1B).
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Graf 1: Aktivita (A) a pocet jedinct v ukrytu (B) v odchovné nadrzi pied a po krmeni. Hvézdicka

oznacuje signifikantni rozdil mezi ttidami/sloupci.

Slozeni studovanych hejn, fenotypovy typ, ovlivnilo aktivitu a chovani v ukrytu. U
homogennich hejn (pigmentovanych nebo albinskych) byla lokomoc¢ni aktivita niz8i ve srovnani s
hejny se smési fenotypti (graf 2A). V rdmci homogennich hejn nebyl zjistén vyznamny rozdil v Grovni
aktivity béhem faze krmeni. Ve smiSenych hejnech vykazoval pigmentovany fenotyp vyssi uroven
aktivity pfed krmenim ve srovnani s albinskym fenotypem. Po krmeni se u pigmentovaného fenotypu
snizila pohybova aktivita, coz se shodovalo s trovni aktivity albinského fenotypu. VSechny hejna
(homogenni i smiSend) vykazovala po krmeni vyznamné snizeni poctu ryb, které se ukryvaly (graf
2B). U homogennich hejn nebyl zjistén zadny rozdil v intenzité¢ ukryvani mezi albinskymi a
pigmentovanymi fenotypy bez ohledu na krmeni. Ve smiSenych hejnech se béhem faze krmeni

ukryval vyssi pocet pigmentovanych fenotypt (graf 2B).
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Graf 2: Aktivita (A) a pocet jedinct v ukrytu (B) v odchovné nadrzi ve vztahu k variantdm
uspofadani skupin (ALBINO — pouze albinoticti jedinci; PIGMENTED - pouze pigmentovani
jedinci; MIX ALBINO - albinoticti jedinci ze smiSené skupiny; MIX PIGMENTED —
pigmentovani jedinci ze smiSené skupiny). Proménné jsou vyjadiené pred (Sedé sloupce) a po (bilé
sloupce) krmeni. Hvézdicka oznacuje signifikantni rozdil mezi tfidami/sloupci. NS oznacuje

nesignifikantni rozdil mezi tfidami/sloupci.

5.2.1.2 Vysledky — chovani v labyrintu tvaru Y

Kdyz byla oteviena ob¢ ramena bludiste, pravé rameno bylo obecné preferovano v 61 % vSech
prichodt. U homogennich hejn byla zaznamenana vyrazna preference pravého ramene bludiste (graf
3), coz svédci o pravé lateralizaci. Tendence k vybéru pravého ramene byla pozorovana také u

smiSenych hejn (graf 3), 1 kdyZ tento rozdil nebyl statisticky vyznamny.
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Graf 3: Lateralizace vyjadiena jako pocet prijjezdll levou a pravou ¢asti labyrintu ve vztahu k
variantam uspoiadani skupin (ALBINO - pouze albinoticti jedinci; PIGMENTED - pouze
pigmentovani jedinci; MIX ALBINO — albinoticti jedinci ze smiSené skupiny; MIX PIGMENTED
— pigmentovani jedinci ze smiSené skupiny). Lateralizaci doleva zobrazuji Sedé sloupce, lateralizaci
doprava zobrazuji bilé sloupce. Hvézdi¢ka oznacuje signifikantni rozdil mezi tfidami/sloupci. NS

oznacuje nesignifikantni rozdil mezi tfidami/sloupci.

Kdyz byla obé ramena Y-bludisté volné pifistupnd, dosahl tikrytu na konci bludisté vyssi pocet
albini z fenotypové homogennich hejn ve srovndni s fenotypy pigmentovanych (graf 4A). U
fenotypové smiSenych hejn nebyl mezi albinskymi a pigmentovanymi fenotypy pozorovan zadny
rozdil (graf 4A). Zatimco uspésnost fenotypu albini ve smiSenych hejnech zlistala ve srovnani s
homogennimi hejny nezménéna, u fenotypu pigmentovanych se uspésnost zvysila. Tato zjisténi se
opakovala, kdyZ bylo otevieno pouze levé rameno Y-bludisté (graf 4B). Kdyz bylo otevieno pouze

pravé rameno Y-bludiste, rozdily mezi hejny nebyly vyznamné.
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Graf 4: Pocet jedinci, ktefi projeli cely labyrint Y za situace, kdy je cely prichozi (A) a kdyz je
oteviena jeho leva ¢ast (B) labyrintu ve vztahu k variantdm uspotadani skupin (ALBINO - pouze
albinoticti jedinci; PIGMENTED - pouze pigmentovani jedinci; MIX ALBINO — albinoticti jedinci
ze smisené skupiny; MIX PIGMENTED — pigmentovani jedinci ze smiSené skupiny). Hvézdicka
oznacuje signifikantni rozdil mezi tfidami/sloupci. NS oznacuje nesignifikantni rozdil mezi

ttidami/sloupci.

Pocet ryb, které po prozkoumani bludisté zistaly na jeho konci v ukrytu, byl u fenotypové
homogennich hejn srovnatelny mezi albiny a pigmentovanymi fenotypy, ale u pigmentovanych
jedincti ve smiSenych hejnech se napadné zvysil (graf 5A). Uspésnost prizkumu bludisté se u ryb,
které vstoupily do bludisté, mezi hejny vyznamné neliSila. Fenotyp pigmentovanych ryb vykazoval
vy$$i neochotu vstoupit do bludisté napii¢ fenotypov€é homogennimi i smiSenymi hejny (graf 5B).
Pozoruhodné je, Ze neochota pigmentovaného fenotypu vstoupit do bludisté byla snizena ve

smiSenych hejnech (graf 5B).
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Graf 5: Pocet jedincii, ktefi ztstali v ukrytu na konci labyrintu (A) a ktefi do labyrintu viibec
nevjeli (B) ve vztahu k variantdm uspotadani skupin (ALBINO - pouze albinoti¢ti jedinci;
PIGMENTED - pouze pigmentovani jedinci; MIX ALBINO — albinoticti jedinci ze smiSené
skupiny; MIX PIGMENTED - pigmentovani jedinci ze smiSené skupiny). Hvézdi¢ka oznacuje

signifikatni rozdil mezi tftidami/sloupci. NS oznacuje nesignifikatni rozdil mezi tfidami/sloupci.

5.2.2.1 Diskuze

Rozdily v chovani mezi rizné zbarvenymi fenotypy stejného druhu jsou tématem, kterému se
vénovalo mnoho studii (Dijkstra et al., 2017, Olendorf et al., 2006), a vztah mezi pigmentaci a
dominanci v chovani byl prokdzdn u mnoha druhti ryb (Dijkstra et al., 2009a, 2009b, 2010). Rizné
pigmentované fenotypy mohou mit vyhodu ve zdatnosti diky snizené agresi (Dijkstra et al., 2009b,
Pauers et al., 2008, Seehausen & Schluter, 2004), protoze jedinci s podobnym vzhledem mezi sebou
bojuji Castéji (Dijkstra et al., 2010). Naopak extrémné zbarvené fenotypy, napt. albini, se od svych
normalné pigmentovanych soukmenovcii odliSuji nejen fyzickymi charakteristikami (Kayis et al.,
2017, Kittilsen et al., 2009, Pavlidis et al., 2013, Ren et al., 2002), ale také chovanim, coz mize mit
za nasledek specifickd hlediska tykajici se jejich welfare (Cohen et al., 2018, Slavik et al., 2015,
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2016). Nase vysledky ukéazaly rozdilné chovani v riznorodych a homogennich hejnech a potvrdily

rozdily v chovani albinskych a pigmentovanych fenotypi ve vSech hejnech.

5.2.2.2 Diskuze — chovani v chovni nadrzi

Lokomotorické aktivita obou fenotypl byla ovlivnéna harmonogramem krmeni. Po krmeni
doslo k vyznamnému sniZeni celkové aktivity, doprovazené snizenim poctu ryb v tkrytu. To lze
pfi¢ist vzajemnému plsobeni mezi dostupnosti potravy a anticipacnim chovanim. Ryby vykazovaly
zvySenou lokomotorickou aktivitu pfi o€ekavani krmeni, po konzumaci potravy nasledovalo sniZeni
aktivity, coZ je v souladu s konceptem FAA (Galhardo et al., 2011, Martins et al., 2012). Pozorované
snizeni pouzivani ukrytd po krmeni naznacuje instinkt ryb aktivné hledat potravu, kdyz je dostupna,
spiSe nez se schovavat (Larranaga & Steingrimsson, 2015). Anticipacni reakce ryb na krmeni Ize
povazovat za indikator dobrého zdravotniho stavu a adaptivnich schopnosti (Martins et al., 2012);
zvySena plavecka aktivita pted a béhem krmeni vSak mtze také naznacovat podvyZzivu nebo nevhodné
nastaveny rezim krmeni (Andrew et al., 2004, Noble et al., 2007a, 2007b). Udrzeni rovnovahy v
krmnych praktikach je klicové pro zajisténi optimalniho zdravi a welfare ryb.

Bylo zjisténo, Ze aktivita ryb a jejich vyuzivani ukrytd jsou ovlivnény fenotypem. Jednim z
moznych divodii pro pozorovanou nizsi lokomotorickou aktivitu v homogennich hejnech (bud’
pigmentovanych, nebo albinskych) ve srovnani se smiSenymi hejny miize byt strategie vyhybani se
predatorim a socialni dynamika (Hoare et al., 2000, Pitcher, 1986). Ryby vytvéieji vizudlné
homogenni hejna, aby se chranily pfed predatory (Pitcher, 1986). Hejna sloZena z ryb s riiznymi
fenotypy mohou zvysit zranitelnost vici predaci. V dasledku toho mohou ryby ve smiSenych hejnech
vykazovat aktivnéjsi lokomotorické chovani jako strategii ke snizeni Sance byt odhaleny predatory.
Neékolik studii naznacuje, ze ryby mohou utvéaiet slozeni hejn na zaklad¢ rané¢ho socialniho uceni,
zejména pokud jde o vizudlni charakteristiky soukmenovct (Lachlan et al., 1998, Slavik et al., 2022,
Snekser et al., 2006). Nedavné zkuSenosti v socialnim prostredi, kdy jsou dostupné pouze vizualni
informace, siln¢ ovlivituji projev preferenci (Goémez-Laplaza, 2009; Goémez-Laplaza & Fuente,
2007). Ryby pouzité v této studii byly béhem adaptacni faze plivodné drzeny oddélen¢ podle
fenotypu, coz mohlo vést k asociacim prostednictvim ranych zkuSenosti.

Ve smisSenych hejnech pigmentované ryby vykazovaly vyssi Groven aktivity pred krmenim
nez albinské ryby. Kromé toho bylo pozorovano vétsi mnozstvi pigmentovanych ryb v tkrytech, bez
ohledu na pfitomnost potravy. To by mohlo byt pfi¢itdno jejich dominantnimu postaveni v hejnu.
Ryby s riznym socialnim postavenim vykazuji odlisné vzorce chovani, zejména pokud jde o krmeni
a lokomotorickou aktivitu (Gémez-Laplaza, 2006, Gomez-Laplaza & Morgan, 2003). Hierarchicka
struktura je béZn¢ pozorovana v prostfedich s omezenymi zdroji potravy, moznostmi ukrytu a malym

vybérem sexudlnich partnerti, kde dominantni ryby zaujimaji vyhodné pozice (Reddon et al., 2019,
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Sloman & Armstrong, 2002). Dominance a agrese navic ¢asto koreluji (Chang et al., 2012). Bylo
zjisténo, ze albinské ryby vykazuji niz$i agresivitu a vyssi Grovei stresu v reakci na environmentalni
a socialni variabilitu (Slavik et al., 2016, 2020, 2022, Valcharova et al., 2022). Niz§i urovné aktivity
a pouzivani ukrytl pozorované u albinskych ryb mohou tedy naznacovat submisivni chovani vici

dominantnimu pigmentovanému fenotypu ve smiSenych hejnech.

5.2.2.3 Diskuze — chovani v labyrintu tvaru Y

Jak albinské, tak pigmentované ryby projevily preferenci k pravému rameni v homogennich
hejnech, coz naznaCuje silnou lateralizovanou preferenci. Ryby ve smiSenych hejnech také
vykazovaly tendenci uptfednostiiovat pravé rameno Y-bludisté, i kdyz tato preference nebyla
vyznamna. Je bézné, ze jedinci stejného druhu vykazuji variabilitu v rozsahu sv¢ lateralizace (Bisazza
& Brown, 2011, Chivers et al., 2016). Jedinci s pravostrannou preferenci vykazovali lepsi tunikovy
vykon ve srovnani s t€émi s levostrannou preferenci (Chivers et al., 2016, 2017) a jedinci se stejnou
preferenci sméru otaceni vykazovali lepsi tnikovy vykon ve srovnani s témi, jejichz preferovana
strana se liSila od preferenci hejna (Chivers et al., 2016, 2017, Dadda et al., 2010b). Navic vysoce
lateralizované ryby vykazuji lepsi schopnosti uceni (Bibost & Brown, 2014).

Albinské ryby z homogennich hejn dosahly tkrytu na konci Y-bludisté castéji nez
pigmentované ryby. Albinsti jedinci vykazuji fyziologické zmény, které ovliviiuji jejich zrakovy
systém (Ren et al., 2002). Tyto zmény zahrnuji nedostate¢né vyvinutou centralni ¢ast sitnice, ktera je
zodpovédna za vysoce presné vidéni, a snizeni poctu tyCinek (Jeffery, 1997, Prusky et al., 2002). V
disledku toho maji albinsti jedinci snizenou zrakovou ostrost (Balkema & Driger, 1991, Buhusi et
al., 2005) a zvySenou citlivost na svétlo (Valcharova et al., 2022). S ohledem na tyto fyziologické
omezeni lze ptredpokladat, ze albinsti jedinci maji vétsi tendenci dosdahnout ukrytu na konci Y-
bludiste, aby se vyhnuli jasné€ osvétlenym oblastem. U albinskych ryb byly pozorovany behavioralni
charakteristiky, jako je vyhybani se svétlu a snizend lokomotoricka aktivita béhem dne (Valchatova
et al., 2022). Albinské ryby vykazuji niz$i uroven aktivity, snizenou odvahu a explora¢ni chovani v
novém prostiedi (Egan et al., 2009, Miyamoto, 2016). Je mozné, Ze albinské ryby prochazeji Y-
bludistém rychleji kvuli stresu zpisobenému otevienymi prostory a setkdnim s nezndmym
prostiedim. Nekolik studii prokadzalo zménéné reakce na stres, vcéetné¢ zvySenych hladin
biochemickych ukazateli, jako je kortizol nebo glukdza, u albinskych ryb (Kittilsen et al., 2009,
Pavlidis et al., 2013, Valcharova et al., 2022).

Zajimavé je, ze ve smiSenych hejnech si albini udrzeli svou UspéSnost pfi prichodu Y-
bludistém, zatimco pigmentované fenotypy vykazovaly zvySenou tispéSnost. Tento nalez naznacuje,
ze pigmentované ryby mély lepsi schopnost ucit se a pfizplisobit se zménam v jejich prostiedi.

Ptedchozi studie na jinych druzich, jako je tetra Hemigrammus caudovittatus (Ahl, 1928), a na
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zvitatech, mysich a potkanech ukézaly, Ze albinsti jedinci obecné vykazuji snizené schopnosti uceni
a paméti, pravdépodobné kvili zrakovému postizeni (Kumar et al., 2015, Martis et al., 2018; O'Leary
& Brown, 2022; Zhuikov, 1991). Dalsi vyzkum je vSak potiebny k potvrzeni tohoto tvrzeni a k
porozuméni specifickym kognitivnim rozdilim mezi jedinci s pigmentovanym a albinskym
fenotypem.

V homogennich hejnech byl pocet ryb, které ziistaly v ukrytu po uspésném prichodu Y-
bludistém, podobny pro oba fenotypy, albinské i pigmentované. Nicmén¢ ve smiSenych hejnech bylo
pozorovano vyznamné zvySeni vyuzivani tkrytl mezi pigmentovanymi fenotypy. To lze pficist jejich
dominantnimu postaveni a zvySené agresi v hejnu, protoze albinské ryby maji tendenci vykazovat
vzorce chovani, které se vyhybaji eskalované agresi od soukmenovct (Slavik et al., 2015, 2016). V
disledku toho albinské ryby ve smiSenych hejnech zaujimaji nizsi postaveni v socidlni hierarchii a
maji mensi piistup k zdrojim, jako jsou ukryty nebo krmné oblasti. Mohou také zazivat zvySenou
zranitelnost a potencialni stres kvili jejich omezené schopnosti vyhledavat tkryty.

Pigmentované ryby vykazovaly vétsi zdrzenlivost pfi vstupu do Y-bludisté. Mizeme
predpokladat, Ze navzdory jejich fyzickym omezenim, niz$i agresi a socidlnimu postaveni (Slavik et
al., 2015, 2016), albinské ryby mohou v tomto stresovém scéndii projevovat aktivnéjsi styl zvladani
situaci. Tyto nalezy vSak odporuji zjiSténim, Ze albinské ryby maji tendenci vykazovat vyssi Grovné
stresu nez pigmentované ryby (Slavik et al., 2020, 2022, Valchérova et al., 2022) a vykazuji snizené
exploracni chovani a snizenou odvahu v novych prostiedich (Egan et al., 2009, Miyamoto, 2016).
Tyto protichiidné vysledky zdiiraziuji potiebu dalSiho vyzkumu hodnoticiho styly zvladani stresu u

ryb, ktery by zahrnoval §irsi skalu druhti ryb a zohlediioval rizné fenotypy.

5.2.3 Zavér

Zavérem nase studie odhalila rozdily v chovani mezi pigmentovanymi a albinskymi fenotypy
ryb, jak uvnitft, tak mezi hejny. Tyto rozdily mohou vést ke zménam ve welfare, protoze albinské ryby
pravdépodobngéji Celi behavioralnim a fyziologickym omezenim a stresu souvisejicimu s dominanci,
coz muze ovlivnit jejich celkovou pohodu. Porozuméni témto rozdilim a jejich zohlednéni pfi fizeni
rybich populaci v akvakultuie a chovu okrasnych ryb je zdsadni pro podporu welfare chovanych ryb.
Uznanim jedinecnych potfeb a moznych zranitelnosti kazdého fenotypu miizeme vytvoftit vhodngjsi

prostfedi a postupy pro zlepSeni welfare ryb a zajisténi jejich dlouhodobého preziti.
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5.3 Experiment 2: Rozdily v behavioralnich vzorcich a kognitivnich schopnostech mezi

divokymi a koi kapry

5.3.1.1 Vysledky — Obecné vzorce chovani

Fenotyp koi vykazoval vyssi aktivitu nez divoce zbarveny fenotyp v experimentalnim bludisti
(F1, 61.97 = 45.59, p < 0,0001; graf 6A), stejn¢ jako po vysazeni do fi¢niho prostiedi (F1, 42.2 =
12.33, p<0,0011; graf 6B).
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Graf 6: Labyrintova (A) a terénni (B) aktivita napti¢ fenotypem kapra. Hodnoty jsou upravené
praméry (+/- S.E.) ptedpovézené z konkrétniho smiSeného modelu. Hvézdicky oznacuji vyznamné

rozdily (p < 0,05).
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Byl pozorovén spole¢ny vrchol v no¢ni aktivité v experimentalnim bludisti (F2, 1 =36 562,5,
p <0,0037; graf 7A). Zatimco v noci nebyl mezi fenotypy zadny vyznamny rozdil v aktivité, fenotyp
koi byl méné¢ aktivni béhem dne (F3, 1 =9915,37, p < 0,0074; graf 7B).
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Graf 7: Aktivita v labyrintu napfi¢ svételnymi intervaly. Zobrazeny jsou obecné (A) a konkrétni
fenotypové (B; KOI - oranzova silueta, prazdny sloupec; WILD - ¢erna silueta, Srafovany sloupec)
vzorce. Hodnoty jsou upravené priméry (+/- S.E.) ptedpovézené z konkrétniho smiSeného modelu.

Hvézdicky oznacuji vyznamné rozdily (p < 0,05).

5.3.1.2 Vysledky — Kognitivni schopnosti

Kognitivni schopnosti byly zaznamendny jako behavioralni reakce na zménénd nastaveni
experimentalniho bludisté, stejné jako reakce na neznamé ti¢ni prostredi. Kapti vykazovali stejnou
schopnost vyuzivat své kognitivni schopnosti, protoze ¢as potiebny k prozkoumani celého bludisté
(F1, 124 =47.67, p <0,0001; graf 8A) a jejich aktivita (F1, 124 =2195.76, p < 0,0001; graf 8B) byly

nizsi v pocatecnim nastaveni nez v kone¢ném nastaventi.
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Graf 8: Priizkum (A) a aktivita v labyrintu (B) v poc¢ate¢nim a konecném nastaveni labyrintu.
Hodnoty jsou upravené praimeéry (+/- S.E.) predpovézené z konkrétniho smiSeného modelu.

Hvézdicky oznacuji vyznamné rozdily (p < 0,05).

Fenotyp koi potieboval vice Casu na prozkoumani celého bludisté (F1, 124 = 194.04, p <
0,0001; graf 9A) a jejich Cas pruizkumu se mezi nastavenimi bludisté neménil (F1, 124 =43.02, p <
0,0001; graf 9B). Naopak, divoce zbarveny fenotyp byl schopen zlepsit sviij vykon, coz vedlo ke
snizeni doby pruzkumu od pocatecniho do koneéného nastaveni (graf 9B). ZlepSeny prizkum u
divoce zbarveného fenotypu byl také doprovdzen zvySenym vyuzitim krmné oblasti béhem
konecnych nastaveni experimentalniho bludisté, zatimco u koi fenotypu tomu bylo naopak (F2, 159.3
=1019.55, p < 0,0001; graf 9C). Jinymi slovy, divoce zbarveny fenotyp vyuzival ptedchozi znalosti

bludiste ke zvySeni své pfitomnosti v krmné oblasti.
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Graf 9: Prizkum (A, B) a vyuziti potravni plochy (C) u riznych fenotypii kaprii. Zobrazeny jsou
obecné (A) a konkrétni nastaveni labyrintu (B, C; INITIAL - svétle Sedy pruh; FINAL - tmavé Sedy
pruh) vzorce. Hodnoty jsou upravené pruméry (+/- S.E.) ptedpovézené z konkrétniho smiseného

modelu. Hvézdicky oznacuji vyznamné rozdily (p < 0,05).

ZlepSeny pruzkum divokého fenotypu byl také doprovazen sniZenim noc¢ni aktivity od
pocatecniho do konecného nastaveni labyrintu, stejné jako vzorcem aktivity bez vrcholu v ficnim
prostfedi. Na druhé stran¢ zhorSena explorace fenotypu koi vedla k nérGstu no¢ni aktivity od
pocatecniho do kone¢ného nastaveni labyrintu, stejné jako k udrzeni vrcholu noc¢ni aktivity po

nasazeni v fi¢nim prostredi.
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Zlepseny priizkum u divoce zbarveného fenotypu byl také doprovazen snizenim no¢ni aktivity
od pocatecniho do kone¢ného nastaveni bludisté (F6, 1 = 1546.2, p < 0,0195; graf 10A ) a rovnéz
vzorcem aktivity bez vrcholu v fi€nim prosttedi (F4, 1398 = 7.04, p < 0,0001; graf 6B). Naopak,
zhorSeny pruzkum u fenotypu koi vedl ke zvySeni nocni aktivity od pocatecniho do kone¢ného

nastaveni bludisté¢ (graf 10A) stejn¢ jako k udrzeni vrcholu nocni aktivity po nasazeni v ficnim

prostfedi (obr. 10B).
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Graf 10: Aktivita v bludisti (A) a v terénu (B) napfic fenotypy a svételnymi intervaly.
Aktivita v bludisti (A) je dale zobrazena napfi¢ nastavenimi bludisté (INITIAL - prazdny sloupec;
FINAL - srafovany sloupec). Hodnoty jsou upravené primeéry (+/- S.E.) predpovézené ze

smiSen¢ho modelu. Hvézdi¢ky oznacuji vyznamné rozdily (Adj. p < 0,05).

5.3.1.3 Vysledky — Lateralizace
Pravdépodobnost vyskytu v levé Casti bludisté se zvysila od pocateéniho do konecného
nastaveni u obou fenotypt (F3, 298.4 = 283.93, p < 0,0001 Konecné nastaveni se skladalo z drahy

prachodu vlevo/vlevo a vpravo/vpravo, coz naznacovalo snazsi priichod bludistém pro jedince s
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lateralni orientaci. V souladu s tim byla pravdépodobnost, ze jedinec bude poprvé po zahijeni
pozorovani detekovan v levé cCasti bludisté, vyssi béhem zévéreCnych nastaveni u ryb divoce
zbarveného fenotypu (F3, 120 = 3,61, p < 0,0154), coz naznacuje, Ze jejich tendence k obchazeni

prekazky se prednostné projevovala vilevo.

5.3.1.4 Vysledky — Behavioralni syndromy

Mezi fenotypy kapru byl patrny rozdil v projevech behavioralnich syndromt, protoze fenotyp
koi vykazoval pouze jeden vyznamny vztah mezi znaky, zatimco fenotyp divokych barevnych kaprt
vykazoval osm vyznamnych vztahli mezi znaky z deseti moznych kombinaci (tabulka 3). Zatimco
kapr koi vykazoval vyznamny pozitivni vztah mezi aktivitou v fi¢nim prostiedi a aktivitou v
experimentalnim bludisti, divoce zbarveny kapr vykazoval opaény vztah (tj. negativni korelaci) mezi
témito proménnymi. Kapfi s fenotypem koi navic nevykazovali Zadny vztah mezi prizkumem a
aktivitou v bludisti, zatimco jejich divoce zbarveni soukmenovci vykazovali negativni vztah mezi
témito proménnymi. Jinymi slovy, ¢im vice byly divoce zbarvené ryby aktivni, tim méné Casu
potiebovaly k prozkoumani bludiSté, coz naznacuje, Ze jejich aktivita souvisela s efektivnim
prizkumem. T¢lesna teplota u divoce zbarveného fenotypu vyznamné souvisela se vSemi ostatnimi
sledovanymi proménnymi. Naproti tomu u fenotypu koi nebyl zjistén zadny vyznamny vztah mezi

télesnou teplotou a ostatnimi proménnymi.
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Field activity Body Motion Exploration = Maze activity
temperature (sensor)
KOI WILD
p=1.00 p=100
Field activity
n=19 n=20
NA. N. A
KOI WILD KOI WILD
O p=069 p=100 p=100
Body 030 P07 PTEE PR
temperature
n=19 n=20 n=19 n=20
p<0.21 p<0.01 NA. N. A
KOI WILD KOI WILD KOI WILD
Motion p=0.08 p=0.72 p=043 p=0.68 p=1.00 p=1.00
(sensor) n=19 n=20 n=19 n=20 n=19 n=20
p<0.75 p<0.01 p<0.07 p<0.01 NA. N. A
KOI WILD KOI WILD KOI WILD KOI WILD
p=-02 p=038 - p=0.52 p=0.02 p=038 p=1.00 p=1.00
Exploration 0.25
n=19 n=20 n=19 n=20 n=19 n=20 n=31 n=31
p<042 p<01 p<0.31 p<0.05 p<0.93 p<01 NA. N.A.
KOI WILD KOI WILD KOI WILD KOI WILD KOI WILD
p=- pP== p=- pP== p=- p=- p=-
=0.60 =1.00 p=1.00
Maze P 049 017 070 022 051 005 059 P
activity
n=19 n=20 n=19 n=20 n=19 n=20 n=31 n=31 n=31 n=31

p<0.01 p<0.05 p<049 p<0.01 p<0.36 p<0.05 p<0.79 p<0.01 NA. N. A.

Tab. 3: Tabulka kiiZzové korelace vlastnosti ukazujici Spearmanovy korelacni koeficienty

pro vSechny pozorované vlastnosti. Vyznamné vztahy (p < 0,05) jsou zvyraznény tucné a naznacuji

existenci behaviordlniho syndromu mezi dvéma jednotlivymi vlastnostmi fenotypt koi a divoce

zbarvenych kapri.
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5.3.1.5 Vysledky — Biochemické ukazatele

Hematologicka a biochemickd data naznacuji, Ze fenotyp ma celkovy vliv na enzymatickou
aktivitu a koncentrace iontli v plazmé u kapra (F32, 15 = 7,55, p < 0,0001). Konkrétné byly zjistény
vyznamné rozdily u 19 z 31 indext (tabulka 1). S vyjimkou hladin drasliku, které¢ vykazovaly mirné
vy$si hodnoty u divoce zbarveného fenotypu nez u fenotypu koi, byly vSechny ostatni indexy vyssi u
fenotypu koi. Mimo jiné Ize hladiny kortizolu (oranzové zbarveny fenotyp: 80,84 + 39,66 ng/ml;
divoce zbarveny fenotyp: 61,74 + 26,06 ng/ml) a erytrocytli (oranzové zbarveny fenotyp: 1,63 + 0,21
T/1; divoce zbarveny fenotyp: 1,47 + 0,21 T/I) povazovat za indikéatory zvySeného stresu u fenotypu
koi, zatimco jiné indexy, jako je alaninaminotransferaza a aspartataminotransferaza, kreatinin nebo

hladiny bilirubinu, pravdépodobné naznacuji poskozeni vnitinich organii fenotypu koi.

51



Table 1

Variable Significance (meallfgIS.D.) (meglli‘]S)D.)
Hematocrit (/1) F=24.78; p<0.0001 0.37 + 0.04 0.32+0.04
Hemoglobin concentration (g/l) F=1.08; p> 03037 94.24 +£29.91 87.09 £ 27.74
Eryhtrocyte count (T/l) F=13.74; p>0.0006 1.63 £0.21 1.47+0.21
Leukocyte count (G/]) F=0.25; p>0.6178 33.12+£9.99 31.56 £12.94
Mean erythrocyte hemoglobin (pg) F=0.16; p > 0.6943 57.89 +16.35 59.77+17.16
Mean erythrocyte volume (fl) F=0.58; p> 0.4495 230.06 +£26.29  218.65+£28.47
Mean erythrocyte hemoglobin (pg) F=0.37; p>0.5454 255.01 £83.11  274.07 £ 67.49
Lymphocyte (%) F=14.24; p>0.0005 92.6 + 3.31 88.82 +£5.54
Monocyte (%) F=2.60;, p>0.1134 3.54+1.73 4.04 £2.69
Segment neutrophils (%) F=4.64; p>0.0364 1.77 £1.41 0.8+0.95
Band neutrophils (%) F=0.18; p>0.6761 02=+0.3 0.29 £0.53
Cortisol (ng/ml) F=4.68; p>0.0358 80.84 + 39.66 61.74 £26.06
Albumin (g/l) F=5.22; p>0.0270 11.74 £ 1.06 11.06 +0.96
Globulin (g/l) F=4.02; p>0.0508 23.09 £2.65 21.61+2.61
Urea (mmol/l) F=0.00; p>0.9872 2.71 £0.38 2.7+0.49
Alanine aminotransferase (ukat/l) F=17.97; p>0.0001 1.17 £ 0.28 0.81+£0.29
Aspartate aminotransferase (ukat/l) F=14.02; p>0.0005 3.52 £0.98 2.53+£0.68
Calcium (mmol/l) F=10.83; p>0.0019 2.11+0.17 2.01+0.29
Phosphorus (mmol/l) F=15.49; p>0.0003 2.64 +0.42 2.09+0.54
Total protein (g/1) F=5.44; p>0.0241 34.87 £3.17 32.67+£3.21
Glucose (mmol/l) F=0.03; p>0.8725 4.62 +£0.81 4.66 +1.22
Ammonia (umol/l) F=2.74; p>0.1044 181.03+41.78  221.16 £76.38
Magnesium (mmol/l) F=8.3; p>0.0060 1.21 £ 0.09 1.13£0.11
Triglyceride (mmol/l) F=95.11; p<0.0001 3.78 £ 0.57 2.23+0.53
Lactate (mmol/l) F=1.86; p>0.1789 6.46 + 1.81 555+ 1.61
Creatinine (umol/l) F=28.82; p<0.0001 36 £9.59 20.74+7.73
Chloride (mmol/) F=11.49; p>0.0014 105.61 +3.49 99.96 + 10.04
Potassium (mmol/l) F=4.75; p>0.0345 1.90 +0.33 2.11+041
Sodium (mmol/l) F=13.68; p>0.0006 137.32 £8.7 125.38 £9.43
Total bilirubin (umol/l) F=35.80; p<0.0001 4.77 £2.53 2.12+1.06
Cholesterol (mmol/l) F=77.89; p<0.0001 3.13+0.54 1.74+0.48

Tab.1: Hematologické a biochemické ukazatele fenotypii koi a divoce zbarvenych kapra.

Tabulka ukazuje variabilitu mezi fenotypy (vyznamné vztahy jsou zvyraznény tucné),
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véetn€ primérnych hrubych (+ S.D.) hodnot proménnych (vyznamné vyssi hodnoty jsou
zvyraznény tucné).
5.3.2.1 Diskuze

Genetické regulacni mechanismy, které ovliviiuji zbarveni klize a pigmentaci ryb, jsou stale
relativné neprobadané (Luo et al., 2021). Specifické zbarveni béhem ontogenetického vyvoje a vztah
individudlniho zbarveni k behaviordlnim a fyziologickym vykonim je vSak zdokumentovan (Skold
et al., 2016). Intenzita zbarveni tzce souvisi s behavioralnimi vlastnostmi, jako je agresivita (Horth,
2003; Ziegelbecker et al., 2021) a/nebo odolnost vici stresu (Kittilsen et al., 2009; Nakano &
Wiegertjes, 2020). Dalsi vyzkum souvisejicich genll je zapotiebi k podpote genetickych studii
asociaci s fenotypovymi vlastnostmi, jako je barva kiize, vzory zbarveni, fyziologické drahy a
behavioralni vzorce (Luo et al., 2021).

Nase vysledky odhalily vztahy mezi fyziologii a behaviordlnim vykonem obou barevnych
fenotypti kapra. Oranzov¢ zbarveny koi kapr vykazoval sniZzené explora¢ni chovani, niz$i schopnost
opakované vyuzivat diivejsi znalosti o tom, jak se dostat k potravé, nizsi aktivitu béhem denniho
svétla a mensi lateralizaci chovani v bludisti nez divoce zbarveny kapr. V fi¢nim prostiedi chovani
koi kapra nesouviselo s teplotou, zatimco u jeho divoce zbarvenych proté€jskli ano. Navic, v rozporu
s nasimi pfedpoklady, oranzové zbarveny fenotyp vykazoval vétsi citlivost na stres, jak ukazuji
hematologické a biochemické indexy. Behaviordlni a fyziologicky vykon koi kapra odpovidal
koncepci kompenzacniho stylu, ve které je behavioralni vykon odrazem fyziologického stavu (Qverli
et al., 2005; Winberg & Schjolden, 2007; Castanheira et al., 2017). Podle toho Ize v nasi studii vykon
koi kapra povazovat za reaktivni kompenzacni styl, zatimco divoce zbarveny fenotyp lze povazovat
za proaktivni kompenzacni styl (Pottinger & Carrick, 1999, 2001), coz mlize mit negativni disledky

pro fizeni a produkci v akvakultufe.

5.3.2.2 Diskuze — stresova odpovéd’

Fyziologicka reakce kapra na rizné stresory, jako je manipulace, omezeni, piehusténi a/nebo
sportovni rybolov, byla pozorovana (Ruane et al., 2002; Saeij et al., 2003; Arlinghaus et al., 2007;
Rapp etal., 2012). Jedinci kapra s domestikovanym fenotypem vykazuji snizenou citlivost na stresory
ve srovnani se svymi divokymi protéjsky (Hancz et al., 2000; Tanck et al., 2002), podobné¢ jako to
bylo pozorovano u lososovitych ryb (Lepage et al., 2000) a obecné u ryb (Milla et al., 2021). V nasi
studii analyzy biochemickych ukazatell, napt. hladiny kortizolu v plazmé po stresu, ktery je
povazovan za diilezity indikator stresu (Pottinger & Carrick, 1999; Winberg & Sneddon, 2022), poctu
erytrocytl (Velisek et al., 2013; Kondera & Witeska, 2019) a hladiny drasliku (Martemyanov, 2014;
Slavik et al., 2017), mimo jiné, ukézaly silné stresové reakce u fenotypu oranzové zbarveného koi

kapra, zatimco tyto reakce byly zanedbatelné u jejich divoce zbarvenych protéjskt. Vyssi citlivost
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téchto ryb na stres se zdala byt spojena s jejich zbarvenim. Napftiklad extrémné zbarvené albinské
fenotypy, které nejsou schopny syntetizovat melanin (Oetting & King, 1999), vykazuji vétsi citlivost
na stres (Parodi et al., 2014; Slavik et al., 2022; Valcharova et al., 2022) a parazitickou citlivost

(Bondari, 1984a; Cohen et al., 2018) nez jejich pigmentovani protejsky.

5.3.2.3 Diskuze — Aktivita v labyrintu a v terénu

V fi¢nim prostfedi nebyly mezi dvéma fenotypy zaznamenany vyznamné rozdily v aktivité.
V bludisti nebyly béhem noci pozorovany vyznamné rozdily v aktivité, zatimco béhem dne byla
pozorovana niz$i aktivita u koi kapr. Pohybova aktivita kapri se liSila v zavislosti na riznych
prostredich, pticemz k vrcholim dochazelo bud’ béhem dne (Rahman & Meyer, 2009; Benito et al.,
2015), nebo v noci (Zak, 2021; Hundt et al., 2022). Rozdily v behavioralnich vlastnostech byly
zaznamenany u ryb s riiznymi charakteristikami aktivity béhem denniho cyklu (Martorell-Barcel6 et
al., 2023). Ve volné piirodé plasticita pohybové aktivity odrazi hledani rozptylenych zdrojii (napf.
Schoener, 1981). V bludisti vSak byla dostupnost potravy stejna pro oba fenotypy; proto miize byt
niz§i denni aktivita koi kapra spojena s vyhybanim se dravym ptakiim pozirajicim ryby v chovnych
rybnicich. Jak je obecné znamo, kapfii si vybiraji stanovisté na zdklad¢ své schopnosti uniknout
predatorim (Bajer et al., 2012, 2015; Banet et al., 2022); navic ndpadné zbarvené Zivocisné fenotypy,
vcetng ryb, napf. albini, jsou béhem dne stresovany a proto snizuji svou aktivitu (Stryjek et al., 2013;
Valcharova et al., 2022). Protoze rozdilna citlivost dvou fenotypii na riziko predace miize byt spojena
s podminkami prostfedi (Klefoth et al., 2012), Ize pfedpokladat, ze experimentalni podminky v
bludisti neposkytly koi kaprim pohodIné prostiedi, protoze ti nevykazovali vyznamné rozdily v
aktivit¢ béhem dne ve volné ptirodé, kde je dostatek ukrytt, vcetné¢ hlubokych tini. Byly
zaznamenany zmény v antipredacnich chovanich zahrnujicich svétlo a/nebo oranzové zbarveni u

mlzl a ostnokozcii (Kehas et al., 2005; Roussel et al., 2019).

5.3.2.4 Diskuze — Exploraéni chovani a kognice

Explora¢ni chovéni ryb se béhem experimentu v bludisti snizovalo. Koi kapfi potfebovali vice
Casu na prozkoumani celého bludisté a nalezeni potravy, a jejich explora¢ni chovani bylo stabilni, na
Jarvi, 2006; Araki et al., 2008), protoZe odvaha mtze byt disledkem omezenych potravnich zdrojt a
nizkého rizika predace (Réale et al., 2007; Conrad et al., 2011; Héarkonen et al., 2014). Barva téla,
konkrétné¢ akumulace karotenoidli, souvisi bud’ s naristem, nebo s Zadnym vlivem na exploracni
chovani (Rowe et al., 2015; Kelleher et al., 2022). NasSe zjisténi o snizeném exploracnim chovani u
koi kaprti lze vysvétlit vztahem mezi explora¢nim chovanim, stresovou reakci a kognitivnimi

schopnostmi.
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Kromé snizeného explora¢niho chovéani vykazovali koi kapti vyrazné vyssi hladiny stresu nez
jejich divoce zbarveni protéjsci. Chovani koi kapra se zda byt vice korelovano s chovanim albint,
které je obvykle doprovéazeno snizenym explora¢nim chovanim a niz§i pohybovou aktivitou (Pisula
et al., 2012; Elipot et al., 2013; Slavik et al., 2016b), plachosti a vyssi citlivosti na stres (Parodi et al.,
2014; Valcharova et al., 2022) a snizenymi kognitivnimi schopnostmi (Harker & Whishaw, 2002;
Ren et al., 2002) nez u jejich pigmentovanych protéjski. V nasi studii byly zaznamenany vyssi
aktivita a hladiny stresu u koi kapr. Lze ptedpokladat, ze snizend schopnost najit krmné misto
vedouci k narlstu stresu miize byt doprovdzena nevyzpytatelnym chovanim (Slavik et al., 2022),
které se projevuje vyssi aktivitou koi kaprii v bludisti. Naopak, explora¢ni chovani je spojeno se
snizenim stresu (Dverli et al., 2002; Conrad et al., 2011; Eronen et al., 2023) a chovadnim spojenym s
odvahou pfi hledani potravy (Wilson & Godin, 2009; Huntingford et al., 2010; Klefoth et al., 2012),
coz bylo v nasi studii pozorovano u divoce zbarvené¢ho fenotypu. Pleiotropni ucinky geni
odpovédnych za zbarveni se projevuji ve fyziologii a chovani jedincii (Horth, 2003; Ducrest et al.,
2008; Cal et al., 2017; Li et al., 2017; Cho et al., 2020). V nasi studii se kognitivni schopnosti koi
kaprt projevily tim, Ze byli pomalejsi pti hledani potravy nez jejich divoce zbarveni proté&jsci. Efekt
domestikace se mulze projevit snizenymi kognitivnimi schopnostmi (Brown & Laland, 2001;
Marchetti & Nevitt, 2003; Matsuzaki et al., 2009; Klefoth et al., 2012, 2017), zatimco explorarné;jsi
jedinci se maji tendenci ucit rychleji (Kniel et al., 2020).

5.3.2.5 Diskuze — Lateralizace

Nase zjisténi odhalila rostouci pravdépodobnost vyskytu ryb v levém rameni bludisté béhem
experimentalniho obdobi, coz bylo vyznamné Castéjsi u divoce zbarveného fenotypu, coz naznacuje,
ze tento fenotyp preferuje obchazeni prekazek na levé stran€. Lateralizované chovani odrazi asymetrii
mozku, ktera je spojena s vyhodami pfi sou¢asném zpracovani riznych informaci a feSeni paralelnich
ukolt (Petrazzini et al., 2020). Lze pfedpokladat, Ze orientace na levou stranu odrazi hejnové chovani
kapra, protoze levé oko (a prava hemisféra) se pouziva k pozorovani jejich soukmenovci (Bisazza et
al., 1999; Sovrano et al., 2001; Salva et al., 2012), zatimco pravostranna orientace mtize byt pouzita
k obchazeni prekazek (Bisazza et al., 1998). Jelikoz kapfi jsou hejnové ryby, mizeme spekulovat, Ze
divoce zbarveny fenotyp usnadnil hleddni potravy pomoci socialné sdilenych informaci vice nez koi
kapr. Ackoli je zapotiebi vice pozorovani a dat pro zobecnéni lateralizované¢ho chovani obou
fenotypt, zda se, Ze rozdily zaznamenané mezi t¢émito dvéma fenotypy ukazuji na dalsi rozdily v

chovani na zdkladé zbarveni téla.
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5.3.2.6 Diskuze — Behavioralni vlastnosti a teplota

Vztahy mezi vlastnostmi chovani, naptf. pohybovou aktivitou a explora¢nim chovanim, nam
umoziuji vymezit opakovatelné chovani ryb v pribéhu Casu a napfi¢ scénaii (Réale et al., 2007;
Wilson & Godin, 2009; Mazue et al., 2015; DePasquale et al., 2022). NaSe vysledky odhalily pozitivni
korelaci mezi aktivitou koi kapra ve volné pfirodé (terénni aktivita) a v bludisti. Dale v bludisti nebyl
zadny vztah mezi explora¢nim chovanim a aktivitou. Naproti tomu divoce zbarveny fenotyp
vykazoval negativni korelaci mezi terénni a bludiStovou aktivitou. Podobné byla v bludisti
zaznamenana negativni korelace mezi exploranim chovéanim a aktivitou; tedy ¢im vice byli jedinci
divoce zbarveného fenotypu aktivni, tim méné Casu potiebovali k prozkoumani bludisté, coz
naznacuje, Ze jejich aktivita byla spojena s efektivnim prizkumem. Divoky fenotyp vykazoval stejny
trend v chovani v nezndmém ficnim prostiedi. Télesna teplota u divoce zbarven¢ho fenotypu byla
vyznamn¢ spojena s prizkumem a aktivitou v bludisti a pohybem v terénu. Ve volné ptirod€ kapfi
Casto preferuji krmeni, odpocinek a rozmnozovani na mélkych zaplavovanych tizemich s vy$§imi
teplotami (Bajer et al., 2010; Bajer & Sorensen, 2010; Benito et al., 2015; Banet et al., 2022). Naproti
tomu v piipad¢ koi kaprii nebyl zjistén zddny vyznamny vztah s télesnou teplotou. Nase vysledky
odhalily rozdily ve vztahu mezi chovanim a preferenci teploty, coz odpovida zaznamenanému vztahu
mezi preferovanymi teplotami a osobnostnimi rysy, odhalujicimi preferenci vysSich teplot u

proaktivnich jedinct oproti reaktivnim jedinciim (Cerqueira et al., 2016).

5.3.3 Zavér

Nase vysledky ukézaly rozdily v behavioralnich a fyziologickych vlastnostech mezi razné
zbarvenymi fenotypy u ryb. Divoce zbarveny fenotyp kapra vykazoval aktivitu po dobu 24 hodin v
obou pozorovanych prostiedich, tj. v ficnim prostiedi a experimentalnim bludisti, a vykazoval vyssi
odolnost viici stresu a lateralizaci na levou stranu. Déle jedinci, ktefi efektivnéji prozkoumavali
prostiedi, prokazali lepsi kognitivni schopnosti pii hledani potravy a preferovali vyssi teploty pro
nckteré behavioralni vlastnosti. Zaznamenany behaviordlni vykon divoce zbarveného fenotypu
koreloval s proaktivnim kompenzac¢nim stylem, zatimco oranzové zbarveny fenotyp koi kapra, u
kterého byla zjisténa vyssi citlivost na stres, prevazné noc¢ni aktivita, snizené zkoumavé chovani a
zadny vztah ke zvySujici se teploté, vykazoval spiSe reaktivni kompenzacni styl. Zbarveni téla a
souvisejici vlastnosti, napf. citlivost na parazity a/nebo stres, se zdaji hrat dalezitou roli ve welfare
ryb (Kittilsen et al., 2012; Bolnick et al., 2015; Nakano, 2020; Nakano & Wiegertjes, 2020; Parejo &
Avilés, 2020; SvitaCova et al., 2023). Michani rizné zbarvenych ryb mize snizit welfare fenotyp,
které jsou citlivéjsi na stres a maji snizené schopnosti konkurence. Nase vysledky naznacuji tento

trend pro smiSend hejna koi a divoce zbarvenych kaprii v akvakultufe. Dalsi vyzkum genetickych

56



regulanich mechanismli souvisejicich se zbarvenim je potiebny pro podporu genetickych studii

asociaci s fenotypovymi vlastnostmi, fyziologickymi drahami a behavioralnimi vzorci.
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6. Zavér

Rozdily v chovani mezi odlisn¢ zbarvenymi fenotypy téhoz druhu jsou tématem, které bylo v
mnoha ptipadech feSeno a potvrzeno (Dijkstra et al., 2017, 2010, 2009; Olendorf et al., 2006).
Pigmentace hraje vyznamnou roli pfi utvafeni vnitrodruhovych i mezidruhovych interakci mezi
rybami (Svitacova et al., 2023). Ovliviluje zejména agonistické interakce (Miyai et al., 2011;
O’Connor et al., 1999; Price et al., 2008), vybér partnera (Amundsen & Forsgren, 2001; Gardner,
2010) nebo hejnovani (Gomez-Laplaza, 2009; McRobert & Bradner, 1998; Rodgers et al., 2010). U
fady druht, napiiklad u cichlid, byla prok4dzéana souvislost mezi pigmentaci a dominanci v chovani
(Dijkstra et al., 2010, 2009). Pro zajisténi optimalni pohody ryb v akvakultute je dulezité zachovat
pfirozenou rozmanitost barevnych fenotypti, které jsou pro dany druh charakteristické. Je vSak
vhodné upustit od spole¢ného chovu typickych i abnormalné zbarvenych fenotypti v akvakulturnim
prostiedi (Svitacova et al., 2023). Albinotické ryby slouzi jako typicky ptiklad abnormalniho
fenotypu, ktery je Casto chovan v akvakultufe a okrasném chovu (Slavik et al., 2016; Svitacova et al.,
2023). Tyto ryby se odchyluji od svych normélné pigmentovanych jedincii nejen z hlediska
fyzikalnich vlastnosti, ale také chovanim, coz mize vést k odliSnym aspektim welfare (Slavik et al.,
2016, 2015; Valcharova et al., 2022). Fenotypy albint se vyznacuji nedostatkem pigmentace kiize a
reprodukéni chovani a mensi sklon k hejnovani (Cohen et al., 2018; Slavik et al., 2016, 2015). Tyto
rysy chovani mohou slouzit jako strategie, jak se vyhnout zvySené agresi ze strany piislusnika
stejného druhu. Neschopnost albinli ménit pigmentaci je vSak vystavuje vétSimu riziku predace
(Ellegren et al., 1997; Stephenson et al., 2022). Fenotyp albina je navic spojen s fyziologickymi
omezenimi, jako jsou zhorSené zrakové schopnosti a/nebo zvySena hladina stresu (Kittilsen et al.,
2009; Pavlidis et al., 2013; Ren et al., 2002; Slavik et al., 2020; Valcharova et al., 2022). Albini
mohou byt navic nachylngjsi k infekénim chorobam a negativnim vliviim ze strany svého druhu
(Cohen et al., 2018; Kayis et al., 2017). Experiment s kapry potvrdil zajimavé rozdily v chovani
fenotypt,, které se liSily jak v pohybovych a potravnich aktivitdch, tak ve schopnosti ulit se a
zapamatovat si nové dovednosti. Fenotyp koi vykazoval sniZenou schopnost ucit se a zapamatovat si
nové dovednosti, coz bylo kompenzovano zvySenou aktivitou v laboratornim i fi€nim prostiedi.
Podobné Matsuzaki et al. (2009) porovnavali divoké nedomestikované a domestikované kmeny kapra
a potvrdili vétsi schopnost detekce kofisti a jeji vySsi miru konzumace, lepsi plavecké schopnosti,
vy$si opatrnost pii utocich predétori a castéjsi vyuzivani tkrytu u divokého kmene. Obdobné vysoce
domestikovani zrcadlovi kapti vykazovali v laboratornich nadrzich a rybnicich celkové vyssi potravni
aktivitu ve srovnani s nedomestikovanymi kapry Supinatymi, coz vSak vedlo k jejich vétsi
zranitelnosti rybarskym naradim, protoze travili vice ¢asu na krmnych mistech (Klefoth et al., 2017,

2013, 2012). Zaverem lze fict, Ze nase vysledky potvrdily rozdily v chovani mezi fenotypy normalné
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pigmentovanych, albinotickych ryb a domestikovanych ryb. Tyto rozdily mohou vést ke zméné
zivotnich podminek, protoZe hlavné abnormalné zbarvené fenotypy budou s vétsi pravdépodobnosti
celit problémiim, jako jsou stres spojeny s dominanci, behavioralni a fyziologickd omezeni, coz mize
ovlivnit jejich celkovy welfare. Pochopeni téchto rozdild a jejich zohlednéni pfi fizeni rybich
populaci, zejména v akvakultufe a chovu okrasnych ryb, ma zasadni vyznam pro podporu dobrych
zivotnich podminek téchto zvifat. Uvédomime-li si jedinecné potieby a potencidlni zranitelnost
kazdého fenotypu, miizeme pracovat na vytvoieni vhodné&jsiho prostiedi a postupti, které zvysi jejich

welfare a zajisti jejich dlouhodobé preziti.
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ABSTRACT

Pigmentation is an important factor for the survival of organisms in different environments; in fish, it plays a key
role in social communication and shoal formation. Pigmentation mediates communication among colour phe-
notypes, as fish may temporarily change colouring to indicate their position in a social hierarchy. Although some
colour phenotypes may be more common, less frequent colourations do not appear to significantly impact fish
welfare, as aggression is directed more towards common, typically pigmented phenotypes than rare phenotypes.
The relationship between pigmentation and fish behaviour can be clearly observed with extremely coloured
phenotypes, i.e., albino and melanistic individuals. The melanocortin hypothesis states that phenotypes with
more pigmentation are more aggressive, reproductively active, and resistant to stress as well as having better
overall health. However, the high levels of aggression expressed by melanistic phenotypes may reduce the well-
being of less intensely pigmented phenotypes if these individuals are kept together. In contrast, albino in-
dividuals are more sensitive to stress, less aggressive, and, as they are prone to physiological constraints such as
impaired vision, are unable to effectively defend resources compared to pigmented phenotypes. Moreover, both
these extremely coloured phenotypes are unable to signal their position in the social hierarchy by changing
colours, which can result in conflict between their mental state and position in a social hierarchy and/or attempt
to change their social rank. In summary, colour variation is a consequence of physiological conditions, especially
stress, rather than a cause of such conditions. The breeding and propagation of albino and melanistic fish is
generally unethical and should not be considered in aquaculture unless these phenotypes are bred separately
under specific conditions, i.e., not kept with typically pigmented conspecifics.

1. Fish welfare and the social environment

One aspect of animal well-being is the environment in which a
farmed animal thrives (Broom, 1991). Broom (1991) further defined the
importance of adequate welfare conditions for achieving healthy and
thriving animals; conversely, an animal that is stressed or has health
problems and cannot cope with its environment has poor welfare con-
ditions. Previously, animal welfare concerns focused on terrestrial ani-
mals, and less attention was given to the welfare of fish (Braithwaite and
Boulcott, 2008). Currently, fish are known as behaviourally complex
organisms capable of feeling pain and mental suffering (Sneddon, 2007;
Braithwaite, 2010; White et al., 2017). For these reasons, interest in fish
welfare has been increasing over the last decade among the general
public and in aquaculture (Walster, 2008; Ellis et al., 2012). The most
important factors for fish welfare include the water quality, breeding
environment, health status, handling, transport, feeding and lighting
(summarized in Huntingford et al., 2006; Branson, 2008; Stevens et al.,
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2017; Segner et al., 2019). Many studies of fish welfare also highlight
important aspects of the social environment, such as stocking density,
enforced intra- and/or interspecies social contacts, exposure to preda-
tors, and isolation from conspecifics (Huntingford et al., 2006; Morgan
and Tromborg, 2007; Stevens et al., 2017). However, in the past, the
social environment of individuals was monitored primarily to assess
their physical health, neglecting their mental state and relationships in
shoals (Huntingford et al., 2006). Recently, achieving the
species-specific density threshold was found to alter the social behaviour
of fish (Martins et al., 2012; Brown and Dorey, 2019; Berlinghieri et al.,
2021). These changes include increased aggressiveness, reduced or
increased foraging and/or swimming, and stereotypic or abnormal
behaviour; these behaviours are indicators of reduced welfare and
negative emotions (Martins et al., 2012; Castanheira et al., 2017).
Conversely, natural swimming behaviour, exploratory behaviour or
feeding anticipatory activity may be linked to adequate welfare and
positive emotions. Inappropriate social environments increase acute or
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chronic stress, weaken immunity, and overall decrease the fitness of
individuals (Martins et al., 2012; Castanheira et al., 2017). One impor-
tant aspect that affects relationships within a shoal is the morphology of
individuals, as a hierarchy may form based on size (Nelissen, 1992).
Furthermore, pigmentation is a morphological trait essential to the
formation of social relationships among animals (Peichel, 2004) and
plays an important role in survival, as it contributes to various functions,
such as thermoregulation (Rudh and Qvarnstrom, 2013), protection
from UV radiation (Lin and Fisher, 2007), protection from predators,
and the ability to hunt prey (Cheney et al., 2008; Duarte et al., 2017).
Pigmentation is important for social communication among fishes, as it
directly influences their behaviour, e.g., aggressiveness, reproduction,
or shoaling behaviour (Price et al., 2008). The intensity of pigmentation
can also demonstrate the overall fitness of an individual and its position
in the hierarchy (Ducrest et al., 2008; Price et al., 2008). Moreover,
pigmentation is important for “extremely” pigmented phenotypes of
fishes such as melanistic and albino individuals, which differ from
typically pigmented “wild” phenotypes not only in pigmentation but
also in physiology and behaviour (Horth, 2003, 2016, 2020). Although
there are many studies of fish pigmentation and its impact on the social
structure of a shoal, data regarding the effects of pigmentation on fish
welfare in aquaculture are rare. Additionally, in recent years, production
aquaculture and the ornamental fish trade have exhibited rapid in-
creases (FAO, 2020; Novak et al., 2020, 2022); hence, we focused on the
welfare of differently pigmented fish in a shoal and the possible conse-
quences for aquaculture.

2. Physiological functions of pigmentation

Colour patterns in fish are multicomponent and multilayer signals
that often contain multiple pigment types and structural features
(Grether et al., 2004). The basic units of fish colouring are chromato-
phores, large and stellate cells, which arise in the neural crest cells
during embryonic development and then relocate to the epidermis and
dermis (Oliveira and Franco-Belussi, 2012), but are also found in the
eyes and internally such as around various organs, where they settle and
differentiate (Skold et al., 2013, 2016; Bronner and LeDouarin, 2012).
The colour of chromatophore cell depends on light absorbance of pig-
ments or interference effect based on light reflecting substances with
chromatophores (Bagnara and Matsumoto, 2006; Burton, 2011; Luo
et al., 2021). Chromatophore cells are comprised of several types of
pigment cells, which are usually divided into subtypes depending on the
colour of the pigment in the cell (Skold et al., 2016): yellow xantho-
phores (which contain carotenoids and pteridines and absorb blue light),
red erythrophores (which contain carotenoids and pteridines), silvery or
blue iridophores (which contain guanine granules responsible for
reflection of light), black melanophores (which contain melanin and
absorb light across the spectrum) and white pigmented leucophores
(which contain purine granules responsible for reflection of light) (Price
et al., 2008; Oliveira and Franco-Belussi, 2012; Niisslein-Volhard and
Singh, 2017). While melanophores, iridophores, erythrophores and
xanthophores are widely distributed in teleosts (Schartl et al., 2016),
leucophores are less abundant (Nagao et al., 2018). Carotenoids (which
usually produce yellows, oranges and reds), pteridines (which produce
similar colours as carotenoids) and melanin (which produces browns,
blacks, and greys) are pigments that absorb different wavelengths of
light and contribute to individual colouration and patterns (Grether
et al., 2001; Price et al., 2008; Niisslein-Volhard and Singh, 2017). In
summary, the skin pigment pattern of fish is the result of the density and
distribution of different types of chromatophores, giving the fish the
possibility to exhibit many different colours (Fujii, 2000; Skold et al.,
2016). Pigmentation is important for thermoregulation, as melanin
plays a key role in the thermoregulation of all ectothermic animals;
specifically, darker bodies absorb more light (warmth), while lighter
bodies absorb less light and can thus possibly avoid overheating (Rudh
and Qvarnstrom, 2013). According to Rudh and Qvarnstrom (2013),
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darker phenotypes are more efficiently heated by solar radiation.
Moreover, such pigmentation prevents ultraviolet (UV) radiation of the
skin, as melanophores absorb radiation, which is responsible for geno-
toxic stress (Lin and Fisher, 2007). UV experiments with intensively and
lightly pigmented Xiphophorus (Heckel, 1848) hybrids showed that
melanin pigmentation may indeed play a protective role, as darker fish
displayed less UV-induced damage of DNA (Ahmed and Setlow, 1993).
Furthermore, UV-treated albino olive flounders (Paralichthys olivaceus;
Temminck & Schlegel, 1846) showed significantly lower survival rates
than UV-treated wild-type individuals (Fukunishi et al., 2017).
Pigmentation protects the skin and eyes from chemical stressors (Mer-
edith and Sarna, 2006), and melanin pigments can also act as antioxi-
dants (Skold et al., 2013). Therefore, albino phenotypes bred in
aquaculture can suffer irreversible health impacts, such as damage to
DNA, skin, or eyes or even death, from exposure to direct sunlight when
kept in open water, and their welfare may be reduced compared to wild
phenotypes. These individuals should be closely monitored when
stocked in open water and species-specific shelter options should be
provided.

3. Protection from predators and help hunting prey

Pigmentation influences the ability to hide from potential predators
or competitors (Ryer et al., 2008; Duarte et al., 2017). Crypsis or cam-
ouflage is a common antipredator tactic (Skold et al., 2013) in which fish
change their pigmentation to match their visual background within a
few minutes, enabling them to handle any changes that arise (Skold
et al., 2013; Duarte et al., 2017). For example, when western rainbow-
fish (Melanotaenia autralis; Castelnau, 1878) were kept in dark or pale
aquaria for two weeks, they altered their colour patterns to adapt to the
colouration of the aquarium (Rodgers et al., 2010). Similarly, sand goby
(Pomatoschistus minutus; Pallas, 1770) displayed altered pigmentation of
both their eyes and body (Skold et al., 2015). Moreover, experiments
with the Pacific halibut (Hyppoglossus stenolepsis; Schmidt, 1984)
confirmed that fish are more vulnerable to predation when they do not
cryptically match their background and actively search for matching
sediment (Ryer et al., 2008). Rock gobies (Gobius paganellus; Linnaeus,
1758) also use a combination of morphological and behavioural means
to achieve camouflage (Smithers et al., 2018). Moreover, changes in
colouration are not only used to avoid predators but also used by
predators to resemble prey, which can then be easily caught. This ability
to switch between mimic and nonmimic colours in the span of a few
minutes is called facultative (or dynamic) mimicry (Coté and Cheney,
2005; Cheney et al., 2008). According to Cheney et al. (2008), faculta-
tive mimicry is an uncommon strategy but has been demonstrated in a
marine fish, the bluestriped fangblenny (Plagiotremus rhinorhynchos;
Bleeker, 1852), which mimics the colour of juvenile bluestreak cleaner
wrasse (Labroides dimidiatus; Valenciennes, 1839) and uses this mimicry
to prey on them. In summary, colour changes in fish are an important
factor influencing survival in aquatic environments, as they provide
both protection against predators and facilitate prey hunting. These
conclusions have applications for fish welfare in aquaculture, as in-
dividuals pigmented differently than their background may become
more stressed because of their preadaptation to protect themselves from
predators (Strand et al., 2007). For example, juveniles of the turbot
(Scophthalmus maximus; Linnaeus, 1758) and white sea bream (Diplodus
sargus; Linnaeus, 1758) clearly preferred lighter background colours, as
they showed the highest growth rate, feed intake and metabolic rates
under blue and white backgrounds (Karakatsouli et al., 2007; Li et al.,
2016). In contrast, the African catfish (Clarias gariepinus; Burchell, 1822)
preferred black tanks, showing higher daily food intake and better
growth performance in such conditions (Okomoda et al., 2017).
Considering the abovementioned findings, the background colour of
stocked fish is recommended to reflect species-specific characteristics,
and extra attention is warranted for extremely coloured phenotypes, i.e.,
albino individuals should be kept with light backgrounds, and melanistic
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individuals should be kept with dark backgrounds.
4. Pigmentation and agonistic interactions

Pigmentation contributes to the formation of both intraspecific and
interspecific relationships, specifically by affecting fish aggressiveness
(Price et al., 2008) or mate choice (Amundsen and Forsgren, 2001;
Gardner, 2010). In fish, aggression is an important trait when competing
for limited resources, e.g., food, mates, and spawning territories, as it
plays a role in the establishment of territories and dominance hierar-
chies (Filby et al., 2010). An association between pigmentation and
behavioural dominance has been recorded in many species, including in
cichlids Neochromis omnicaeruleus (Seehausen and Bouton, 1998) and
Pundamilia species (Dijkstra et al., 2009a, 2010). Moreover, aggression
can play a role in frequency-dependent selection (Dijkstra et al., 2010),
as male-male competition is more frequent between common pheno-
types, and aggressive bias against individuals of the same phenotype is
typical; this pattern provides a potential negative frequency-dependent
fitness advantage for rarer phenotypes or differently pigmented in-
dividuals (Seehausen and Schluter, 2004; Pauers et al., 2008; Dijkstra
et al., 2009b). A frequency-dependent advantage of pigmentation has
been demonstrated in guppies, as individuals with rare colour patterns
were found to have a survival advantage compared to those with com-
mon phenotypes (Olendorf et al., 2006). Furthermore, aggressive
behaviour in species also plays a significant role in the evolution of
colour patterns and the coexistence of colour morphs (Lehtonen, 2014).
In fact, biases in aggressive behaviour can help to establish new colour
morphs and facilitate species emergence either through direct benefits
or as a result of selection that benefits any low-frequency phenotype
(Mikami et al., 2004; Seehausen and Schluter, 2004). For example, in
two species of cichlids that differ in pigmentation, red Pundamilia
nyererei and blue Pundamilia pundamilia (Seehausen and Bouton, 1998),
male-male competition may facilitate invasion of a new colour pheno-
type (Dijkstra et al., 2005). The study demonstrated that the bright red
nuptial pigmentation of P. nyererei provides males with an advantage in
male-male competition because the brightness of their pigmentation
intimidates blue males and thus may facilitate the invasion of blue
populations by novel red morphs. Male competitions for breeding sites
also promote colour diversity (nuptial colour patterns of either blue or
yellow to red) and consequently speciation in cichlids of Lake Victoria
(Lehtonen, 2014). Therefore, male nuptial pigmentation is important in
female mate selection and plays a significant role in speciation (Pauers
et al., 2004, 2008; Seehausen et al., 2008; Tinghitella et al., 2018a).
Moreover, nuptial pigmentation is used by other males to identify
competitors during the breeding season (Tinghitella et al., 2018b) due to
aggressiveness biased towards similarly pigmented opponents (See-
hausen and Schluter, 2004; Pauers et al., 2008; Dijkstra et al., 2009b).
For example, in two closely related species of haplochromine cichlid,
males differ in pigmentation; one species is blue and the other is red
(Seehausen and van Alphen, 1998). The study demonstrated that fe-
males of both species exhibit species-assortative mate choice when dif-
ferences in male pigmentation are visible but not when light conditions
conceal male pigmentation — in such conditions, females of both species
responded more frequently to blue males, which are larger and more
visible than the red males. Seehausen and van Alphen (1998) further
described females may choose a mate based on display rates, size, or
both when pigmentation is not visible; however, if pigmentation is
visible, its information takes precedence over other aspects. Further-
more, in two-spotted gobies, females develop bright yellow—orange
bellies during the breeding season, which serve as a sign of preparedness
for spawning; males prefer distinctly pigmented females as indicated by
exhibiting far more courtship displays towards such females (Amundsen
and Forsgren, 2001; Skold et al., 2008). Hence, a differently or insuffi-
ciently pigmented individual in a shoal may have a limited chance to
reproduce, and their fitness rates and welfare may be reduced.

Furthermore, fish pigmentation is linked to social status and
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territorial contests through temporary visual signals that occur during
competitive and aggressive behaviour among animals (O’Connor et al.,
1999). For example, subordinate salmonids (O’Connor et al., 1999;
Suter, 2002) or cichlids (Volpato et al., 2003; Miyai et al., 2011) tended
to show rapid temporary changes in pigmentation to darker shades of
the body and eyes, while dominant individuals were more likely to
maintain their lighter colours. Indeed, as the subordinate individual
darkened in pigmentation of the body or eyes, the aggression of the
dominant individual decreased. Thus, the colour change of the losing
fish is associated with submission; such signals could minimalize
potentially costly fights by mitigating aggression from the domi-
nant/winning fish (O’ Connor et al., 1999; Miyai et al., 2011). Extremely
coloured phenotypes (i.e., albino or melanistic individuals), however,
are unable to socially communicate through pigmentation variability
(Cohen, 2018; Slavik et al., 2015, 2020). Thus, these individuals may be
unable to signal submission through colour changes, which can result in
conflict between their mental state and position in a social hierarchy
and/or attempt to change their social rank. Moreover, due to inability to
decrease the aggressiveness of dominant individuals, escalated conflicts
may occur, potentially leading to serious injury or even death.

In summary, while rarely coloured individuals are not preferentially
exposed to agonistic attacks from conspecifics, some colourations (e.g.,
red) can be advantageous for intra- and interspecific interactions.
Further research is needed to determine how pigmentation affects fish
welfare in aquaculture. Species-typical diversity of coloured phenotypes
should be maintained to support fish welfare in aquaculture; however,
breeding of both typical and extremely coloured phenotypes together in
aquaculture should be avoided.

5. Impacts on fitness

Pigmentation, specifically carotenoid pigments, are associated with
fitness, which is generally defined as the ability of organisms to survive
and reproduce in their current environment (Kodric-Brown, 1989; Maan
et al., 2006; Orr, 2009). Carotenoids improve antioxidative and immune
function in fish, resulting in improved survival, growth performance,
disease resistance, and egg quality; additionally, maternal carotenoid
supplementation increases the survival and growth of offspring (Brown
et al.,, 2014; Nakano and Wiegertjes, 2020). Nevertheless, fish are
typically unable to synthesize carotenoid pigments directly and thus
must ingest them through food (Kodric-Brown, 1989). Therefore, fish
with greater access to carotenoid-rich food resources presumably have
redder colouration and are in better health, more aggressive, more ter-
ritorial, and more often winners of agonistic contests; therefore, they
may be more likely to be dominant in a social hierarchy (Price et al.,
2008; Sefc et al., 2014), as demonstrated in experiments with cichlids
(Evans and Norris, 1996; Sefc et al., 2014; Ziegelbecker et al., 2021).
Furthermore, more intense carotenoid pigmentation is linked to higher
success in mate selection; for example, in the guppy (Poecilia reticulata;
Peters, 1859), males provided with a carotenoid-rich diet spent signifi-
cantly more time near females and were preferred by females in visual
choice tests (Kodric-Brown, 1989; Grether, 2000). A similar outcome in
mating success was observed in cichlids with more intense carotenoid
pigmentation; these males were more likely to be preferred by females
(Maan et al., 2006; Sefc et al., 2014). In addition, more intense carot-
enoid pigmentation was associated with lower rates of parasite infes-
tation, another trait that influences female choice (Kolluru et al., 2006,
2009; Maan et al, 2006; Stephenson et al., 2020). Although
carotenoid-based pigmentation is associated with increased stress
resistance and overall higher fitness in most cases, there are some ex-
ceptions. In some species, fish with more carotenoid spots displayed
higher sensitivity to stress and were more likely to be subordinate; for
example, in the Arctic char (Salvelinus alpinus; Linnaeus, 1758),
carotenoid-based pigmentation signalised lower aggression and stress
resilience (Backstrom et al., 2014, 2015). In aquaculture, dietary sup-
plementation of carotenoids may influence fish welfare; therefore, to
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avoid excessive social imbalance within a group, an even and regular
intake of carotenoid-rich food for all fish should be ensured. Equal
intake can be guaranteed by altering aspects of the environment, such as
by creating a wider range of feeding habitats.

6. Shoaling behaviour

Pigmentation facilitates shoaling behaviour in fish, as it is used for
identification and signals phenotypes to cluster with similar individuals
(McRobert and Bradner, 1998). The most important advantage of living
in groups may be the antipredator benefits, including enhanced vigi-
lance and early predator detection (Cattelan and Griggio, 2018). If
members of a shoal are homogenous in appearance (e.g., in size or
pigmentation), this further reduces the risk of predation (Krakauer,
1995) because predators are not able to focus on one individual at a
time, the so-called “confusion effect” (Landeau and Terborgh, 1986;
Krakauer, 1995). Consequently, an individual who differs in appearance
from most of the group is at a higher risk of predation, as it is more
noticeable to predators (the “oddity effect”, Theodorakis, 1989). Thus,
fish generally choose to shoal with individuals similar in appearance to
their own body size and colour (Godin, 1986; Gomez-Laplaza, 2009;
Rodgers et al., 2010). For example, in western rainbowfishes,
dark-pigmented phenotypes preferred dark phenotypes, and
light-pigmented phenotypes preferred light phenotypes (Rodgers et al.,
2010). Similarly, the sailfin molly (Poecilia latipinna; Lesueur, 1821)
preferentially shoaled with similar colour phenotypes, with black fish
preferring other black individuals and white fish preferring other white
individuals (McRobert and Bradner, 1998). Similarly, Mediterranean
killifish (Aphanius fasciatus; Valenciennes, 1821) females preferred the
shoal with the highest phenotypic homogeneity (Cattelan and Griggio,
2018). Juvenile angelfish (Pterophyllum scalare; Lichtenstein, 1823) rely
on body pigmentation to form intraspecific shoals; however, recent
familiarization with specifically pigmented conspecifics can influence
colour-assortative shoaling preferences (Gomez-Laplaza, 2009). Differ-
ently pigmented individuals in a shoal, e.g., albino fish, appear at risk of
being ostracized by a group (Slavik et al., 2015), i.e., they will not be
accepted into a shoal, which can potentially result in reduced welfare of
these individuals. In conclusion, pigmentation is an important factor in

EFFECT ON:

Applied Animal Behaviour Science 262 (2023) 105903

shoal formation, and to avoid a decrease in fish welfare in aquaculture,
similarly pigmented phenotypes should be stocked together.

7. Pleiotropic effects of pigmentation

The melanocortin system is a neuroendocrine system that regulates
several physiological and behavioural processes (Ducrest et al., 2008),
as schematically expressed in Fig. 1. The melanocortin system consist of
a) melanocortin peptides, endogenous agonists, which stimulated mel-
anocortin receptors and are derived from the proopiomelanocortin gene
(POMC) - a-, f- and y-melanocyte-stimulating hormones (a-, p-, y -MSH)
and adrenocorticotropic hormone (ACTH), b) five G-protein melano-
cortin receptor subtypes (MC;R-MCsR), which mediate the diverse ac-
tions of melanocortin and c) endogenous antagonists that include agouti
signalling protein (ASIP) and agouti-related protein (AGRP), which
compete with melanocortin peptides by binding to MC receptors (Metz
et al., 2006; Cerda-Reverter et al., 2011; Cal et al., 2017). Melanocortin
receptor MCyR binds ACTH but requires the participation of accessory
proteins (MRAP) to reach its functional expression (Cerda-Reverter
et al., 2011). Melanocortin receptors MC;R, MC3R, MC4R and MCsR are
specific for binding MSHs. The interaction of a-MSH and the MC;R plays
a crucial role in controlling pigmentation, and mutations in the MC;R
are responsible for reduced melanisation. Both the melanocortin re-
ceptor MC4R and MCsR are expressed in the hypothalamus, and it is
hypothesized that central expression of the MC4R regulates energy
balance through modulation of feeding behaviour (Cerda-Reverter et al.,
2011; Cal et al., 2017; Dijkstra et al., 2017). The melanocortin hy-
pothesis suggests that melanocortin pathways have pleiotropic effects,
linking the expression of melanin-based pigmentation with variation in
physiological and behavioural traits (Ducrest et al., 2008; Cal et al.,
2017). The premise of this hypothesis is that darker-pigmented pheno-
types are more aggressive, are more resistant to stress, have greater
immunity, and are more sexually active than lighter-pigmented phe-
notypes because the melanocortin system enhances fertility, female
sexual receptivity, male sexual motivation and performance, and the
production of sexual hormones (Ducrest et al., 2008; Dijkstra et al.,
2017). Melanocortin system is linked to the immune system; thus,
darker phenotypes are assumed to have better anti-inflammatory,
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Fig. 1. Illustrative diagram of the pleiotropic effect of genes involved in animal pigmentation.
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antipyretic and antioxidative responses than lighter phenotypes (Ducr-
est et al., 2008). For example, in salmonid fishes, such as the Atlantic
salmon (Salmo salar; Linnaeus, 1758) or rainbow trout (Oncorhynchus
mykiss; Walbaum, 1792), individuals with more spots showed a reduced
behavioural response to a stressful event and had significantly lower
post-stress cortisol levels, which is associated with resistance or toler-
ance to stress, than conspecifics with fewer or no spots (Kittilsen et al.,
2009). Similarly, in the polymorphic pigmented cichlid fish Astatotilapia
burtoni (Giinther, 1894), the melanocortin system regulates both body
pigmentation and behaviour. This system is differentially activated in
blue and yellow males; dominant males (bright blue or yellow) defend a
spawning territory, while subordinate males (pale blue or yellow) are
nonterritorial; additionally, yellow dominant males tend to be more
aggressive than blue dominant males, and blue males have higher
cortisol levels than yellow males (Dijkstra et al., 2017). In contrast, a
study that examined the melanocortin hypothesis with male guppies
found no correlations of behaviour (activity, feeding, boldness, and
courtship displays and chases) with stress responses and pigmentation
(Santostefano et al., 2019).

Furthermore, it is important to consider extremely coloured pheno-
types, which significantly differ from typically pigmented phenotypes in
many characteristics. Melanistic phenotypes possess abnormal amounts
of dark pigmentation characterized by excessive deposits of melanin
(Horth, 2003; Culumber et al., 2014), while albino phenotypes are
characterized by the absence of pigmentation in the skin and eyes
(Oetting and King, 1999; Kayis et al., 2017). Albino individuals usually
display lower aggressiveness, less reproductive behaviour and reduced
tendency to shoal (Slavik et al., 2015, 2018); these behavioural patterns
may be a strategy to avoid escalated aggression from conspecifics. The
inability of albino individuals to change their pigmentation, however,
results in a higher predation risk (Ellegren et al., 1997; but see Ste-
phenson et al., 2021). Furthermore, the albino phenotype is associated
with physiological limitations such as reduced visual capabilities and/or
elevated stress levels (Ren et al., 2002; Kittilsen et al., 2009; Pavlidis
etal., 2013; Slavik et al., 2020, 2022; Valcharova et al., 2022), although
the growth rates of albino and wild-type individuals did not differ
(Bondari, 1984). The albino phenotype may also be more susceptible to
infectious diseases and negative impacts from conspecifics, as observed
in Metriaclima zebra (Boulenger, 1899); in this species, albino in-
dividuals suffered from a higher rate of brood parasitism than wild
conspecifics (Cohen et al., 2018). In convict cichlids, Cichlasoma nigro-
fasciatum (Giinther, 1867), all albino individuals died due to infection
(Kayis et al,, 2017). In contrast, melanistic phenotypes are more
aggressive and reproductively active than their wild-type conspecifics
(Horth, 2003, 2004), as demonstrated in males of the eastern mosqui-
tofish (Gambusia holbrooki; Girard, 1859), in which melanistic in-
dividuals displayed more aggression towards females during chases and
attempted to reproduce more frequently than typically-pigmented silver
males; however, females avoided the mating attempts of melanistic
males more than those of silver males (Horth, 2003). Similarly, in poe-
cilid fish, typically pigmented females showed either no preference or
even avoidance of melanistic males, while melanistic females preferred
melanistic males (Culumber et al., 2014). These examples display the
contradictory nature of extreme colouring, as higher aggressivity of
melanistic phenotype can be advantageous, e.g., to avoid predation
(Horth, 2004) but also disadvantageous, e.g., to successful reproduction
(Horth, 2003; Culumber et al., 2014).

In summary, more pigmented and/or melanistic phenotypes are
usually more dominant and aggressive and display higher stress resis-
tance than paler, lesser spotted and/or albino phenotypes. Hence, to
improve fish welfare in aquaculture, large differences in colour pheno-
types should be minimized, and extremely coloured phenotypes should
not be included in mixed shoals with typically pigmented individuals.
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8. Implications for aquaculture

This section focuses on aquaculture applications that could prevent
or reduce the negative consequences of stocking variable pigmented
phenotypes within the same environment. Based on this review of the
literature, we concluded that several different scenarios may arise:

1. Stocking a mix of pigmented phenotypes, as in the wild. The best avail-
able scenario is an equal distribution of phenotypes approaching
natural conditions. Such conditions allow fish to choose their
shoaling mates as well as sexual partners, and potential predation
risk is reduced. Aggression among fish is equally distributed,
although biased aggression towards individuals of similar pheno-
types is possible. Attention should be given to the population density
and environmental conditions of breeding environments.

2. Stocking only similar and/or identically pigmented phenotypes. Breeding
and stocking similarly pigmented individuals is a frequent scenario,
as fish form shoals with others of similar appearance. To improve fish
welfare and to avoid aggression biased towards similarly pigmented
phenotypes, special attention should be given to population density
and the environmental conditions of breeding environments. Addi-
tionally, research should be conducted to determine the ideal density
of a species, and steps should be taken to form shoals that avoid
increased risk of conflict among individuals during the defence of
territories and spawning sites or during the breeding season.

3. Stocking similar and/or wild-type phenotypes with a few differently col-
oured phenotypes. This unsuitable scenario may occur when a breeder
chooses to create a shoal with only one or a few differently pig-
mented individuals among a majority of similarly coloured pheno-
types. The minority phenotypes may experience reduced welfare due
to ostracization by a majority phenotypes, their likelihood of
reproduction is much lower than that of the majority phenotypes,
and they might have reduced access to food or space (e.g., shelter), as
the majority phenotype will occupy both feeding locations and
shelters. Consequently, rare phenotypes will have reduced social
status, and these individuals will likely be subordinate. Moreover,
rare phenotypes will experience increased predation risk due to the
oddity effect. In conclusion, welfare of differently pigmented phe-
notypes will be reduced compared to that of the majority phenotype.
Therefore, the stocking or breeding of fish with only a few differently
coloured phenotypes should be avoided and/or carefully considered.

4. Stocking similar phenotypes with a few extremely coloured phenotypes
(albino or melanistic individuals). The unsuitable scenario should be
avoided. In general, the breeding of extremely coloured phenotypes
is considered unethical. Albino individuals are usually less aggres-
sive, less likely to shoal, and more subordinate; hence, they are more
likely to suffer aggression, exhibit ineffective reproductive behav-
iour, experience higher predation risk, and experience higher risk of
being infected than typically pigmented phenotypes. The albino
phenotype is also accompanied by altered physiological function, e.
g., reduced vision and elevated stress levels. Conversely, melanistic
phenotypes are more aggressive and reproductively active than their
typically pigmented conspecifics; however, females avoid the mating
attempts of melanistic males more than those of wild-type in-
dividuals. Moreover, melanistic phenotypes show increased aggres-
siveness towards less pigmented phenotypes, which may lead to
reduced welfare on both sides. In conclusion, the breeding of
extremely pigmented phenotypes among typically pigmented phe-
notypes will lead to reduced welfare; therefore, stocking albino in-
dividuals and/or melanistic individuals with typically pigmented
phenotypes should be avoided.

Stocking only extremely coloured phenotypes (albino individuals or
melanistic individuals). Breeding extremely coloured phenotypes is
considered unethical unless specific conditions are provided. Breeding
and/or stocking scenarios should be carefully evaluated according to up-
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to-date knowledge of the physiological and behavioural limitations of
extremely pigmented phenotypes. Both phenotypes should be kept
strictly separated for breeding. The environmental conditions of the
breeding environment, such as the colouring of walls, shelter avail-
ability, and lighting, need to be adjusted to specific requirements of the
phenotype.

Further research using adequate indicators of fish welfare (Barreto
et al., 2021) is needed to verify the relationship between fish pigmen-
tation and welfare outlined above.

Declaration of Competing Interest

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

Acknowledgment

This work was supported by the European Regional Development
Fund; (No. CZ.02.1.01/0.0/0.0/16_019/0000845). We thank two
anonymous referees for their valuable comments and A. Slavikova for
providing assistance with earlier versions of the manuscript.

References

Ahmed, F.E., Setlow, R.B., 1993. Ultraviolet radiation-induced DNA damage and its
photorepair in the skin of the platyfish Xiphophorus. Cancer Res. 53, 2249-2255.

Amundsen, T., Forsgren, E., 2001. Male mate choice selects for female coloration in a
fish. Proc. Natl. Acad. Sci. USA 98, 13155-13160. https://doi.org/10.1073/
pnas.211439298.

Backstrom, T., Brannas, E., Nilsson, J., Magnhagen, C., 2014. Behaviour, physiology and
carotenoid pigmentation in Arctic charr Salvelinus alpinus. J. Fish. Biol. 84, 1-9.
https://doi.org/10.1111/jfb.12240.

Backstrom, T., Heynen, M., Brannas, E., Nilsson, J., Winberg, S., Magnhagen, C., 2015.
Social stress effects on pigmentation and monoamines in Arctic charr. Behav. Brain
Res. 291, 103-107. https://doi.org/10.1016/j.bbr.2015.05.011.

Bagnara, J.T., Matsumoto, J., 2006. Comparative anatomy and physiology of pigment
cells in nonmammalian tissues. In: Nordlund, J.J., Boissy, R.E., Hearing, V.J.,
King, R.A., Ortonne, J.P. (Eds.), Pigmentary System. Oxford University Press,
Oxford, pp. 11-59.

Barreto, M.O., Planellas, S.R., Yang, Y., Phillips, C., Descovich, K., 2021. Emerging
indicators of fish welfare in aquaculture. Rev. Aquac. 14, 343-361. https://doi.org/
10.1111/raq.12601.

Berlinghieri, F., Panizzon, P., Penry-Williams, I.L., Brown, C., 2021. Laterality and fish
welfare — a review. Appl. Anim. Behav. Sci. 236, 105239 https://doi.org/10.1016/j.
applanim.2021.105239.

Bondari, K., 1984. Performance of Albino and Normal Channel Catfish (Ictalurus
punctatus) in different water temperatures. Aquac. Res. 15, 131-140. https://doi.
org/10.1111/j.1365-2109.1984.tb00844.x.

Braithwaite, V., 2010. Do Fish Feel Pain?, 1st ed. Oxford University Press, New York.

Braithwaite, V.A., Boulcott, P., 2008. Can Fish Suffer?. In: Fish Welfare. Blackwell
Publishing Ltd, Oxford, UK, pp. 78-92. https://doi.org/10.1002/9780470697610.
ch5.

Branson, E.J., 2008. Fish Welfare. Willey-Blackwell, Ames, lowa.

Bronner, M.E., LeDouarin, N.M., 2012. Development and evolution of the neural crest: an
overview. Dev. Biol. 366, 2-9. https://doi.org/10.1016/j.ydbio.2011.12.042.

Broom, D.M., 1991. Animal welfare: concepts and measurement. J. Anim. Sci. 69,
4167-4175. https://doi.org/10.2527/1991.69104167x.

Brown, A.C., Leonard, H.M., McGraw, K.J., Clotfelter, E.D., 2014. Maternal effects of
carotenoid supplementation in an ornamented cichlid fish. Funct. Ecol. 28, 612-620.
https://doi.org/10.1111/1365-2435.12205.

Brown, C., Dorey, C., 2019. Pain and emotion in fishes — fish welfare implications for
fisheries and aquaculture. Anim. Stud. J. 8, 175-201. https://doi.org/10.14453/asj.
v8i2.12.

Burton, D., 2011. Coloration and chromatophores in fish. In: Farrell, A.P. (Ed.), the
Encyclopedia of Fish Physiology. From Genome to Environment. Academic Press,
Amsterdam, pp. 489-496.

Cal, L., Suarez-Bregua, P., Cerdd-Reverter, J.M., Braasch, L., Rotllant, J., 2017. Fish
pigmentation and the melanocortin system. Comp. Biochem. Physiol. Part A: Mol.
Integr. Physiol. 211, 26-33. https://doi.org/10.1016/j.cbpa.2017.06.001.

Castanheira, M.F., Conceicao, L.E.C., Millot, S., Rey, S., Bégout, M.-L., Damsgérd, B.,
Kristiansen, T., Hoglund, E., @verli, @., Martins, C.I.M., 2017. Coping styles in
farmed fish: consequences for aquaculture. Rev. Aquac. 9, 23-41. https://doi.org/
10.1111/raq.12100.

Cattelan, S., Griggio, M., 2018. Within-shoal phenotypic homogeneity affects shoaling
preference in a killifish. Biol. Lett. 14, 20180293 https://doi.org/10.1098/
rsbl.2018.0293.

Applied Animal Behaviour Science 262 (2023) 105903

Cerda-Reverter, J.M., Agulleiro, M.J., Guillot, R.R., Sanchez, E., Ceinos, R., Rotllant, J.,
2011. Fish melanocortin system. Eur. J. Pharmacol. 660, 53-60. https://doi.org/
10.1016/j.ejphar.2010.10.108.

Cheney, K.L., Grutter, A.S., Marshall, N.J., 2008. Facultative mimicry: cues for colour
change and colour accuracy in a coral reef fish. Proc. R. Soc. B: Biol. Sci. 275,
117-122. https://doi.org/10.1098/1spb.2007.0966.

Cohen, M.S., Hawkins, M.B., Knox-Hayes, J., Vinton, A.C., Cruz, A., 2018. A laboratory
study of host use by the cuckoo catfish Synodontis multipunctatus. Environ. Biol.
Fishes 101, 1417-1425. https://doi.org/10.1007/s10641-018-0788-1.

Coté, .M., Cheney, K.L., 2005. Choosing when to be a cleaner-fish mimic. Nature 433,
211-212. https://doi.org/10.1038/433211a.

Culumber, Z.W., Bautista-Hernandez, C.E., Monks, S., Arias-Rodriguez, L., Tobler, M.,
2014. Variation in melanism and female preference in proximate but ecologically
distinct environments. Ethology 120, 1090-1100. https://doi.org/10.1111/
eth.12282.

Dijkstra, P.D., Seehausen, O., Groothuis, T.G.G., 2005. Direct male-male competition can
facilitate invasion of new colour types in Lake Victoria cichlids. Behav. Ecol.
Sociobiol. 58, 136-143. https://doi.org/10.1007/500265-005-0919-5.

Dijkstra, P.D., Hemelrijk, C., Seehausen, O., Groothuis, T.G.G., 2009b. Color
polymorphism and intrasexual competition in assemblages of cichlid fish. Behav.
Ecol. 20, 138-144. https://doi.org/10.1093/beheco/arn125.

Dijkstra, P.D., Lindstrom, J., Metcalfe, N.B., Hemelrijk, C.K., Brendel, M., Seehausen, O.,
Groothuis, T.G.G., 2010. Frequency-dependent social dominance in a color
polymorphic cichlid fish. Evol. (N.Y.) no-no. https://doi.org/10.1111/j.1558-
5646.2010.01046.x.

Dijkstra, P.D., Maguire, S.M., Harris, R.M., Rodriguez, A.A., DeAngelis, R.S., Flores, S.A.,
Hofmann, H.A., 2017. The melanocortin system regulates body pigmentation and
social behaviour in a colour polymorphic cichlid fish. Proc. R. Soc. B: Biol. Sci. 284,
20162838 https://doi.org/10.1098/rspb.2016.2838.

Dijkstra, Peter D., van Dijk, S., Groothuis, T.G.G., Pierotti, M.E.R., Seehausen, O., 2009a.
Behavioral dominance between female color morphs of a Lake Victoria cichlid fish.
Behav. Ecol. 20, 593-600. https://doi.org/10.1093/beheco/arp036.

Duarte, R.C., Flores, A.A. v, Stevens, M., 2017. Camouflage through colour change:
mechanisms, adaptive value and ecological significance. Philos. Trans. R. Soc. B:
Biol. Sci. 372, 20160342 https://doi.org/10.1098/rstb.2016.0342.

Ducrest, A., Keller, L., Roulin, A., 2008. Pleiotropy in the melanocortin system,
coloration and behavioural syndromes. Trends Ecol. Evol. 23, 502-510. https://doi.
org/10.1016/j.tree.2008.06.001.

Ellegren, H., Lindgren, G., Primmer, C.R., Mgller, A.P., 1997. Fitness loss and germline
mutations in barn swallows breeding in Chernobyl. Nature 389, 593-596. https://
doi.org/10.1038/39303.

Ellis, T., Yildiz, H.Y., Lopez-Olmeda, J., Spedicato, M.T., Tort, L., @verli, @., Martins, C.I.
M., 2012. Cortisol and finfish welfare. Fish. Physiol. Biochem. 38, 163-188. https://
doi.org/10.1007/5s10695-011-9568-y.

Evans, M.R., Norris, K., 1996. The importance of carotenoids in signaling during
aggressive interactions between male firemouth cichlids (Cichlasoma meeki). Behav.
Ecol. 7, 1-6. https://doi.org/10.1093/beheco/7.1.1.

FAO Yearbook. Fishery and Aquaculture Statistics 2018/FAO annuaire. Statistiques des
péches et de I’aquaculture 2018/FAO anuario. Estadisticas de pesca y acuicultura
2018, 2020. FAO. (https://doi.org/10.4060/cb1213t).

Filby, Amy L., Paull, G.C., Hickmore, T.F., Tyler, C.R., 2010. Unravelling the
neurophysiological basis of aggression in a fish model. BMC Genom. 11, 498.
https://doi.org/10.1186,/1471-2164-11-498.

Fujii, R., 2000. The regulation of motile activity in fish chromatophores. Pigment Cell
Res. 13, 300-319. https://doi.org/10.1034/j.1600-0749.2000.130502.x.

Fukunishi, Y., Masuda, R., Seikai, T., Nakamura, M., Tagawa, M., Yamashita, Y., 2017.
Comparison of UV-B tolerance between wild-type and albino Japanese flounder
Paralichthys olivaceus juveniles. Aquac. Sci. 65, 149-152. https://doi.org/10.11233/
aquaculturesci.65.149.

Gardner, H., 2010. Mate choice in fish: a review, The Plymouth Student Scientist.

Godin, J.-G.J., 1986. Risk of predation and foraging behaviour in shoaling banded
killifish (Fundulus diaphanus). Can. J. Zool. 64, 1675-1678. https://doi.org/
10.1139/z86-251.

Goémez-Laplaza, L.M., 2009. Recent social environment affects colour-assortative
shoaling in juvenile angelfish (Pterophyllum scalare). Behav. Process. 82, 39-44.
https://doi.org/10.1016/j.beproc.2009.04.002.

Grether, G.F., 2000. Carotenoid limitation and mate preference evolution: A test of the
indicator hypothesis in guppies (Poecilia reticulata). Evol. (N.Y.) 54, 1712-1724.
https://doi.org/10.1111/j.0014-3820.2000.tb00715.x.

Grether, G.F., Hudon, J., Endler, J.A., 2001. Carotenoid scarcity, synthetic pteridine
pigments and the evolution of sexual coloration in guppies (Poecilia reticulata). Proc.
R. Soc. Lond. Ser. B: Biol. Sci. 268, 1245-1253. https://doi.org/10.1098/
rspb.2001.1624.

Grether, G.F., Kolluru, G.R., Nersissian, K., 2004. Individual colour patches as
multicomponent signals. Biol. Rev. 79, 583-610. https://doi.org/10.1017/
$1464793103006390.

Horth, L., 2003. Melanic body colour and aggressive mating behaviour are correlated
traits in male mosquitofish (Gambusia holbrooki). Proc. R. Soc. Lond. Ser. B: Biol. Sci.
270, 1033-1040. https://doi.org/10.1098/rspb.2003.2348.

Horth, L., 2004. Predation and the persistence of melanic male mosquitofish (Gambusia
holbrooki). J. Evolut. Biol. 17, 672-679. https://doi.org/10.1111/j.1420-
9101.2004.00710.x.

Huntingford, F.A., Adams, C., Braithwaite, V.A., Kadri, S., Pottinger, T.G., Sandoe, P.,
Turnbull, J.F., 2006. Current issues in fish welfare. J. Fish. Biol. 68, 332-372.
https://doi.org/10.1111/j.0022-1112.2006.001046.x.


http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref1
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref1
https://doi.org/10.1073/pnas.211439298
https://doi.org/10.1073/pnas.211439298
https://doi.org/10.1111/jfb.12240
https://doi.org/10.1016/j.bbr.2015.05.011
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref5
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref5
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref5
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref5
https://doi.org/10.1111/raq.12601
https://doi.org/10.1111/raq.12601
https://doi.org/10.1016/j.applanim.2021.105239
https://doi.org/10.1016/j.applanim.2021.105239
https://doi.org/10.1111/j.1365-2109.1984.tb00844.x
https://doi.org/10.1111/j.1365-2109.1984.tb00844.x
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref9
https://doi.org/10.1002/9780470697610.ch5
https://doi.org/10.1002/9780470697610.ch5
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref11
https://doi.org/10.1016/j.ydbio.2011.12.042
https://doi.org/10.2527/1991.69104167x
https://doi.org/10.1111/1365-2435.12205
https://doi.org/10.14453/asj.v8i2.12
https://doi.org/10.14453/asj.v8i2.12
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref16
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref16
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref16
https://doi.org/10.1016/j.cbpa.2017.06.001
https://doi.org/10.1111/raq.12100
https://doi.org/10.1111/raq.12100
https://doi.org/10.1098/rsbl.2018.0293
https://doi.org/10.1098/rsbl.2018.0293
https://doi.org/10.1016/j.ejphar.2010.10.108
https://doi.org/10.1016/j.ejphar.2010.10.108
https://doi.org/10.1098/rspb.2007.0966
https://doi.org/10.1007/s10641-018-0788-1
https://doi.org/10.1038/433211a
https://doi.org/10.1111/eth.12282
https://doi.org/10.1111/eth.12282
https://doi.org/10.1007/s00265-005-0919-5
https://doi.org/10.1093/beheco/arn125
https://doi.org/10.1111/j.1558-5646.2010.01046.x
https://doi.org/10.1111/j.1558-5646.2010.01046.x
https://doi.org/10.1098/rspb.2016.2838
https://doi.org/10.1093/beheco/arp036
https://doi.org/10.1098/rstb.2016.0342
https://doi.org/10.1016/j.tree.2008.06.001
https://doi.org/10.1016/j.tree.2008.06.001
https://doi.org/10.1038/39303
https://doi.org/10.1038/39303
https://doi.org/10.1007/s10695-011-9568-y
https://doi.org/10.1007/s10695-011-9568-y
https://doi.org/10.1093/beheco/7.1.1
https://doi.org/10.4060/cb1213t
https://doi.org/10.1186/1471-2164-11-498
https://doi.org/10.1034/j.1600-0749.2000.130502.x
https://doi.org/10.11233/aquaculturesci.65.149
https://doi.org/10.11233/aquaculturesci.65.149
https://doi.org/10.1139/z86-251
https://doi.org/10.1139/z86-251
https://doi.org/10.1016/j.beproc.2009.04.002
https://doi.org/10.1111/j.0014-3820.2000.tb00715.x
https://doi.org/10.1098/rspb.2001.1624
https://doi.org/10.1098/rspb.2001.1624
https://doi.org/10.1017/S1464793103006390
https://doi.org/10.1017/S1464793103006390
https://doi.org/10.1098/rspb.2003.2348
https://doi.org/10.1111/j.1420-9101.2004.00710.x
https://doi.org/10.1111/j.1420-9101.2004.00710.x
https://doi.org/10.1111/j.0022-1112.2006.001046.x

K. Svitacova et al.

Karakatsouli, N., Papoutsoglou, S.E., Manolessos, G., 2007. Combined effects of rearing
density and tank colour on the growth and welfare of juvenile white sea bream
Diplodus sargus L. in a recirculating water system. Aquac. Res. 38, 1152-1160.
https://doi.org/10.1111/j.1365-2109.2007.01780.x.

Kayzs, S., Er, A., Ipek, Z.Z., 2017. Effects of albinism on Pseudomonas putida infection on
convict cichlid (Cichlasoma nigrofasciatum). J. Anatol. Environ. Anim. Sci. 2, 51-52.
https://doi.org/10.35229/jaes.351597.

Kittilsen, S., Schjolden, J., Beitnes-Johansen, I., Shaw, J.C., Pottinger, T.G., Sgrensen, C.,
Braastad, B.O., Bakken, M., @verli, @., 2009. Melanin-based skin spots reflect stress
responsiveness in salmonid fish. Horm. Behav. 56, 292-298. https://doi.org/
10.1016/j.yhbeh.2009.06.006.

Kodric-Brown, A., 1989. Dietary carotenoids and male mating success in the guppy: an
environmental component to female choice. Behav. Ecol. Sociobiol. 25, 393-401.
https://doi.org/10.1007/BF00300185.

Kolluru, G.R., Grether, G.F., South, S.H., Dunlop, E., Cardinali, A., Liu, L., Carapiet, A.,
2006. The effects of carotenoid and food availability on resistance to a naturally
occurring parasite (Gyrodactylus turnbulli) in guppies (Poecilia reticulata). Biol. J.
Linn. Soc. 89, 301-309. https://doi.org/10.1111/j.1095-8312.2006.00675.x.

Kolluru, G.R., Grether, G.F., Dunlop, E., South, S.H., 2009. Food availability and parasite
infection influence mating tactics in guppies (Poecilia reticulata). Behav. Ecol. 20,
131-137. https://doi.org/10.1093/beheco/arn124.

Krakauer, D.C., 1995. Groups confuse predators by exploiting perceptual bottlenecks: a
connectionist model of the confusion effect. Behav. Ecol. Sociobiol. 36, 421-429.
https://doi.org/10.1007/BF00177338.

Landeau, L., Terborgh, J., 1986. Oddity and the ‘confusion effect’ in predation. Anim.
Behav. 34, 1372-1380. https://doi.org/10.1016/50003-3472(86)80208-1.

Lehtonen, T.K., 2014. Colour biases in territorial aggression in a Neotropical cichlid fish.
Oecologia 175, 85-93. https://doi.org/10.1007/500442-013-2879-1.

Li, X., Chi, L., Tian, H., Meng, L., Zheng, J., Gao, X., Liu, Y., 2016. Colour preferences of
juvenile turbot (Scophthalmus maximus). Physiol. Behav. 156, 64-70. https://doi.
org/10.1016/j.physbeh.2016.01.007.

Lin, J.Y., Fisher, D.E., 2007. Melanocyte biology and skin pigmentation. Nature 445,
843-850. https://doi.org/10.1038/nature05660.

Luo, M., Lu, G., Y, H., Wang, L., Atuganile, M., Dong, Z., 2021. Fish pigmentation and
coloration: Molecular mechanisms and aquaculture perspectives. Rev. Aquac. 1-18.
https://doi.org/10.1111/raq.12583.

Maan, M.E., van der Spoel, M., Jimenez, P.Q., van Alphen, J.J.M., Seehausen, O., 2006.
Fitness correlates of male coloration in a Lake Victoria cichlid fish. Behav. Ecol. 17,
691-699. https://doi.org/10.1093/beheco/ark020.

Martins, C.LLM., Galhardo, L., Noble, C., Damsgard, B., Spedicato, M.T., Zupa, W.,
Beauchaud, M., Kulczykowska, E., Massabuau, J.-C., Carter, T., Planellas, S.R.,
Kristiansen, T., 2012. Behavioural indicators of welfare in farmed fish. Fish. Physiol.
Biochem. 38, 17-41. https://doi.org/10.1007/s10695-011-9518-8.

McRobert, S.P., Bradner, J., 1998. The influence of body coloration on shoaling
preferences in fish. Anim. Behav. 56, 611-615. https://doi.org/10.1006/
anbe.1998.0846.

Meredith, P., Sarna, T., 2006. The physical and chemical properties of eumelanin.
Pigment Cell Res. 19, 572-594. https://doi.org/10.1111/j.1600-0749.2006.00345.
X.

Metz, J.R., Peters, J.J.M., Flik, G., 2006. Molecular biology and physiology of the
melanocortin system in fish: a review. Gen. Comp. Endocrinol. 148, 150-162.
https://doi.org/10.1016/j.ygcen.2006.03.001.

Mikami, O.K., Kohda, M., Kawata, M., 2004. A new hypothesis for species coexistence:
male? male repulsion promotes coexistence of competing species. Popul. Ecol. 46.
https://doi.org/10.1007/s10144-004-0189-5.

Miyai, C.A., Carretero Sanches, F.H., Costa, T.M., Colpo, K.D., Volpato, G.L., Barreto, R.
E., 2011. The correlation between subordinate fish eye colour and received attacks: a
negative social feedback mechanism for the reduction of aggression during the
formation of dominance hierarchies. Zoology 114, 335-339. https://doi.org/
10.1016/j.z001.2011.07.001.

Morgan, K.N., Tromborg, C.T., 2007. Sources of stress in captivity. Appl. Anim. Behav.
Sci. 102, 262-302. https://doi.org/10.1016/j.applanim.2006.05.032.

Nagao, Y., Takada, H., Miyadai, M., Adachi, T., Seki, R., Kamei, Y., Hara, 1.,
Taniguchi, Y., Naruse, K., Hibi, M., Kelsh, R.N., Hashimoto, H., 2018. Distinct
interactions of Sox5 and Sox10 in fate specification of pigment cells in medaka and
zebrafish. PLoS Genet. 14, e1007260 https://doi.org/10.1371/journal.
pgen.1007260.

Nakano, T., Wiegertjes, G., 2020. Properties of carotenoids in fish fitness: a review. Mar.
Drugs 18, 568. https://doi.org/10.3390/md18110568.

Nelissen, M.H.J., 1992. Does body size affect the ranking of a cichild fish in a dominance
hierarchy. J. Ethol. 10, 153-156. https://doi.org/10.1007/BF02350121.

Novidk, J., Kalous, L., Patoka, J., 2020. Modern ornamental aquaculture in Europe: early
history of freshwater fish imports. Rev. Aquac. 12, 2042-2060. https://doi.org/
10.1111/raq.12421.

Noviék, J., Hofmann, J., Hohl, D., Magalhaes, A.L.B., Patoka, J., 2022. Enigmatic
armoured catfishes (Siluriformes: Callichthyidae and Loricariidae) in ornamental
aquaculture: a new insight into Neotropical fish diversity. Aquaculture 547, 737460.
https://doi.org/10.1016/j.aquaculture.2021.737460.

Niisslein-Volhard, C., Singh, A.P., 2017. How fish color their skin: a paradigm for
development and evolution of adult patterns. BioEssays 39, 1600231. https://doi.
org/10.1002/bies.201600231.

O’Connor, K.I., Metcalfe, N.B., Taylor, A.C., 1999. Does darkening signal submission in
territorial contests between juvenile Atlantic salmon, Salmo salar? Anim. Behav. 58,
1269-1276. https://doi.org/10.1006/anbe.1999.1260.

Oetting, W.S., King, R.A., 1999. Molecular basis of albinism: mutations and
polymorphisms of pigmentation genes associated with albinism. Hum. Mutat. 13,

Applied Animal Behaviour Science 262 (2023) 105903

99-115. https://doi.org/10.1002/(SICI)1098-1004(1999)13:2<99::AID-
HUMU2>3.0.CO;2-C.

Okomoda, V.T., Tiamiyu, L.O., Wase, G., 2017. Effects of tank background colour on
growth performance and feed utilization of African Catfish Clarias gariepinus
(Burchell, 1822) Fingerlings. Croat. J. Fish. 75, 5-11. https://doi.org/10.1515/cjf-
2017-0002.

Olendorf, R., Rodd, F.H., Punzalan, D., Houde, A.E., Hurt, C., Reznick, D.N., Hughes, K.
A., 2006. Frequency-dependent survival in natural guppy populations. Nature 441,
633-636. https://doi.org/10.1038/nature04646.

Oliveira, C., Franco-Belussi, F., 2012. Melanic pigmentation in ectothermic vertebrates:
occurence and function. In: Ma, X.P., Sun, X.X. (Eds.), Melanin: Biosynthesis,
Functions and Health Effects. Nova Science Publishers, New York, pp. 213-226.

Orr, H.A., 2009. Fitness and its role in evolutionary genetics. Nat. Rev. Genet. 10,
531-539. https://doi.org/10.1038/nrg2603.

Pauers, M.J., McKinnon, J.S., Ehlinger, T.J., 2004. Directional sexual selection on
chroma and within—pattern colour contrast in Labeotropheus fuelleborni. Proc. R. Soc.
Lond. Ser. B: Biol. Sci. 271. https://doi.org/10.1098/rsbl.2004.0215.

Pauers, M.J., Kapfer, J.M., Fendos, C.E., Berg, C.S., 2008. Aggressive biases towards
similarly coloured males in Lake Malawi cichlid fishes. Biol. Lett. 4, 156-159.
https://doi.org/10.1098/rsbl.2007.0581.

Pavlidis, M., Digka, N., Theodoridi, A., Campo, A., Barsakis, K., Skouradakis, G.,
Samaras, A., Tsalafouta, A., 2013. Husbandry of zebrafish, Danio rerio, and the
cortisol stress response. Zebrafish 10, 524-531. https://doi.org/10.1089/
zeb.2012.0819.

Peichel, C.L., 2004. Social behavior: how do fish find their shoal mate? Curr. Biol. 14,
R503-R504. https://doi.org/10.1016/j.cub.2004.06.037.

Price, A.C., Weadick, C.J., Shim, J., Rodd, F.H., 2008. Pigments, patterns, and fish
behavior. Zebrafish 5, 297-307. https://doi.org/10.1089/zeb.2008.0551.

Ren, J.Q., McCarthy, W.R., Zhang, H., Adolph, A.R., Li, L., 2002. Behavioral visual
responses of wild-type and hypopigmented zebrafish. Vis. Res. 42, 293-299. https://
doi.org/10.1016/50042-6989(01)00284-X.

Rodgers, G.M., Kelley, J.L., Morrell, L.J., 2010. Colour change and assortment in the
western rainbowfish. Anim. Behav. 79, 1025-1030. https://doi.org/10.1016/j.
anbehav.2010.01.017.

Rudh, A., Qvarnstrom, A., 2013. Adaptive colouration in amphibians. Semin. Cell Dev.
Biol. 24, 553-561. https://doi.org/10.1016/j.semcdb.2013.05.004.

Ryer, C.H., Lemke, J.L., Boersma, K., Levas, S., 2008. Adaptive coloration, behavior and
predation vulnerability in three juvenile north Pacific flatfishes. J. Exp. Mar. Biol.
Ecol. 359, 62-66. https://doi.org/10.1016/j.jembe.2008.02.017.

Santostefano, F., Fanson, K. v, Endler, J.A., Biro, P.A., 2019. Behavioral, energetic, and
color trait integration in male guppies: testing the melanocortin hypothesis. Behav.
Ecol. 30, 1539-1547. https://doi.org/10.1093/beheco/arz109.

Schartl, M., Larue, L., Goda, M., Bosenberg, M.W., Hashimoto, H., Kelsh, R.N., 2016.
What is a vertebrate pigment cell? Pigment Cell Melanoma Res. 29, 8-14. https://
doi.org/10.1111/pcemr.12409.

Seehausen, O., Schluter, D., 2004. Male-male competition and nuptial-colour
displacement as a diversifying force in Lake Victoria cichlid fishes. Proceedings of
the Royal Society of London. Series B: Biological Sciences 271, 1345-1353. https://
doi.org/10.1098/rspb.2004.2737.

Seehausen, O., van Alphen, J.J.M., 1998. The effect of male coloration on female mate
choice in closely related Lake Victoria cichlids (Haplochromis nyererei complex.
Behav. Ecol. Sociobiol. 42, 1-8. https://doi.org/10.1007/s002650050405.

Seehausen, O., Terai, Y., Magalhaes, L.S., Carleton, K.L., Mrosso, H.D.J., Miyagi, R., van
der Sluijs, 1., Schneider, M. v, Maan, M.E., Tachida, H., Imai, H., Okada, N., 2008.
Speciation through sensory drive in cichlid fish. Nature 455, 620-626. https://doi.
org/10.1038/nature07285.

Sefc, K.M., Brown, A.C., Clotfelter, E.D., 2014. Carotenoid-based coloration in cichlid
fishes. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 173, 42-51. https://doi.
org/10.1016/j.cbpa.2014.03.006.

Segner, H., Reiser, S., Ruane, N., Rosch, R., Steinhagen, D., Vehanen, T., 2019. Welfare of
fishes in aquaculture. FAO Fish. Aquac. Circ. 1189.

Skold, H.N., Amundsen, T., Svensson, P., Mayer, I., Bjelvenmark, J., Forgsen, E., 2008.
Hormonal regulation of female nuptial coloration in a fish. Horm. Behav. 54,
549-556. https://doi.org/10.1016/j.yhbeh.2008.05.018.

Skold, H.N., Aspengren, S., Wallin, M., 2013. Rapid color change in fish and amphibians -
function, regulation, and emerging applications. Pigment Cell Melanoma Res. 26,
29-38. https://doi.org/10.1111/pemr.12040.

Skold, H.N., Yngsell, D., Mubashishir, M., Wallin, M., 2015. Hormonal regulation of
colour change in eyes of a cryptic fish. Biol. Open 4, 206-211. https://doi.org/
10.1242/bi0.20149993.

Skold, H.N., Aspengren, S., Cheney, K.L., Wallin, M., 2016. Fish chromatophores — from
molecular motors to animal behavior. Int. Rev. Cell Mol. Biol. 321, 171-219. https://
doi.org/10.1016/bs.ircmb.2015.09.005.

Slavik, O., Horky, P., Maciak, M., 2015. Ostracism of an Albino individual by a group of
pigmented Catfish. PLoS One 10, e0128279. https://doi.org/10.1371/journal.
pone.0128279.

Slavik, O., Horky, P., Wackermannova, M., 2016. How does agonistic behaviour differ in
albino and pigmented fish? PeerJ 4, e1937. https://doi.org/10.7717 /peerj.1937.

Slavik, O., Horky, P., Velisek, J., Valchédfova, T., 2020. Pupil size variation as a response
to stress in European catfish and its application for social stress detection in albino
conspecifics. PLoS One 15, e0244017. https://doi.org/10.1371/journal.
pone.0244017.

Slavik, O., Horky, P., Valcharova, T., Pfauserova, N., Velisek, J., 2022. Comparative
study of stress responses, laterality and familiarity recognition between albino and
pigmented fish. Zoology 150, 125982. https://doi.org/10.1016/j.2001.2021.125982.


https://doi.org/10.1111/j.1365-2109.2007.01780.x
https://doi.org/10.35229/jaes.351597
https://doi.org/10.1016/j.yhbeh.2009.06.006
https://doi.org/10.1016/j.yhbeh.2009.06.006
https://doi.org/10.1007/BF00300185
https://doi.org/10.1111/j.1095-8312.2006.00675.x
https://doi.org/10.1093/beheco/arn124
https://doi.org/10.1007/BF00177338
https://doi.org/10.1016/S0003-3472(86)80208-1
https://doi.org/10.1007/s00442-013-2879-1
https://doi.org/10.1016/j.physbeh.2016.01.007
https://doi.org/10.1016/j.physbeh.2016.01.007
https://doi.org/10.1038/nature05660
https://doi.org/10.1111/raq.12583
https://doi.org/10.1093/beheco/ark020
https://doi.org/10.1007/s10695-011-9518-8
https://doi.org/10.1006/anbe.1998.0846
https://doi.org/10.1006/anbe.1998.0846
https://doi.org/10.1111/j.1600-0749.2006.00345.x
https://doi.org/10.1111/j.1600-0749.2006.00345.x
https://doi.org/10.1016/j.ygcen.2006.03.001
https://doi.org/10.1007/s10144-004-0189-5
https://doi.org/10.1016/j.zool.2011.07.001
https://doi.org/10.1016/j.zool.2011.07.001
https://doi.org/10.1016/j.applanim.2006.05.032
https://doi.org/10.1371/journal.pgen.1007260
https://doi.org/10.1371/journal.pgen.1007260
https://doi.org/10.3390/md18110568
https://doi.org/10.1007/BF02350121
https://doi.org/10.1111/raq.12421
https://doi.org/10.1111/raq.12421
https://doi.org/10.1016/j.aquaculture.2021.737460
https://doi.org/10.1002/bies.201600231
https://doi.org/10.1002/bies.201600231
https://doi.org/10.1006/anbe.1999.1260
https://doi.org/10.1002/(SICI)1098-1004(1999)13:2<99::AID-HUMU2>3.0.CO;2-C
https://doi.org/10.1002/(SICI)1098-1004(1999)13:2<99::AID-HUMU2>3.0.CO;2-C
https://doi.org/10.1515/cjf-2017-0002
https://doi.org/10.1515/cjf-2017-0002
https://doi.org/10.1038/nature04646
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref76
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref76
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref76
https://doi.org/10.1038/nrg2603
https://doi.org/10.1098/rsbl.2004.0215
https://doi.org/10.1098/rsbl.2007.0581
https://doi.org/10.1089/zeb.2012.0819
https://doi.org/10.1089/zeb.2012.0819
https://doi.org/10.1016/j.cub.2004.06.037
https://doi.org/10.1089/zeb.2008.0551
https://doi.org/10.1016/S0042-6989(01)00284-X
https://doi.org/10.1016/S0042-6989(01)00284-X
https://doi.org/10.1016/j.anbehav.2010.01.017
https://doi.org/10.1016/j.anbehav.2010.01.017
https://doi.org/10.1016/j.semcdb.2013.05.004
https://doi.org/10.1016/j.jembe.2008.02.017
https://doi.org/10.1093/beheco/arz109
https://doi.org/10.1111/pcmr.12409
https://doi.org/10.1111/pcmr.12409
https://doi.org/10.1007/s002650050405
https://doi.org/10.1038/nature07285
https://doi.org/10.1038/nature07285
https://doi.org/10.1016/j.cbpa.2014.03.006
https://doi.org/10.1016/j.cbpa.2014.03.006
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref92
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref92
https://doi.org/10.1016/j.yhbeh.2008.05.018
https://doi.org/10.1111/pcmr.12040
https://doi.org/10.1242/bio.20149993
https://doi.org/10.1242/bio.20149993
https://doi.org/10.1016/bs.ircmb.2015.09.005
https://doi.org/10.1016/bs.ircmb.2015.09.005
https://doi.org/10.1371/journal.pone.0128279
https://doi.org/10.1371/journal.pone.0128279
https://doi.org/10.7717/peerj.1937
https://doi.org/10.1371/journal.pone.0244017
https://doi.org/10.1371/journal.pone.0244017
https://doi.org/10.1016/j.zool.2021.125982

K. Svitacova et al.

Smithers, S.P., Rooney, R., Wilson, A., Stevens, M., 2018. Rock pool fish use a
combination of colour change and substrate choice to improve camouflage. Anim.
Behav. 144, 53-65. https://doi.org/10.1016/j.anbehav.2018.08.004.

Sneddon, L.U., 2007. Fish behaviour and welfare. Appl. Anim. Behav. Sci. 104, 173-175
doi: 10/1016/j.applanim.2006.09.006.

Stephenson, B.P., Velani, Z., Thasz, N., 2021. The effect of albinism on avian predator
attack rates in eastern garter snakes. Zoology 150, 125987. https://doi.org/
10.1016/j.z001.2021.125987.

Stephenson, J.F., Stevens, M., Troscianko, J., Jokela, J., 2020. The size, symmetry, and
color saturation of a male guppy’s ornaments forecast his resistance to parasites. Am.
Nat. 196, 597-608. https://doi.org/10.1086/711033.

Stevens, C.H., Croft, D.P., Paull, G.C., Tyler, C.R., 2017. Stress and welfare in ornamental
fishes: what can be learned from aquaculture? J. Fish. Biol. 91, 409-428. https://doi.
0rg/10.1111/jfb.13377.

Strand, A., Alanér, A., Staffan, F., Magnhagen, C., 2007. Effects of tank colour and light
intensity on feed intake, growth rate and energy expenditure of juvenile Eurasian
perch, Perca fluviatilis L. Aquaculture 272, 312-318. https://doi.org/10.1016/j.
aquaculture.2007.08.052.

Suter, H., 2002. Eye colour in juvenile Atlantic salmon: effects of social status, aggression
and foraging success. J. Fish. Biol. 61, 606-614. https://doi.org/10.1006/
jfbi.2002.2084.

Theodorakis, C.W., 1989. Size segregation and the effects of oddity on predation risk in
minnow schools. Anim. Behav. 38, 496-502. https://doi.org/10.1016/50003-3472
(89)80042-9.

Applied Animal Behaviour Science 262 (2023) 105903

Tinghitella, R.M., Lackey, A.C.R., Martin, M., Dijkstra, P.D., Drury, J.P., Heathcote, R.,
Keagy, J., Scordato, E.S.C., Tyers, A.M., 2018a. On the role of male competition in
speciation: a review and research agenda. Behav. Ecol. 29, 783-797. https://doi.
org/10.1093/beheco/arx151.

Tinghitella, R.M., Lehto, W.R., Lierheimer, V.F., 2018b. Color and behavior differently
predict competitive outcomes for divergent stickleback color morphs. Curr. Zool. 64,
115-123. https://doi.org/10.1093/cz/z0x070.

Valchérova, T., Slavik, O., Horky, P., Stara, A., Hruskov4, 1., Maciak, M., Pesta, M.,
Velisek, J., 2022. Stressful daylight: differences in diel rhythmicity between albino
and pigmented fish. Front. Ecol. Evol. 10, 890874 https://doi.org/10.3389/
fevo.2022.890874.

Volpato, G.L., Luchiari, A.C., Duarte, C.R.A., Barreto, R.E., Ramanzini, G.C., 2003. Eye
color as an indicator of social rank in the fish Nile tilapia. Braz. J. Med. Biol. Res. 36,
1659-1663. https://doi.org/10.1590/50100-879X2003001200007.

Walster, C., 2008. The welfare of ornamental fish. In: Branson, E.J. (Ed.), Fish Welfare.
Blackwell Publishing Ltd, Oxford, pp. 271-290.

White, L., Thomson, J.S., Pounder, K.C., Coleman, R.C., Sneddon, L.U., 2017. The impact
of social context on behaviour and the recovery from welfare challenges in zebrafish,
Danio rerio. Anim. Behav. 132, 189-199. https://doi.org/10.1016/j.
anbehav.2017.08.017.

Ziegelbecker, A., Remele, K., Pfeifhofer, H.W., Sefc, K.M., 2021. Wasteful carotenoid
coloration and its effects on territorial behavior in a cichlid fish. Hydrobiologia 848,
3683-3698. https://doi.org/10.1007/510750-020-04354-3.


https://doi.org/10.1016/j.anbehav.2018.08.004
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref102
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref102
https://doi.org/10.1016/j.zool.2021.125987
https://doi.org/10.1016/j.zool.2021.125987
https://doi.org/10.1086/711033
https://doi.org/10.1111/jfb.13377
https://doi.org/10.1111/jfb.13377
https://doi.org/10.1016/j.aquaculture.2007.08.052
https://doi.org/10.1016/j.aquaculture.2007.08.052
https://doi.org/10.1006/jfbi.2002.2084
https://doi.org/10.1006/jfbi.2002.2084
https://doi.org/10.1016/S0003-3472(89)80042-9
https://doi.org/10.1016/S0003-3472(89)80042-9
https://doi.org/10.1093/beheco/arx151
https://doi.org/10.1093/beheco/arx151
https://doi.org/10.1093/cz/zox070
https://doi.org/10.3389/fevo.2022.890874
https://doi.org/10.3389/fevo.2022.890874
https://doi.org/10.1590/S0100-879X2003001200007
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref113
http://refhub.elsevier.com/S0168-1591(23)00075-8/sbref113
https://doi.org/10.1016/j.anbehav.2017.08.017
https://doi.org/10.1016/j.anbehav.2017.08.017
https://doi.org/10.1007/s10750-020-04354-3

9.2 Publikace 2: Pigment matters: Behavior and lateralization of albino and pigmented

fish (Bronze Corydoras) in aquaculture

Svita¢ova, K., Horky, P., Valchatova, T., Slavik, O., 2024. Pigment matters: Behavior and lateralization
of albino and pigmented fish (Bronze Corydoras) in aquaculture. Appl Anim Behav Sci 272, 106205.
https://doi.org/10.1016/j.applanim.2024.106205

86



Applied Animal Behaviour Science 272 (2024) 106205

Contents lists available at ScienceDirect

APPLIED ANIMAL

Applied Animal Behaviour Science

journal homepage: www.elsevier.com/locate/applanim w=

ELSEVIER

Check for

Pigment matters: Behavior and lateralization of albino and pigmented fish  [&&s
(Bronze Corydoras) in aquaculture

Kristina Svitacova , Pavel Horky, Tereza Valcharova, Ondrej Slavik

Department of Zoology and Fisheries, Faculty of Agrobiology, Food and Natural Resources, Czech University of Life Sciences Prague, Kamycka 129, Suchdol, Prague 6
165 21, Czech Republic

ARTICLE INFO ABSTRACT

Keywords: Animal welfare science recognizes fish as sentient beings capable of experiencing pain, stress, and various
Pigmentation emotions. As social interactions and mutual relationships are essential for fish welfare, the social environment in
Locomotor activity aquacultures is important for fish welfare. Pigmentation influences fish social behavior, e.g., communication
E:g:;ﬁ;’t?on and/or shoaling behavior. We investigated how pigmentation and shoal phenotypic composition affect loco-

motor activity in relation to feeding, exploratory behavior, sheltering and lateralization in holding tanks and Y-
mazes in pigmented and albino Bronze Corydoras (Corydoras aeneus). The fish were divided into three treatment
groups: pigm only, alb only, and mix groups. Each group comprised 12 shoals, with a total of 288 fish distributed
across 36 shoals, each containing eight individuals. The study revealed behavioral differences between fish with
pigmented and albino phenotypes, both within and among shoals. For both phenotypes, an increase in locomotor
activity before feeding was followed by a decrease in activity after food consumption, indicating an anticipatory
response and a shift from foraging to postfeeding behavior. In the mixed shoals, pigmented fish exhibited greater
activity and sheltering behavior than albino fish. Both albino and pigmented fish showed lateralization toward
the right arm of the Y-maze; however, in the mixed shoals, the preference for the right arm was not significant.
Albino fish reached the shelter at the end of the Y-maze more often; however, in the mixed shoals, albino fish
maintained their success rate in exploring the maze, while pigmented fish showed an increased success rate. We
emphasize the significance of considering phenotypic variation and shoal composition when evaluating fish
behavior and welfare. Such insights can inform the management of practices in aquaculture and ornamental
breeding to ensure optimal fish welfare and enhance their overall quality of life.

Social environment
Fish welfare

et al., 2017; Martins et al., 2012). Individual morphology influences
mutual interactions within a shoal, as a social hierarchy can develop
based on the size (Nelissen, 1992) and/or pigmentation (Price et al.,

1. Introduction

Animal welfare refers to the state of quality of life experienced by

animals (Broom, 1991; Ohl and van der Staay, 2012). In fish, welfare
encompasses physical and mental aspects of health, e.g., their behaviors,
emotions, and/or ability to engage in natural activities (Branson, 2008;
Huntingford et al., 2006), and fish are recognized as sentient beings
capable of experiencing pain, stress, and a range of negative and/or
positive emotions (Braithwaite, 2010; Sneddon, 2007). The social
environment, e.g., stocking density and/or mutual relationships among
individuals, affects fish welfare (Cavallino et al., 2023; Huntingford
et al., 2006; Stevens et al., 2017), and poor social conditions may in-
crease both acute and chronic stress levels, which compromises the
immune system and results in an overall decrease in fitness (Castanheira

2008) of conspecifics. Pigmentation affects mutual communication, the
level of aggression, and/or mate choice (Price et al., 2008) and simul-
taneously facilitates shoaling behavior by enabling identification and
signaling of phenotypes that attract similar individuals (Cattelan and
Griggio, 2018; Gomez-Laplaza, 2009; McRobert and Bradner, 1998;
Rodgers et al., 2010). Individuals with extreme coloration in a shoal, e.
g., albino fish, may be ostracized by conspecifics (Slavik et al., 2015),
which may result in a decrease in their welfare (Svitacova et al., 2023).
Potential implications of pigmentation for other aspects of fish behavior,
e.g., locomotor activity, sheltering behavior and/or exploratory
behavior, in relation to fish welfare remain poorly understood.
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Most animals, including fish, exhibit daily behavioral rhythms and
display activity during the day or night rather than throughout the entire
24-hour period (Boujard and Leatherland, 1992). In natural habitats,
food is not consistently available, and availability is often restricted to
specific periods during the day, a condition that can be replicated in
laboratory settings by implementing a feeding schedule (Sanchez et al.,
2009). When animals are subjected to daily routines involving limited
food availability, most exhibit food anticipatory activity (FAA) (Folkedal
et al., 2012; Lall and Tibbetts, 2009). This phenomenon is characterized
by an increase in locomotor activity occurring several hours prior to
feeding (Davis, 1964; Folkedal et al., 2012; Fortes-Silva et al., 2010;
Sanchez-Vazquez and Madrid, 2001; Sanchez-Vazquez et al., 1997). In
the presence of available food, fish often exhibit an initial phase of
increased feeding activity characterized by an accelerated feeding rate
(Assan et al., 2021). Over time, their appetite gradually decreases,
leading to a decline in or the cessation of feeding behavior altogether
(Assan et al., 2021). Common postfeeding behaviors include reduced
activity, signs of satiety, digestion and rest in quiet areas, potential
continuation of foraging or exploring, engagement in social interactions,
and cleaning behaviors (Assan et al., 2021; Gilannejad et al., 2019; Lall
and Tibbetts, 2009; Volkoff and Peter, 2006).

Shelter availability plays a key role in the survival of wild fish by
allowing them to overcome adverse environmental conditions (Valdi-
marsson et al., 1997) and/or avoid predation risk (Valdimarsson and
Metcalfe, 1998). In aquaculture, shelters help to decrease energy con-
sumption and accelerate the start of exogenous feeding (Alanara, 1993;
Benhaim et al., 2009), support fish growth (Coulibaly et al., 2007;
Hossain et al., 1998), and decrease aggressiveness (Hecht and Appel-
baum, 1988; Hossain et al., 1998), which can result in increased sur-
vival. However, shelter availability and competition for shelter in
aquaculture can increase the aggressiveness of stocked fish, potentially
leading to a decrease in fish welfare (Slavik et al., 2012).

Exploratory behavior in fish involves curiosity and willingness to
venture into new areas, gather information about novel objects or
different habitats, search for resources, engage in social interactions and
adapt to changing environmental conditions (Baker et al., 2018; Budaev,
1997; Mazue et al., 2015; Sommer-Trembo et al., 2022; Toms et al.,
2010). Fish may exhibit consistent lateralized preferences in terms of
exploratory behavior using their left and/or right sides (Bisazza and
Brown, 2011; Dadda et al., 2010a), and their lateralized responses may
change over time as they gain experience (Sovrano, 1999). The degree of
laterality in exploratory behavior can vary among fish species (Brown
et al., 2004; Mikl6si and Andrew, 1999; Nepomnyashchikh and Izvekov,
2006; Petrazzini et al., 2020; Takeuchi, 2023). Lateralization in fish is
closely linked to personality traits and emotions, e.g., aggression and
fear, which have important implications for animal welfare (Byrnes
et al., 2016); hence, the assessment of lateralization may serve as a
valuable indicator of fish welfare (Berlinghieri et al., 2021; Bisazza and
Brown, 2011).

Our aim was to examine and compare locomotor activity related to
feeding, sheltering and exploratory behavior and behavioral lateraliza-
tion in relation to the color phenotype and the distribution of these
phenotypes within shoals of albino and pigmented Bronze Corydoras
(Corydoras aeneus) (Gill, 1858). The experiments were conducted in
holding tanks and Y-mazes. We assumed that fish in mixed shoals
(consisting of albino and pigmented fish) would exhibit behavioral dif-
ferences compared to fish in homogenous shoals (only albino and/or
only pigmented fish) and explored how these variations may contribute
to differences in fish welfare.

2. Materials and methods
2.1. Experimental animals

Albino (160 spec.; mean weight, 0.962 g, range, 0.563-1.622 g;
mean total length, 35.4 mm, range, 29-42 mm) and pigmented (160
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spec.; mean weight, 0.833 g, range, 0.572-1.444 g; mean total length,
36.7 mm, range, 32-48 mm) Bronze Corydoras (Corydoras aeneus) were
obtained from a local fish supplier (PETRA-AQUA s.r.o., Velké Prilepy,
Czech Republic). The fish were divided into four separate 450-1 holding
tanks (each tank had 80 randomly selected fish with the same pheno-
type) for acclimatization. A month prior to the experiment, the fish were
transferred to smaller 60-1 holding tanks, creating shoals with 8 fish per
tank. The following shoal types were created: albino (4 albino spec. from
one tank + 4 albino spec. from another tank), pigmented (4 pigmented
spec. from one tank + 4 pigmented spec. from another tank) and mixed
(4 albino spec. from one tank + 4 pigmented spec. from another tank)
shoals. There were 12 replications per shoal type, resulting in a total of
36 shoals and 288 individuals being used during the whole experiment.
The research was conducted in four subsequent trials, each containing 9
experimental shoals/holding tanks (i.e., 3 tanks per shoal type). Every
individual was tested only once (i.e., in one shoal) during the whole
experiment. During acclimatization as well as while in the 60-1 holding
tanks, the fish were kept under the same regime. The fish were fed ad
libitum on food pellets (BioMar Group, Denmark) once per day
(throughout the experiment, always at noon), and a photoperiod of
12 hours of light/12 hours of darkness was maintained. Every tank was
equipped with an external filter and air stone. Twenty percent of the
water volume was replaced with aged dechlorinated municipal tap
water every day. The water temperature was controlled automatically
and held at an average of 26.5°C.

2.2. Experimental design

Two experiments, each in a different environment (a holding tank
and Y-maze), were conducted (Fig. 1). Behavior in a holding tank was
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Fig. 1. Experimental schema showing the process of experimental shoal for-
mation (A) and the basic arrangement of the holding tank (B) and Y-maze (C).
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observed for six consecutive days using three holding tanks (one per
shoal type) daily. The three tanks were regularly switched, resulting in
two records per individual tank during six consecutive days of obser-
vation. After a one-day rest period, the observations started in a Y-maze
with three setups. All the experimental shoals were observed for one day
under one setup, followed by one day of rest, a second set of setup ob-
servations, etc. After the last Y-maze setup observations, another trial
with 9 experimental shoals was performed.

2.2.1. Experimental design — behavior in the holding tank

Each 60-1 holding tank with a bottom dimension of 30 x60 cm was
equipped with a unified shelter (area: 30 x10 cm) positioned along the
shorter side of the tank. The shelter was constructed using black plastic
that did not allow light to pass through, creating a visually isolated
environment within the tank. Below the bottom of the tank, we placed a
grid of equally sized square cells (ca. 4 x4 cm) that were used to detect
the activity of individual fish. After one month, the behavior of the fish
in the 60-1 holding tanks 15 min before and 15 min after feeding (dis-
tinguishing a class variable food presence) was recorded using a GoPro
Hero camera placed above the tank. We used sequential photographs,
capturing one frame per second, for the follow-up analyses. Locomotor
activity was initially assigned as the number of individual fish move-
ments per frame (i.e., one second). Movement was suggested as a con-
dition where an individual fish moved from one grid cell to another.
Subsequently, the number of individual movements per second was
divided by the number of fish in the visible part of the tank (i.e., outside
of the shelter) to obtain standardized and mutually comparable values of
mean individual locomotor activity. Furthermore, the number of in-
dividuals in the shelter was also recorded. In the mixed shoals, loco-
motor activity and sheltering were assessed for albino and pigmented
conspecifics separately and standardized to the number of individuals to
obtain mutually comparable values for the albino and pigmented shoals.
To avoid the dependence of consecutive points in the raw continuous
data (a type of M-dependence structure), a regular interval grid
approach was applied. Thus, every variable was assigned one mean
value per minute.

2.2.2. Experimental design — behavior in the Y-maze

Several identical Y-mazes were constructed. The width and length of
the arms were 8 and 20 cm, respectively. During the initial phase of the
experiment, the entire experimental shoal (8 spec.) was transferred from
the holding tank to the launch area connected to the entry arm of the Y-
maze through a “guillotine” door. After a 10-min acclimatization period,
the door was gently opened, and fish behavior was recorded for the
following 15 minutes from above using a GoPro Hero camera. At the end
of both arms (left and right) of the Y-maze, a shelter that was a replica of
the original shelter in the holding tank was used; thus, after successful
traversal through the whole maze, the fish ended up in the shelter. Three
Y-maze setups were used—both arms open, the left arm open and the
right arm open. Lateralization was evaluated only when both arms of the
Y-maze were open,; this was the first setup used, and it was evaluated as
the number of passes through the left or right arm. The following vari-
ables were also assigned within all the setups. Exploratory behavior was
evaluated by two variables: I) the number of individuals who traversed
the entire Y-maze from the launch area to the shelter and II) the number
of individuals who did not leave the launch area (i.e., reluctance to enter
the Y-maze). Sheltering behavior was evaluated as the number of in-
dividuals who remained in the shelter after reaching it. In the mixed
shoals, all variables were assessed for albino and pigmented conspecifics
separately and standardized to the number of individuals to obtain
mutually comparable values for the albino and pigmented shoals. The Y-
maze was thoroughly rinsed, cleaned, and filled with clean oxygenated
and tempered aged tap water before a new shoal was placed in the maze.
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2.3. Statistical analysis

The statistical analyses were performed using the SAS software
package (SAS Institute, Inc., version 9.4; www.sas.com). Generalized
linear mixed models (GLMMs; SAS function PROC GLIMMIX) with a
Poisson distribution were used to analyze the dependent variables. The
rearing tank ID was used as a random factor for all the models.
Explanatory variables describing food presence, shoal type and Y-Maze
setup were used as fixed factors. The significance of the explanatory
variables and their possible interactions were assessed using F tests.
Least-squares means (henceforth referred to and noted in bar charts as
‘adjusted means’ of model predictions) were subsequently computed for
the classes of class variables. Differences between the classes were
determined with a t test, and a Tukey—Kramer adjustment was used for
multiple comparisons. The degrees of freedom were calculated using the
Kenward-Roger method (Kenward and Roger, 1997).

2.4. Ethics statement

All the experimental procedures complied with the pertinent legis-
lative regulations (law no. 246,/1992, §19, art. 1, letter c), derived from
Directive 2010/63/EU. The Departmental Expert Committee supervised
the welfare of the animals. The maintenance staff was trained by law in
animal care to maintain the quality of the experiment. The number of
experimental animals and all methods used complied with the re-
quirements for the reduction, replacement, and refinement of animal
experimentation.

3. Results
3.1. Results — behavior in the holding tank

The statistical results of the final models are summarized in Table 1.
Feeding significantly impacted the behavior and activity levels of the
observed fish. Overall activity decreased after feeding (Fig. 2A), and
there was a decrease in the number of fish in the shelter (Fig. 2B). The

Table 1

shows the results of the mixed model analyses, where the dependent variable is
reported along with the fixed effect and its significance expressed by the F test
result. Related figures are indicated.

Dependent Variable Fixed Effect Significance Related
Figure
Activity food presence F1, 2705 = 28.67, P Fig. 2A
< 0.0001
food presence * Fe, 7412 =46.82, P Fig. 3A
shoal type < 0.0001
Sheltering food presence F1, 2572 = 722.9, P Fig. 2B
< 0.0001
food presence * Fe, 5635 = 25.22, P Fig. 3B
shoal type < 0.0001
Lateralization Y-maze arm * F; 3034 =834, P Fig. 4
shoal type < 0.0001
No. of individuals shoal type (both ~ F3 3314 =5.07, P Fig. 5A
traversed the Y-maze arms open) < 0.01
shoal type (left F3 43=4.39,P < Fig. 5B
arm open) 0.01 n.a.
shoal type F3 21.50=2.98, P >
(right arm 0.05
open)
No. of individuals shoal type F3 138 =4.36,P < Fig. 6A
remained in shelter 0.01
Traversal of the Y-maze shoal type F3 138 =2.47, P > n.a.
(only ind. who entered 0.06
it)
Reluctance to enter the Y- shoal type F3 133=8.12,P < Fig. 6B

maze 0.0001



http://www.sas.com

K. Svitacova et al.

1.50
— 144 e
12}
5]
g -
228 13
£3
= E —
Q'
L5 132
o)
[S -
=)
£
1.26
1.20
before after
2
g
© .
<
[7]
£
Do
= 8 —T—
(O]
=5 1
28
(OS]
s
Q
Q
[S
=}
£
0
before after

Food presence

Fig. 2. Activity (A) and sheltering (B) in the holding tank across food presence.
Values (+/- S.E.) were predicted from a particular mixed model. Significant
differences between classes (adjusted P < 0.01) are indicated with an asterisk.

shoal type also influenced activity and sheltering behaviors. In homog-
enous shoals (either pigmented or albino), locomotor activity was lower
than that in shoals with a mixture of phenotypes (Fig. 3A). In the ho-
mogenous shoals, there was no significant difference in activity levels
related to food presence. In the mixed shoals, pigmented fish exhibited
higher activity levels before feeding than did albino fish. After feeding,
pigmented fish showed a reduction in locomotor activity to a level
consistent with that of albino fish. All shoals (homogenous and mixed)
demonstrated a significant reduction in the number of fish sheltering
after feeding (Fig. 3B). In the homogenous shoals, there was no differ-
ence in the intensity of sheltering between albino and pigmented fish. In
the mixed shoals, there was a higher number of pigmented fish shel-
tering, irrespective of the presence of food (Fig. 3B).

3.2. Results — behavior in the Y-maze

When both arms of the Y-maze were open, the right arm was
generally preferred in 61% of all passes. In the homogenous shoals, there
was a significant preference toward the right arm of the Y-maze (Fig. 4),
indicating right lateralization. A tendency to select the right arm was
also observed in the mixed shoals (Fig. 4), although this difference was
not statistically significant.

When both arms of the Y-maze were open, a higher number of albino
phenotype in phenotypically homogeneous shoals traversed the entire
Y-maze compared to the pigmented phenotype (Fig. 5A). In the
phenotypically mixed shoals, no difference was observed between al-
bino and pigmented phenotypes (Fig. SA). While the success rate of al-
bino phenotype in the mixed shoals remained unchanged compared to
that in the homogenous shoals, pigmented phenotype demonstrated an
increased success rate. Similar trends were found when only the left arm
of the Y-maze was open (Fig. 5B). When only the right arm of the Y-maze
was open, the differences between shoals were nonsignificant.
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The number of fish that remained in the shelter at the end of the maze
after exploring the maze was comparable between albino and pigmented
phenotypes in the phenotypically homogeneous shoals but was notably
increased for pigmented fish in the mixed shoals (Fig. 6A). Because the
ability to traverse the whole Y-maze did not differ among shoals when
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(+/- S.E.) were predicted from a particular mixed model. Significant differences
between classes (adjusted P < 0.01) are indicated with an asterisk.

accounting for only individuals who entered the maze, the cognitive
abilities of the shoals were comparable. Exploration variability is sug-
gested as a possible driver of the observed overall differences, as pig-
mented fish exhibited greater reluctance to enter the maze across both
the phenotypically homogeneous and mixed shoals (Fig. 6B). Notably,
the reluctance of pigmented fish to enter the maze was lower in the
mixed shoals than in the homogenous shoals (Fig. 6B).

4. Discussion

Differences in behavior among differently colored phenotypes of the
same species are a topic that has been addressed by many studies
(Dijkstra et al., 2017; Olendorf et al., 2006), and a relationship between
pigmentation and dominance in behavior has been shown for numerous
fish species (Dijkstra et al., 2009a, 2009b, 2010). Differently pigmented
phenotypes may have a fitness advantage due to reduced aggression
(Dijkstra et al., 2009b; Pauers et al., 2008; Seehausen and Schluter,
2004), as individuals with similar appearances compete among them-
selves more frequently (Dijkstra et al, 2010). In contrast,
extreme-colored phenotypes, e.g., albinos, deviate from their normally
pigmented conspecifics, not only in terms of their physical characteris-
tics (Kayis et al., 2017; Kittilsen et al., 2009; Pavlidis et al., 2013; Ren
et al., 2002) but also in terms of their behavior, potentially resulting in
distinct welfare considerations (Cohen et al., 2018; Slavik et al., 2015,
2016). Our results showed distinct behaviors in mixed and homogenous
shoals and confirmed differences in the behavior of albino and pig-
mented phenotypes in all shoals.
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maze (A) and who were reluctant to enter the Y-maze across shoal type. Values
(+/- S.E.) were predicted from a particular mixed model. Significant differences
between classes (adjusted P < 0.01) are indicated with an asterisk.

4.1. Behavior in the holding tank

The locomotor activity of both phenotypes was influenced by the
feeding schedule. There was a significant decrease in total activity after
feeding, accompanied by a decrease in the number of fish in the shelter.
This may be attributed to the interplay between food availability and
anticipatory behavior. Fish showed increased locomotor activity when
anticipating feeding, followed by a decrease in activity after food con-
sumption, which is consistent with the FAA concept (Galhardo et al.,
2011; Martins et al., 2012). The observed decrease in shelter use after
feeding indicates the instinct of fish to actively forage rather than seek
shelter when food becomes available (Larranaga and Steingrimsson,
2015). The anticipatory response of fish to feeding can be considered an
indicator of good health and adaptive capabilities (Martins et al., 2012);
however, increased swimming activity before and during feeding can
also signify underfeeding or an inadequately designed feeding regimen
(Andrew et al., 2004; Noble et al., 2007a, 2007b). Striking a balance in
feeding practices is crucial to ensure optimal fish health and welfare.

Fish activity and sheltering were found to be influenced by pheno-
type. One possible reason for the observed lower locomotor activity in
the homogenous shoals (either pigmented or albino) than in the mixed
shoals could be related to predator avoidance strategies and social dy-
namics (Hoare et al., 2000; Pitcher, 1986). Fish create visually homog-
enous shoals to protect themselves against predators (Pitcher, 1986).
Shoals consisting of fish with different phenotypes may increase
vulnerability to predation. As a result, fish in mixed shoals may exhibit
more active locomotor behavior as a strategy to reduce the chances of
being detected by predators. Several studies suggest that fish can shape
shoal composition based on early social learning, particularly regarding
the visual characteristics of conspecifics (Lachlan et al., 1998; Slavik
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et al., 2022; Snekser et al., 2006). Recent experiences in a social setting,
when only visual information is available, strongly impact preference
expression (Gomez-Laplaza, 2009; Gomez-Laplaza and Fuente, 2007).
The fish used in this study were initially kept separated according to
their phenotype during the adaptation phase, potentially leading to as-
sociations through early experiences.

In the mixed shoals, pigmented fish demonstrated higher activity
levels prior to feeding than did albino fish. Furthermore, a greater
number of pigmented fish was consistently observed in shelters, irre-
spective of food presence. This could be attributed to their dominant
status within the shoal. Fish with different social statuses exhibit distinct
behavioral patterns, particularly in terms of feeding and locomotor ac-
tivity (Gomez-Laplaza, 2006; Gomez-Laplaza and Morgan, 2003). Hi-
erarchical structure is commonly observed in environments with limited
food resources, shelter options, and a small selection of sexual partners,
where dominant fish occupy favorable positions (Reddon et al., 2019;
Sloman and Armstrong, 2002). Moreover, dominance and aggression
often correlate with each other (Chang et al., 2012). Albino fish have
been found to display lower aggression and higher stress levels in
response to environmental and social variability (Slavik et al., 2016,
2020, 2022; Valcharova et al., 2022). Therefore, the lower activity levels
and shelter use observed in albino fish may be indicative of submissive
behavior toward the dominant pigmented phenotype in mixed shoals.

4.2. Exploratory behavior and lateralization

Both albino and pigmented fish showed a preference toward the right
arm in phenotypically homogenous shoals, indicating a strong lateral-
ized preference. Fish in the mixed shoals also tended to favor the right
arm of the Y-maze, although this preference was not significant. It is
common for individuals of the same species to exhibit variation in the
extent of their lateralization (Bisazza and Brown, 2011; Chivers et al.,
2016). Individuals with a right-sided bias exhibited enhanced escape
performance compared to those with a left-sided bias (Chivers et al.,
2016, 2017) and individuals who shared the same turning bias
demonstrated enhanced escape performance compared to individuals
whose turning bias differed from that of the shoal (Chivers et al., 2016,
2017; Dadda et al., 2010b). Furthermore, highly lateralized fish exhibit
enhanced learning capabilities (Bibost and Brown, 2014).

Albino fish from homogenous shoals reached the shelter at the end of
the Y-maze more often than pigmented fish. Albino animals exhibit
physiological changes that affect the visual system (Ren et al., 2002).
These alterations include an underdeveloped central part of the retina
responsible for high-acuity vision and a reduction in rod number (Jeff-
ery, 1997; Prusky et al., 2002). Consequently, albino individuals expe-
rience reduced visual acuity (Balkema and Drager, 1991; Buhusi et al.,
2005) and increased sensitivity to light (Valcharova et al., 2022).
Considering these physiological limitations, we can assume that albino
individuals are more likely to reach and hide in shelters at the end of the
Y-maze to avoid brightly lit areas. In albino fish, behavioral character-
istics such as light avoidance and decreased locomotor activity during
the day were observed (Valcharova et al., 2022). Albino fish exhibit
lower activity levels, reduced boldness, and less exploratory behavior in
novel environments (Egan et al., 2009; Miyamoto, 2016). It is possible
that albino fish navigate through the Y-maze faster due to the stress of
being exposed to open spaces and encountering unfamiliar surround-
ings. Several studies have shown altered stress responses, including
increased levels of biochemical indicators, such as cortisol or glucose, in
albino fish (Kittilsen et al., 2009; Pavlidis et al., 2013; Valcharova et al.,
2022).

Interestingly, in mixed shoals, albinos maintained their success rate
in exploring the Y-maze, while pigmented phenotype showed an
increased success rate. This finding suggested that pigmented fish had an
enhanced ability to learn and adapt to changes in their environmental
conditions. Previous studies on other species, such as Buenos Aires tetra
(Hemigrammus caudovittatus) (Ahl, 1928) and animals, mice, and rats,
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have shown that albino individuals generally exhibit reduced learning
and memorization abilities, likely due to visual impairment (Kumar
et al., 2015; Martis et al., 2018; O'Leary and Brown, 2022; Zhuikov,
1991). However, further research is needed to validate this assertion and
understand the specific cognitive differences between individuals with
pigmented and albino phenotypes.

In homogeneous shoals, the number of fish that remained in the
shelter after successfully navigating the Y-maze was similar for both
albino and pigmented phenotypes. However, there was a notable in-
crease in shelter usage among pigmented phenotypes in the mixed
shoals. This can be attributed to their dominant position and increased
aggression within the shoal, as albino fish tend to exhibit behavioral
patterns to avoid escalated aggression from conspecifics (Slavik et al.,
2015, 2016). Consequently, albino fish in mixed shoals occupy lower
positions in the social hierarchy and have less access to resources such as
shelters or feeding areas. They may also experience increased vulnera-
bility and potential stress due to their reduced ability to seek shelter.

Pigmented fish displayed greater hesitance to enter the Y-maze. We
can hypothesize that, despite their physical limitations, lower aggres-
sion, and social status (Slavik et al., 2015, 2016), albino fish may exhibit
a more proactive coping style in this stressful scenario. However, these
findings contradict the findings that albino fish tend to exhibit higher
stress levels than pigmented fish (Slavik et al., 2020, 2022; Valcharova
et al., 2022) and exhibit less exploratory behavior and boldness in novel
environments (Egan et al., 2009; Miyamoto, 2016). These contradictory
findings highlight the need for further research evaluating fish coping
styles, encompassing a wider range of fish species and considering
different phenotypes.

5. Conclusion

In conclusion, our study revealed differences in behaviors between
pigmented and albino fish phenotypes, both within and among shoals.
These differences may lead to altered welfare, as albino fish are more
likely to face behavioral and physiological limitations and dominance-
related stress, which may affect their overall welfare. Understanding
these differences and considering them when managing fish populations
in aquaculture and ornamental fish breeding are crucial for promoting
the welfare of reared fish. By recognizing the unique needs and potential
vulnerabilities of each phenotype, we can create more suitable envi-
ronments and practices to enhance fish welfare and ensure long-term
survival.
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ARTICLE INFO ABSTRACT

Keywords: Domestication is a process in which animals are bred in captivity under controlled resource availability.

Radiotelemetry Compared with wild-type phenotypes, animals with domesticated phenotypes exhibit reduced stress sensitivity

I};A_aze and cognitive abilities. The pigmentation of domesticated phenotype animals is a morphological change, one of
wer

those that is considered a “domestication syndrome”. In fish, the impact of pigmentation on behaviour and
physiology has rarely been examined. We compared the performance of two phenotypes of the common carp
Cyprinus carpio: a wild-coloured phenotype and an orange-coloured phenotype of koi carp. The fish were exposed
to short-term stress conditions, after which blood samples were collected to obtain biochemical indices. The
maze and field experiments were used to observe individuals' movement activity, exploratory behaviour, and
ability to find food in the experimental maze. The fish were equipped with radio tags for the field experiment. In
the riverine environment, movement activity and preferred temperatures during light/dark cycles were
observed. Presuming that the orange-coloured carp exhibit reduced cognitive ability, we hypothesized that they
would exhibit i) reduced exploratory behaviour and ii) lower stress sensitivity than wild-coloured carp. Our
results revealed mostly nocturnal activity in koi carp. The koi carp needed more time to explore the maze, as
expected, but contrary to our assumption they showed greater stress levels accompanied by greater movement
activity. This behaviour was similar for different maze setting. The wild-coloured carp were active during both
day and night and exhibited greater left-sided lateralization and cognitive skills, allowing them to find food
faster. For the wild-coloured phenotype, body temperature was significantly correlated with all the other
observed variables. Our results suggest potentially lower welfare of the koi carp in mixed aquaculture, e.g., a
lower ability to use feeding resources than the wild-coloured carp.

Preferred temperature
Biochemical indices
Diurnal activity

1. Introduction

The process of domestication refers to breeding animals in captivity
where reproduction, available space and food intake variables are under
control (Clutton-Brock, 1999; Price, 1999). During this process, animals
(Diamond, 2002; Driscoll et al., 2009; Cieslak et al., 2011), including
fish (Fleming et al., 1994; Hindar et al., 2006; Jonsson and Jonsson,
2006), acquire heritable, genetically determined traits in which they
differ from their wild counterparts. Domesticated fish are released into
the wild to support recreational fishing and exhausted wild populations
and/or escape to the wild from aquaculture (McGinnity et al., 2003;
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E-mail address: oslavik@af.czu.cz (O. Slavik).
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Jonsson and Jonsson, 2006; Arlinghaus et al., 2007). Domesticated in-
dividuals differ from their wild counterparts; e.g., in their experience,
survival and mortality, and selection of their heritable behavioural
characteristics changes across generations (Price, 1999; Huntingford
and Adams, 2005; Huntingford et al., 2010; Johnsson et al., 2014). In the
wild, individuals can be handicapped by their behavioural traits (Araki
et al., 2008; Islam et al., 2020), e.g., high aggressivity, risky behaviour
(Huntingford, 2004; Wilson and McLaughlin, 2007; Klefoth et al., 2017),
greater stress resistance (Lepage et al., 2000; Tanck et al., 2001, 2002)
and/or reduced exploratory behaviour (Wilson and Godin, 2009) and
lower cognitive abilities (Brown and Laland, 2001; Marchetti and Nevitt,
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2003). These changes are apparent in the oldest well-known domesti-
cated fish species, the common carp Cyprinus carpio (L. 1758) (Balon,
2004; Vilizzi et al., 2015), of which more-domesticated lines show traits
such as lower cognitive ability to search for habitats and food, and of
concealment to avoid predation risk (Matsuzaki et al., 2009), which
makes it easier for them to be caught by fishermen (Beukema, 1969;
Raat, 1985; Klefoth et al., 2013). Lower cognitive abilities are associated
with traits acquired during the domestication process, e.g., increased
food-related activity such as faster ingestion of food items, higher
foraging rates and bolder-foraging behaviour (Klefoth et al., 2012, 2013,
2017), which are strengthened during domestication because of modi-
fied selection for faster growth (Price, 1999; Huntingford et al., 2010;
Johnsson et al., 2014).

Changes in pigmentation are well-known morphological adaptations
that occur during the domestication of animals (Clutton-Brock, 1999;
Cieslak et al., 2011). The pleiotropic impact of genes involved in
pigmentation is associated with many physiological and behavioural
traits and is correlated with the life strategy of an individual (Pryke
et al., 2007; Ducrest et al., 2008), with potential evolutionary conse-
quences (Caro, 2005; Endler and Mappes, 2017). The intensity of indi-
vidual pigmentation can be considered an honest signal of the fitness of
an individual, e.g., greater success in resource allocation by more pig-
mented individuals. For example, higher amounts of carotenoid pig-
ments, which cannot be synthetized directly in the body and must be
taken through food (Kodric-Brown, 1989), are usually linked to better
health status (Kolluru et al., 2006, 2009; Maan et al., 2006; Stephenson
et al., 2020), greater social status (Blount and McGraw, 2008; Sefc et al.,
2014), success in mate selection (Kodric-Brown, 1989; Grether, 2000;
Sefc et al., 2014), higher aggressiveness (Evans and Norris, 1996; Price
et al., 2008; et al., 2021) or greater resistance to stress (Nakano, 2020;
Nakano and Wiegertjes, 2020). Similarly, melanin-based pigmentation
is linked to individual quality and fitness (Ducrest et al., 2008; Da Silva
et al., 2013). The melanocortin hypothesis suggests that coloration
phenotypes alter animal physiology and behaviour (Ducrest et al., 2008;
Cal et al., 2017). Darker-pigmented phenotypes usually show higher
aggressiveness (Horth, 2003; Roulin and Ducrest, 2011; Dijkstra et al.,
2017), higher resistance to stress (Ducrest et al., 2008; Kittilsen et al.,
2009; Khan et al., 2016), and to parasites and overall better immune
systems (Ducrest et al., 2008; Kittilsen et al., 2012; Parejo and Avilés,
2020) and higher sexual activity than lighter-pigmented phenotypes
(Horth, 2003, 2004; Roulin and Ducrest, 2011; Culumber et al., 2014).

Physiological and behavioural traits are commonly associated with
the intensity of pigmentation; however, the correlation between in-
dividuals' traits and body pigmentation has rarely been studied in fish.
Hence, in our study, we performed maze and field experiments and
collected complex data about the behaviour and physiological response
to stress of two scale phenotypes of the common carp: the wild-coloured
phenotype and the orange-coloured phenotype. Movement activity is
considered to display adaptive characteristics (Reebs, 2002; Kronfeld-
Schor and Dayan, 2003) and be dependent, for example, on the stress
level (Lima and Bednekoff, 1999) and resource availability (Larranaga
and Steingrimsson, 2015). Specifically, variability in the movement
activity of common carp was observed in different habitats; with the
maximum movement activity recorded either during daylight (Rahman
and Meyer, 2009; Benito et al., 2015) or at night (Zak, 2021; Hundt
etal., 2022). Exploratory behaviour is an individual's response to a novel
stimulus (Réale et al., 2007; Conrad et al., 2011) and its higher level
indicates a better ability of an individual to expand its range of move-
ment (Dingemanse et al., 2003), to find resources such as food and/or
concealments (Schmitz et al., 2015; Germano et al., 2017), and to
display greater resistance to stress (Eronen et al., 2023).

In our study, we tested the hypothesis that orange-coloured koi carp
would exhibit i) lower exploratory behaviour and ii) lower sensitivity to
stress than would those with wild-coloured phenotype. To test this hy-
pothesis, individuals of both phenotypes were released into the experi-
mental maze, and movement activity and exploratory behaviour were
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observed. Subsequently, the fish were exposed to stress stimuli, and
blood samples were collected to analyse the physiological status of the
experimental individuals. Afterwards, radio tags with temperature and
activity sensors were implanted into the fish to observe movement ac-
tivity during a 24-h cycle, after which the fish were released into an
unfamiliar riverine environment. The gathered data revealed physio-
logical and behavioural differences between the observed phenotypes
and facilitated discussion of their potentially different abilities to use
resources in aquaculture and in the wild.

2. Material and methods
2.1. Experimental animals

The experimental fish used were hatchery-reared common carp of
two phenotypes (wild-coloured phenotype and the orange-coloured
phenotype, Koi in the variety Orenji ogon) obtained from a local fish
supplier (Czech Fishery Ltd.; Czech Republic). Before the experiment,
both phenotypes were handled equally in the same facility for ca. one
year. They were held in two identical adjacent ponds (one for wild-
coloured phenotype 49°09'18.3”N 14°09'58.5"E and one for koi pheno-
type 49°09'19.0”N 14°09'57.2"E; 398 m a.s.l.; dimensions 36x23m and
average depth 80 cm each). The ponds were fed from the Blanice River.
Every pond included one hundred specimens. The fish were fed De Heus
pellets (www.deheus.cz.). The fish were fed 5 days a week (Mon — Fri).
At the same time, there was a check on the consumption of the feed
ration from the previous day. The area is fenced and protected from
terrestrial predators, however, avian predators such as herons may oc-
casionally occur. Randomly selected individuals were carefully netted
and subjected to the following procedures four weeks prior to the start of
the experiment. Fish were tagged with a passive integrated transponder
(PIT; Trovan ID 100, mass: 0.1 g in air, dimensions: 12 mm x 2.1 mm;
EID Aalten B.V., Aalten, Netherlands) after being anaesthetized with 2-
phenoxyethanol (0.2 ml 17}; Merck KGaA, Germany). The PITs were
inserted into the dorsal musculature using a syringe. A total of 31 koi
(mean weight 239 g, range 140-362 g) and 31 wild-coloured (mean
weight 297 g, range 139-524 g) juvenile carp were used. No significant
differences in size were detected between the koi and wild-coloured
phenotype carp (P > 0.1). Two holding mesocosms (one per pheno-
type) were used to create phenotypically segregated shoals of familiar
individuals. The mesocosms (footprint 6 x 12 m, depth in the central
part 1.5 m, depth of shallows on both sides 0.5 m) had a natural bottom
substrate (sand and gravel) and artificial walls made of concrete. The
water was continuously renewed by an inflow system, and the temper-
ature during the acclimatization period varied between 14.4 and
20.1 °C. The fish were held under a natural photoperiod and fed De Heus
pellets (www.deheus.cz) once per day. Fish health, defined as a normal
appearance and behaviour, including normal body position, movement,
and food intake (FAO, 1983), was monitored daily.

2.2. Experimental design

All the procedures and measurements were designed to reduce the
suffering and manipulation of the experimental animals according to the
EU-Harmonized Animal Welfare Act of the Czech Republic (Law no.
246/1992, § 19, art. 1, letter ¢) and were carried out with the relevant
permission (MZE-13122/2022-13114).

2.2.1. Experiment I: Experimental maze

The experimental maze was constructed in a separate mesocosm than
the holding mesocosms (footprint 5 x 6 m; depth in the central part 1 m;
depth of shallows on both sides 0.3 m; other features, such as substrate
and water renewal, were identical to those of holding mesocosms). The
whole mesocosm was adopted to represent a complex T-maze with
several T-junctions (Fig. 1). The left and right parts of the maze were
axisymmetric, i.e., identical. The passage from the deep central part to
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Final settings

Figure legends: Figure legends:
- feeding area v/ - feeding area v
------------------ antenna VAN I antenna VAN
X - closed exit X - closed exit
pr— p— pr— p—
Y. Y.
/\ /\
shallow deep shallow shallow deep shallow

Fig. 1. Illustrative figure of mesocosm with a complex T-maze with several T-junctions. Initial and final settings are displayed.

the shallows was allowed only through the T-junctions (width 0.5 m,
length of every arm 1 m). One T-junction was on the left side, and the
other was on the right side of the corner of the deep section. Therefore,
the first decision on whether to turn left or right was made in the deep
part, and the second decision was made in the T-junction. To examine
the movement of the fish through the maze, a PIT system with 8 an-
tennas (inner area 0.4 x 0.4 m; designed as frames that detected the fish
swimming through) was used. The antennas were connected to a
recorder that stored the detection information (PIT tag code, date, time,
and antenna number) in its internal memory. An antenna of the PIT
system was placed at each end of every T-junction (4 antennas in all) to
examine where the individual fish entered the shallow part. Feeding
points placed in the shallows were bounded by 2 antennas each to
examine the presence of fish in this area of interest. Cognitive skills were
recorded according to behavioural responses to the two altered settings
of the experimental maze. In the initial settings, the exits from the T-
junctions closer to the feeding area were open, and the other exits were
closed, resulting in left/right and right/left turn throughput tracks. The
final settings were the opposite, i.e., the exits from the T-junctions
further to the feeding area were opened, and the other exits were closed,
resulting in left/left and right/right turn throughput tracks. Before
initiating exploration at each setting instance, all individuals of one
phenotype were placed in the deep section of the maze with the en-
trances to the T-junctions closed. These entrances were subsequently
opened, and the fish were allowed to explore the maze for seven sub-
sequent days. At the end of this period, the entrances to T-junctions were
closed again, all individuals were gently moved to the deep section of
the maze, and the maze was altered to the final setting. Thereafter, the
entrances were opened again, and the fish were allowed to explore the
whole maze for another seven days. After this period, individuals were
relocated to their original mesocosm, and the same procedure was
applied for fish of the second phenotype, resulting in a total of 28 days of
continuous monitoring. The koi phenotype was observed first, followed
by the wild-coloured phenotype. The order was determined randomly.
All individuals of one phenotype were immediately introduced to the
maze to enable their natural schooling behaviour (e.g., Kohler, 1976;
Huntingford et al., 2010). Monitoring took place in high summer (mid-
June-mid-July) to ensure minimal environmental variability, especially
in terms of temperature and day length. The water temperature was
measured continuously using an automatic logger. No significant tem-
perature differences were detected between the koi (mean 18.32 °C;
range 14.9-25.0 °C) and the wild-coloured (mean 18.44 °C; range
15.6-23.1 °C) phenotype monitoring events (P > 0.1).

At the end of the experiment, all the fish were recaptured using nets
and gently removed to an outdoor holding tank with flowing water.
Subsequently, blood samples were taken from every individual for

haematological and biochemical analyses. Blood was extracted from the
vena caudalis using a heparinized syringe (heparin inj., Leciva, Czech
Republic) according to unified methods for the haematological exami-
nation of fish (Borges et al., 2007; Sudova et al., 2009). For biochemical
plasma analysis, blood was separated via centrifugation at 12,000 xg for
10 min at 4 °C, and plasma samples were stored at —80 °C until analysis.
Biochemical indices were obtained using an ABL90 FLEX blood gas
analyser (RadiometerMedical ApS, Brgnshgj, Denmark) and a VETTEST
8008 analyser (IDEXX Laboratories, Inc., Westbrook, ME, USA; Gallardo
et al., 2010; Li et al., 2011). The complete list of analysed haemato-
logical and biochemical indices can be found in Table 1.

2.2.2. Experiment II: Behaviour in the riverine environment

The second experiment aimed to assess common carp behaviour after
stocking in a riverine environment, which is a common management
practice in the Czech Republic. First, the fish were left undisturbed in the
holding mesocosms for 14 days after Experiment I. Subsequently, after
being anaesthetized with 2-phenoxyethanol (0.2 ml 17; Merck KGaA,
Germany), the fish were tagged with radio telemetry transmitters with
temperature and activity sensors (MST-720-MT, mass: 1.8 g in air, with
an operational life of c. 140 days; Lotek Engineering, Inc., Canada).
Transmitters were implanted in the body cavity of each fish through a
mid-ventral incision that was closed with three or four separate stitches
using a sterile, braided, absorbable suture (Ethicon-coated VICRYL).
Then, individuals were kept in cages immersed in the holding tanks for
approximately 30 min after transmitter implantation to allow them to
recover. Finally, they were then stocked in the Berounka River (Elbe
catchment area; 49°559 N; 14°149 E; long-term average flow Qs3g = 36
m3s~! ; width between 68 and 127 m; for a full site description, see Slavik
et al., 2007).

The fish were monitored for approximately 2 months after release
(29th July - 11th September). All the fish within the study site were
tracked to check their position, and a group of randomly selected in-
dividuals of both phenotypes was tracked once every 7 days during a 24-
h cycle. Eighteen to thirty-five specimens were tracked during every 24-
h cycle, with the koi and wild-coloured phenotypes represented as
equally as possible, depending on the tracking conditions. The tracking
equipment included two radio receivers (Lotek SRX_600; Lotek Engi-
neering, Inc., Ontario, Canada) and a three-element Yagi antenna
equipped with a compass. Compass bearings were taken in the trans-
mitter direction from locations positioned with the help of a GPS (GPS
map 76S, Garmin Ltd., USA). A computer program was developed to
obtain fish position coordinates and to plot them on a map using the
biangulation method proposed by White and Garrot (1990). The posi-
tions of the fish were determined during 8 subsequent 3-h intervals
(06:00-08:59, 09:00-11:59, 12:00-14:59, 15:00-17:59, 18:00-20:59,
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Table 1

Haematological and biochemical indices of koi and wild-coloured carp pheno-
types. The table shows variabilities across the phenotypes (significant relation-
ships highlighted as bold) including mean raw (+ S.D.) values of the variables
(significantly higher values highlighted as bold).

Variable Significance KOI WILD
(mean + S. (mean + S.
D.) D.)
Haematocrit (1/1) F=24.78;p < 0.37 + 0.04 0.32 + 0.04
0.0001
Haemoglobin concentration F=1.08;p > 94.24 + 87.09 +
[¢2)] 0.3037 29.91 27.74
Erythrocyte count (T/1) F=13.74;p > 1.63 + 0.21 1.47 £ 0.21
0.0006
Leukocyte count (G/D F=025p> 33.12 + 31.56 +
0.6178 9.99 12.94
Mean erythrocyte haemoglobin F=0.16;p > 57.89 + 59.77 +

(23] 0.6943 16.35 17.16

Mean erythrocyte volume (f1) F=0.58p> 230.06 + 218.65 +
0.4495 26.29 28.47
Mean erythrocyte haemoglobin F=037p> 255.01 + 274.07 £
[69) 0.5454 83.11 67.49
Lymphocyte (%) F=14.24;p> 92.6 + 3.31 88.82 +
0.0005 5.54
Monocyte (%) F=260;p> 3.54 £1.73 4.04 + 2.69
0.1134
Segment neutrophils (%) F=4.64;p > 1.77 + 1.41 0.8 + 0.95
0.0364
Band neutrophils (%) F=018p> 0.2+0.3 0.29 £+ 0.53
0.6761
Cortisol (ng/ml) F=4.68;p > 80.84 + 61.74 +
0.0358 39.66 26.06
Albumin (g/1) F=522;p> 11.74 + 11.06 +
0.0270 1.06 0.96
Globulin (g/D F=4.02p> 23.09 + 21.61 +
0.0508 2.65 2.61
Urea (mmol/) F=0.00;p > 2.71 + 0.38 2.7 + 0.49
0.9872
Alanine aminotransferase F=17.97;p > 1.17 £+ 0.28  0.81 £ 0.29
(pkat/D) 0.0001
Aspartate aminotransferase F=14.02;p > 3.52 + 0.98 2.53 + 0.68
(pkat/D 0.0005
Calcium (mmol/1) F=10.83;p > 2.11 + 0.17 2.01 £0.29
0.0019
Phosphorus (mmol/1) F=1549;p > 2.64 + 0.42 2.09 + 0.54
0.0003
Total protein (g/1) F=544;p > 34.87 + 32,67 +
0.0241 3.17 3.21
Glucose (mmol/1) F=0.03p> 4.62 + 0.81 4.66 + 1.22
0.8725
Ammonia (pmol/l) F=274p> 181.03 + 221.16 +
0.1044 41.78 76.38
Magnesium (mmol/1) F=83p> 1.21 + 0.09 1.13+0.11
0.0060
Triglyceride (mmol/1) F=9511;p< 3.78 £ 0.57 2.23 +0.53
0.0001
Lactate (mmol/) F=1.86;p> 6.46 + 1.81 5.55 + 1.61
0.1789
Creatinine (umol/l) F=28.82;p< 36 + 9.59 20.74 +
0.0001 7.73
Chloride (mmol/l) F=11.49;p > 105.61 + 99.96 +
0.0014 3.49 10.04
Potassium (mmol/1) F=4.75p> 1.90 + 0.33 2.11 +
0.0345 0.41
Sodium (mmol/1) F=13.68;p > 137.32 + 125.38 +
0.0006 8.7 9.43
Total bilirubin (umol/1) F=35.80;p < 4.77 + 2.53 2.12 +£1.06
0.0001
Cholesterol (mmol/1) F=77.89%p< 3.13 + 0.54 1.74 £ 0.48
0.0001

21:00-23:59, 24:00-02:59 and 03:00-05:59 h). The temperature (mean
21.6 °C, range 10.8-28.6 °C; Extech EC400, FLIR Commercial Systems,
Inc., U.S.A.) and flow (mean 10.5 m3s! range 5.6-20 m3s’1; provided
by the local river authority) were measured during the tracking sessions.
Temperature and motion data from the sensor transmitters were

Aquaculture 594 (2025) 741413

automatically stored and subsequently downloaded from the receiver.
2.3. Data analyses

2.3.1. Experiment I

Over 800 thousand raw data points were obtained from the experi-
mental maze. We defined the number of times antennas were passed by
an individual as a general measure of individual movement activity
based on the activity measurements of juvenile chubs Squalius cephalus
(L. 1758) (Horky et al., 2014) or catfish Silurus glanis (L. 1758) (Slavik
et al., 2016a). We employed a regular 5-min grid approach to address a
kind of M-dependence structure hidden within the data (e.g., Moon and
Velasco, 2013). The M-dependence refers to dependent structured var-
iables that can be transformed into independent variables by removing
consecutive observations. In our case, M-dependence was caused by
multiple records per fish within a short period. Thus, the ‘maze activity’
of individual fish was calculated as the number of artificial channel units
passed within the 5-min time grid. Three light intervals (day, twilight
and night) were used to describe the diel activity patterns according to
Slavik et al. (2007). Exploratory behaviour was considered the ability of
an individual to find food by exploring the path in the maze, including
the change in food positioning in the maze during the experiment.
‘Exploration’ was defined as the time (s) needed to explore the whole
maze, i.e., the time between the initial detection of an individual by the
first and last antenna (regardless of their order). Utilization of the
feeding area was defined as the binomial variable indicating whether the
individual was detected (1) or not (0) in the feeding area. ‘Occurrence in
the left’ was defined as the binomial variable indicating whether the
individual was detected (1) or not (0) in the left part of the whole maze.
Accordingly, it was defined whether the individual was detected ‘first in
the left’ part of the whole maze (1) or not (0) after initiating monitoring.
The last two variables were used to describe laterality of the species.

2.3.2. Experiment II

Over 1400 raw radiotelemetry data points from 39 individuals (19
koi and 20 wild-coloured phenotype individuals) were included in our
analyses. Four specimens were caught by herons shortly after tagging.
Another 19 specimens disappeared from the study site throughout the
duration of the study. These specimens may have relocated downstream
from the 3.5 km long study stretch bounded by weirs, or they were also
predated upon. Both options are common fates for hatchery-reared fish
after stocking (e.g., Thompson et al., 2016). Movement during a 24-h
cycle was determined as the distance (m) between fish positions at two
subsequent 3-h intervals and is henceforth referred to as ‘field activity’.
Three ‘light intervals’ (day, twilight and night) were used to describe the
diel activity patterns just as in Experiment I. The temperature (ranging
from —6 to 34 °C; 50 stepwise temperature values, i.e., accuracy to
0.8 °C) and motion (binomial variable; 0 — nonmotion; 1 — motion)
sensor transmitters automatically saved individual data every 10 s. To
avoid the dependence of consecutive points in the raw continuous data,
as noted above (a type of M-dependence structure; Moon and Velasco,
2013), every fish was assigned one mean temperature and motion value
in every interval of diel observation (8 subsequent 3 h intervals). The
final sensor data are further referred to as ‘body temperature’ and
‘motion’.

2.4. Statistical analyses

Statistical analyses were performed using the SAS software package
(SAS Institute, Inc., version 9.4; www.sas.com). Separate generalized
linear mixed models with random factors were fitted to analyse the
variables ‘maze activity’, ‘field activity’, ‘exploration’, ‘occurrence in
the left’, ‘first in the left’ and ‘utilization of the feeding area’. Mixed
models are a generalization of standard models, e.g., GLM, with gener-
alization indicating that the data are permitted to exhibit correlation
and nonconstant variability. This method is used to cope with repeated
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measures experiments in which people or animals are the subjects and
the subjects are declared random because they are selected from a larger
population in which generalizations are required (SAS Institute Inc.,
2004). Therefore, in the present study, factors were applied to account
for the repeated measures introduced by using the same experimental
units (i.e., individual fish). More detailed information about the mixed
models can be found elsewhere (e.g., Searle et al., 1992; Breslow and
Clayton, 1993; SAS Institute Inc., 2004). A generalized linear mixed
model (GLMM; SAS procedure PROC GLIMMIX) with a Poisson distri-
bution was applied to analyse the variable ‘maze activity’, and GLMM
with a binary distribution was applied to analyse the variables ‘occur-
rence in the left’, ‘first in the left’ and ‘utilization of the feeding area’. A
GLMM with a normal distribution (SAS procedure PROC MIXED) was
applied to analyse ‘exploration’ and ‘field activity’, log10-transformed
to meet normality requirements prior to the analyses. The significance
of the explanatory variables and their interactions were assessed using F
tests. Least-squares means (henceforth referred to and in bar charts
presented as the ‘adjusted mean’ of model predictions) were subse-
quently computed for the different classes of class variables. Differences
between the classes were determined with a t-test, and the Tukey—K-
ramer adjustment was used for multiple comparisons. The degree of
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freedom was calculated using the Kenward-Roger method (Kenward
and Roger, 1997).

Haematological and biochemical indices were analysed using a
multivariate analysis of variance (MANOVA) approach in a GLM pro-
cedure. The data were logl0 or square-root transformed for normality
prior to the GLM analyses when needed. Wilks' lambda statistic was
tested with approximations based on the F distribution as a measure of
the overall effect of phenotype (koi, wild-coloured) on biochemical data.
A separate analysis of variance was subsequently performed for each
haematological/biochemical variable using F tests. To account for the
repeated measurements collected for the same experimental units (in-
dividual fish), we used a REPEATED statement.

To test cross-trait correlations, we used Spearman correlations ac-
cording to Brodin et al. (2013). Every individual was assigned one mean
value per trait (i.e., ‘maze activity’, ‘field activity’, ‘exploration’, ‘mo-
tion’ or ‘body temperature’). Cross-trait correlations for each phenotype
(koi and wild-coloured) were tested separately. A significant relation-
ship indicated the occurrence of a behavioural syndrome between the
two individual traits tested.
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Fig. 2. Maze (A) and field (B) activity across the carp phenotype. Values are adjusted means (+/— S.E.) predicted from the mixed model. Asterisks indicate sig-

nificant differences (Adj. p < 0.05).
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3. Results
3.1. General behavioural patterns

The koi phenotype exhibited greater activity than did the wild-
coloured conspecifics in the experimental maze (Fy, 61.97 = 45.59, p <
0.0001; Fig. 2A) as well as after stocking in the riverine environment (F;,
42.2=12.33, p < 0.0011; Fig. 2B). A common peak in nocturnal activity
in the experimental maze was observed (Fy 1 = 36,562.5, p < 0.0037;
Fig. 3A). While there was no significant difference in the activity of
either phenotype at night, the koi phenotype was less active during the
daytime (F3, 1 = 9915.37, p < 0.0074; Fig. 3B).

3.2. Cognitive skills

Cognitive skills were recorded as a behavioural response to the
altered settings of the experimental maze as well as a response to the
unknown riverine environment. Carps commonly utilized their cogni-
tive skills as the time needed to explore the whole maze (Fy, 124 = 47.67,
p < 0.0001; Fig. 4A), and their activity (Fy, 124 = 2195.76, p < 0.0001;
Fig. 4B) was lower in the initial setting than in the final setting. The koi
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phenotype needed more time to explore the whole maze (Fi, 124 =
194.04, p < 0.0001; Fig. 5A), and their exploration time did not change
between the maze settings (Fi, 124 = 43.02, p < 0.0001; Fig. 5B).
However, the wild-coloured conspecifics were able to improve their
performance, which resulted in a decrease in exploration time from the
initial to the final setting (Fig. 5B). Improved exploration by the wild-
coloured phenotype was also accompanied by increased utilization of
the feeding area during the final settings of the experimental maze,
while the opposite was true for the koi conspecifics (Fa, 159.3 = 1019.55,
p < 0.0001; Fig. 5C). In other words, the wild-coloured phenotype uti-
lized previous knowledge of the maze to increase its presence in the
feeding area. Improved exploration by the wild-coloured phenotype was
also accompanied by a decrease in nocturnal activity from the initial to
the final maze settings (Fe, 1 = 1546.2, p < 0.0195; Fig. 6A) as well as a
peakless activity pattern in the riverine environment (F4 1398 = 7.04, p
< 0.0001; Fig. 6B). In contrast, impaired exploration of the koi pheno-
type resulted in an increase in nocturnal activity from the initial to the
final maze settings (Fig. 6A) as well as maintenance of the nocturnal
activity peak after stocking in the riverine environment (Fig. 6B).
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Fig. 3. Maze activity across light intervals. General (A) and carp phenotype (B; KOI - orange silhouette, empty bar; WILD — black silhouette, hatched bar) patterns
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3.3. Laterality

The probability of occurrence in the left part of the maze increased
from the initial to the final settings for both phenotypes (Fs 2084 =
283.93, p < 0.0001). The final settings consisted of left/left and right/
right turn throughput tracks, suggesting an easier way for a lateral
biased individual to get through the maze. Accordingly, the probability
that the individual would be detected in the left part of the maze for the
first time after the beginning of observations was greater during the final
settings for the wild-coloured phenotype fish (F3 120 = 3.61, p <
0.0154), suggesting that their bias towards detouring a barrier prefer-
entially occurred leftwise.

3.4. Behavioural syndromes

There was a general difference between the carp phenotypes in the
expression of the behavioural syndromes, as the koi phenotype exhibited
only one significant relationship between traits, whereas the wild-
coloured phenotype exhibited eight significant relationships between
traits from ten possible combinations (Table 2). While koi carp exhibited
a significant positive relationship between activity in the riverine
environment and that in the experimental maze, the wild-coloured carp

exhibited the opposite relationship (i.e., negative correlation) between
these variables. Furthermore, carp with the koi phenotype exhibited no
relationship between exploration and activity in the maze, while their
wild-coloured conspecifics exhibited a negative relationship between
these variables. In other words, the more the wild-coloured fish were
active, the less time they needed to explore the maze, suggesting that
their activity was related to efficient exploration. Body temperature in
the wild-coloured phenotype was significantly related to all the other
observed variables. In contrast, there was no significant relationship
between body temperature and the other variables in the koi phenotype.

3.5. Biochemical indices

Haematological and biochemical data suggest that the phenotype has
an overall effect on the enzyme activities and plasma ion concentrations
in carp (Fs2, 15 = 7.55, p < 0.0001). Specifically, significant differences
were detected in 19 of the 31 indices (Table 1). Except for the potassium
levels, which showed slightly higher values in the wild-coloured
phenotype than in the koi phenotype, all the other indices were higher
in the koi phenotype. Inter alia, cortisol (orange coloured phenotype:
80.84 + 39.66 ng/ml; wild-coloured phenotype: 61.74 + 26.06 ng/ml)
and erythrocyte levels (orange-coloured phenotype: 1.63 + 0.21 T/I;
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Fig. 5. Exploration (A, B) and utilization of feeding area (C) across carp phenotypes. General (A) and maze settings (B, C; INITIAL - light grey bar; FINAL - dark grey
bar) patterns are displayed. Values are adjusted means (+/— S.E.) predicted from the mixed model. Asterisks indicate significant differences (Adj. p < 0.05).
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Table 2

The cross-trait correlation table showing the Spearman correlation coefficients for all observed traits. Significant relationships (p < 0.05) are highlighted in bold and
indicate the existence of a behavioural syndrome between two individual traits of the koi and wild-coloured carp phenotypes.

Field activity Body temperature Motion (sensor) Exploration Maze activity
KOI WILD
. . p =100 p=1.00

Field activity n—19 n—20
N.A. N. A
KOI WILD KOI WILD
p=-0.30 p=0.69 p =100 p =100

Body temperature n—19 n—20 n—19 n—20
p <0.21 p<0.01 N.A. N. A
KOI WILD KOI WILD KOI WILD

. p=0.08 p=0.72 p =043 p=0.68 p =1.00 p =1.00

Motlon (sensar) n=19 n=20 n=19 n=20 n=19 n=20
p <075 p <0.01 p <007 p <0.01 N.A. N. A.
KOI WILD KOI WILD KOI WILD KOI WILD

. p=-02 p=0.38 p=-025 p=0.52 p=0.02 p=0.38 p=1.00 p=1.00

Exploration n=19 n=20 n=19 n=20 n=19 n=20 n=31 n=31
p <042 p<o01 p <031 p<0.05 p <093 p<o01 N.A. N. A.
KOI WILD KOI WILD KOI WILD KOI WILD KOI WILD

. p =0.60 p=—-049 p=-017 p=-070 p=-022 p=-051 p=-005 p=-059 p=100 p=100

Maze activity n=19 n=20 n=19 n=20 n=19 n=20 n=31 n=31 n=31 n=31

p<0.01 p <0.05 p < 0.49 p<0.01 p < 0.36 p<0.05 p <079 p<0.01 N.A. N. A.
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wild-coloured phenotype: 1.47 + 0.21 T/1) can be suggested as in-
dicators of increased stress in the koi phenotype, while other indices,
such as alanine and aspartate aminotransferases, creatinine or bilirubin
levels, presumably indicate impairment of internal organs of the koi
phenotype.

4. Discussion

The genetic regulatory mechanisms underlying fish skin coloration
and pigmentation are still relatively unexplained (Luo et al., 2021et al.,
2021). Specific coloration during ontogenetic development and relation
of individual coloration to behavioural and physiological performances
are, however, documented (Skold et al., 2016). The intensity of col-
ouration is closely related to behavioural traits, such as aggressiveness
(Horth, 2003; Ziegelbecker et al., 2021) and/or stress resistance (Kit-
tilsen et al., 2009; Nakano and Wiegertjes, 2020). Further research into
the related genes is needed to promote genetic association studies with
phenotypic traits such as skin colour, coloration patterns, physiological
pathways and behavioural patterns (Luo et al., 2021), such as docu-
mented, e.g., for the specific behavioural performance of albino fish
influenced by pleiotropic function of the oca2 gene (O’Gorman et al.,
2021).

Our results revealed the relationships between the physiology and
behavioural performance of both coloured phenotypes of the carp. The
orange-coloured koi carp exhibited a reduced exploratory behaviour,
lower ability to use previous knowledge on how to repeatedly reach
food, lower activity during daylight and less lateralization of their
behaviour in the maze than did the wild-coloured carp. In the riverine
environment, the behaviour of the koi carp was not related to temper-
ature, while for their wild-coloured counterparts, it was. Furthermore,
contrary to our assumptions, the orange-coloured phenotype displayed
greater sensitivity to stress, as shown by haematological and biochem-
ical indices. The behavioural and physiological performance of the koi
carp corresponded with the copy style conception, in which behavioural
performance is reflected in physiological conditions (@verli et al., 2005;
Winberg and Schjolden, 2007; Castanheira et al., 2017). Accordingly, in
our study, the performance of the koi carp can be considered a reactive
coping style, while the wild-coloured phenotype can be considered a
proactive coping style (Pottinger and Carrick, 1999, 2001), which can
have negative consequences for management and aquaculture
production.

4.1. Stress response

A physiological response of the carp to various stressors, e.g.,
handling, confinement, crowding and/or sportfishing capture, was
observed (Ruane et al., 2002; Saeij et al., 2003; Arlinghaus et al., 2007;
Rapp et al., 2012). Carp individuals with a domesticated phenotype
exhibit reduced responsiveness to stressors compared to their wild
conspecifics (Hancz et al., 2000; Tanck et al., 2002), similar to what has
been observed in salmonids (Lepage et al., 2000) and in fish in general
(Milla et al., 2021). In our study, analyses of biochemical indices, e.g.,
poststress plasma cortisol levels, which is considered an important stress
indicator (Pottinger and Carrick, 1999; Winberg and Sneddon, 2022),
the number of erythrocytes (Velisek et al., 2013; Kondera and Witeska,
2019); and potassium levels (Martemyanov, 2014; Slavik et al., 2017),
among others, showed strong stress responses in the orange-coloured koi
carp phenotype, while these responses were negligible for their wild-
coloured counterparts. The higher stress sensitivity of these fish
appeared to be related to their colouration. For example, extremely
coloured albino phenotypes, which are not able to synthetise melanin
(Oetting and King, 1999), exhibit greater stress (Parodi et al., 2014;
Slavik et al., 2022; Valcharova et al., 2022) and parasitic (Bondari,
1984; Cohen et al., 2018) sensitivities than their pigmented
counterparts.
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4.2. Field and maze activity

In the riverine environment, there was no significant differences in
activity between the two phenotypes. In the maze, there was no signif-
icant differences in nighttime activity, while a lower activity of the koi
carp was observed during the day. The movement activity of the carp
varied for different environments, with peaks occurring either during
the day (Rahman and Meyer, 2009; Benito et al., 2015) or at night (Zak,
2021; Hundt et al., 2022). Differences in behavioural traits have been
recorded in fish with different activity traits during a diurnal cycle
(Martorell-Barcel6 et al., 2023). In the wild, plasticity in movement
activity reflects the search for dispersed resources (e.g., Schoener,
1981). In the maze, however, food availability was the same for both
phenotypes; hence, the lower daylight activity of the koi carp may be
related to the avoidance of fish-eating avian predators in rearing ponds.
As is generally known, carps choose habitats based on their ability to
escape from predators (Bajer et al., 2012, 2015; Banet et al., 2022);
moreover, conspicuously coloured animal phenotypes, including those
of fish, e.g., albinos, are stressed during daytime and therefore reduce
daytime activities (Stryjek et al., 2013; Valcharova et al., 2022). As the
different sensitivities of the two phenotypes to predation risk can be
related to environmental conditions (Klefoth et al., 2012), it can be
assumed that the experimental conditions in the maze did not provide a
comfortable environment to koi carp because these showed no signifi-
cant differences in activity during daytime in the wild, where there are
sufficient concealments, including deep pools. Changes in antipredator
behaviours involving light and/or orange colourations in bivalves and
echinoderms have been reported (Kehas et al., 2005; Roussel et al.,
2019).

4.3. Exploratory behaviour and cognition

The exploratory behaviour of the fish decreased during the experi-
ment in the maze. Koi carp needed more time to explore the whole maze
and to find food, and their exploratory behaviour was stable, contrary to
that of the wild-coloured phenotype. More exploratory animals are
usually bolder (Petersson and Jarvi, 2006; Araki et al., 2008), as bold-
ness can be a consequence of limited food resources and low predation
risk (Reéale et al., 2007; Conrad et al., 2011; Harkonen et al., 2014). Body
colouring, specifically the accumulation of carotenoids, is related to
either an increase in or no effect on exploratory behaviour (Rowe et al.,
2015; Kelleher et al., 2022). Our finding of decreased exploratory
behaviour in koi carp can be explained by the relationships among
exploratory behaviour, stress response and cognitive abilities.

In addition to the reduced exploratory behaviour, the koi carp dis-
played significantly greater stress levels than did the wild-coloured
phenotype of carp. The behavioural performance of koi carp appears
to be more correlated with the behaviour of albinos, which is usually
accompanied by reduced exploratory behaviour and lower movement
activity (Pisula et al., 2012; Elipot et al., 2013; Slavik et al., 2016b),
shyness and greater stress sensitivity (Parodi et al., 2014; Valcharova
et al., 2022) and reduced cognitive capabilities (Harker and Whishaw,
2002; Ren et al., 2002) than to those of their pigmented counterparts. In
our study, higher activity and stress levels in the koi carp were recorded.
It can be assumed that lowered ability to find a feeding area resulting in
stress increase can be accompanied by erratic behaviour (Slavik et al.,
2022) displayed by higher activity of the koi carp in the maze. In
opposite, exploratory behaviour is associated with reduced stress (Overli
et al., 2002; Conrad et al., 2011; Eronen et al., 2023) and boldness-
foraging behaviour (Wilson and Godin, 2009; Huntingford et al.,
2010; Klefoth et al., 2012), which was displayed by the wild-coloured
phenotype in our study. The pleiotropic effects of the genes respon-
sible for colouration are exhibited by the physiology and behaviour of
individuals (Horth, 2003; Ducrest et al., 2008; Cal et al., 2017; Li et al.,
2017; Cho et al., 2020). In our study, the cognitive capabilities of the koi
carp resulted in them being slower to find food than did their wild-
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coloured counterparts. The effect of domestication can be manifested in
reduced cognitive capabilities (Brown and Laland, 2001; Marchetti and
Nevitt, 2003; Matsuzaki et al., 2009; Klefoth et al., 2012, 2017), while
more explorative individuals tend to learn faster (Kniel et al., 2020).

4.4. Lateralization

Our findings revealed an increasing probability of fish occurring in
the left arm of the maze during the experimental period, which was
significantly greater for the wild-coloured phenotype, suggesting that
this phenotype presents an interest in getting around the barrier, pref-
erably on the left side. Lateralized behaviour reflects brain asymmetry
accompanied by advantages in processing different information simul-
taneously and solving parallel tasks (Petrazzini et al., 2020). It can be
assumed that the left-sided orientation reflects the shoaling behaviour of
carps, as the left eye (and right hemisphere) are used for observations of
their counterparts (Bisazza et al., 1999; Sovrano et al., 2001; Salva et al.,
2012), while the right-sided orientation can be used to bypass barriers
(Bisazza et al., 1998). As carps are shoal fish, we can speculate that the
wild-coloured phenotype facilitated food searching by using socially
shared information more than did the koi carp. Although more obser-
vations and data are needed for generalization of the lateralized
behaviour of both phenotypes, the differences recorded between the two
phenotypes seem to show other behavioural differences between the two
phenotypes based on the body colouring.

4.5. Behavioural traits and temperature

The relationships between behavioural traits, e.g., movement activ-
ity and exploratory behaviour, allow us to delineate repeatable fish
behaviour over time and across scenarios (Réale et al., 2007; Wilson and
Godin, 2009; Mazué et al., 2015; DePasquale et al., 2022). Our results
revealed a positive correlation between the activity of the koi carp in the
wild (field activity) and in the maze. Furthermore, in the maze, there
was no relationship between exploratory behaviour and activity. In
contrast, the wild-coloured phenotype showed negative correlation be-
tween the field and maze activity. Similarly, in the maze, there was a
negative correlation between exploratory behaviour and activity; i.e.,
the more the wild-coloured phenotype individuals were active, the less
time they needed to explore the maze, suggesting that their activity was
related to efficient exploration. The wild-coloured phenotype showed
the same trend in behavioural performance in the unknown riverine
environment. Body temperature in the wild-coloured phenotype was
significantly related to exploration and activity in the maze and to
motion in the field. In the wild, carps often prefer feeding, resting and
reproductive locations in shallow floodplain areas with higher temper-
atures (Bajer et al., 2010; Bajer and Sorensen, 2010; Benito et al., 2015;
Banet et al., 2022). In contrast, there were no significant relationship
with body temperature in the case of koi carp. Our results revealed
differences in the relationship between behavioural performance and
temperature preference, which corresponds with the recorded rela-
tionship between preferred temperatures and personal traits, revealing a
preference for higher temperatures in proactive individuals than in
reactive individuals (Cerqueira et al., 2016).

5. Conclusions

Our results showed differences in behavioural and physiological
traits between differently coloured phenotypes in fish. The wild-
coloured phenotype of the carp displayed activity for 24 h in both
observed environments, i.e., in the riverine environment and experi-
mental maze, and showed greater stress resistance and left-sided later-
alization. Furthermore, individuals who explored the environment more
effectively showed better cognitive skills while searching for food and
preferred higher temperatures for some behavioural traits. The recorded
behavioural performance of the wild-coloured phenotype correlated
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with a proactive coping style, while that of the orange-coloured koi
phenotype, e.g., higher sensitivity to stress, mostly nocturnal activity,
reduced exploratory behaviour and no relationship with increasing
temperature, tended to fit with a reactive coping style. Body colouring
and related traits, e.g., sensitivity to parasites and/or stress, appear to
play an important role in fish welfare (Kittilsen et al., 2012; Bolnick
et al., 2015; Nakano, 2020; Nakano and Wiegertjes, 2020; Parejo and
Avilés, 2020; Svitacova et al., 2023). Mixing of differently coloured fish
may reduce the welfare of phenotypes more sensitive to stress with
reduced competing abilities. Our results suggest this trend for mixed
shoals of koi and wild-coloured carp in aquaculture. Further research
into genetic regulatory mechanisms relating to coloration is needed to
promote genetic association studies with phenotypic traits, physiolog-
ical pathways and behavioural patterns.
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