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Streszczenie

Inwazje biologiczne to proces, w ktérym organizmy sa wprowadzane przy udziale
czlowieka poza zasieg ich naturalnego wystepowania, gdzie sg w stanie tworzy¢ stabilne,
samoutrzymujace si¢ populacje oraz samodzielnie rozprzestrzeniaé si¢ na pobliskie tereny
1 wywolywa¢ zmiany w zajmowanych ekosystemach. Czlowiek intensyfikuje zjawisko
inwazji biologicznych w skali przestrzennej i czasowej, znoszac bariery geograficzne
i umozliwiajac przemieszczanie si¢ organizméw na znaczne odleglosci w czasie krotszym
niz w przypadku naturalnych mechanizméw dyspersji. W konsekwencji gatunki inwazyjne
stanowig zagrozenie dla réznorodnosci biologicznej, a jednym z kluczowych zagadnien
w badaniach nad procesem inwazji biologicznych jest poznanie cech gatunkéw
inwazyjnych, w tym behawioralnych, lezacych u podstaw ich sukcesu w zajmowaniu
nowych terenow.

Nadrzgdnym celem rozprawy doktorskiej bylo poznanie reakcji behawioralnych
pontokaspijskich ryb babkowatych (Gobiidae) oraz sympatrycznych gatunkéw rodzimych
na sytuacje stresowe zwigzane z zajmowaniem nowego Srodowiska. Zagadnienie to jest
istotne w kontekscie oceny potencjatu inwazyjnego specyficznej grupy dennych
1 terytorialnych ryb, ktorej przedstawicielami sg pontokaspijskie Gobiidae. Wykonano trzy
eksperymenty, wktorych testowano dwa gatunki babek rozprzestrzeniajacych
sie¢ w wodach stodkich Europy (babka tysa Babka gymnotrachelus i babka szczupla
Neogobius fluviatilis), oraz gatunki rodzime o zblizonej do nich biologii i ekologii
(odpowiednio: glowacz biatoptetwy Cottus gobio oraz kietb Gobio gobio). W pierwszym
eksperymencie badano zachowania obronne ryb w konfrontacji z drapieznikiem. Drugi
eksperyment dotyczyl odpowiedzi behawioralnych ryb na nowe, nieznane srodowisko (test
opuszczania kryjowki, test otwartego pola) oraz nagla zmiang w znanym srodowisku (test
reakcji na nowy obiekt). W ostatnim eksperymencie badano reakcje behawioralne ryb
na informacje socjalne, tj. generowane zachowaniem innych osobnikéw (zaréwno
wlasnego jak i innych gatunkéw), $wiadczace o zagrozeniu lub lokalizacji zasobdw
w nowym srodowisku.

Stwierdzono, ze badane gatunki inwazyjnych ryb  babkowatych:
(1) nie wykazywaly bardziej skutecznych zachowan obronnych w konfrontacji
z drapieznikiem niz gatunki rodzime; (2) okazaly si¢ bardziej odwazne, tj. mniej zwigzane
z kryjowka ibardziej intensywnie eksplorujace otoczenie w zetknieciu znowym

srodowiskiem w poréwnaniu z rodzimymi gatunkami; (3) byly w stanie wykorzystywaé
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wewnatrz- i miedzygatunkowe informacje socjalne o zagrozeniu w zespotach ryb, a babka
szczupla — takze informacje o lokalizacji zasobéw. Rezultaty badan sugeruja, ze inwazyjne
babki moga mie¢ konkurencyjna przewage nad gatunkami rodzimymi w wyniku bardziej
intensywnej eksploracji otoczenia i eksploatacji zasobow w nowo zajmowanych
srodowiskach. Poréwnywalna z rodzimymi rybami podatno$¢é babek na chwytanie przez
drapiezniki, wskazuje na potencjal powodowania zmian w sieciach troficznych przez
wlaczanie inwazyjnych Gobiidae do diety rodzimych drapieznikéw i redukowanie
liczebnosci babek na zajmowanych terenach. Aczkolwiek, przeciwstawng role moga
odgrywac tutaj zdolnosci babek do wykrywania zagrozenia na podstawie zachowan innych
osobnikow 1 potencjalnego unikania bezposredniej konfrontacji z drapieznikiem,
sprzyjajace ich ekspansji. Wyniki uzyskane w ramach niniejszej pracy doktorskiej
dostarczaja nowej wiedzy na temat potencjatu inwazyjnego pontokaspijskich, bentosowych
ryb z rodziny babkowatych oraz podkreslaja wazno$¢ behawioru jako mechanizmu

mogacego wpltywaé na sukces inwazyjnych zwierzat na nowo zajmowanych terenach.



Abstract

Biological invasion is a process of introducing organisms with human assistance outside
their native range, where they can sustain a stable population, spread to nearby areas and
cause changes in invaded ecosystems. Human intensifies this process on spatial and
temporal scales by removing geographical barriers and allowing organisms to move for
longer distances in a shorter time compared to natural dispersal mechanisms. As a
consequence, invasive species constitute a serious threat to global biodiversity. One of the
key aspects of biological invasion studies is the insight into features of invasive species,

including behavioural characteristics, which determine their success in newly settled areas.

The main aim of this dissertation was to expand the knowledge about the
behavioural reactions of invasive Ponto-Caspian gobies (Gobiidae) and sympatric native
species to stress related to their appearance in the novel environment. Knowing this is
important to assess the invasive potential of Ponto-Caspian gobies as a model of a specific
group of benthic, solitary fish species. Three experiments were performed on two gobies
species spreading in European freshwaters (the racer goby Babka gymnotrachelus and the
monkey goby Neogobius fluviatilis) and sympatric native species similar in biology and
ecology (the European bullhead Cottus gobio and the gudgeon Gobio gobio, respectively).
In the first experiment, antipredator behaviours facing predatory fish were assessed. The
aim of the second experiment was to assess behavioural reactions to novel, unfamiliar
environments (the shelter occupancy test, the open field test) or a sudden change in a
familiar environment (the novel object reaction test). In the last experiment, behavioural
reactions to social information, i.e. information provided by the behaviour of others (con-
and heterospecifics), related to danger or resource location in novel environments were

studied.

It was found that invasive gobies: (1) did not show more effective antipredator
behaviours compared to natives; (2) were bolder, i.e. less associated with the shelter and
explored the novel, unfamiliar environment more extensively than natives; (3) were able to
use social information about danger from con- and heterospecifics, and the monkey goby
did the same also for social information about resource location. These results suggest that
invasive gobies may gain a competitive advantage over sympatric native species by more
extensive exploration and resource exploitation in newly settled environments. The similar

susceptibility to predation compared to native prey species pointed out the potential of
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invasive gobies to affect food webs by including invasive Gobiidae in the diet of the native
predators, thus reducing the abundance of gobies in invaded ecosystems. Although, the
ability of gobies to detect danger based on the behaviour of other individuals and potentially
avoid direct confrontation with a predator, may favour their expansion. The results obtained
under this dissertation provide novel insight into the invasive potential of benthic Ponto-
Caspian gobies and underlie the role of behaviour as a potential mechanism affecting

invasion success in newly settled areas.



Inwazje biologiczne
Zjawisko inwazji biologicznych

Rozprzestrzenianie sie (dyspersja) organizmow, jest naturalnym procesem, lezacym
u podstaw ksztaltowania si¢ réznorodnosci biologicznej na Ziemi. Proces ten moze mieé
forme aktywna, polegajaca na wykorzystaniu wlasnych zdolnosci ruchu lub pasywna,
wykorzystujaca roézne wektory przenoszenia, jak zwierzeta, wiatr czy wodg¢
(Ricciardi 2013, Najberek i in. 2020). Inwazje biologiczne to proces, w ktérym organizmy
sa wprowadzane (introdukowane) przy udziale cztowieka (celowo lub przypadkowo) poza
zasieg ich naturalnego wystepowania, gdzie sa w stanie tworzy¢ stabilne, samoutrzymujace
si¢ populacje oraz samodzielnie rozprzestrzenia¢ si¢ na pobliskie tereny i wywotywac
zmiany w zajmowanych ekosystemach (Richardsoni in. 2000, Ricciardi 2013). Istota
problemu inwazji biologicznych polega natym, ze dziatalno$¢ czlowieka intensyfikuje
proces rozprzestrzeniania si¢ organizmow w skali przestrzennej i czasowej. W wyniku
globalnej rozbudowy sieci transportowych oraz intensywnej wymiany towar6w organizmy
sa przemieszczane na znaczne odleglosci (miedzykontynentalne) w czasie krotszym niz
wynika to z wykorzystania naturalnych mechanizmow dyspersji. Dzialalno$¢ czlowieka
znosi dotychczasowe bariery geograficzne, stwarzajagc mozliwos¢ dyspersji zwierzat
na obszary dotychczas dla nich niedostepne. Moze to mie¢ charakter celowy, kiedy
czlowiek $wiadomie przemieszcza organizmy z jednego miejsca do innego, jak np. ryby
do celéw hodowlanych i/lub hobbystyczych (akwarystyka, wedkarstwo) (Carlton 1992)
czy rosliny do celow ozdobnych (Keller i in. 2011). Ponadto, organizmy moga by¢
przemieszczane w sposob niezamierzony, przypadkowy, kiedy sa transportowane bez
wiedzy czlowieka. Przykladem jest tutaj transport wielu organizméw wodnych wraz
z wodami balastowymi statkow (Bailey 2015).

Pojawienie si¢ osobnikéw danego gatunku na nowym terenie, znajdujacym si¢ poza
zasiegiem rodzimego (naturalnego) wystepowania, wpisuje si¢ w poczatkowa fazg inwazji
biologicznej. Caly proces obejmuje kolejno etapy: transportu, introdukcji, zadomowienia
i rozprzestrzeniania gatunku. Jezeli gatunek obcy (przeniesiony poza zasieg swojego
naturalnego wystepowania) na nowym terenie generuje szkody srodowiskowe i/lub
w gospodarce czlowieka, zyskuje miano gatunku inwazyjnego (Blackburn i in. 2011,
Chappleiin. 2012, Najberek i Solarz 2016). Gatunek taki stanowi zagrozenie dla

réznorodnosci biologicznej i moze powodowaé dotkliwe konsekwencje ekologiczne,
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ekonomiczne, spoleczne i zdrowotne (Glowacinski i in. 2011). Gatunki inwazyjne
wplywaja na funkcjonowanie nowo zasiedlanych ekosystemow, powodujac m.in. zmiany
w cyklach obiegu pierwiastkdw (Mack 1 in. 2000), zmiany strukturalne srodowiska (Croll
1 in. 2005, Kornijéw i in. 2010), modyfikacje sieci troficznych (Doherty i in. 2016, David
i in. 2017, Kornijow i in. 2018), a takze krzyzujac sie (hybrydyzacja) z gatunkami
rodzimymi (Simberloff 1996, Biedrzycka i in. 2012), konkurujac z nimi o ograniczone
zasoby Srodowiskowe (Vila 1 Weiner 2004) czy stajac si¢ zywicielami lokalnych i/lub
wektorami nowych gatunkow pasozytow (Kvach 1 Ondrackova 2020). Grupa najbardziej
inwazyjnych gatunkéw, tj. o szczegdlnie duzym potencjale w zajmowaniu nowych
terendw, jest stosunkowo malo liczna; np. 69% wszystkich introdukcji gatunkéw
inwazyjnych ryb stodkowodnych na $wiecie jest zwiazanych z jedynie 61 gatunkami
(Toussaint i in. 2016). W zwigzku z tym, inwazje biologiczne prowadza do sukcesywnego
zwigkszenia podobienstwa taksonomicznego i funkcjonalnego pomiedzy ekosystemami
(Villéger 1 in. 2011, Su i in. 2021). Bardzo czgsto pojawienie sie¢ w danym Srodowisku
gatunku inwazyjnego generuje takze straty ekonomiczne (Diagne i in. 2020). Moga one
objawia¢ si¢ zmniejszeniem plondw spowodowanym dzialalnoscig inwazyjnych
szkodnikow upraw (Charles i Dukes 2007), niszczeniem infrastruktury przez zarastanie
urzadzen hydrotechnicznych (Haubrock iin. 2022) czy zmniejszeniem atrakcyjnosci
turystycznej danego terenu, ograniczajacym przychody (Shwiffiin. 2010). Co wigcej,
gatunki inwazyjne moga bezposrednio zagraza¢ zdrowiu i zyciu czlowieka, bedac
wektorami chorob, czego przykladem moga by¢ inwazyjne gatunki komardéw, przenoszace
takie choroby jak zolta febra, denga czy malaria (Juliano i Lounibos 2005).

Z uwagi na duza wage i skale problemu, tematyka inwazji biologicznych zajmuje
wazne miejsce w badaniach z zakresu ekologii i ochrony srodowiska, w tym zwlaszcza
w kontekscie zmian globalnych (Huang i in. 2011). Jednym z kluczowych zagadnien jest
poznanie mechanizméw inwazji, w tym cech gatunkéw inwazyjnych lezacych u podstaw
konkurencyjnej przewagi nad gatunkami rodzimymi i osigganiu sukcesu w zajmowaniu
nowych terenéw. Jednym ze stabo poznanych w tym kontekscie aspektow, o potencjalnie

duzym znaczeniu w przebiegu inwazji u zwierzat, jest behawior.

Behawior jako mechanizm wplywajacy na sukces inwazji biologicznych

Behawior mozna zdefiniowa¢ jako zlozony systemem zachowan zwierzgcia,
przejawiajacych sie w dziatlaniu lub zaniechaniu dzialania w odpowiedzi na sygnaty

docierajace ze srodowiska zewngtrznego lub z wnetrza organizmu (Levitis i in. 2009,



Kokocinska i Kaleta 2015). Warto nadmienié, ze tak rozumiany behawior obejmuje
zachowania zaré6wno osobnika jak i grupy osobnikéw (Levitis i in. 2009). Behawior moze
by¢ jednym z mechanizméw wplywajacych na sukces inwazji. Jak opisali
Chapple i in. (2012), rézne zachowania moga przynosi¢ korzysci gatunkom inwazyjnym
na réznych etapach inwazji. Na przyktad na etapie transportu duze znaczenie moze mieé
wysoki stopien eksploracji srodowiska, ktéry moze przyczyniaé¢ sie¢ do tatwiejszego
dostania si¢ na wektor transportu (Sih i in 2004). Z kolei w momencie przybycia na nowe
miejsca zachowania socjalne, tj. wchodzenie w interakcje zinnymi osobnikami przez
np. okazywanie agresji, mutualizm, kooperacje (Rubenstein i Rubenstein 2013), moga
decydowac o tym, czy osobniki pozostaja razem na danym terenie (osobniki socjalne,
tworzace zorganizowane grupy), Czy rozprzestrzeniaja si¢ (osobniki asocjalne)
i determinowac osiggniecie zageszczenia odpowiedniego do wytworzenia stabilnej
populacji (Cote i in 2010). W fazie tworzenia stabilnej populacji wazne okazuja
sie zachowania zwigzane z opiekg nad potomstwem (Chapple i in. 2012), ktére zwickszaja
sukces reprodukcyjny przedstawicieli gatunku inwazyjnego. Kolejnym elementem,
zwigzanym z przezywalnoscig osobnikow na réznych etapach inwazji, jest obrona przed
drapieznictwem. Behawior moze odgrywaé kluczowa role jako mechanizm obronny,
warunkujagc np. skuteczng ucieczke ofiary przed atakujagcym drapieznikiem
(Kelley 1 Magurran 2003, Szulkin i in. 2006, Pietrzak i in. 2017). Zachowania obronne
moga mie¢ rozmaite formy, jak unikanie przebywania w miejscach o wysokim stopniu
zagrozenia, ukrywanie sie, zmniejszenie aktywnosci, aktywna ucieczke przed polujacym
drapieznikiem czy pozostawanie w bezruchu (Lima i1 Dill 1990, Mikolajewski i Johansson
2004, Pijanowska i in. 2006, Teplitsky i1 Laurila 2007, Dawidowicz i in. 2013). Efektywne
zachowania obronne, zmniejszajace ryzyko pochwycenia przez drapieznika moga stanowié
mechanizmy wplywajace na sukces inwazji (Jermacz i in. 2017, Jermacz i Kobak 2018).
Interesujagcym aspektem w kontekscie inwazji biologicznych sa zachowania
zwierzat zwigzane z odwaga. Zachowania te maja duze znaczenie ewolucyjne
i ekologiczne (White i in. 2013), poniewaz sa wpisane w podejmowanie przez zwierzeta
decyzji Scisle zwigzanych z przezywalnoscia, tzn. wyboru pomiedzy schronieniem
si¢ przed drapieznikami, a aktywnym poszukiwaniem zasobow, takich jak pokarm
czy partner do rozrodu (Avargues-Weber iin. 2013). Odwaga definiowana jest jako
zdolnos¢ organizmu do podejmowania ryzyka (Wilson iin. 1994, Ballew i in. 2017),
a jej miarg moze by¢ np. reakcja behawioralna na pojawienie si¢ w nowym, nieznanym

srodowisku (Brown i in. 2007b, Toms i in. 2010, Mustafa i in. 2019). Stawianie czota
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nowym 1 nieprzewidywanym zagrozeniom zwigzanym z nieznanym Srodowiskiem
czy obecnoscig drapieznika moze wywotywaé u zwierzat stres (Perrot-Minnot i in. 2017).
Odpowiedz na ten stres moze by¢ realizowana na wielu poziomach organizacji organizmu,
poczawszy od zmian w gospodarce hormonalnej, przez zmiany w funkcjonowaniu
ukladow krwionosnego i oddechowego, skonczywszy na odpowiedzi catego organizmu,
wyrazonej m.in. przez zmiane zachowania (Schreck i Tort, 2016, Sopinka i in. 2016).
W takiej sytuacji zachowania odwazne osobnika, manifestujace si¢ wysoka aktywnoscia
oraz intensywng eksploracja srodowiska, moga przektada¢ sie na szybkie lokalizowanie
zasobow 1 w efekcie sprawniejsze ich pozyskiwanie. W przypadku gatunkow inwazyjnych
odwaga moze zatem zwieksza¢ prawdopodobienstwo osiagniecia sukcesu na nowo
zajmowanych terenach. Z drugiej strony, ten sam repertuar zachowan naraza osobniki na
niebezpieczenstwo ze strony drapieznikow, zmniejszajac ich szanse na utworzenie stabilnej
populacji. Gatunki introdukowane poza naturalny zasieg wystepowania spotykaja sie
z wieloma wyzwaniami zwigzanymi z pojawieniem si¢ w nowym dla nich srodowisku.
To, jak w takich sytuacjach reaguja, jak sie zachowuja, moze determinowac ich przetrwanie
(Gerlai 1 in. 1990). Badania reakcji behawioralnych réznych grup zwierzat na nowe
srodowisko, moga dostarczy¢ cennych informacji na temat tego w jakim stopniu odwaga
wpisana jest w potencjal gatunkow inwazyjnych do zasiedlania nowych terenow.
Kolejnym waznym zagadnieniem w kontekscie inwazji biologicznych sg zdolnosci
inwazyjnych zwierzat do wykorzystywania informacji socjalnych w zespotach
organizméw w nowo zajmowanych srodowiskach. Za informacj¢ socjalng uznaje sie
te dostarczang za pomocg zachowania innych osobnikéw (Duboscq i1 in. 2016),
a wykorzystanie jej polega na zmianie wlasnego zachowania w odpowiedzi na zachowanie
prezentowane przez inne osobniki (Bonnie i Earley, 2007). Dla organizméw znajdujacych
si¢ W nieznanym S$rodowisku moze ona stanowié¢ cenne zrédlo informacji o jego
zagrozeniach i zasobach. Umiejetnos¢ wykorzystania informacji socjalnych ma przewage
nad zdobywaniem informacji metoda préb i bleddéw, poniewaz nie naraza organizmu na
ryzyko zwigzane z przypadkowym spotkaniem z drapieznikiem podczas eksploracji
srodowiska (Bonnie i Earley, 2007). Nalezy mie¢ na uwadze, ze sygnaly nie musza
pochodzi¢ od osobnikdw wlasnego gatunku. Korzystanie zinformacji socjalnych
pochodzacych od osobnikéw innych gatunkow moze przynosi¢ te same korzysci,
a w przypadku gatunkéw inwazyjnych wrecz zapewnia¢ przewage konkurencyjng nad
gatunkami rodzimymi, jako ze stanowig one dodatkowe Zrdédla informacji o nowo zajetym

terenie (Damas-Moreira i in. 2018). W momencie zajmowania nowych terendw liczba



osobnikow gatunku inwazyjnego moze by¢ niewielka (Terkel 1995, Camacho-Cervantes
iin. 2015) w zwigzku z czym umiejetnos¢ wykorzystywania informacji socjalnych
od osobnikow gatunkow rodzimych przebywajacych w poblizu umozliwia obcym
przybyszom szybkie dostosowanie si¢ do warunkdéw panujacych w danym siedlisku, co ma

duze znaczenie dla ich przetrwania (Tuomainen i Candolin 2011) i sukcesu inwazji.
Inwazje biologiczne w Srodowiskach wodnych

Szczegolnie narazone na utrate bior6znorodnosci w wyniku pojawienia si¢ gatunkow
inwazyjnych sg $rodowiska slodkowodne, zajmujace niecaly 1 % powierzchni Ziemi,
jednak zapewniajace siedliska dla okolo 30 % gatunkdéw zwierzat kregowych
(Dudgeon i in. 2006). Srodowiska te znajduja sie pod silnym wplywem antropopresji.
Regulacja rzek oraz tworzenie sztucznych polaczen (kanalow zeglugi) pomiedzy
izolowanymi wczesniej ciekami i akwenami w ramach rozbudowy sieci transportu
wodnego  stwarza  nowe  mozliwosci  dyspersji  gatunkéw  inwazyjnych
(Bij de Vaate i in. 2002). Zabudowa hydrotechniczna, na ktérg skladaja sie sluzy, jazy
czy zapory budowane do celdw hydroenergetycznych, a takze modyfikacje koryt rzecznych
i zlewni prowadzace do zmian w intensywnosci sptywu powierzchniowego powoduja
zmiany naturalnych warunkow srodowiska (uksztaltowanie i struktura dna, modyfikacja
przeptywu wody) skutkujace degradacja siedlisk (Dudgeon i in. 2006) i spadkiem
dostosowania zajmujacych je organizméw rodzimych. To z kolei zmniejsza ich
skuteczno$¢ w konkurencji z pojawiajagcymi si¢ gatunkami inwazyjnymi i zwigksza
potencjal tych drugich do zajmowania $rodowisk zmodyfikowanych przez czlowieka
(Koehn 2004, Johnson i in. 2008, Raab i in. 2018). Co wiecej, wysoka zazwyczaj gestosé
zaludnienia na terenach przyleglych pociaga za soba wzrost liczby incydentow
wprowadzania gatunkéw inwazyjnych do wod slodkich, w wyniku ucieczek tych
organizméw z hodowli komercyjnych czy amatorskich (prowadzonych w celach
konsumpcyjnych, ozdobnych), badz celowego wypuszczania obcych przybyszy
(Nunes i in 2015).

Waznym czynnikiem powodujacym wzrost zagrozenia dla réznorodnosci
biologicznej europejskich wod srédladowych byla rozpoczeta w XVII w. budowa szeregu
sztucznych kanaldéw, ktére finalnie utworzyty trzy drogi wodne umozliwiajace ekspansje
gatunkow inwazyjnych z regionu pontokaspijskiego, okreslone p6ézniej mianem korytarzy

inwazji: (1) korytarz pélnocny, laczacy rzeke Wolge z Morzem Baltyckim, (2) korytarz
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centralny, taczacy rzeki Dniepr i Ren oraz (3) korytarz potudniowy, laczacy rzeki
Dunaj i Ren (Bijde Vaate, 2002). Przyspieszylo to znacznie zaro6wno aktywne,
jak i pasywne (np. przez przyczepianie si¢ do kadtubow todzi, transport w wodach
balastowych) rozprzestrzenianie si¢ gatunkéw ztych terenow do Europy Centralnej
i Zachodniej (Bij de Vaate 2002; Gallardo i Aldridge 2015). Region pontokaspijski
obejmuje Morza Czarne, Kaspijskie i Azowskie oraz dolne odcinki uchodzacych rzek wraz
z systemem 1aczacych je ciekdw (Ricciardi, 2001). Burzliwa historia tego regionu,
charakteryzujaca si¢ wielokrotnymi transgresjami 1 regresjami wodd, ruchami
gbérotwdrczymi oraz nastepujacymi po sobie okresami glacjacji i deglacjacji (Dumont,
2000) doprowadzita do wytworzenia si¢ na tych terenach specyficznej, eurytopowe;j fauny,
tolerujacej szerokie wahania temperatury czy zasolenia (Rewicz i in. 2014). Kilka
gatunkow makrobezkregowcdw pochodzacych z rejonu pontokaspijskiego jest laczonych
ze zmianami sieci troficznych na nowo zajmowanych terenach czy wymieraniem gatunkéw
rodzimych (Soto i in 2023). Przyktadem sg tutaj dwa gatunki: malz racicznica zmienna
Dreissena polymorpha (Pallas 1971) oraz kielz Dikerogammarus villossus (Sovinsky
1894). Oba gatunki samodzielnie lub wchodzac ze sobg w interakcje stanowig zagrozenie
dla rodzimej bioréznorodnosci na nowo zajmowanych terenach (Aldridge iin. 2014,
Rewicz i in. 2014). Region pontokaspijski ma takze swoich przedstawicieli, jesli chodzi
o inwazyjne gatunki kregowcow, jakimi sa ryby z rodziny babkowatych (Gobiidae).

Ryby babkowate z regionu pontokaspijskiego to gatunki zwigzane z dnem ciekow
i zbiornikéw wodnych, gléwnie bentosozerne, wykazujace przywigzanie do kryjowek
(Grabowska 1 in. 2023). Ryby te charakteryzujg si¢ niewielkimi rozmiarami ciala
(do kilkunastu centymetréw dlugoscei), krétkimi cyklami zyciowymi (4-5 lat), wezesnym
osigganiem dojrzatosci plciowej (1-2 rok zycia), tartem porcyjnym (do 3 w ciagu roku),
a dodatkowo wykazuja opieke nad potomstwem, co wyroznia je na tle wielu gatunkéw
rodzimych konkurujacych z nimi na nowo zajmowanych terenach (Daoulas i in. 1993,
Kottelat i Freyhof 2007, Patzner i in. 2012, Grabowska 1 Przybylski 2014). Przemieszczaja
si¢ z wykorzystaniem wspomnianych wczesniej korytarzy inwazji, a dynamika
kolonizowania przez nie nowych terenéw w wielu systemach rzecznych Europy,
np. Dunaju, Renu, Wisty, Odry czy Newy spowodowala, ze inwazje ryb babkowatych
zregionu pontokaspijskiego uznawane sa za jedne z najbardziej spektakularnych
w Europie (Copp 1 in. 2005). Co wiecej, wraz z wodami balastowymi statkéw dostaty sie
one takze do Wielkich Jezior w Ameryce Poélnocnej (Kornisiin. 2012). Na nowo

zajmowanych terenach ryby babkowate wywotujg zmiany w zaymowanych biocenozach.



Konkuruja o zasoby stanowigc zagrozenie a nawet wypierajac gatunki rodzime
(Kornis i in. 2012, Kakareko i in. 2013, van Kessel i in. 2016). Wplywaja na zmiany
w sieciach troficznych, w ktérych stajg si¢ zarbwno nowymi drapieznikami
(Janssen i Jude 2001, Barton 1 in. 2005) jak i ofiarami (Almqvist i in. 2010,
Plachockiiin. 2012). Wywoluja tez zmiany w populacjach pasozytdéw, stajac sie
zywicielami lokalnych i/lub wektorami nowych gatunkéw (Kvach i Ondrackova 2020,
Ondrackova i in. 2021). Warto wspomnie¢, ze w ekosystemach stodkowodnych Europy
nie wystepujg autochtoniczne gatunki ryb z rodziny babkowatych. Zatem w wodach tych,
pontokaspijskie babki wchodza w interakcje z filogenetycznie odleglymi, ale czesto
zblizonymi pod wzgledem ekologii rodzimymi przedstawicielami ichtiofauny. Z powodu
zmian jakie omawiane ryby babkowate moga powodowaé w zajmowanych ekosystemach,
doglebne poznanie czynnikéw (cech tych zwierzat oraz powigzanych z nimi
mechanizmow) mogacych ksztaltowac ich konkurencyjng przewage nad sympatrycznymi
gatunkami rodzimymi, wydaje si¢ zagadnieniem szczegolnej wagi w kontekscie ochrony

lokalnej biordznorodnosci.
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Badania wykonane w ramach pracy doktorskiej
Informacje wstepne i cele badan

Istnieja prace dotyczace oceny poziomu odwagi w kontekscie zdolnos$ci rozprzestrzeniania
si¢ inwazyjnych gatunkéw ryb, lecz dotycza one przede wszystkim gatunkdw pelagicznych
(np. Rehage i Sih 2004, Ashenden i in. 2017, Lukas i in. 2021), tj. przebywajacych w toni
wodnej (Torres i Bailey 2022). Ponadto, badania te rzadko obejmuja poréwnanie cech
behawioralnych pomigdzy inwazyjnymi isympatrycznymi, tj. wystepujagcymi razem
w Srodowisku, gatunkami rodzimymi (Pawelec-Olesinska 2020, Heermann i in. 2022,
Sales 1in. 2023). Takze badania nad wykorzystaniem informacji socjalnych, w gléwne;j
mierze prowadzone sg na gatunkach pelagicznych (np. Harpaz i Schneidman 2020,
Webster 1 Laland 2012), a prac przedstawiajacych porownanie inwazyjnych i rodzimych
gatunkow pod wzgledem zdolnosci w tym zakresie jest niewiele (np. Camacho-Cervantes
iin. 2015). Nikly jest stan wiedzy na temat behawioralnych mechanizméow
rozprzestrzeniania si¢ pontokaspijskich Gobiidae, bedacych doskonalym przykladem
typowo bentosowych inwazyjnych ryb stodkowodnych, tj. zwigzanych z dnem ciekow i
zbiornikow wodnych (Torres 1 Bailey 2022), spedzajacych wigkszos$¢ czasu na dnie, czesto
w kryjowkach (Mills i Mann 1983, Kottelat i Freyhof 2007, Grabowska i in. 2016,
Jakubc¢inova i in. 2017). Z uwagi na przydenny tryb zycia, reakcje behawioralne tych ryb
na sytuacje stresowe zwigzane zrozprzestrzenianiem si¢ w nowym srodowisku,
nie powinny by¢ przewidywane w oparciu o wyniki badan prowadzonych na gatunkach
typowo pelagicznych. Z racji tego, ze sa to zwykle gatunki terytorialne, nie formujace
lawic, réwniez ich zdolnosci do korzystania z informacji socjalnych, zwlaszcza
pochodzacych od innych gatunkéw, sa w poréwnaniu z rybami pelagicznymi stabo
poznane.

Aby uzupehi¢ luki w wiedzy dotyczace potencjalnego wplywu behawioru
na sukces inwazji bentosowych ryb babkowatych z regionu pontokaspijskiego, w ramach
niniejszej rozprawy doktorskiej przeprowadzono seri¢ eksperymentow w kontrolowanych
warunkach w laboratorium. Aby stwierdzi¢, w jakim stopniu babki réznia si¢ pod
wzgledem wybranych cech behawioralnych od gatunkéw rodzimych, co jest istotne
w kontekscie oceny potencjatu inwazyjnego babek, testom poddano takze gatunki bedace
rodzimymi odpowiednikami (potencjalnymi konkurentami) obcych przybyszy. Gatunki

byly poréwnywane w parach (inwazyjny gatunek i rodzimy odpowiednik), a kryterium



doboru stanowilo podobienstwo ekologii i biologii oraz wspotwystepowanie obu gatunkéw
w Srodowisku.

Nadrzednym celem badan bylo poszerzenie wiedzy na temat specyfiki behawioru
inwazyjnych ryb z rodziny babkowatych, w tym zwlaszcza reakcji na sytuacje stresowe,
w kontekscie potencjatu tych ryb do wypierania rodzimych przedstawicieli ichtiofauny
i zaymowania nowych terendéw. Cele szczegdlowe badan dotyczyly poréwnania dwoch
gatunkéw babek (babki lysej, babki szczuplej) oraz odpowiadajacych im rodzimych
gatunkow ryb (glowacz bialopletwy, kielb) pod katem reakcji behawioralnych

na nastepujace czynniki srodowiskowe:

1. Obecno$¢ drapieznika. Testowano tutaj zachowania obronne (antydrapieznicze)
ryb, wraz z oceng ich skutecznosci, w sytuacji bezposredniej konfrontacji
z drapieznikiem.

2. Nowe srodowisko. W tym przypadku testowano reakcje behawioralne ryb na stres
wywolany nowym otoczeniem (nieznanym S$rodowiskiem lub nagla zmiang
w znanym srodowisku).

3. Informacje socjalne. Testowano zdolnosci ryb do wykorzystania informacji

socjalnych o zagrozeniu (zrodlo stresu) lub zasobach (zrodto pozywienia).

Kazdy z wykonanych w ramach pracy doktorskiej trzech eksperymentow, opisanych
w dalszej czesci rozprawy, byt zaplanowany i1 przeprowadzony pod katem realizacji

jednego z wymienionych powyzej zadan badawczych (celow szczegdlowych).
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Badane ryby

W wodach europejskich obecnych jest 6 inwazyjnych gatunkéw ryb babkowatych
(Coppiin. 2005). Do badan wybrano dwa z nich, rozprzestrzeniajace si¢ w wodach
stodkich Europy: babke tysa Babka gymnotrachelus (Kessler 1857) oraz babke szczupla
Neogobius fluviatilis (Pallas 1814). Przedstawiciele obu gatunkéw to organizmy mate,
osiagajace do kilkunastu centymetréow dhugosci ciata i dozywajace wieku 4-5 lat (Kottelat
i Freyhof 2007). Spotykane sa na podlozach piaszczystych, kamienistych i zwirowych
(Plachocki 1 in. 2020). Nie posiadaja pecherza plawnego, przez co wigkszos¢ czasu
spedzaja na dnie ciekéw i zbiornikéw wodnych (Teletchea i Beisel 2018). Podczas
przemieszczania si¢ wykazujg strategie typu burst-and-hold (Egger i in. 2021),
przejawiajaca sie wykonywaniem swoistych skokéw w toni wody, a nastepnie swobodnym
opadaniem i zajmowaniem nieruchomej pozycji na dnie az do wykonania kolejnego skoku
(Tierney i in. 2011).

Jak wspomniano wczesniej, aby okreslic wplyw prezentowanych zachowan
na potencjal inwazyjny badanych gatunkow babek poréwnano ich zachowanie
z behawiorem sympatrycznych gatunkéw rodzimych. Babke lysa zestawiono z rodzimym
glowaczem bialoptetwym Cotrus gobio (Linneusz 1758). Glowacz bialoptetwy,
przedstawiciel rodziny glowaczowatych (Cottidae), jest szczegolnie narazony na interakcje
z inwazyjna babka tysa ze wzgledu na wysokie podobienstwa w ekologii i biologii,
obejmujace np. przywigzanie do kryjowek, brak pecherza plawnego oraz strategie
poruszania si¢ typu burst-and-hold (Mills i Mann 1983, Tomlinson i Perrow 2003,
Grabowska i1 Grabowski 2005, Kornis i in. 2012). Oba gatunki wspotwystepuja
w $rodowisku (Jazdzewski i in. 2012, Kakareko i in. 2016, Jana¢ i in. 2018), a badania
laboratoryjne wykazaty wyzszo$¢ babki tysej nad glowaczem bialoptetwym w konkurencji
o pokarm (Kakareko i in. 2013) i kryjowke (Jermacziin. 2015, Blonska i in. 2016,
Grabowska 1 in, 2016). Babke szczupla natomiast zestawiono z kielbiem Gobio gobio
(Linneusz 1758). Pomimo tego, ze w odréznieniu od babki szczuptej, kielb jest gatunkiem
przebywajacym w toni wodnej i zaliczanym do tworzacych lawice (Stott 1967,
Eggeriin. 2021), oba gatunki wykazuja podobne preferencje siedliskowe
i wspotwystepuja ze soba na podlozu piaszezystym (Kottelat i Freyhof 2007,
Plachocki i in. 2020). Obserwacje terenowe wykazaly spadek zaggszczenia kielbia

w odpowiedzi na wzrost zageszczenia babki szczuptej (Jakovli¢ i in. 2015), co moze



Swiadczy¢ o wystepowaniu negatywnego wplywu gatunku inwazyjnego na rodzimy
w $rodowiskach, w ktorych wspotwystepuja.

W badaniach wykorzystano zaréwno gatunki inwazyjne (b. tysa i b. szczupla)
jak i gatunek objety w Polsce czesciowa ochrong gatunkowa (glowacz biatoptetwy)
na mocy Rozporzadzenia Ministra Srodowiska z dnia 16 grudnia 2016 r w sprawie ochrony
gatunkowej zwierzat. Przed rozpoczeciem badan uzyskano od Regionalnego Dyrektora
Ochrony Srodowiska w Bydgoszczy wymagane zgody dotyczace chwytania, transportu
1 przetrzymywania ww. osobnikow w zwigzku z realizacja badan naukowych (zgody
nr: WOP.6401.4.5.2017.MO, WOP.6401.4.19.2018. MO, WOP.6401.4.52.2022.MO).
Uzyskano takze zgody od Lokalnej Komisji Etyczne] w Bydgoszczy na wykorzystanie
zwierzat w procedurach wykonanych wramach kazdego z eksperymentéw (zgody

nr: 50/2017, 51/2021, 53/2022).
Eksperymenty

Zasadniczy element prezentowanej rozprawy doktorskiej stanowia trzy eksperymenty
behawioralne, w ktorych testowano reakcje ryb na: (1) obecnos¢ polujacego drapieznika,
(2) stres wywolany przez nowe $rodowisko oraz (3) zachowanie innych osobnikéw
(wykorzystanie informacji socjalnych). Opublikowane prace oparte na tych
eksperymentach oraz manuskrypt przygotowany do wyslania do czasopisma stanowig
podstawe niniejszej rozprawy.

W pierwszym eksperymencie, zwigzanym z pierwszym celem pracy doktorskiej
i przedstawionym w publikacji 1 (Augustyniak i in. 2023), badano reakcje obronne ryb oraz
efektywnos¢ unikania bezposredniego zagrozenia ze strony drapieznika. Zasadniczym
celem badan bylo okreslenie r6znic w tym wzgledzie pomigdzy inwazyjnymi i rodzimymi
rybami, tj. babka lysa i glowaczem bialopletwym oraz babka szczupla i kielbiem.
W zajmowanych srodowiskach inwazyjne gatunki ryb babkowatych modyfikuja istniejace
zaleznosci troficzne czesto stajac si¢ waznym komponentem diety rodzimych
drapieznikéw (Reyjol i in. 2010, Plachocki i in. 2012). W zwigzku z wysokim
zageszczeniem  inwazyjnych  babek  nazajmowanych  przez nie  terenach
(Kakareko i in. 2009, 2016) wysoki udziat tych ofiar w diecie rodzimych drapieznikow
do tej pory wigzano z wysoka dostepnoscia w s$rodowisku (Plachocki 1 in. 2012,
Crane i Einhouse 2016, Mikl i in. 2017). Nie mozna jednak wykluczy¢, ze wykazuja one

mniej efektywne zachowania obronne w poréwnaniu do gatunkdéw rodzimych. Sugeruje
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to praca Ktosinskiego i in. (2022), gdzie w kontakcie z substancja alarmowa kielb wykazat
bardziej zlozone zachowania obronne niz babka szczupla. W ramach omawianego
eksperymentu badano zachowania ryb w kluczowym okresie najbardziej intensywnych
interakcji pomiedzy drapieznikiem i ofiarg, tj. po ich wzajemnym wykryciu w srodowisku,
do momentu pochwycenia i polknigcia ofiary przez drapieznika. Umozliwienie
bezposredniego kontaktu ofiary z drapieznikiem byto konieczne w celu uzyskania petnego
obrazu efektywnosci mechanizmow obronnych testowanych ofiar, wtym takze tych
umozliwiajacych uwolnienie si¢i ucieczke ofiary po schwytaniu przez drapieznika.
W eksperymencie testowano interakcje pojedynczych osobnikow ofiar eksponowanych
na oddzialywanie okonia (Perca fluviatilis), drapieznika wystepujacego pospolicie
na terenach zajmowanych przez wszystkie badane gatunki ofiar i Zzerujacego na tych
gatunkach (Nesbg i in. 1999, Plachocki i in. 2012, Kakareko i in. 2016). Zachowanie
drapieznika takze podlegalo ocenie, co ulatwilo interpretacje uzyskanych wynikow.
Postawiono dwie hipotezy: (1) gatunki inwazyjne wykazuja inne zachowania
antydrapieznicze w sytuacji bezposredniego zagrozenia ze strony drapieznika niz
gatunki rodzime; (2) zachowania antydrapieznicze inwazyjnych gatunkow sa mniej
efektywne i w rezultacie gatunki te sa latwiejszymi do upolowania ofiarami niz
gatunki rodzime.

Zadaniem  drugiego  eksperymentu, przedstawionego w  publikacji
2 (Augustyniak i in. 2024), byla realizacja drugiego z postawionych w ramach pracy
doktorskiej celow przez poznanie reakcji behawioralnych badanych ryb na stres wywotany
naglym zetknigciem z nieznanym S$rodowiskiem. Aby zwigkszy¢ prawdopodobienstwo
prawidlowej interpretacji zachowan ryb, wykonano seri¢ réznych testow, a wyniki kazdego
znich interpretowano w oparciu o wyniki pozostalych. Wykonano trzy kluczowe,
najczescie] stosowane w tego rodzaju badaniach u zwierzat (Wright 1 in. 2006,
Brown i in. 2007a, Collier i in. 2017) testy odwagi: (1) test opuszczania kryjowki; (2) test
reakcji na nowy obiekt oraz (3) test otwartego pola. Kazdy z tych testéw odzwierciedla
wyzwania napotykane przez gatunki inwazyjne w procesie inwazji, a takze przez gatunki
rodzime w wyniku antropogenicznego przeksztatcania srodowiska. W tescie opuszczania
kryjowki badany osobnik musi dokona¢ wyboru pomigdzy bezpiecznym pozostaniem
wewnatrz, a opuszczeniem kryjowki i eksploracja nieznanego srodowiska, co moze
go narazi¢ na niebezpieczenstwo spotkania z drapieznikiem. W przypadku gatunkéw
inwazyjnych, odwaga manifestujagca si¢ mniejszym przywigzaniem do kryjowek

W poréwnaniu z sympatrycznymi gatunkami rodzimymi, moze zapewniaé przewage



w postaci bardziej intensywnej eksploatacji zasobow $srodowiska. Moze by¢ to zwigzane
z czestszym zerowaniem czy przemieszczaniem si¢ na wieksze odleglosci w poszukiwaniu
pokarmu. Test reakcji na nowy obiekt pozwala ujawni¢ odpowiedz behawioralng osobnika
na zmiany, w tym pojawienie si¢ nieznanego obiektu (np. wprowadzanych przez czlowieka
elementow konstrukcyjnych zabudowy hydrotechnicznej) w znanym dla niego srodowisku.
Szybsze zblizenie si¢ do takiego obiektu ijego inspekcja (zebranie informacji) pozwala
szybciej okresli¢ ewentualne korzysci lub zagrozenia zwigzane z obiektem i w rezultacie
szybciej dostosowaé si¢ do zaistnialej zmiany. Wykazujace wigksza odwage gatunki
inwazyjne moga zyskiwaé tutaj przewage nad gatunkami rodzimymi, albowiem szybsza
ocena sytuacji moze przektada¢ sie na wzrost efektywnosci pozyskiwania zasobodw
lub unikania zagrozenia, zwigkszajac szanse na przezycie. Test otwartego pola moze z kolei
ujawnié reakcje behawioralne badanych osobnikow na nieznane srodowisko pozbawione
kryjowek. W przypadku inwazyjnych gatunkéw ryb moze to by¢é zwigzane
z mozliwosciami kolonizowania przez nie ciekow strukturalnie przeksztalconych przez
czlowieka w wyniku prac regulacyjnych czy zabudowy hydrotechnicznej, o ujednoliconej
budowie dna (np. kanaly, zbiorniki zaporowe). Bardziej odwazne osobniki gatunkoéw
inwazyjnych w poréownaniu z rodzimymi, intensywniej eksplorujace takie srodowiska,
moga zyskiwaé przewage z powodu wigkszych zdolnosci dyspersji, zajmowania stref
otwartego dna lub pokonywania barier w postaci takich siedlisk. W przypadku tego
eksperymentu jako hipotez¢ przyjeto, ze gatunki inwazyjne sa bardziej odwazine,
co przejawia si¢ krotszym przebywaniem w Kkryjowce, szybsza inspekeja nowego
obiektu, dluzszym przebywaniem w otwartym polu, a takze intensywniejsza jego
eksploracja, w poréwnaniu z gatunkami rodzimymi.

W trzecim eksperymencie wykonanym w ramach prezentowanej pracy doktorskie;j,
nawigzujacym do ostatniego z postawionych celow i przedstawionym w manuskrypcie,
testowano zdolnosci wykorzystania informacji socjalnych u badanych ryb. Zastosowano
tutaj zestaw eksperymentalny, w ktorym zrédlem informacji socjalnych byly filmy
z zarejestrowanym odpowiednim zachowaniem ryb - dawcow sygnatow (demonstratorow).
Testowano dwa rodzaje sygnatow: (1) alarmowy, pochodzacy od osobnikéw
wystraszonych, oraz (2) pokarmowy, pochodzacy od osobnikéw zerujacych. W pierwszym
przypadku, sygnal traktowano jako silniejszy, albowiem w naturze blg¢dne odczytanie
takich informacji 1 brak odpowiedniej reakcji behawioralnej moze wigzaé sie
z bezposrednim i natychmiastowym zagrozeniem zycia osobnika obserwujacego (odbiorcy

informacji). Zastosowanie tego sygnatu powinno wywolaé¢ u badanych gatunkéw stres,
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a odpowiedzig powinna by¢ prezentacja zachowan obronnych. Byl to wigc zasadniczy
czynnik nawigzujacy do bodzcéw prezentowanych w pozostalych eksperymentach
(publikacje 1.1 2.). W drugim przypadku, bledne odczytanie i reakcja na sygnaly socjalne
w srodowisku naturalnym moze wigzaé si¢ z posrednim zagrozeniem zycia, w dluzszej
perspektywie czasowej, poprzez zmniejszenie efektywnosci zdobywania pokarmu.
Pomimo tego, ze w zatozeniu ten bodziec nie wywotywal stresu u testowanych osobnikdw,
wlaczenie go do badan pozwolito na bardziej doglebne poznanie i zrozumienie roli
sygnatéw socjalnych w ekologii badanych gatunkoéw. Zbieranie informacji o srodowisku
z wykorzystaniem do$wiadczenia innych osobnikow przez obserwacje ich zachowan ma
te przewage nad zdobywaniem ich samodzielnie przez aktywng eksploracje, ze pozwala
osobnikowi  obserwujagcemu  zaoszczedzi¢  energie oraz zredukowaé ryzyko
przypadkowego spotkania z drapieznikiem (Bonnie i Earley 2007). Moze to by¢ uzyteczne
wnowym $rodowisku, gdzie szybkos$¢ zdobycia informacji o zagrozeniach oraz
dostepnych zasobach moze determinowaé przetrwanie osobnika (Terkel 1995).
Dodatkowym atutem moze by¢ zdolno$¢ do wykorzystania tego typu informacji
od przedstawicieli innych gatunkéw (Damas-Moreira i in. 2018), co wydaje sie¢ wyjatkowo
korzystne w przypadku osobnikéw inwazyjnych, czesto obecnych w malych
zageszczeniach na nowym terenie w poczatkowym etapie inwazji (Terkel 1995,
Camacho-Cervantes i in. 2015). Zatem, jesli gatunki inwazyjne sa w stanie wykorzystywac
takie informacje bardziej efektywnie od gatunkdéw rodzimych, tzn. odczytywaé wiecej
rodzajow sygnaléw zarowno od przedstawicieli swojego jak 1 innych gatunkow, zwickszaja
swoje szanse przezycia i potencjal konkurencyjny wobec gatunkéw rodzimych na nowo
zajmowanych terenach. Postawiona hipoteza zakladala, Ze gatunki inwazyjne
w poréwnaniu do rodzimych maja wigksze zdolnosci wykorzystywania informacji
socjalnych i reaguja na wszystkie rodzaje sygnaléw uzytych w eksperymentach,
tj. silniejszy (alarmowy) i slabszy (pokarmowy) zaréwno od przedstawicieli wlasnego
jak i obcego gatunku. Natomiast gatunki rodzime reaguja na silny sygnal niezaleznie
od gatunku demonstratorow, jednak nie sa w stanie wykorzystywa¢ przypuszczalnie

najslabszego sygnalu, tj. od Zerujacych osobnikéw obcego gatunku.



Wyniki i ich omowienie

Badania wykonane w ramach pierwszej czesci pracy doktorskiej
(publikacja 1 — Augustyniak i in. 2023), poswiecone ocenie reakcji behawioralnych ryb
w sytuacji bezposredniego zagrozenia ze strony polujacego drapieznika, w duzym stopniu
potwierdzily postawione hipotezy. Wykazano, ze inwazyjne babki maja odmienne wzorce
zachowan obronnych i sg dla drapieznika podobnie lub mniej trudnymi do upolowania
(chwytania i potknigcia) ofiarami, niz rodzime gatunki. W przypadku pierwszej pary
testowanych gatunkéw, drapieznik szybciej chwytal i polykal osobniki inwazyjnej babki
lysej w poréwnaniu z osobnikami rodzimego glowacza biatopletwego. Glowacz
w konfrontacji z drapieznikiem byl ogdlnie mniej aktywny, ale w trakcie ucieczki
wykazywal bardziej ztozone reakcje behawioralne niz babka tysa, polegajace na czestych
zmianach kierunku ruchu, prawdopodobnie dezorientujgc drapieznika. Co istotne,
po schwytaniu glowacz bialoptetwy w odroznieniu od babki byl w stanie niekiedy
wyswobodzi¢ si¢ z jamy gebowej drapieznika iuciec. W przypadku drugiej pary,
sktadajacej si¢ z babki szczuptej i kietbia, ponownie gatunek rodzimy prezentowat szerszy
repertuar zachowan antydrapiezniczych w porownaniu z gatunkiem inwazyjnym. Osobniki
kielbia znacznie czesciej podejmowaly ucieczki przed schwytaniem w poréwnaniu
z osobnikami babki szczuplej, jednak nie wplywalo to na czas polowania, mierzony
od rozpoczecia testu do polknigcia ofiary przez drapieznika. Mniej efektywne od gatunkoéw
rodzimych mechanizmy obronne moga wyjasnia¢ duzy udzial inwazyjnych babek w diecie
rodzimych drapieznikéw i1 wskazywa¢ na potencjal babek do modyfikowania sieci
troficznych na nowo zajmowanych terenach.

Badania  przeprowadzone @ w  ramach  drugiej czesci  doktoratu
(publikacja 2 — Augustyniak i in. 2024), dotyczace reakcji behawioralnych badanych
gatunkow zwigzanych znieznanym $rodowiskiem, potwierdzity zalozong przez nas
hipotezg. W konfrontacji z nowym srodowiskiem oba gatunki inwazyjne wykazaly sie
wigksza odwaga 1 mniejszym przywigzaniem do kryjéwek w poréwnaniu do rodzimych
gatunkow. Zaréwno babka tysa jak i babka szczupta eksplorowaly s$rodowisko poza
kryjowka w wiekszym stopniu niz ich rodzime odpowiedniki. Wszystkie badane gatunki
zblizaly sie do nowego obiektu po jego wprowadzeniu do srodowiska, jednak gatunki
rodzime taczyly to zachowanie ze zmniejszona aktywnoscia, co moze sugerowac probe
wykorzystania nowego obiektu jako potencjalnego schronienia. Inwazyjne gatunki babek

w tym samym czasie wykazywaly wieksza niz u gatunkdw rodzimych aktywnosé
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w strefach niezwigzanych z nowym obiektem, interpretowang jako aktywna eksploracje
srodowiska. Odpowiedzi behawioralne na znalezienie si¢ w otwartym polu prezentowane
przez gatunki rodzime byly bardziej ztozone niz te prezentowane przez gatunki inwazyjne.
Jednak interpretujac wyniki testu otwartego pola w swietle wynikdw pozostatych testow
stwierdzono, ze oba gatunki inwazyjne byly bardziej odwazne i eksplorowaly arene
w wigekszym stopniu niz ich rodzime odpowiedniki. Mniejszy zwigzek inwazyjnych
gatunkéw ryb babkowatych z kryjéwkami oraz wigksza eksploracja nowych srodowisk
w poréwnaniu do sympatrycznych gatunkéw rodzimych moze sprzyjac¢ dalszej ekspansji
tych gatunkow inwazyjnych szczegdlnie w siedliskach ze znacznym udzialem strefy
otwartego dna, gdzie potencjalna konkurencja siedliskowa z sympatrycznymi gatunkami
rodzimymi moze by¢ mniejsza niz w siedliskach bogatych w kryjowki.

Wyniki badan zrealizowanych w ramach trzeciej czesci omawiane] pracy
doktorskiej (manuskrypt), tj. eksperymentu dotyczacego wykorzystania informacji
socjalnych, czesciowo wspieraja hipoteze, ze inwazyjne babki przewyzszaja pod tym
wzgledem gatunki rodzime. W przypadku bodZzca alarmowego, pochodzacego
od wystraszonych osobnikdw innego gatunku, oba gatunki inwazyjne zareagowaly
ograniczeniem aktywnosci, a babka szczupla dodatkowo unikata strefy polozonej
bezposrednio przy demonstratorach wykazujacych reakcje alarmowa. Oba te zachowania
stanowig jeden z podstawowych mechanizméw obronnych (Lima 1 Dill 1990,
Teplitsky 1 Laurila 2007) co pokazuje, ze gatunki inwazyjne rozpoznaly sygnal socjalny
oraz zinterpretowaly go prawidlowo, jako $wiadczacy o zagrozeniu. Sposrod gatunkow
rodzimych réwniez kietb wykazywal behawioralng reakcje obronng w odpowiedzi na ten
rodzaj sygnalu niezaleznie od rodzaju demonstratorow. Natomiast glowacz bialopletwy
przejawial mniejsze zdolnosci w tym wzgledzie od pozostalych gatunkéw, reagujac tylko
na sygnal pochodzacy od osobnikéw wlasnego gatunku. W przypadku sygnatéw
socjalnych pochodzacych od Zerujacych osobnikow, wydaje sie, ze oba gatunki rodzime
oraz babka szczupla przejawialy zdolno$¢ szacowania nie tylko potencjalnych zyskéw
zwigzanych z zerowiskiem, ale takze strat zwigzanych z nasilong konkurencjg o pokarm
po dolaczeniu  do zerujacych  demonstratorow. Ryby te wykazywaly wigksze
zainteresowanie sygnatem pochodzacym od demonstratorow bedacych potencjalnie
stabszymi konkurentami. Jedynie babka tysa wydawala si¢ nie odczytywaé w ten sposob
sygnatéw pochodzacych od zerujacych osobnikéw innego gatunku. Babka tlysa
wykazywata wigksze zainteresowanie demonstratorami wlasnego gatunku, narazajac si¢ na

potencjalnie silng konkurencje wewnatrzgatunkowa. Wykonane badania wskazuja,



ze zdolnosci inwazyjnych babek do odczytywania szerszego spektrum sygnalow
socjalnych  $wiadczacych o zagrozeniu, tj. sygnatow zard6wno wewnatrz-
jak 1 miedzygatunkowych, w poréwnaniu z rodzimymi rybami, moga prowadzié
do bardziej efektywnego unikania drapieznictwa przez niektére babki na nowo
zajmowanych terenach, a w konsekwencji — zwigkszenia przezywalnosci osobnikdéw
i sukcesu inwazji. Ponadto, zaobserwowane unikanie zerujacych ryb babkowatych przez
rodzime ryby, moze sprzyjac¢ ustgpowaniu tych drugich z optymalnych zerowisk, a ulatwiaé

zajmowanie nowych terenéw przez te pierwsze.
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Podsumowanie i wnioski

Najwazniejsze wnioski z badan przeprowadzonych przeze mnie w ramach pracy
doktorskiej nadwodch inwazyjnych, pontokaspijskich gatunkach ryb 2z rodziny
babkowatych (babka tysa Neogobius gymnotrachelus, babka szczupta Neogobius
fluviatilis) oraz odpowiadajacych im rodzimych gatunkach (glowacz bialopletwy Cotrus
gobio, kieltb Gobio gobio) sa nastepujace:

1. Inwazyjne gatunki babek nie wykazujg bardziej skutecznych zachowan obronnych
w poréwnaniu  do sympatrycznych gatunkow rodzimych w konfrontacji
z drapieznikiem.

2. Inwazyjne babki wykazuja bardziej odwazne zachowania (mniejsza zaleznos¢
od kryjowek, bardziej intensywna eksploracja srodowiska) w odpowiedzi na naglte
pojawienie si¢ w nieznanym S$rodowisku lub nagle zmiany znanego $rodowiska
w pordéwnaniu do gatunkéw rodzimych.

3. Inwazyjne babki sa w stanie wykorzystywa¢ informacje socjalne o zagrozeniu
od otaczajacych je osobnikow gatunkéw rodzimych. Czesciowo sg takze w stanie

wykorzysta¢ informacje socjalne $wiadczace o lokalizacji pokarmu

Rezultaty badan sugeruja, ze behawior moze odgrywaé istotng role w ksztaltowaniu
potencjatu inwazyjnego pontokaspijskich ryb babkowatych. Dzigki bardziej odwaznym
zachowaniom inwazyjne gatunki ryb babkowatych moga zyskiwaé przewage nad
gatunkami rodzimymi w wyniku bardziej intensywnej eksploracji otoczenia i eksploatacji
zasobow w nowo zajmowanych srodowiskach. Babki okazaly sie wzglednie tatwymi
do upolowania ofiarami dla drapieznikow, co wskazuje na potencjal tych organizméw
do powodowania zmian w sieciach troficznych. Aczkolwiek, inwazyjne babki moga,
przynajmniej czgsciowo, kompensowaé brak bardziej skutecznych zachowan
antydrapiezniczych w poréwnaniu do gatunkdéw sympatrycznych wiekszymi zdolnosciami
wykrywania obecnosci drapieznika, na podstawie zachowan innych osobnikow roznych
gatunkow obecnych w $rodowisku, co moze pozwalaé¢ na uniknigcie bezposredniej

konfrontacji z drapieznikiem.
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Abstract

Globally, fish are frequently introduced beyond their native range. Some, like Ponto-Caspian gobies, are becoming invasive, achieving high colo-
nization rates and constituting frequent prey for native predators. However, little is known about the effectiveness of antipredator behaviors of
the invaders, which may shape their role in the invaded community and contribute to the invasion success. We compared antipredator behaviors
of invasive gobies and native fish species after their detection by the predator, when the danger becomes direct. We studied 2 fish pairs, each
consisting of an invasive and native species co-occurring in the environment and belonging to the same prey guild: (1) the racer goby Babka
gymnotrachelus versus European bullhead Cottus gobio, (2) the monkey goby Neogobius fluviatilis versus gudgeon Gobio gobio, facing a naive
predator (the Eurasian perch Perca fluviatilis). We analyzed behaviors of single prey individuals (escaping, staying in shelter, and activity) and sin-
gle predators (activity, searching, following, capturing, and latency to prey consumption). In the predator presence, the bullhead was less active
and more often managed to escape after capture than the racer goby. The gudgeon escaped before the capture more often than the monkey
goby. The predator succeeded later with the bullhead compared to racer goby, whereas no differences in ingestion time occurred between the
gudgeon and monkey goby. The results suggest that, in terms of hunting effort of native predators, the invasive gobies are equivalent to or more
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profitable prey than their native analogs, which can facilitate the integration of the gobies into local food webs.
Key words: antipredator behavior, fish behavior, invasive prey, native predator, predator—prey interactions.

Invasive species are one of the greatest threats to biodiver-
sity and community structure (Rodriguez 2006; Hughes et
al. 2020; Duefias et al. 2021). They spread spectacularly and
have a strong impact on the environment (Ricciardi 2013).
One important effect here is that the invasive species create
new trophic relationships, and modify existing ones in recip-
ient ecosystems. They can affect native species directly, by
predation and competition (Rodriguez 2006; Levine 2008;
Blofiska, Grabowska, et al. 2016; Haubrock et al. 2020), or
indirectly, for example, by altering predator-prey relation-
ships of natives and therefore modifying the structure of
food webs (David et al. 2017; Haubrock et al. 2019). This
includes cases where invasive species influence native preda-
tors as their new prey (Crane et al. 2016; Stellati et al. 2019).
Such influence can have various forms (Venable et al. 2019),
depending on how effective the new prey is in predator avoid-
ance compared to the native prey, and how these prey species
interact with each other. Invasive prey can have a detrimental
effect on native prey species through apparent competition
(Holt 1977) due to increased predation pressure (Noonburg
and Byers 2005; Castorani and Hovel 2015). On the other
hand, different trophic scenarios are possible between 2 prey
species that share a common predator (Harmon and Andow
2004). Positive indirect effects of one prey (here: invasive) on

the other (native) can occur when an increase in the density
of the former impairs the predator’s functional response to
the latter due to predator saturation or predator switching
(Abrams and Matsuda 1996; Webster and Almany 2002).
Finally, invasive prey could constitute an integral part of the
local food web, for example, by modifying the trophic level
in the way that it consists almost entirely of invasives, which
makes even native predators highly dependent on those inva-
sive prey species (Bissattini et al. 2021). There is a need for
understanding how particular biological features of invasive
species determine their availability as prey for native pred-
ators, and how they perform compared to native species
belonging to the same prey guild, that is, in situations when
their distributions overlap temporally and spatially and they
share the same predators. Assessing prey antipredatory strat-
egies in this context is important in a broader perspective for
predicting the outcome of new trophic linkages created by
invasive species, and their impact on food webs.

Prey exhibit predator-induced defenses involving changes in
morphology (e.g., McCollum and Leimberger 1997; Boersma
et al. 1998; Dahl and Peckarsky 2002), life history (Tams
et al. 2018), and behavior (Lima and Dill 1990; Sparrevik
and Leonardsson 1999; Johansson et al. 2004). Behavioral
defenses involve spatial avoidance, increased hiding,
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decreased activity, diet change (Mikolajewski and Johansson
2004; Teplitsky and Laurila 2007), escape, deterrence, and
freezing (Lima and Dill 1990). These responses are considered
components of the predator-avoidance strategy in prey, repre-
senting a sequence of events taking place consecutively from
the detection of the predator by the prey until it is finally con-
sumed or successfully escapes (Kelley and Magurran 2003).
Particularly noteworthy is the final period of a predator—prey
interaction, when a prey individual is detected by a predator
and prey responses are most intense. This is the peak active
phase of predator avoidance that precedes the time when prey
is eaten (ingested). The moment of ingestion is decisive and
should be taken into account, as capture does not necessarily
mean death. Indeed, prey can defend themselves, for example,
by using spines and/or toxins (Hasegawa et al. 2021) and suc-
cessfully avoid ingestion even after capture.

On the global scale, fishes are one of the taxa most com-
monly introduced outside their native range (Gozlan 2008;
Haubrock et al. 2022). We focused on the gobies, as their inva-
sions are considered amongst the most impressive freshwater
fish invasions within Central and Western Europe (Copp et al.
2005; Roche et al. 2013). Six invasive goby species are cur-
rently present in European waters (Copp et al. 2005), includ-
ing the racer goby Babka gymnotrachelus (Kessler 1857) and
the monkey goby Neogobius fluviatilis (Pallas, 1814). These
species have spread successfully in freshwaters, especially in
the river Vistula (Plachocki et al. 2020), which is one of the
largest rivers in the Baltic Sea region (HELCOM 2018). We
investigated the antipredator behavior of the racer and monkey
gobies by pairing them with native species from the same guild,
as this may help to answer the question of whether this aspect
of their biology can constitute an advantage to the invasive
gobies compared to the local species threatened by their inva-
sions. The racer goby is often found in the same locations as the
European bullhead Cottus gobio (Linnaeus, 1758) (Jana¢ et al.
2018). Substantial habitat overlap between these 2 species was
revealed in a lowland European river in locations with medium
water velocities on stony and gravely substrate (Kakareko et al.
2016). The racer goby was able to outcompete the European
bullhead for food (Kakareko et al. 2013) and shelter (Jermacz
et al. 2015; Blofiska, Kobak, et al. 2016; Grabowska et al.
2016) in laboratory experiments. On the other hand, the mon-
key goby occupies sandy bottom areas, which are also optimal
for the gudgeon Gobio gobio (Linnaeus, 1758) (Kottelat and
Freyhof 2007; Ptachocki et al. 2020). Increasing monkey goby
densities have been observed to coincide with declines in gudg-
eon populations (Jakovli¢ et al. 2015).

The invasive gobies are a common, often dominant die-
tary item of predators in invaded areas (Reyjol et al. 2010;
Plachocki et al. 2012), which may suggest the lower secu-
rity of the invader in the mixed-species guild. However, it is
important to note that high densities and thus high availa-
bility of the gobies as prey for predators are also important.
According to the theory of optimal foraging (Werner and Hall
1974; Pyke and Starr 2021), predators are expected to select
the types of prey that provide the greatest net energy gain,
and these are usually the most abundant and easily captured
organisms available in the environment. High abundances of
the gobies are recorded in colonized environments (Kakareko
etal.2009,2016), and so they are potentially widely available
prey for predators. Nevertheless, in an experimental study on
behavioral reactions to predation cues (prey skin extracts),
the gudgeon exhibited thigmotaxis and reduction in hori-
zontal and vertical mobility, while the monkey goby did not
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show any of those behaviors (Klosifiski et al. 2022). This sug-
gests that weaker antipredator responses of invasive gobies
may indeed contribute to their susceptibility to predation in
invaded areas. In our current research, we assessed whether
the behavioral responses of the gobies to direct predation
danger follow the same pattern, that is, are less pronounced
in invasive than native species. This, in the light of studies
indicating that the invasive gobies are a common, often dom-
inant dietary item of predators in invaded areas (Reyjol et al.
20105 Ptachocki et al. 2012) may suggest the lower security of
the invader in the mixed-species guild.

Our main goal was to assess the differences in antipreda-
tory behavior and its effectiveness between 2 invasive Ponto-
Caspian goby fish (Gobiidae) and their native counterparts.
We focused on prey behavior in the final, the most active
stage of a predator—prey interaction, that is, when a reciprocal
detection by both sides (predator and prey) has occurred, until
a successful ingestion of prey or avoidance of predation. We
hypothesized that (1) under direct predation danger, the inva-
sive gobies would present qualitatively different behavior than
their native counterparts, displaying different sets of species-
or family-specific traits. This is because the invasives, although
their habitat requirements are similar to those exhibited by
their native counterparts, belong to a taxonomically different,
specific family of fish: freshwater Gobiidae (in our research,
natives were from Cottidae and Cyprynidae families) that are
among the most invasive species in Europe (Copp et al. 2005).
(2) Antipredator behavior of the invasive gobies would be less
pronounced and effective, that is, would make them easier to
be caught and ingested by the predator compared to the native
prey species. This is based on the assumption that the invaders
in a novel range can benefit from the allocation of more energy
resources to growth and reproduction at the cost of weaker
antipredatory defenses, which makes them better competitors
than the native species in the same area (in accordance with
the Evolution of Increased Competitive Ability hypothesis,
Blossey and Notzold 1995; Callaway and Ridenour 2004).

We compared results only within the above-mentioned
pairs, as they were composed of species coexisting and inter-
acting with each other in the same environments. We assumed
that to become effective invaders, alien organisms need to
perform better than the natives encountered in a particular
co-occupied habitat, rather than generally in all communities.

Materials and Methods

The main idea of the experiment

We focused on checking if the behavioral differences between
particular prey species make them more or less difficult to
capture and, most importantly, successfully ingest during
a direct predator encounter, that is, in the phase when the
prey has been detected and exposed to the predator attack.
Therefore, the approach enabling the physical contact of the
prey with the predator was crucial for answering the ques-
tions we posed. We focused on particular prey characteristics
which make them easier or more difficult to catch (i.e., behav-
ior). As this is difficult to observe in a natural, heterogeneous
environment, we needed to use laboratory experiments to
separate the features of interest from the influence of envi-
ronmental conditions (bottom substrate, macrophytes, water
flow, etc.). Thus, we designed an experimental setup to enable
the predator to hunt directly on the prey of a given species in
an identical, standardized environment to check the influence
of species-specific traits (mobility, morphology) in defense
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against predator attacks. The prey had the opportunity to
hide inside a shelter (mesh area accessible to prey but not
to the predator) or swim freely outside, facing the predator
(Figure 1). To make sure that both prey species in each pair
will have the same opportunities and conditions at the start
of the experiment, we chose naive, laboratory-reared speci-
mens of the Eurasian perch Perca fluviatilis (Linnaeus, 1758)
as predators. The perch is often found in habitats occupied by
all the tested prey species (invasive and native) (Nesbgo et al.
1999) and foraging on them (Plachocki et al. 2012; Kakareko
et al. 2016). As the Ponto-Caspian gobies are mostly eaten
by medium-sized predators (Reyjol et al. 2010; Ptachocki et
al. 2012), the perch represents an optimal model species to
study predator effects on the invasive gobiids and co-occur-
ring native fish species. The use of naive perch allowed us to
eliminate the potential perch preference for one of the studied
species resulting from its experience acquired in the natural
environment. As we had a limited number of perch individ-
uals, we decided to expose both prey species in the pair to
the same perch individual (i.e., each perch individual had the
opportunity to interact with both prey species within a given
pair, one after the other). However, it must be acknowledged
that the predator might gain some experience after consum-
ing the first prey individual. To control for this, we applied
a 2 x 2 cross-over design, with various predator individuals
offered either a goby or a native species as the first prey.

Animals

We collected the prey fish from the wild in July 2019 and
kept them in stock tanks for at least 1 month before the start
of experiments. European bullhead and racer goby were col-
lected from the river Brda in central Poland (53°08752.5”"N
17°58710.5”E) by a diver using an aquarium net. Gudgeon and
monkey goby were collected using electrofishing (EFGI 650,
Bretschneider Spezial Elektronik, Germany) from the river
Pilica in east central Poland (51°45750.1”"N 21°08’55.5”E).
We used different fishing methods due to the characteristics
of the species and environments. The European bullhead and
racer goby in the river Brda were mainly located in shelters
(under rocks, roots, etc.) that were easier to be accessed by a
diver than by electrofishing. The gudgeon and monkey goby

=

Figure 1. Experimental setup. The predator (perch) was placed in an
experimental tank alone to acclimatize. A single prey individual was
placed always inside a mesh cylinder acting as a hideout for prey (A).
During a single trial, a perch individual was confronted with both prey
species from the pair (one after another) in a sequence varying among
replicates (native before invasive or invasive before native). Dimensions
are given in centimeters.
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were located on the open bottom, where the electrofishing
method was effective. The differences in methods did not dis-
turb the results, as fish were compared in pairs collected from
the same environment, using the same method. All the fish
were of 0+ age, without any external signs of sexual maturity
and thus we did not determine their sex.

After capture, we transported the fish in plastic bags con-
taining water and oxygen to the air-conditioned laboratory
and held them in 350-L stock tanks (20-30 individuals per
tank) filled with conditioned tap water (temperature main-
tained by air conditioning at 16.1 = 0.5 °C, pH 8.15 = 0.15,
electrical conductivity 608.4 = 4.5 pS/cm, oxygen level
8.13 = 0.25 mg/L and 82.5 = 3.06%; measured with Multi
340i Meter, WTW, Weilheim, Germany) and equipped with
standard aquarium filters and aerators. The photoperiod was
set at a 14:10 h light:dark cycle with lights on at 0700 h. The
stock tanks were equipped with ceramic and stony shelters
and had no bottom substrate. We fed the fish daily ad libitum
with frozen chironomid larvae and exchanged water in the
tanks once a week (ca. 30% of the water volume) to ensure
appropriate level of animal welfare.

Naive Eurasian perch P. fluviatilis was bred from larvae
obtained during controlled reproduction of wild breeders cap-
tured during commercial catches in early April in accordance
with the previously established procedure (Zarski et al. 2011).
Fertilized eggs were incubated in a flow-through recirculating
system. Larvae hatched on day 8th post-fertilization and were
reared at 14 °C, photoperiod 16:8 h light:dark, and oxygen
concentration of 8.5 mg/L. Larvae were fed ad libitum with
mixed Artemia sp. nauplii (INVE, Belgium) and a commercial
formulated diet (Perla Larva Proactive 5.0, TrouvitNutreco,
The Netherlands) 6 times a day. After 30 days of rearing, juve-
niles of perch were fed with a commercial diet (Perla Larva
Proactive 4.0) and frozen Chironomidae larvae. At the age of
about 2 years, the perch (40 specimens) was transported from
the breeding facility to the air-conditioned laboratory and
kept in an 800-L stock tank filled with conditioned tap water.
For 3 months before the start of the experiments, the perch
was kept in our laboratory in the same light and temperature
conditions as the prey species.

The fish were weighed in a bucket with water before the
start of the experiment, and their total body length was meas-
ured with Image] 1.49v program (freeware by W.S. Rasband,
U.S. National Institutes of Health, Bethesda, MD, USA) using
digital images taken from the recorded videos.

Although in our research we exposed the tested prey indi-
viduals to direct physical contact with a predator, this was
the only way to obtain answers to the questions raised.
Nevertheless, we did our best to adhere to the ASAB/ABS
(2019) guidelines for the use of animals in research by provid-
ing them with appropriate housing conditions and obtaining
permission from the Local Committee for Ethics in Animal
Research in Bydgoszcz, Poland (statement no. 50/2017 from
28 September 2017). The housing conditions guaranteed ani-
mal welfare, which was manifested by the overall activity and
food intake of the fish throughout the research period. We
did not notice any external signs of stress or disease (e.g.,
unnatural body shape, skin changes, swimming problems).
After the experiments, the European bullhead and gudgeon
that remained uneaten or were not used in the experiments
were released where they were caught. Other fish (invasive
gobies and Eurasian perch) were euthanized by an overdose
of Tricaine Methanesulfonate (MS-222) and disposed of.
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Experimental setup

Experiments were conducted in a 200-L tank (100 cm x 50 cm
x 40 cm, length x width x height) filled with conditioned tap
water and isolated from external stimuli with Styrofoam
screens. In the center of the tank, we placed a cylinder (height:
31 cm, diameter: 22 ¢m) made from a wireframe and plas-
tic mesh (1 mm in diameter) (Figure 1). There was a 1.5-cm
gap between the tank bottom and the lower edge of the mesh
(marked as A in Figure 1). Thus, prey fish could use it as a
shelter, while a predator was too large to get inside. Above
the tank, we placed an IP video camera (Samsung SNB-6004P,
Changwon, South Korea), which could catch the view of the
entire experimental tank. Before the experiments, the tank
was equipped with a filter and air stone to maintain appropri-
ate water quality. The filter and air stone were pulled out after
a prey fish was placed in the experimental tank to prevent
water surface movement, which could disturb the video anal-
ysis. The photoperiod and water temperature in the exper-
imental tank were the same as in the stock tanks (14:10 h
light:dark cycle, c.a. 16 °C).

Experimental procedure

During each trial, a single predator (perch specimen) was con-
fronted with a single prey individual in 2 successive rounds,
so that each predator interacted with both prey species from
the pair, one after another. The experiment started by placing
a single predator in the experimental tank at 2100 h (Figure
2). After 12 h, we fed it ad libitum with Chironomidae larvae
to standardize its hunger level. The experiment was contin-
ued only when the predator consumed food, indicating its
acclimation to the experimental setup. Twenty-four hours
after predator feeding (i.e., at 0900 h), we removed the filter
and air stone and placed the first prey specimen from a par-
ticular pair of prey species in the experimental tank inside
the shelter (mesh cylinder) (first round). Then, the predator
had 8 h to consume (i.e., swallow) the prey. The timing of
prey ingestion was recognizable based on the movements of
the perch’s operculum. The capture of the prey was followed
by intense movements of the gill lids. The cessation of these
movements was considered as the swallowing of the prey,
because it never happened that the prey was released from
the mouth of the predator after this event. If the prey individ-
ual was not consumed, we removed it from the experimental
tank. Whether or not the prey was eaten, 24 h after the first
prey specimen was placed in the experimental tank, we fed
the predator again with Chironomidae larvae ad libitum. The
filter and air stone were placed back into the tank. After the
following 24 h, we removed the filter and air stone again and
placed the second prey specimen (at 0900 h), belonging to
the other prey species of the given pair (second round). For
each trial, we selected prey individuals of similar sizes (in total
length) in each pair. The predator had another 8 h to consume
the prey and that was the end of a single trial (Figure 2). We
exchanged about 25-30% of water volume between trials.
The interval between trials was 28 h. Within each prey spe-
cies pair, the predators were divided into 2 groups, one facing
first the invasive prey and then the native one, and the other
confronted consecutively with the native prey and then the
invasive one. Each predator individual was used in only 1
trial with 2 rounds (prey individuals).

Each prey species pair was studied separately. In total, we
included 11 trials for the European bullhead (mean = SD:
individual weight = 0.53 = 0.16 g; length = 4.51 = 0.57 cm)/
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racer goby (0.50 = 0.28 g; 4.39 = 1.07 ¢cm) and 15 trials for
the gudgeon (0.87 + 0.28 g; 5.86 = 1.07 cm)/monkey goby
(0.88 = 0.30 g; 5.36 = 1.18 cm) pairs in the analysis. There
were no differences in weight (paired #-test for the European
bullhead/racer goby: ¢, = -0.70, P = 0.494; for the gudgeon/
monkey goby: ¢, = -0.26, P = 0.801) and length (z, = 0.40, P
=0.703 and ¢, = 1.16, P = 0.279, respectively) between prey
individuals in each pair. The weight and length of the perch
specimens used for the European bullhead/racer goby pair
were 43.6 = 17.4 g and 19.86 = 3.34 cm, whereas the weight
and length of the perch exposed to the gudgeon/monkey goby
pair were 46.1 = 17.2 g and 21.73 = 2.76 cm, respectively.
There were no differences in perch weight and length between
the 2 prey pairs (¢-test: £,, = 0.34, P = 0.735 and ¢,, = -1.36,
P = 0.189, respectively).

Video analysis

Each round of the trial lasted 8 h or until the prey was con-
sumed by the predator. The videos were analyzed semi-auto-
matically using the BORIS 7.9.7 software (Friard and Gamba
2016; Behavioral Observation Research Interactive Software,
freeware, www.boris.unito.it). We noted several continuous
events (long-term episodes, for which the duration was deter-
mined and expressed as % of the total experiment time, i.e.,
8 h or till the prey ingestion, if not stated otherwise below)
and point events (short-term incidents, for which the num-
ber of occurrences were determined) concerning prey and
predator behaviors, based on Savino and Stein (1989) and
Beauchamp et al. (2007). All noted variables are included in
Table 1.

All the videos were analyzed by the same person to avoid
any differences due to the subjective assessment by the
observer.

Statistical analysis

We performed a Principal Component Analysis (PCA) on the
correlation matrix, separately for prey and predator behaviors
in each prey pair, to reduce the number of behavioral variables
and detect possible relationships between them. The principal
components were extracted based on their eigenvalues greater
than 1. When explaining the meaning of the obtained princi-
pal components, we took into account the original variables
with absolute values of their loadings higher than 0.5 after
Kaiser-Varimax rotation. The principal components deter-
mined by the PCA were analyzed using a 2-way mixed analy-
sis of variance (ANOVA) for cross-over designs (separate for

21100 - n
N 0900 N 0900
(S <>
12 h 24 h 8h| 16h 24 h 8h|

Figure 2. Experimental procedure. 1—releasing the predator (perch) to
the tank; 2—the first feeding of the predator with Chironomidae larvae
ad libitum; 3—placing the first prey individual in the tank; 4—the second
feeding of the predator with Chironomidae larvae ad libitum; 5—placing
the second prey individual (of different species than in step 3) in the
tank. White rectangles indicate predator acclimation periods. Numbers
in circles and gray rectangles indicate the recorded and analyzed periods
(rounds) of the trial.
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Table 1. The list of variables noted during the video analyses

Predator

Prey

Description

Behavior

Description

Behavior

Continuous events

The predator not swimming

Inactivity

The prey individual not swimming in any

part of the tank

Inactivity

The predator swimming with no obvious signs of interest in the prey individual

Search

The prey individual actively exploring the

tank, undisturbed by the predator

Exploration

The time from the prey introduction to its successful consumption by the predator (continuous, measured

in s) — the prey that survived the experiment was assigned the maximum value of 8 h (28 800 s)

Latency to

The prey individual staying inside the

Staying in
shelter

consume the prey

cylinder, inaccessible to the predator

Point events

The predator maneuvering toward the prey individual to maintain a close distance and seek an

opportunity to attack

Following

The prey individual rapidly moving away

Escape

from the predator present in a close distance

The predator attempting to grasp, injure, or stun prey

Strike

The predator catching the prey, prey disappearing in the predator’s mouth

Capture
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each prey species pair). Factors in the ANOVA were set as (1)
round of the experiment (the first and second prey individuals
of 2 different species, offered consecutively to the predator)
as a within-subject factor, (2) sequence (the sequence of offer-
ing the prey species to the predator: invasive after native or
native after invasive) as a between-subject factor. The effect
of prey species was coded in this design indirectly as a round
x sequence interaction, whereas the factor sequence indicated
potential carryover effects (Diaz-Uriarte 2002; Jones and
Kenward 2003). The data were mostly normally distributed
(Shapiro-Wilk test) and variances were homogenous (Levene
test). All analyses were performed using IBM SPSS Statistics
26.0 (IBM Corp.).

Results

The original behavioral variables included in the analysis
are presented in Supplementary Materials A and B. The PCA
(Table 2) extracted 2 principal components for prey behav-
ior and 3 principal components for predator behavior in the
European bullhead versus racer goby pair, as well as 2 prin-
cipal components for prey behavior and 2 principal compo-
nents for predator behavior in the gudgeon versus monkey
goby pair.

European bullhead versus racer goby

All individuals of the European bullhead and racer goby were
ingested by the predator. The principal component mean-
ings were assigned as follows: (1) prey behaviors: Activity
(PC1), Escape (PC2); (2) predator behaviors: Activity (PC1),
Efficiency of attacks (PC2), Delay in success (PC3). The prey
species differed from each other (as indicated by a signifi-
cant round x sequence interaction) in the activity (Table 3A):
European bullhead was less active than racer goby (Figure
3A). Both prey species showed similar escape responses (Table
3B; Figure 3B). There was a significant effect of the round on
predator activity (Table 3C): The perch were less active dur-
ing round 2 (data not shown) regardless of the prey sequence.
The efficiency of perch attacks was similar when facing both
prey species (Table 3D; Figure 3D). However, the predator
succeeded later when foraging on the European bullhead than
on the racer goby (Table 3E; Figure 3E).

Gudgeon versus monkey goby

There were 3 gudgeon and 5 monkey goby individuals which
survived the experiment. The following meanings were attrib-
uted to the principal components: (1) prey behaviors: Activity
(PC1), Escape (PC2); (2) predator behaviors: Predation inten-
sity (PC1), Activity (PC2). There were no differences between
the prey species in activity (Table 4A; Figure 4A). However,
the prey species differed from each other (as indicated by a sig-
nificant round x sequence interaction) in their escape behav-
ior (Table 4B; Figure 4B): Gudgeon initiated escape behavior
more often than monkey goby (Figure 4D). Additionally,
visual inspection of the video recordings revealed that the
gudgeon exhibited more sophisticated escape events, perform-
ing series of escapes (multiple movements) rather than single
point escapes shown by its invasive counterpart. Moreover,
prey escape behavior depended significantly on the main effect
of round: Both species escaped more often in the second round
of the experiment, regardless of the prey sequence (data not
shown). The predator behavior was not affected by round,
sequence, and prey species (Table 4C, D; Figure 4C, D).
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Table 2. Results of the principal component analyses on predator and prey behavioral variables

PC? Ab % Variance* Variable loadings?
European bullhead
vs. racer goby
Prey behavior
PC1 2.3 57.2 Inactivity (-0,949), Staying in shelter
Activity (-0.661), Exploration (0.954)
PC2 1.1 25.8 Escape (0.934)
Escape
Predator behavior
PC1 2.1 35.7 Search (0.992), Inactivity (-0.990)
Activity
PC2 1.4 24.7 Strike (~0.937), Capture (=0.710)
Efficiency of attacks
PC3 1.3 19.6 Latency to consume the prey (0.719),

Delay in success
Gudgeon vs. monkey goby

Prey behavior

PC1 2.0
Activity

PC2 1.0
Escape

Predator behavior

PC1 2.5
Predation intensity

PC2 1.9
Activity

Capture (0.582), Following (-0.635)

50.5 Exploration (0.993), Inactivity (-0.991)

21.1 Escape (0.908)

413 Latency to consume the prey (-0.768), Strike
(0.805), Following (0.672), Capture (0.780)

31.9 Inactivity (-0.989), Search (0.983)

*Principal components discriminated by the PCA.
"Eigenvalue of the principal component.
Percentage of variance explained by the principal component.

dCorrelations of measured variables with the principal component (loadings with absolute values higher than 0.5 are shown).

Discussion

We studied the behavior of individual fish exposed to immi-
nent danger from a predator - a naive Eurasian perch speci-
men. The prey were invasive Ponto-Caspian gobies and their
native counterparts, compared in 2 pairs of species (invasive
vs. native) co-occurring in the environment: the racer goby
versus European bullhead, the monkey goby versus gudgeon.
Our main aim was to determine the differences in antipreda-
tor behavior and its effectiveness between the invasive goby
fish and their local native analogs. We confirmed our first
hypothesis showing that invasive gobies, when facing a direct
predator danger, present different behaviors than their native
counterparts. However, our second hypothesis was only par-
tially confirmed: In one of the prey species pairs, the native
European bullhead turned out to be more difficult for the
predator to hunt. On the other hand, in the other species pair,
predator efficiency was similar in the presence of both prey
species, despite differences in their behavior.

In the first pair of prey species tested, the European bullhead
was less active and spent more time in the shelter. The shelter
plays a significant role in the biology of both prey species
as they spent there most of their time during the day (Mills
and Mann 1983; Grabowska et al. 2016, 2019). However,
here we have found for the first time that the racer goby used
the hideout to a lesser extent than the bullhead facing the
direct threat from a predator. The Eurasian perch is a vis-
ually oriented predator (Diehl 1988) and more mobile gobies

were more visible, thus increasing their risk of being eaten
under daylight and clear water conditions in our experiments.
Thus, the longer exploration time exhibited by the racer goby
suggests that, despite a direct predator danger, the invasive
species take more risk and explores the environment. On the
other hand, individuals showing greater exploratory activity
can more efficiently compete for environmental resources and
benefit from improved feeding opportunities, thus showing
increased growth and/or fecundity (Huntingford et al. 1990;
Fraser et al. 2001). These considerations involve differences
on an interspecific level; however, individuals from the same
species may also display different personalities, that is, indi-
vidual differences in boldness, exploration, aggressiveness, etc.
(Sih et al. 2004; Kaiser and Miiller 2021). Such intraspecific
variation can strongly influence a biological invasion (Juette
et al. 2014). For example, the presence of bold individuals
may help invasive populations to spread further (Chapple et
al. 2012). It is possible that, due to its invasive character, the
population of the racer goby studied in our experiment con-
tains a higher frequency of bold individuals than that of the
European bullhead, which can explain the observed differ-
ences. Nevertheless, confirmation of this possibility requires
further investigation.

In the second pair of coexisting prey species, the gudgeon
exhibited more sophisticated escape events following pred-
ator attacks than the monkey goby, performing a series of
multiple escapes rather than single movements exhibited by
its invasive counterpart. Different escaping strategies may be
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Table 3. Two-way ANOVA for cross-over designs to test the behaviors of the European bullhead and racer goby (A, B) as well as their predator (perch)

(C-E)

Principal component Effect df MS F P

(A) Prey PCI, Round (R) 1 0.76 1.63 0.233

Activity Prey species (R x S) 1 10.12 21.64 <0.001%
Error 9 0.47
Sequence (S) 1 1.29 2.16 0.175
Error 9 0.60

(B) Prey PC2, Round (R) 1 0.37 0.45 0.519

Escape Prey species (R x S) 1 0.04 0.05 0.827
Error 9 1.09
Sequence (S) 1 0.35 0.41 0.540
Error 9 0.85

(C) Predator PC1, Activity Round (R) 1 2.77 7.45 0.023*
Prey species (R x S) 1 <0.01 <0.01 0.991
Error 9 0.37
Sequence (S) 1 1.43 0.97 0.350
Error 9 1.47

(D) Predator PC2, Round (R) 1 2.29 2.10 0.181

Efficiency of attacks Prey species (R x S) 1 1.71 1.57 0.243
Error 9 1.09
Sequence (S) 1 0.35 0.41 0.540
Error 9 0.85

(E) Predator PC3, Round (R) 1 1.37 4.75 0.057

Delay in success Prey species (R x S) 1 3.52 12.16 0.007%
Error 9 0.29
Sequence (S) 1 0.26 0.20 0.666
Error 9 1.28

The round of the experiment (the first and second prey individuals of 2 different species offered consecutively to the predator) was set as a within-subject
factor, sequence (the sequence of offering the prey species to the predator: invasive after native, or native after invasive, indicating potential carryover
effects) as a between-subject factor. The effect of prey species was coded as a round x sequence interaction. Asterisks indicate significant effects at P < 0.05.

associated with differences in anatomy and lifestyle charac-
teristics of the prey species, which translate into their swim-
ming abilities. Although the species we selected for both pairs
are similar in terms of habitat requirements, body size and
shape, they do show anatomical differences affecting their
locomotor abilities. The gudgeon has a swim bladder, which
makes its lifestyle more benthopelagic (Egger et al. 2021).
On the contrary, a swim bladder is absent in the monkey
goby (Neilson and Stepien 2011; Teletchea and Beisel 2018)
and its pelvic fins form a suction organ increasing its ability
to attach to the bottom (Kottelat and Freyhof 2007), which
makes it more dependent on the bottom substrate. Thus,
gobies are considered poor swimmers (Teletchea and Beisel
2018). Egger et. al. (2021) showed that the gudgeon had
better swimming performance compared to another Ponto-
Caspian gobiid, the round goby Neogobius melanostomus
(Pallas, 1814). The authors pointed out that because of the
characteristic body shape, which is not adapted to prolonged
swimming, benthic fish, such as gobies, display a burst-and-
hold swimming mode. In conjunction with the results of
Klosifiski et al. (2022), showing the thigmotaxis and disper-
sion of the gudgeon in response to the alarm substance, this
increased number of escapes suggests avoidance of the dan-
gerous area as the main antipredator behavior of this species.
Instead, the monkey goby seems to rely on activity reduction

allowing it to avoid detection by predators (Capova et al.
2008; Jakub¢inova et al. 2017).

The European bullhead turned out to be more difficult for
the predator to hunt than the racer goby, while in the second
prey pair predator efficiency was similar in the presence of
the gudgeon and the monkey goby. The perch captured the
European bullhead more often and needed more time for the
final successful ingestion of the bullhead, although spent less
time following the bullhead than the racer goby. The higher
number of captures of the European bullhead means that
this prey species was able to get released from the preda-
tor’s mouth more often than the racer goby. The bullhead has
morphological structures missing in the racer goby, which
can be considered as antipredator adaptations reducing cap-
ture success: a strong rear-pointing spine protruding from
the operculum (Witkowski and Terlecki 2000; Tomlinson
and Perrow 2003) and tiny spines on the body, especially
near the pectoral fins (Witkowski and Terlecki 2000). The
shorter following time may be due to the lower activity of
the European bullhead, giving the perch fewer opportuni-
ties to actively follow this prey species. All in all, the perch
succeeded later when facing the native European bullhead
than the invasive racer goby. The strategy that enables the
European bullhead to escape from the predator’s mouth after
capture may be effective in natural, large-scale environments,
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Table 4. Two-way ANOVA for cross-over designs to test the behaviors of the gudgeon and monkey goby (A, B), as well as their predator (perch) (C-D)

Principal component Effect df MS F P
(A) Prey PC1, Round (R) 1 0.27 0.25 0.627
Activity Prey species (R x S) 1 0.02 0.02 0.894
Error 13 1.08
Sequence (S) 1 0.59 0.54 0.474
Error 13 1.09
(B) Prey PC2, Round (R) 1 439 6.21 0.027*
Escape Prey species (R x S) 1 3.67 5.19 0.040*
Error 13 0.71
Sequence (S) 1 2.00 2.83 0.117
Error 13 0.71
(C) Predator PC1, Round (R) 1 <0.01 <0.01 0.998
Predation intensity Prey species (R x S) 1 0.68 1.28 0.279
Error 13 0.53
Sequence (S) 1 1.21 0.78 0.393
Error 13 1.68
(D) Predator PC2, Round (R) 1 0.18 0.35 0.564
Activity Prey species (R x S) 1 0.12 0.24 0.631
Error 13 0.50
Sequence (S) 1 0.56 0.34 0.572
Error 13 1.55

The round of the experiment (the first and second prey individuals of 2 different species, offered consecutively to the predator) was set as a within-subject
factor, sequence (the sequence of offering the prey species to the predator: invasive after native, or native after invasive, indicating potential carryover
effects) as a between-subject factor. The effect of prey species was coded as a round x sequence interaction. Asterisks indicate significant effects at P < 0.05.

because the predator, discouraged by a failed attack, may
lose interest in that particular prey individual. A disincen-
tive here, according to the optimal foraging theory (Pyke and
Starr 2021), would be the higher energy costs incurred by the
predator due to extended handling time. However, we must
be aware that any capture is usually associated with harm to

the prey’s body. The ability of the bullhead to actively escape
from the predator’s mouth allows it to survive a direct pred-
ator attack, but it is difficult to predict the long-term survival
costs of such an escape and this may require further research.
We observed that the European bullhead was the only prey
studied which exhibited a zig-zagging escape trajectory
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online for color figures).

(personal qualitative observations, not analyzed formally)
which is considered an escape behavior with multiple direc-
tion changes increasing the chances of survival (Ros et al.
2019). This may also increase the survival of the European
bullhead in the wild by confusing the predator, which may
lose interest and switch to another prey individual. Our find-
ings suggest that the racer goby, being easier to catch and
swallow for the Eurasian perch than the European bullhead,
is more beneficial for predators in terms of hunting effort
than the native prey from the same guild. On the other hand,
the monkey goby, being similarly susceptible to capture and
ingestion by Eurasian perch as the gudgeon, is equivalent to
its native analog from the same guild as prey for local preda-
tors, in terms of the hunting effort of predators.

It should be noted that in our study, antipredatory
responses of the gudgeon, although more sophisticated, were
not more effective than those of its invasive goby counter-
part. Moreover, the European bullhead was finally hunted
successfully by the predator, even though it took more time
than in the case of the invasive goby. However, we must be
aware that our study was geared specifically toward the
behavior of prey facing direct threat from a predator, that is,
in the phase when the prey has been detected and is exposed
to the predator attack. Laboratory experiments were the
only possible way to observe the locomotion of fish in repeat-
able conditions. The strategies of the natives, compared to
the invasive gobies, involved a greater number of more var-
ied movements and therefore might be more effective on a
wider spatial scale. It is known that the spatial structure of
the environment may affect the predator—prey relationships
(Mercado-Vasquez and Boyer 2018), because an animal in a
confined space cannot perform a straight long-distance relo-
cation, moving away from a dangerous location (Cuddington
and Yodzis 2002). In an environment where the space is not
limited, the European bullhead may discourage the predator
by escaping from its mouth and confuse it by zig-zagging,
thus gaining an advantage over the racer goby, whereas the
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gudgeon would be likely to gain an advantage over monkey
goby by moving away from the predator to a safe distance.
Nevertheless, laboratory experiments can provide valua-
ble data on interspecific differences in prey behavior, when
their results are interpreted taking the above-mentioned
limitations into account. The above considerations provide
a rationale for believing that under natural conditions, the
higher profitability of the invasive gobies as prey for local
predators over their native counterparts can be even greater
than our laboratory study suggests.

Finally, our results support the idea that the 2 invasive
gobies are potentially attractive prey for predators in their
novel environments, as we found no greater defensive capac-
ity in these fish compared to the native species. However,
extrapolation of these conclusions to other Ponto-Caspian
gobies must be done with care. A similar experimental study
conducted on the invasive Ponto-Caspian round goby N.
melanostomus showed that the native predators, the bur-
bot (Lota lota) and smallmouth bass Micropterus dolomieu,
hunted the round goby less efficiently than a native cottid
prey species, the mottled sculpin Cottus bairdii (Michels et
al. 2021). One of the reasons for the discrepancy between
the studies may be morphological differences between the
gobiids (Jakub¢inova et al. 2017). The round goby is dis-
criminated from the other goby species by a significantly
deeper caudal peduncle, which may be associated with
their better locomotion abilities (Jakub&inova et al. 2017)
and, consequently, better ability to escape from attacks of
predators. Nevertheless, the shorter, less pronounced, and
less diverse defensive behavior we recorded in the inva-
sive gobies is consistent with the study by Klosifiski et al.
(2022), who showed that the monkey goby is generally
less responsive to the damage-released chemical alarm cues
compared to the gudgeon. Thus, our findings suggest that
the significant share of the invasive gobies in the predator
diet may be not only due to their high density (Plachocki
et al. 2012; Crane and Einhouse 2016; Mikl et al. 2017),
according to the optimal foraging theory (Werner and Hall
1974; Pyke and Starr 2021), but also because of the weak
behavioral defenses of invasive gobies against predators.
Additionally, if this lower defense activity is associated with
a reduction in energy expenditure, it may give the gobies
an advantage over native fish species in the environments
where the predation risk is low, as they may allocate more
energy to growth or fecundity rather than to defense against
a predator. However, as the invasive gobies do not exhibit
more effective defense behavior when facing direct predator
danger, they might lose their advantage over native fish in
high-risk areas. The above considerations suggest that the
invasive gobies, as newly emerged and easily accessible prey,
can influence trophic relationships in invaded ecosystems.
However, the long-lasting effects of the gobies on popula-
tions of native predators and prey are more complex, diffi-
cult to predict, and this issue requires further research.
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ARTICLE INFO . ) ) . o .
Invasive species may differ from native species in terms of behavioural responses to the stress of

encountering a novel environment. Learning about the nature of these differences can help us under-
stand the mechanisms of dispersal and success of the alien species in colonized environments. Here, we
investigated this topic using two Ponto-Caspian gobies as model species. They constitute a specific group
of invasive fish spreading in North America and Europe. They are benthic, territorial fish of low mobility;
they are poor swimmers and are strongly associated with shelters. We compared the behaviour of two
invasive goby fishes (the racer goby, Babka gymnotrachelus, and the monkey goby, Neogobius fluviatilis) to
that of their native counterparts (the European bullhead, Cottus gobio, and the gudgeon, Gobio gobio,
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Keywor ds: respectively). We used three laboratory tests to measure boldness—shyness traits: shelter occupancy test,
behaviour novel object test and open field test. The European bullhead left the shelter later and was less active, and
:)r:)\l;:lsr;szsgsgyness avoided the open field to a greater extent than the racer goby. The gudgeon was more associated with the
novelty shelter and novel object than the monkey goby and, in contrast to the monkey goby, decreased its activity
personality in the presence of the novel object and in the open field. All the species were attracted to the vicinity of

the novel object. Our study suggests that the invasive Ponto-Caspian gobies are bolder when confronted
with structural changes in their environment and have a greater potential to spread across the open

bottom, devoid of hiding places, compared to their native analogue species.
© 2023 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal
Behaviour. This is an open access article under the CC BY license (http://creativecommons.org/licenses/
by/4.0/).

Freshwater fish are among the largest groups of animals
involved in biological invasions Bernery et al., 2022; Genovesi et al.,
2015). There is a growing number of papers on the mechanisms of
the spread of invasive freshwater fish species (Bernery et al., 2022;
Hayes & Barry, 2008), but many aspects of the process are still not
fully understood, including the role of behavioural traits. After
establishment, invasive organisms expand their ranges in new
environments, which, in the case of mobile animals such as fish, is
commonly related to active habitat exploration. The tendency to
take risks and explore unfamiliar environments is often related to
the organism's dispersal ability (Chapple et al, 2012; Myles-
Gonzalez et al., 2015). In general, in their introduced range, inva-
sive animals are associated with a higher level of boldness and
habitat exploration, and greater dispersal capabilities compared to
both conspecifics remaining in the native range (Myles-Gonzalez

* Corresponding author.
E-mail address: mateusza2806@gmail.com (M. Augustyniak).

https://doi.org/10.1016/j.anbehav.2023.11.008

et al.,, 2015; Pintor et al., 2008), and native species encountered in
the invaded areas (Juette et al., 2014 and references therein). It is
unclear, however, how these behavioural traits are manifested in a
specific group of demersal, shelter-associated invasive freshwater
fish with burst-and-hold swimming modes, such as invasive gobies
(Egger et al., 2021; Tierney et al., 2011). A fish exhibiting this spe-
cific swimming behaviour maintains its position on the substrate
using its modified pelvic fins (pelvic sucker) and moves forward
using brief bursts, after which the fish holds still on the substrate
again. Thus, the fish characterized by this type of swimming spend
most of their time motionless and therefore we can expect that
their behavioural reaction to novelty will be different from that of
the fish continuously present in the water column. For burst-and-
hold swimmers, behavioural responses to novelty in the environ-
ment can be varied and complex depending on their association
with a shelter. For example, for organisms less associated with
shelters, a structural change in the environment may pose a threat,
whereas for shelter users, such a change may indicate an attractive
hiding opportunity. On the other hand, shelter-associated burst-

0003-3472/© 2023 The Authors. Published by Elsevier Ltd on behalf of The Association for the Study of Animal Behaviour. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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and-hold swimmers may respond more negatively to unfamiliar
locations. Therefore, the interpretation of boldness and dispersal
abilities in these fish is not easy and cannot be inferred from studies
on invasive pelagic fish species showing prolonged swimming (e.g.
Ashenden et al., 2017; Lukas et al.,, 2021; Rehage & Sih, 2004).
Importantly, it is unclear here how such invasive species differ from
their native counterparts in this respect.

The Ponto-Caspian gobies (Gobiidae) provide a good example of
typically benthic invasive fish that spread in freshwater systems.
Their native Ponto-Caspian region, consisting of the Black, Azov and
Caspian Seas, lower sections of rivers flowing into these seas and
their deltas, is a rich hotspot of invasive species that have success-
fully established themselves in many temperate regions of the world.
This has been facilitated by their evolution under conditions of high
fluctuations of abiotic factors (e.g. salinity, water level, temperature,
dissolved oxygen) leading to the formation of a specific assemblage
of eurytopic species tolerant to sudden changes in the environment
(Bij de Vaate et al., 2002; Rewicz et al., 2014). The Ponto-Caspian
species spread successfully within European waters (Roche et al.,
2013), facilitated by interconnecting river basins and shipping,
including the use of ship ballast waters (Bij de Vaate et al., 2002). Via
ballast waters, they have also colonized the Laurentian Great Lakes of
North America (Kornis et al., 2012). Invasion of the gobiids has
caused changes in biocenoses, as these animals displace or threaten
native fish species (Kornis et al., 2012; van Kessel et al., 2016) by
outcompeting them for food (Kakareko et al., 2013) or shelter
(Btoniska et al., 2016; Jermacz et al., 2015), alter food webs as pred-
ators (Barton et al., 2005; Janssen & Jude, 2001) and prey (Almqvist
et al., 2010) and affect fish parasite populations (Ondrackova et al.,
2021). The gobies are habitat generalists associated with diverse
types of bottom habitats, ranging from homogeneous open bottom
areas (Ptachocki et al., 2020; Sapota, 2004) to structurally complex
locations (Borcherding et al., 2013; Janac et al., 2018).

Our goal was to determine whether the behavioural reactions of
the invasive gobies to novel environments and risky situations
differ from those exhibited by the native co-occurring fish. We
conducted laboratory tests to assess a range of behaviours associ-
ated with exploration and reactions to novelty in the environment.
Three types of exploratory behaviour are worth mentioning here.
The first is novelty-adjustive behaviour, in which the animal is
passively confronted with a novel environment (an open field) or a
novel environmental feature (a new object) and must adapt to the
new situation. The second type is novelty-seeking behaviour. In this
case, the individual searches for novelty on its own initiative (e.g.
by leaving the shelter and exploring the area outside). The last type
is goal-oriented, novelty-seeking behaviour. In this case, active
exploration is only a means to achieve a goal, which, in itself, may
be familiar (e.g. exploring an unfamiliar area to find a familiar food;
Mc Reynolds, 1962). In our study, we used behavioural tests to
explore both forced and spontaneous exploration, and our labora-
tory conditions allowed the use of completely novel stimuli
(Berlyne, 1960). Following the classical approach of measuring
animal boldness—shyness, we performed (1) a shelter occupancy
test, (2) a novel object test and (3) an open field test.

We hypothesized that the invasive gobies would react differ-
ently to the novel environment compared to their native counter-
parts. Specifically, we predicted the gobies would be bolder, that is,
spend less time in the shelter, approach the novel object sooner and
spend more time in the open field, and more explorative, thus
covering a greater area in the open field test and leaving the shelter
more often. Testing these hypotheses would help identify behav-
ioural traits of strictly benthic fish allowing a better understanding
of their dispersal mechanisms, which is particularly important in
the case of invasive species.

METHODS
Animals

We tested two goby species of Ponto-Caspian origin, pairing
them with their native counterparts, which were local benthic fish,
co-occurring with the gobies in the field and with a similar lifestyle:
(1) the invasive racer goby, Babka gymnotrachelus, and the native
European bullhead, Cottus gobio and (2) the invasive monkey goby,
Neogobius fluviatilis and the native gudgeon, Gobio gobio (Kakareko
et al., 2016; Ptachocki et al., 2020).

We collected ca. 120 juvenile fish (ca. 5 cm in total length) from
the wild in summer (July—August). The European bullhead and the
racer goby were caught from the Brda River (central Poland,
53°08'52.5’'N, 17°58'10.5'E) by a diver using an aquarium net. The
gudgeon and the monkey goby were obtained from the Pilica River
(eastern Poland, 51°45'49.0”N, 21°08'56.7"E) by electrofishing
(EFGI 650, BSE Bretschneider Spezialelektronik, Germany). As we
compared the results only between the co-occurring pair members,
different capture methods did not influence the results of the
comparisons. After capture, we transported the fish to the labora-
tory and held them in 420-litre single-species stock tanks (50 in-
dividuals per tank). The stock tanks were filled with conditioned
(24 h aged, aerated) tap water (pH 8.12 + 0.19, electrical conduc-
tivity 606.2 +3.7 uS/cm, oxygen level 8.2 +0.4 mg/litre and
82.4 + 3.6%; mean + SD; measured with a Multi 340i Meter, WTW,
Weilheim, Germany) at a temperature of 16.5 + 0.5 °C, maintained
by air conditioning. The stock tanks were equipped with aquarium
filters, aerators and ceramic and stony shelters, but had no bottom
substrate. The photoperiod was set at a 12:12 h light:dark cycle
with lights on at 0700. We fed the fish daily with frozen chironomid
larvae ad libitum and exchanged water in the stock tanks once a
week (ca. 30% of water volume).

General Experimental Conditions

We performed three laboratory tests to assess behavioural re-
sponses of fish to a novel environment: (1) a shelter occupancy test,
(2) a novel object test and (3) an open field test. In the shelter oc-
cupancy test, the main measure of boldness is the latency to leave
the shelter: the shorter the time, the bolder the fish (Brown et al.,
2007). In the novel object test, bolder fish tend to inspect the ob-
ject sooner, more often and spend more time near the object
(Wright et al., 2006). In the open field test, boldness is indicated by
fish activity, time spent in the central part and the number of en-
tries to the central part of the open field (Collier et al., 2017).

We tested single fish in 33-litre plastic experimental tanks
(39 x 30 cm and 28 cm high) with opaque white walls. The tanks
were oval to avoid fish using corners as shelters. They were filled
with 24 h aged and aerated (with an air stone) tap water. Above the
experimental tank, we placed an IP video camera (SNB-6004P,
Samsung, Changwon, South Korea) and an infrared lamp (MFL-I/
LED5-12 850 nm, eneo, Rodermark, Germany). The whole set-up
was covered by Styrofoam screens to prevent fish being disturbed
by external visual stimuli. All the test species are nocturnal (Erds
et al., 2005; Grabowska et al., 2016; Nowak et al., 2019), spending
most of the day hiding against predators. Exploration of a novel
environment may put an animal at risk of encountering a predator
regardless of the time of the day, but during a dark night the risk
may be lower because of the worse prey visibility. Thus, we checked
whether the studied species would show different propensities to
take this risk during their activity and resting periods, to get a full
picture of their behaviour. Therefore, experimental trials were
performed both during the day and at night. The trial timing was
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adjusted to the photoperiod in which the fish were kept and
acclimatized to avoid disturbing their circadian rhythm. Accord-
ingly, the experiments were started 1 h after the light was turned
on or off for the day and night trials, respectively. At the end of the
trial, the fish was moved to a postexperimental tank to guarantee
that each fish was used only once in the experiment. The water in
the experimental tank was exchanged after each trial. Fish were not
fed for 12 h before the trial to standardize hunger levels.

Videos were analysed using Noldus Ethovision XT 10.1 (Noldus
Information Technology, Wageningen, The Netherlands). The be-
haviours determined in the three experiments are listed in Table A1.
As the tested species are associated with the bottom of water
bodies, we did not take their vertical movements into account. We
measured the total length of the fish using the video frames and the
Image] (Schneider et al., 2012) program to check for natural dif-
ferences in size between sympatric species (see Results for details).

Experimental Procedures

Shelter occupancy test

The experimental tank was filled with water to the level of 8 cm
and a shelter was provided for the fish. This was made of two PVC
tubes of different diameters. The smaller tube was glued to the
bottom of the tank with aquarium silicone glue, whereas the bigger
tube was movable and allowed us to open and close the entrance to
the shelter. Additionally, we used two square PVC plates

() Plates preventing the fish

from swimming behind the shelter

10

b

30

\é.

(b)

After 12 h

(10 x 10 cm) to prevent the fish from entering the space behind the
shelter (Fig. 1a). The shelter was equipped with a removable cap to
isolate fish from external stimuli. At the start of the trial, a single
fish was placed inside the closed shelter and the cap was placed on
the top. After 2 min, the experimenter gently turned the bigger
tube to open the shelter and allow the tested fish to swim outside.
Each trial lasted for 30 min.

For the video analysis, we defined four zones: (1) the Shelter
itself; (2) Inspection Zone, a 2 cm wide ring around the shelter
entry; in this zone only the fish's head was outside the shelter; (3)
Near Shelter Zone, a 3 cm wide ring around the Inspection Zone;
when the fish entered this zone, its whole body was outside the
shelter; (4) Dangerous Zone, the rest of the tank bottom (Fig. 2a); a
fish was defined as having entered this zone when its head and
pelvic fins were inside (here and for the other tests).

Novel object test

The experimental tank was filled with conditioned tap water to
the level of 10 cm. A single fish was placed in the experimental tank
for 12 h of acclimation. We divided the fish into two treatments: the
control group, which had no contact with the novel object (to
determine the baseline behaviour of tested fish) and the group
experiencing the novel object during the test (hereafter: object
group). In the latter group, after the acclimation period, the novel
object (made of brown PVC, spherical with bevelled bottom and
top; Fig. 1b) was gently dropped from the surface as close to the

Shelter

-<—— Removable cap

-— Bigger tube, movable

4
Smaller tube, glued
1 ~ with aquarium
o safe silicone
10

(c) Removable cylinder
to insert the fish

o]

o water 15
s>

“ 29

Figure 1. Experimental set-ups. (a) The shelter occupancy test. The fish was placed inside a closed shelter. After 2 min of acclimation, the shelter was opened (the bigger tube was
gently turned to match the entrance position with the smaller tube) and the observation started. (b) The novel object test. The fish was placed in the tank for a 12 h acclimation
period. Then, in the novel object treatment, the novel object was gently placed near the middle of the tank and the observation started. (c) The open field test. The fish was placed in
the insertion cylinder in the tank for a 5 min acclimation. Then, the cylinder was gently removed and the observation started. All the dimensions are given in cm.
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1Z, 2 cm around

g’

the entry

Dz Shelter

N
NSZ, width:
3 cm

(b)

SZ, width:
2.5 cm

Figure 2. The zones set for the video analysis. (a) The shelter occupancy test. In the Inspection Zone (IZ) only the fish's head was outside the shelter. The fish present in the Near
Shelter Zone (NSZ) left the Shelter with its whole body. The rest of the bottom was the Dangerous Zone (DZ). (b) The novel object test. The Object Zone (OZ) was the area of the
object itself. In the control group (novel object absent), the Object Zone was set randomly near the centre of the tank, i.e. within the area where the actual novel object sank to the
bottom. The Inspection Zone (IZ) was set directly around the OZ. The rest of the bottom was the Safe Zone (SZ). (c) The open field test. The Safe Zone (SZ) contained 25% of the total
experimental area (bottom of the tank). The rest of the bottom was the Dangerous Zone (DZ). Both zones were divided into smaller segments of equal areas.

centre of the tank as possible. The novel object was filled with
plasticine to make it sink faster and to stabilize it on the bottom.
Each trial lasted 20 min after the introduction of the novel object.

The first zone set for video analysis was the Object Zone. This was
the part of the bottom covered directly by the object. In the control
group, it was a randomly selected place near the centre of the
experimental tank, that is, within the area where the actual novel
object sank to the bottom. We used this approach to compare fish
behaviour after the object introduction to their normal behaviour in
the tank. Around the object, we set a 2.5 cm wide (approximately half
of the average body length of the tested fish) Inspection Zone. The rest
of the tank bottom was the Safe Zone (Fig. 2b).

Open field test

In the open field test, the experimental tank was filled with
water to the level of 10 cm. A grey PVC tube (10 cm in diameter,
15 cm in height) was placed in the centre of the experimental tank
(Fig. 1c) to provide the same start point for each trial. At the start of
the trial, a single fish was placed into the tube for a 5 min accli-
mation period. Then, the tube was gently removed, and the trial
started. Each trial was recorded for 3 h. We selected two test pe-
riods from each trial for further analysis. The first period (early
response period) was the initial 20 min of the test, which corre-
sponded to the most stressful period for the fish (i.e. just after
placing it in the novel environment). The second period (late
response period) was between 160 and 180 min after the start of
the test. It was set after preliminary observations as a period when
the fish became better acclimatized to the novel conditions. The
differences between these periods indicate a stress response of the
fish to the novel environment.

For the video analysis, we divided the bottom of the tank into 32
segments of equal areas, grouped in two zones. The Dangerous

Zone was the central part of the bottom (24 segments). The Safe
Zone was the 2.5 cm wide ring along the walls (eight segments;
Fig. 2c). We used segments to check whether the fish explored the
whole tank bottom or was active only within its limited area.

Ethical Note

The present study adheres to the ASAB/ABS guidelines for the use
of animals in research (ASAB Ethical Committee & ABS Animal Care
Committee, 2019). The fish were collected and used under the
permit of the Local Committee for Ethics in Animal Research in
Bydgoszcz, Poland, statement no. 53/2022. In addition, the capture
and use of the European bullhead, which is protected by law in
Poland, was approved by the Regional Directorate for Environmental
Protection in Poland (approval numbers: WOP.6401.4.5.2017.MO,
WOP.6401.4.19.2018.MO). All procedures carried out within the study
met the European Union guidelines on the protection of animals used
for scientific purposes (Directive 2010/63/UE).

Fish were handled carefully during all procedures, including
collection from the wild, transport, holding in tanks, testing, etc., to
avoid affecting their welfare and behaviour. The catch was made as
quickly and gently as possible. The fish were transported (over
2—3 h) in sealed plastic bags filled with oxygenated water, placed
inside a Styrofoam cooler to maintain a constant temperature. The
housing conditions guaranteed good animal welfare, which was
manifested by the overall activity and food intake by the fish
throughout the research period. We also did not notice any external
signs of stress or disease (e.g. unnatural body shape, skin changes,
swimming problems). After the experiments, the European bull-
head and gudgeon were released where they were caught. Invasive
gobies were euthanized by an overdose of tricaine methane
sulphonate (MS-222). We kept fish in the anaesthetic solution up to
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10 min after cessation of opercular movement, which is enough to
cause brain death (Neiffer & Stamper, 2009).

Statistical Analysis

The differences in fish total length within each pair were tested
using paired t tests.

For the European bullhead/racer goby pair we performed 16
trials of the shelter occupancy test with the racer goby and 20 trials
with the European bullhead for each time of day, and 16 trials for
each species x time of day combination in the open field test. In the
novel object test, we performed 10 trials with the racer goby for
each treatment x time of day combination. For the European
bullhead, this experiment was replicated 12 times for each treat-
ment x time of day combination except the treatment with the
novel object present during the day, for which 16 trials were per-
formed. For the gudgeon/monkey goby pair, we performed 16 trials
of the shelter occupancy test for each species x time of day com-
bination, 12 trials of the novel object test for each species x -
treatment x time of day combination and 16 trials of the open field
test for each species x time of day combination. We compared re-
sults only within the above-mentioned pairs, as they were
composed of species co-existing and interacting with each other in
the same environments.

We performed a principal component analysis (PCA) on the
correlation matrix separately for each test and each pair of fish
species (six analyses in total) using behavioural variables from
Table A1 (except for latency variables in the open field test, see
below). The PCA reduces problems with multiple statistical com-
parisons and avoids the multicollinearity of multiple independent
variables by producing orthogonal components based on sets of
intercorrelated raw variables. Principal components (PC) were
extracted based on their eigenvalues greater than 1. We took the
original variables with absolute values of their loadings greater
than 0.5 after Kaiser—Varimax rotation into account when
explaining the meanings of the particular PCs.

The normality and homoscedasticity assumptions of deter-
mined PCs were not violated based on visual inspection of residual
plots; thus, we decided to use parametric tests for their further
analysis. For the shelter occupancy test, we used a two-way general
linear model (GLM), with Species (one of the two species in the
pair) and Time of day (day or night) as between-subject factors.
Principal components from the novel object test were analysed
using a three-way GLM with Species, Time of day and Treatment
(control/object) as between-subject effects. For this test, we only
interpreted terms involving the novel object presence effect as
indicating responses of fish to the introduction of the novel object.
For the open field test, we used a three-way general linear mixed
model (GLMM), where Species and Time of day were between-
subject fixed effects, Period (early or late response) was a within-
subject fixed effect, and an individual ID was a random effect. For
the open field test, we analysed the latency variables (time to the
first occurrence of an event) separately, using the Cox proportional
hazards model, as censored observations were present in the data
set. Moreover, these variables were valid only for the early response
period. For the novel object and shelter occupancy tests, we
included latency variables to the PCA. For each analysis, we started
with the full factorial model, then we simplified it by dropping
consecutively the highest order nonsignificant interaction terms.
Based on the Akaike information criterion (AIC), we retained a more
complex model when its AIC was lower than that of the simpler
model by 2 or more (Burham & Anderson, 2002). All models were
then followed by Tukey HSD post hoc tests. For the novel object
test, we were interested only in fish responses to the introduction
of the novel object to the environment; thus, we only interpreted

the main effect of Treatment and its interactions with the other
factors. In the case of interactions, we tested all comparisons
involving treatment.

All the analyses were run in R 4.1.1 (R Core Team, 2021). The Cox
proportional hazards model was run using the ‘survival’ package
(Therneau, 2022), GLMMs using the ‘ImerTest’ package (Kuznetsova
et al., 2017) and post hoc tests using the ‘emmeans’ package (Lenth,
2022).

RESULTS

The descriptive statistics (means, SDs, sample sizes) for behav-
iours measured during each experiment are available in the
Supplementary material.

The total length of the fish was (mean + SD) 5.24 + 0.75 cm for
the European bullhead, 530+0.78cm for the racer goby,
493 + 0.93 cm for the gudgeon and 4.44 + 0.82 for the monkey
goby. It did not differ between the species for the European bull-
head/racer goby pair (paired t test: open field test: t3; = —0.65,
P = 0.518; novel object test: t3g = —0.82, P = 0.419; shelter occu-
pancy test: t13 =0.70, P=0.494). For the gudgeon/monkey goby
pair, the gudgeon individuals were longer than the monkey goby
individuals (paired t test; open field test: t3; = 2.11, P = 0.043; novel
object test: t45 = 3.62, P < 0.001; shelter occupancy test: ty; = 2.43,
P =0.024). As the fish in both pairs lived in sympatry, we consid-
ered that the size differences between the gudgeon and the mon-
key goby reflected those found in nature.

The PCA extracted in total nine PCs for the racer goby/European
bullhead pair (two PCs for the shelter occupancy test, four PCs for
the novel object test, three PCs for the open field test) and 10 PCs for
the gudgeon/monkey goby pair (three PCs for the shelter occu-
pancy test, four PCs for the novel object test, three PCs for the open
field test). The details of the PCA results are presented in Tables A2
and A3.

The European Bullhead/Racer Goby Pair

In the shelter occupancy test, high PC1 scores indicated low
exploration of the area outside the shelter (shyness; Table A2). The
GLM for PC1 showed a significant effect of Time of day (Table A4).
Both species explored the area outside the shelter more at night
than during the day (Fig. 3a). For PC2, high scores indicated fewer
shelter exits and a higher association with the shelter (fear;
Table A2). The GLM showed a significant effect of a Species*Time of
day interaction (Table A4). The European bullhead tested during the
day was more associated with the shelter than at night, as well as
more associated with the shelter compared to the racer goby
(Fig. 3b).

In the novel object test, higher PC1 scores indicated more time
spent in the Inspection Zone, that is, at some distance to the object,
rather than in its close proximity (Table A2). The GLM for PC1
showed a significant effect of the Species*Time of day*Treatment
interaction (Table A5). When tested during the day, both species
spent time in the Inspection Zone experiencing the novel object. At
night, only the racer goby exhibited this response (Fig. 4a). For PC2,
higher scores indicated low general activity (inactivity: Table A2).
The GLM showed a significant Species*Time of day*Treatment
interaction (Table A5). When tested at night, both species
decreased their activity after the appearance of the novel object
compared to their baseline behaviour. This activity reduction
shown by the European bullhead was more pronounced than that
shown by the racer goby as indicated by the significant difference in
activity level between species at night when the novel object was
present. Moreover, in the presence of the novel object, the Euro-
pean bullhead was less active at night than during the day (Fig. 4b).



116 M. Augustyniak et al. / Anima

(a)

ost T

PC1 +95% CI
=)
T
H
PC2 +95% CI

-1 1

1
Day Night

Species: ® European bullhead

Time of day:

| Behaviour 208 (2024) 111-126

1.5
(b) .

0.5

]

Day
® Racer goby @ Pooled
Day [ Night

1
Night

Figure 3. Shelter occupancy by the European bullhead and racer goby depending on the time of day (day, night): (a) principal component 1 (PC1) indicates a low level of
exploration of the area outside the shelter and (b) PC2 indicates a high association with the shelter (Table A2). The presented values are estimates (means + 95% confidence interval)
predicted for significant terms of the general linear models (Table A4): a main effect of Time of day (day/night) (a) and Time of day*Species (bullhead/racer goby) interaction

(b). Asterisks indicate differences at P < 0.05.

(@ 2.51(b)
= 15 — * = * *
O — — | O
z 1.5+
S =
2 sl L A A ; ) : . A
+H . A u 05F - A
— [o\] < T *
= 9® ©¢ = 8 "t oo
L
~1.5 L 1 1 1 -1.5 1 1 1 1
Novel Novel Novel Novel Novel Novel Novel Novel
object object object object object object object object
absent present absent  present absent present absent present
1 =
© . 5 L@ .
S osk T O :
X ; L 1r = 2
C & e . Q A A
H +# O B 1
A
IE_) 0.5+ l&_) 1k 3 Q
-1 1 1 -2 1 1 1 1
Novel Novel Novel Novel Novel Novel
object object object object object object
absent  present absent present absent present
Species: M European bullhead M Racer goby M Pooled

Treatment: @ Novel object absent

Time of day: Day

A Novel object present [l Pooled

O Night 7 Pooled

Figure 4. Responses of the European bullhead and racer goby to the novel object: (a) principal component 1 (PC1) indicates Inspection Zone use, (b) PC2 indicates inactivity, (c) PC3
indicates a low number of freezing events and (d) PC4 indicates object avoidance (Table A2). The presented values are estimates (means + 95% confidence interval) predicted for
significant terms of the general linear models (Table A5): (a, b, d) Species (bullhead/racer goby)*Treatment (novel object absent/present)*Time of day (day/night) interaction and

(c) a main effect of Treatment. Asterisks indicate differences at P < 0.05.

For PC3, higher values indicated fewer freezing events by the fish
(Table A2). The GLM showed significant main effects of Species and
Treatment and a Species*Time of day interaction (Table A5). Both
species exhibited more freezing events in the absence of the novel
object than in its presence (Fig. 4c). For PC4, higher scores indicated
avoidance of the zone directly associated with the object (Table A2).
The GLM showed a significant Species*Time of day*Treatment

interaction (Table A5). The racer goby avoided the novel object at

night. (Fig. 4d).

For PC1 in the open field test, higher scores indicated open field

exploration (Table A2). The GLMM showed a significant effect of
Species, as well as Species*Period and Time of day*Period in-
teractions (Table A6). The European bullhead decreased its open
field use in the late response period compared to the early response
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period. In contrast, the racer goby increased its open field use in the
late response period compared to the early response period. During
the late response period, the racer goby used the open field more
often than the European bullhead (Fig. 5a). The racer goby used the
open field more at night than during the day. Moreover, at night, it
used the open field more than the European bullhead (Fig. 5b). For
PC2, higher scores indicated high general activity level (Table A2).
The GLMM showed significant main effects of Species and Period,
as well as of their interaction, and of a Species*Time of day inter-
action (Table A6). The European bullhead was more active than the
racer goby during the day (Fig. 5¢). In the early response period, the
European bullhead was more active than in its late response period
and than the racer goby (Fig. 5d). For PC3, higher scores indicated
exploration of the safe, peripheral part of the arena (Table A2). The
GLMM showed significant main effects of Species, Period and their
interaction (Table AG). The European bullhead explored the Safe
Zone to a greater extent than the racer goby during the early
response period. The racer goby explored the Safe Zone to a lesser
extent during the early than in the late response period (Fig. 5e).
The Cox proportional hazards model showed a significant effect of
Species on the latency to the first movement and the first transition
from the Safe Zone to the Dangerous Zone (Table A7). The European
bullhead started both activities sooner than the racer goby (Fig. 6).

The Gudgeon/Monkey Goby Pair

In the shelter occupancy test, the higher scores of PC1 indicated
low exploration of the area outside the shelter (shyness; Table A3).
The GLM showed significant main effects of Species and Time of day
(Table A8). The gudgeon explored the area outside the shelter to a
lesser extent than the monkey goby (Fig. 7a). Both species explored

this part of the arena less during the day than at night (Fig. 7b). On
the other hand, the GLM showed no significant effects of the tested
factors on PC2 (Table A8), for which higher scores indicated fewer
shelter exits and a higher association with the shelter (fear;
Table A3). For PC3, higher scores indicated more time outside the
shelter (Table A3). The GLM showed a significant effect of Time of
day (Table A8): both species spent more time outside the shelter at
night than during the day (Fig. 7c).

In the novel object test, higher scores of PC1 indicated high
general activity of the fish (Table A3). The GLM showed a significant
main effect of Time of day and of a Species*Treatment interaction
(Table A9). The gudgeon decreased its activity after the novel object
appearance. Moreover, when the object was present in the arena,
the gudgeon was less active than the monkey goby (Fig. 8a). For
PC2, higher scores indicated object avoidance (Table A3). The GLM
showed a significant effect of Species*Treatment and Time of
day*Treatment interactions (Table A9). Both species spent more
time in zones related to the object after the novel object appearance
compared to the control. This reaction was more pronounced in the
gudgeon, as indicated by the significant difference between the
species when the novel object was present (Fig. 8b). Both species
preferred the object more during the day than at night (Fig. 8c). For
PC3, higher scores indicated few object inspections (visits in zones
around the Novel Object; Table A3). The GLM showed significant
Species*Treatment and Time of day*Treatment interactions
(Table A9). The monkey goby entered the areas near the object less
often than in the control and less often than the gudgeon (Fig. 8d).
Moreover, at night, the fish visited the novel object zones less
compared to their baseline behaviour (Fig. 8e). For PC4, higher
scores indicated more freezing events and more time spent in the
Safe Zone (fear; Table A3). The GLM showed significant effects of
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Species*Time of day, Species*Treatment and Time of day*Treat-
ment interactions (Table A9); however, the post hoc tests revealed
the differences only for the last interaction. During the day, both
species decreased their fear level after the novel object appearance
compared to their baseline behaviour. At night, we observed the
opposite response: in the presence of the novel object, both species
increased their fear level compared to the baseline behaviour. In
general, both species exhibited more fear responses at night than
during the day when the novel object was present (Fig. 8f).

For PC1 in the open field test, higher scores indicated low ac-
tivity and more freezing events (inactivity; Table A3). The GLMM for
PC1 showed a significant effect of a Species*Time of day*Period
interaction (Table A10). In the early response period, the gudgeon
was less active than the monkey goby regardless of the time of day.
In the late response period, the gudgeon was also less active during
the day than at night. Moreover, at night, the gudgeon was less
active in the early than in the late response period (Fig. 9a). For PC2,
higher scores indicated high explorative behaviour (Table A3). The
GLMM showed a significant effect of a Species*Period interaction
(Table A10). The monkey goby was more explorative in the early
than in the late response period (Fig. 9b). For PC3, higher scores
indicated more time spent in and more visits to the Dangerous Zone
(boldness; Table A3). The GLMM showed a significant effect of a
Species*Time of day*Period interaction (Table A10), resulting from

the higher boldness of the gudgeon compared to the racer goby in
the late response period during the day (Fig. 9c). The Cox propor-
tional hazards model showed a significant effect of Species on the
latency to the first movement (Table A11), whereas there were no
effects of the tested factors on the time of the first transition from
the Safe Zone to the Dangerous Zone (Table A11). The gudgeon
showed the first movement earlier than the monkey goby (Fig. 10).

DISCUSSION

We confirmed our hypothesis that, at least in some contexts
shaped by additional factors, the invasive gobies presented
different behaviours from their native counterparts when facing
novel situations. The results of the three tests, used to assess
boldness—shyness of the fish, suggest that the invasive gobies were
relatively bolder than the natives.

In the shelter occupancy test, the European bullhead left the
shelter later and was less active outside the shelter than the racer
goby. The gudgeon also showed higher affinity with the shelter and
explored the arena outside the shelter to a lesser extent than the
monkey goby. We therefore observed a similar pattern of behav-
ioural differences in the pairs of species studied. In both cases, the
gobies were less shelter-oriented (although for the racer goby this
was visible only during the day) and more active than the natives.
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These behaviours in the shelter occupancy test are typically
considered boldness indicators (Brydges & Braithwaite, 2009;
McCormick et al., 2017; Mustafa et al., 2019). In this context, the
two gobies could be considered bolder, as they were more likely to
exhibit active novelty-seeking behaviour and take risks in an area
outside their safe hiding place.

In the novel object test, all the species were attracted to the
object's vicinity, which suggests that they seemed to treat it as a
potential shelter. On the other hand, they tended to decrease their
activity in the presence of the object. A decrease in activity in the
form of an active search for stimuli is one of the most common
reactions of animals to a threat and the observed behaviour fits
more to an attempt to adapt to the prevailing conditions. This re-
action was generally more pronounced in the native species than in
the invaders. Additionally, for the European bullhead and racer
goby pair there were differences in fish reaction to the novel object
depending on the time of day. This dependence may be explained
by the lower visibility of the object at night (i.e. in darkness)
compared to the day, and, in consequence, a limited capability of
assessment of the real threat. As the novel object in our test was an
artificial, inanimate object, the only source of information about it
was the visual cue. When the object appeared during the day, both
species could see and determine it as not dangerous. When the
same situation took place at night, low visibility combined with the
absence of other signals (i.e. chemicals) resulted in a higher level of
uncertainty about danger for the fish. The propensity to inspect a
novel object shown by the racer goby combined with its higher
activity, despite its avoidance of the novel object itself, could be
associated with the higher boldness (White et al., 2013) of this

species at night compared to the European bullhead. The native
gudgeon spent more time close to the object and visited the zones
around it more often than the monkey goby. These results inter-
preted alone may indicate that the gudgeon is bolder than the
monkey goby as it took a risk inspecting the novel object (White
et al., 2013; Wright et al., 2006). However, the higher affinity of
the gudgeon with the shelter (in the shelter occupancy test) and its
lower general activity after the novel object's appearance compared
to the monkey goby suggest that the gudgeon perceived the object
as a potential shelter, and that is why it was associated with its
vicinity. At the same time, the bolder monkey goby explored the
environment.

The results of the open field test, considered in the light of the
results of the previous two tests, indicated lower boldness of the
native fish compared to the invasive gobies. In the first pair, the
European bullhead started its activity faster, was more active and
explored the peripheral zone to a greater extent than the racer goby
in the initial period after emerging into the open field, suggesting
higher boldness (Forsatkar et al., 2016). However, this activity can
also be interpreted as an attempt to find an escape route to a more
friendly environment in a sheltered location. The results of the
shelter occupancy and novel object tests showed that the bullhead
was more associated with the shelter and less active after the novel
object's appearance than the racer goby. Taking the results of the
three tests together, the high levels of activity and exploration
expressed by the bullhead during the initial period of the open field
test might have resulted from the hyperactivity caused by the high
anxiety experienced by the tested fish (Jarrold et al., 2020). As the
bullhead was active mostly in the peripheral part of the arena, this
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was likely related to looking for a refuge and/or possibility to
escape. The results from the late response period, when the fish
became more acclimated to the experimental arena, support the
idea that, apart from an initial period of hyperactivity, the European
bullhead was less explorative (which could be interpreted as more
cautious) than the racer goby. The exploration of the open field by
the European bullhead decreased, while the exploration of the
whole arena by the racer goby increased compared to the early
response period. As a result, the racer goby during the late response
period explored the whole arena to a greater extent than the

bullhead, while during the initial period, facing the uncertainty
about the environment, the racer goby reduced its activity to avoid
detection by a potential predator. To sum up, we are of the opinion
that behavioural reactions to stress related to the novel environ-
ment were more pronounced in the European bullhead, which is
more associated with shelter and less explorative than the racer
goby. In the second pair of fish tested, we do not associate the
higher activity of fish with hyperactivity, and we therefore interpret
it classically as a sign of boldness. This is because there is no
contrast between the elevated activity of the fish in the initial phase
of the open field test and the generally low activity in the previous
tests, as it was in the case of the European bullhead. The native
gudgeon showed lower activity in the early response period
compared to the late response period at night. Such lower activity
in the initial period in the novel environment is a typical behav-
ioural response to danger (Lima & Dill, 1990; Teplitsky & Laurila,
2007), indicating that the gudgeon was less bold than the mon-
key goby. Moreover, the bolder behaviour of the monkey goby was
also confirmed by its higher activity in the initial test period
compared to the gudgeon, regardless of the time of day. We
observed the lower boldness of the monkey goby compared to the
gudgeon in the late response period at night and the lower
explorative behaviour of the former in the late response period
compared to the initial period regardless of the time of day. In light
of the previous, shorter tests, we may assume that the goby
collected information about the environment during the initial
period in the open field test, so that in the second period of this test
it could reduce its activity, as there were no further changes in the
environment (no novel stimuli). To summarize, the behavioural
responses to novelty expressed by the gudgeon were more pro-
nounced than those of the monkey goby.
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Our findings on the activity of these fish and their association
with the hiding places, are supported by the other studies that have
been carried out on these species. Augustyniak et al. (2022) showed
that the European bullhead, facing a predator danger (a direct
stressor affecting behaviour), spent more time in the shelter and
was less active than the racer goby. The greater association of the
European bullhead with the shelter compared to the racer goby was
also shown by Grabowska et al. (2016). In the wild, the European
bullhead is commonly associated with areas with high water ve-
locities (Carter et al., 2004; Roje et al., 2021) and stony bottoms
(Kakareko et al., 2016). Thus, the shelter, besides providing pro-
tection against predators, allows them to save energy resources
when facing higher water currents. The racer goby, in turn, occurs
in more lentic habitats, including soft (mud, sand) sediments
(Kakareko et al., 2016; Ptachocki et al., 2020), which demand lower
energy expenditure to keep the position against the water current.
The more pronounced behavioural responses of the gudgeon than
the monkey goby to predation cues was shown by Kiosinski et al.
(2022). They found that the gudgeon decreased its activity to a
greater extent relative to the monkey goby. Importantly, the gud-
geon individuals showed thigmotaxis in the presence of predation
cues. The authors concluded that this probably increased the sense
of safety in stressed fish. These results can be related to our ob-
servations in the novel object test, where the gudgeon spent more
time near the object and treated it as a potential shelter. Combining
the results by Ktosinski et al. (2022) and our current study, it seems
that the gudgeon facing a stressful situation first tries to find a
shelter. This seems to be in contrast with the results of Augustyniak
et al. (2022), where the gudgeon facing a direct predator danger
exhibited escape responses instead of staying inside a provided
shelter. However, we could assume that the risk of a direct predator
attack is a more stressful stimulus than the novel environment or
the presence of an alarm substance alone; thus, the fish exhibit
different behavioural strategies to survive. The monkey goby, in
turn, relies on the shelter to a lesser extent, as in dangerous situ-
ations it may burrow in the sandy bottom and stay there motionless
(e.g. Capova et al., 2008; Er6s et al., 2005).

To summarize, in the present work, we showed for the first time
that the invasive Ponto-Caspian gobies faced with stressful situa-
tions related to sudden changes in the environment containing a
new stimulus of an absolute nature (new object, open field) may be
less dependent on the availability of hiding places than native
species of the same guild. Instead, they explore the area to a greater
extent than their native counterparts. Although these differences
seem to appear in specific ecological contexts shaped by additional
factors, for example, the time of day, they are likely to occur in the
wild and affect behaviour. It is also worth noting that the gudgeon
was the only gregarious species in our study; thus, the presence of
conspecifics could also affect its behavioural responses to novelty.
Nevertheless, behaviours exhibited by invasive gobies may enhance
their dispersal abilities over long distances, as active exploration of
the area may increase the probability of finding the transport vector
(e.g. entering the ballast water tank of a ship). This would allow the
invaders to enter novel areas (Chapple et al., 2012), whereas their
boldness may be related to the short-distance (local) dispersal after
their release in the field (Fraser et al., 2001). The same set of be-
haviours may facilitate goby establishment in the invaded areas, as
their greater activity may lead to more efficient resource finding
and utilization compared to the native fish species present in the
environment. Additionally, the gobies, which are less shelter-
dependent than the native species encountered in the invaded
areas, may be capable of colonizing bare, open bottom areas, which
was not considered earlier. We must keep in mind that the greater
boldness of the gobies compared to the natives may also increase
the risk of encountering a predator (McGlade et al., 2022), although

this is not always the rule as Blake et al. (2018) showed a positive
predator-dependent role of boldness in the prey's survival. How-
ever, the net effect of such a set of features can significantly increase
the chances of a successful invasion of these species in aquatic
environments where human interference leads to uniformity of the
bottom topography, such as the offshore areas of regulated, chan-
nelized rivers. The results of our study also bring new information
about the methodology used to study the boldness-related be-
haviours of shelter-associated species. As the gudgeon in our study
treated the novel object as a shelter rather than as a source of
novelty, we recommend introducing a familiar hiding place in the
experimental set-up of future novel object tests with this species.
Moreover, to avoid the hyperactivity of the tested fish in the open
field, as shown by the European bullhead in our study, the meth-
odology of the open field test for this specific group of shelter-
associated fish species might be improved by providing more
realistic conditions inside the arena, by, for example, adding a
substrate to the bottom of the tank.
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Appendix

Shelter occupancy test Novel object test

Open field test

Continuous events

Time spent in the Shelter (%ET)

Time spent in IZ (%)

Latency to the first visit in IZ (s)

Time spent in NSZ (%ET)

Latency to the first visit in NSZ (s)

Time spent in DZ (%ET)

Latency to the first visit in DZ (s)

Mean distance to the Shelter entry (cm)

Time spent in SZ (%ET)
Time spent in IZ (%ET)

Latency to the first visit in 1Z (s)
Time spent in the OZ (%ET)
Latency to the first visit in OZ (s)
Mean distance to the Object (cm)
Latency to the first movement (s)
Movement duration (%ET)

Time spent in DZ (%ET)

Latency to the first transition SZ-DZ (s)
Latency to the first movement (s)
Movement duration (%ET)

Mean duration of freezing events (s)

Mean duration of freezing events (s)

Count events

Number of Shelter exits
Number of visits in NSZ
Number of visits in DZ

Number of visits in 1Z
Number of visits in 0Z

Number of freezing events (inactivity >30 s)

Unique segments visited in SZ

Unique segments visited in DZ

Number of visits in DZ

Number of freezing events (inactivity >30 s)

DZ, Dangerous Zone; SZ, Safe Zone; I1Z, Inspection Zone; NSZ, Near Shelter Zone; OZ, Object Zone; %ET, Percentage of the total experimental time.

See Fig. 2 for explanation of zones in the different experiments.
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Table A2

Results of the principal component analyses (PCA) on behavioural variables of the

M. Augustyniak et al. / Animal Behaviour 208 (2024) 111-126

European bullhead and racer goby in various experiments.

Table A3

Results of the principal component analyses (PCA) on behavioural variables of the
gudgeon and monkey goby in various experiments

% Variance®

Variable loadings’

pC? AP % Variance®

Variable loadings’

70.0

Pcn )\h
Shelter occupancy test
PC1 7.7
PC2 13

Novel object test

PC1 3.7
PC2 3.1
PC3 13
PC4 1.0
Open field test
PC1 3.1
PC2 13
PC3 1.1

31.0

255

109
8.6

46.0

194

16.2

Time in the Shelter (0.843),

Distance to the Shelter entry (—0.838),
Latency to the first IZ visit (0.526),
Time in the NSZ (-0.687),

Number of the NSZ visits (—0.802),
Latency to the first DZ visit (0.816),
Time in the DZ (-0.934),

Number of the DZ visits (—0.931)
Time in the Shelter (0.512),

Number of the Shelter exits (—0.863),
Latency to the first IZ visit (0.786),
Time in the 1Z (-0.852),

Latency to the first NSZ visit (0.782)

Time in the SZ (—0.844),

Latency to the first IZ visit (—0.614),
Time in the 1Z (0.917),

Distance to the OZ (0.730)

Latency to the first movement (0.744),
Time on the move (—0.866),
Freezing event duration (0.613)
Freezing events number (—0.924)
Latency to the first IZ visit (0.530),
Number of the IZ visits (—0.851),
Latency to the first OZ visit (0.849),
Time in the OZ (-0.709),

Number of the OZ visits (—0.524)

Number of the DZ visits (0.832),
Unique segments in the DZ (0.770)
Time on the move (0.644),
Freezing events number (—0.946)
Unique segments in the SZ (0.754),
Time in the DZ (-0.977),

Freezing event duration (—0.697)

Shelter occupancy test
PC1 5.1 46.1

PC2 2.9 26.4

PC3 1.0 9.3

Novel object test
PC1 3.6 30.0

PC2 24 204

PC3 1.5 12.8

PC4 13 10.8

Open field test
PC1 2.2 31.6
PC2 1.5 21.1

PC3 13 185

Distance to the Shelter entry (—0.889),
Latency to the first IZ visit (0.802),
Latency to the first NSZ visit (0.883),
Latency to the first DZ visit (0.954),
Time in the DZ (-0.813),

Number of the DZ visits (—0.694),
Number of the Shelter exits (—0.732),
Time in the I1Z (-0.826),

Time in the NSZ (-0.804),

Number of the NSZ visits (—0.689)
Time in the Shelter (—0.932),
Number of the Shelter exits (—0.507)

Latency to the first movement (—0.826),
Time on the move (0.617),
Freezing event duration (—0.924)
Time in the SZ (0.552),

Time in the I1Z (-0.835),

Time in the OZ (-0.506),

Distance to the OZ (0.671)

Number of the IZ visits (—0.864),
Latency to the first OZ visit (0.789),
Number of the OZ visits (—0.857)
Time in the SZ (0.655),

Time on the move (—0.601),
Freezing events number (0.868)

Time on the move (—0.900),
Freezing events number (0.832)
Unique segments in the SZ (0.876),
Unique segments in the DZ (0.815)
Time in the DZ (0.829),

Number of the DZ visits (0.670)

DZ, Dangerous Zone; SZ, Safe Zone; IZ, Inspection Zone; NSZ, Near Shelter Zone; OZ,

Object Zone. See Fig. 2 and Table A1 for details.

a

b
c
d

Principal components discriminated by the PCA.

Eigenvalue of the principal component.

Percentage of variance explained by the principal component.
Correlations of measured variables with the principal component after

Kaiser—Varimax rotation (loadings with absolute values higher than 0.5 shown).

DZ, Dangerous Zone; SZ, Safe Zone; IZ, Inspection Zone; NSZ, Near Shelter Zone; OZ,
Object Zone. See Fig. 2 and Table A1 for details.

2 Principal components discriminated by the PCA.

b Eigenvalue of the principal component.

¢ Percentage of variance explained by the principal component.

d Correlations of measured variables with the principal component after
Kaiser—Varimax rotation (loadings with absolute values higher than 0.5 shown).

Table A4

Two-way general linear models to test the shelter occupancy of the European
bullhead and racer goby depending on the time of day

Principal component  Effect df  Meansquare F P

PC1 Time of day 1 6.09 6.56 0.013

Shyness Residuals 70 093

PC2 Species (S) 1 3.07 349 0.07

Fear Time of day (D) 1 1.99 226 0.14
S*D 1 6.03 6.85 0.01
Residuals 68 0.88

The Species and Time of day were set as between-subject factors. Bold type indicates
significant effects (P < 0.05). The analyses were run for principal components ob-
tained in the PCA based on fish behavioural variables (Table A2).

71



M. Augustyniak et al. / Animal Behaviour 208 (2024) 111-126 125

Table A5
Three-way general linear models to test the response of the European bullhead and racer goby to the novel object depending on the time of day

Principal component Effect df Mean square F P

PC1 Species (S) 1 0.53 1.22 0.272

Inspection Zone use Time of day (D) 1 134 3.08 0.083
Treatment (T) 1 48.39 111.43 <0.001
S*D 1 0.13 0.29 0.591
S*T 1 0.46 1.05 0.308
D*T 1 091 2.10 0.151
S*D*T 1 2.78 6.39 0.013
Residuals 84 043

PC2 Species (S) 1 6.13 10.93 0.001

Inactivity Time of day (D) 1 0.06 0.10 0.752
Treatment (T) 1 15.07 26.90 <0.001
S*D 1 0.02 0.04 0.837
S*T 1 0.00 0.00 0.964
D*T 1 18.33 32.71 <0.001
S*D*T 1 433 7.72 0.007
Residuals 84 0.56

PC3 Species (S) 1 7.52 9.71 0.002

Low number of freezing events Time of day (D) 1 191 247 0.120
Treatment (T) 1 11.06 14.29 <0.001
S*D 1 3.17 4.10 0.046
Residuals 87 0.77

PC4 Species (S) 1 7.37 10.26 0.002

Object avoidance Time of day (D) 1 0.36 0.50 0.482
Treatment (T) 1 135 1.88 0.174
S*D 1 4.73 6.58 0.012
S*T 1 3.72 517 0.025
D*T 1 7.22 10.05 0.002
S*D*T 1 5.87 8.17 0.005
Residuals 84 0.72

The Species, Time of day and Treatment (novel object present or absent) were set as between-subject effects. Bold type indicates significant effects (P < 0.05). The analyses
were run for principal components obtained in the PCA based on fish behavioural variables (Table A2).

Table A6
Three-way general linear mixed model to test the behaviour of the European bullhead and racer goby in the open field depending on the time of day
Principal component Effect df Mean square F P
PC1 Species (S) 1 8.80 13.33 0.001
Open field exploration Time of day (D) 1 2.49 3.77 0.057
Period (P)®M 1 2.03 3.08 0.084
S¥pRM 1 20.12 3049 <0.001
D*pRM 1 3.59 5.45 0.023
PC2 Species (S) 1 6.92 8.64 0.004
Activity Time of day (D) 1 1.08 1.34 0.249
Period (P)fM 1 7.86 9.81 0.002
S*pRM 1 425 531 0.023
D*pRM 1 9.18 1147 0.001
PC3 Species (S) 1 31.55 62.59 <0.001
Exploration of the peripheral part of the arena Period (P)fM 1 15.49 30.73 <0.001
S#pRM 1 17.20 34.12 <0.001

Species and Time of day were set as between-subject fixed effects, Period (early response, immediately after the introduction to the open field tank, and late response, after the
initial acclimation) as a within-subject (repeated measures) fixed effect and fish ID as a random effect. Bold type indicates significant effects (P < 0.05). The analyses were run
for principal components obtained in the PCA based on fish behavioural variables (Table A2). RM: repeated measures effect.

Table A8
Two-way general linear models to test the shelter occupancy of the gudgeon and
monkey goby depending on the time of day

Principal component Effect df Meansquare F P
Table A7 PC1 Species 1 7.39 8.89 0.004
Cox proportional hazards model to test the latency to move after the introduction to Shyness Time of day 1 4.92 592 0.018
the open field tank shown by the European bullhead and racer goby depending on Residuals 61 0.83
the time of day PC2 Species 1 0.14 013 0.717
- > Fear Time of day 1 0.05 0.05 0.828
Variable Effect df +r p Residuals 61 1.03
Latency to the first movement Species 1 16.07 <0.001 PC3 Species 1 0.14 0.14 0709
Time of day 1 231 0.129 Time outside the shelter ~ Time ofday 1 4.46 465 0.035
Latency to the first Species 1 3.95 0.047 Residuals 61  0.96
SZ -> DZ transition Time of day 1 0.32 0.571 The Species and Time of day were set as between-subject factors. Bold type indicates

SZ: Safe Zone; DZ: Dangerous Zone. Bold type indicates significant effects (P < 0.05). significant effects (P < 0.05). The analyses were run for principal components ob-
tained in the PCA based on fish behavioural variables (Table A3).
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Table A9
Three-way general linear models to test the response of the gudgeon and monkey goby to the novel object depending on the time of day

Principal component Effect df Mean square F p

PC1 Species (S) 1 833 10.27 0.002

Activity Time of day (D) 1 5.64 6.95 0.010
Treatment (T) 1 2.24 2.75 0.100
S*T 1 493 6.08 0.016
Residuals 91 0.81

PC2 Species (S) 1 3.29 7.62 0.007

Object avoidance Time of day (D) 1 427 9.90 0.002
Treatment (T) 1 37.38 86.69 <0.001
S*D 1 1.44 3.34 0.071
S*T 1 2.28 5.29 0.024
D*T 1 7.97 18.49 <0.001
Residuals 89 043

PC3 Species (S) 1 1.55 2.51 0.117

Low number of object inspections Time of day (D) 1 3.53 5.72 0.019
Treatment (T) 1 16.19 26.21 <0.001
S*D 1 4.04 6.54 0.012
S*T 1 3.62 5.86 0.018
D*T 1 11.11 17.98 <0.001
Residuals 89 0.62

PC4 Species (S) 1 0.01 0.01 0915

Fear Time of day (D) 1 0.59 0.78 0.380
Treatment (T) 1 0.11 0.14 0.708
S*D 1 3.69 491 0.029
S*T 1 3.20 4.27 0.042
D*T 1 20.57 27.39 <0.001

The Species, Time of day and Treatment (novel object present or absent) were set as between-subject effects. Bold type indicates significant effects (P < 0.05). The analyses
were run for principal components obtained in the PCA based on fish behavioural variables (Table A3).

Table A10
Three-way general linear model to test the behaviour of the gudgeon and monkey goby in the open field depending on the Time of day and two periods

Principal component Effect df Mean square F P

PC1 Species (S) 1 13.75 32.99 <0.001

Inactivity Time of day (D) 1 5.64 13.52 0.001
Period™ (P) 1 3.80 9.12 0.004
S*D 1 0.00 0.00 0.982
S*pRM 1 10.80 25.91 <0.001
D*ptM 1 3.07 7.37 0.009
S*D*pRM 1 430 10.32 0.002

PC2 Species (S) 1 0.21 0.41 0.526

Explorative behaviour Period™ (P) 1 4.71 9.06 0.004
S*pRM 1 4.89 9.41 0.003

PC3 Species (S) 1 242 5.16 0.027

Boldness Time of day (D) 1 0.83 1.78 0.187
Period®™ (P) 1 4.00 8.53 0.005
S*D 1 0.54 1.15 0.289
S*pRM 1 253 538 0.024
D*pRM 1 1.54 329 0.075
S*D*pRM 1 2.82 6.00 0.017

Species and Time of day were set as between-subject fixed effects, Period (early response, immediately after the introduction to the open field tank, and late response, after the
initial acclimation) as a within-subject (repeated measures) fixed effect and fish ID as a random effect. Bold type indicates significant effects (P < 0.05). The analyses were run
for principal components obtained in the PCA based on fish behavioural variables (Table A3). RM: repeated measures effect.

Table A11
Cox proportional hazards model to test the latency to move after the introduction to
the open field tank shown by the gudgeon and monkey goby depending on the time

of day
Variable Effect df 22 P
Latency to the first movement Species 1 8.74 0.003
Time of day 1 1.65 0.199
Latency to the first Species 1 0.50 0.481
SZ -> DZ transition Time of day 1 1.57 0.210

SZ: Safe Zone; DZ: Dangerous Zone. Bold type indicates significant effects (P < 0.05).
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Lay Summary

The ability of invasive bottom-dwelling fish to use public cues released by natives can be linked with the
spread of the former in new areas. Fish can use public cues, presented inadvertently by individuals of
their own or other species, to recognize danger and food location. We proved experimentally that invasive
bottom-dwelling fish can use public cues more efficiently (from a wider range of species) than sympatric

native species, which may contribute to the invasion success of the former.
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Abstract

Organisms determine environmental quality using their senses and personal experience (personal
information), but can also use by-products of other individuals’ activities, i.e. public information. The
ability to use public information originating from both con- and heterospecifics gives an advantage over
individuals relying only on personal information or conspecific cues. The role of public information in
invasion ecology is of high concern, as any differences in this aspect between alien and native species
may determine the success of the former. Here we used two pairs of sympatric invasive and native
demersal fish species (racer goby Babka gymnotrachelus / European bullhead Cottus gobio; monkey goby
Neogobius fluviatilis / gudgeon Gobio gobio) facing two types of public cues (associated with frightened
and foraging individuals) as a model to check if the invaders are more effective in public information use
than the natives. Both invaders and the native gudgeon used danger cues from con- and heterospecifics,
while the native bullhead failed to recognize heterospecific danger cues. The monkey goby and both
native species appear to be attracted to foraging cues from donors less likely to exert competitive pressure
on the observer (i.e. native species rather than potentially more aggressive invaders), while the racer goby
appeared unable to correctly recognize heterospecific cues. Our results showed that public cues can
enable invaders to read threat from a wide range of individuals and to find optimal food patches, which

may contribute to their invasion success.

Keywords: biological invasions, cognitive abilities, food location, goby, predation risk, social information
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Invasive species constitute a great threat to global biodiversity (Rodriguez 2006; Dueiias et al. 2021).
Freshwater ecosystems, which cover only around 0.8 % of the Earth’s surface, but provide habitats for
around one-third of all vertebrate species, are particularly vulnerable to biodiversity loss (Dudgeon et al.
2006). They are subject to high anthropogenic pressure, including habitat modifications which make them
less suitable habitats for native organisms. However, invasive, usually opportunistic species may benefit
from human impact and successfully establish themselves in human-modified environments (e.g. Koehn
2004; Scott 2006; Johnson et al. 2008). Invasive species appear in freshwater ecosystems because of
human activities, such as aquaculture, transport by ships, commercial stocking and recreational activities
(Nunes et al. 2015). Thus, fresh waters are recipients of a huge number of invasive species, especially
fish, which belong to the most commonly introduced animals in the world (Gozlan 2008; Bernery et al.
2022).

Invasive species often differ substantially from natives and usually their appearance in novel
habitats causes consequences for native communities (Ricciardi and Maclsaac 2011). The establishment
of an invasive species leads to changes in local communities, in which the invader interacts with the
natives (especially those phylogenetically related or ecologically similar), forming new relationships and
modifying existing ones. These interactions may be direct or indirect and include predation,
hybridization, disease transmission and/or competition (Genovesi et al. 2015). Invasive fish species
usually exhibit a generalist diet, broad environmental tolerance, high phenotypic plasticity and high
reproductive success (Bernery et al. 2022), which provide them with a competitive advantage over native
organisms. However, some aspects of the ecology of invasive fish and their consequences for native
aquatic communities are still poorly understood, one of them being the ability to use and/or provide
public information by invaders.

Organisms collect information about their environment by direct interactions with its elements,
using their senses (“personal information use”) and personal experience from the past. In addition, they
can use social information, provided by other individuals (Danchin et al. 2004). One of the social
information types is public information, based on inadvertent cues being by-products of other individuals’
activities, such as behaviour (Bonnie and Earley 2007; Valone 2007). The ability to use the knowledge of
other individuals gives an advantage over those relying only on their personal information. The public
information cues may originate from conspecifics or heterospecific individuals (Danchin et al. 2004),

particularly within the same ecological guild, coexisting for a long time. Using these cues may be



86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

particularly useful in novel environments (Terkel 1995), as individuals need to collect information about
predation risk and available resources as soon as possible to increase their chances of successful
establishment. Thus, a special case of the role of public information use in ecosystem functioning is the
establishment of invasive species, entering an unknown community and being potential users and
demonstrators (donors) of cues within that community. Any differences in this aspect between the alien
and native species may contribute to the success or failure of the former in a novel location.

A good example of invasive species that have joined and altered freshwater fish communities on
a large scale is that of the goby fish (Gobiidae) originating from the Ponto-Caspian region. Several
species of goby spread spectacularly in Europe (Copp et al. 2005; Roche et al. 2013; Grabowska et al.
2023) and the Laurentian Great Lakes of North America (Kornis et al. 2012). They constitute a specific
group of solitary (i.e. not showing schooling behavior), bottom-dwelling, shelter-associated species that
may cause biocoenotic changes, particularly in local fish communities. Indeed, there is evidence that
invasions of the gobies displace or threaten native demersal fish species (Kornis et al. 2012; van Kessel et
al. 2016) by outcompeting them for food (Kakareko et al. 2013) or shelter (Jermacz et al. 2015; Blonska
et al. 2016). In European fresh waters, missing native gobies, these Ponto-Caspian invaders interact with
phylogenetically distant but ecologically similar fish species. However, the relationships between these
species in the context of public information use remain unclear. It was not known whether and how the
invaders participate in public information use in such new fish communities. If so, are they superior to
their native analogous species in this respect? Can they also act as public information demonstrators for
native species?

Our main goal was to check differences in the public information use between co-occurring
gobies and native fish species. We performed a series of experiments to check if the fish can use public
information cues from con- and heterospecifics. We tested two types of cues differing in their immediate
importance for the survival of the tested individual. In the first scenario, public information demonstrators
presented a fright reaction. This was considered a “strong” stimulus, as failure to use such information
properly may put an individual in a life-threatening situation. In the second scenario, test fish were
confronted with public information produced by foraging individuals. This was considered a “weak”
stimulus, as, if the fish are not able to use such information properly, they only risk staying hungry.

We hypothesized that the invasive species would use public information more effectively than

natives. Specifically, invaders will change their behavior in response to public information cues provided
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by both conspecifics and heterospecifics irrespective of the stimulus type. In turn, we assumed that the
native species would recognize cues provided by con- and heterospecifics displaying a strong stimulus
but only by conspecifics exhibiting weaker cues. This is because, at the beginning of the invasion process,
conspecifics are unfamiliar with the new environment and present in low numbers (Terkel 1995;
Camacho-Cervantes et al. 2015) and the ability to recognize diverse cues, including those from other
species, may be beneficial (Hazlett 2000; Damas-Moreira et al. 2018) for the invader. Thus, individuals
with such an ability would exhibit higher fitness and contribute to the future invasive population to a
greater extent. Also, enhanced cognitive abilities might help them outcompete their native competitors
(Szabo et al. 2020). Clarifying this issue would allow a better understanding of mechanisms that may

contribute to the successful dispersal of invasive species in new environments.

MATERIALS AND METHODS

Animals

We tested the Ponto-Caspian gobies and their native analogues arranged in two pairs consisting of a co-
existing invasive vs. native species. We used the racer (Babka gymnotrachelus, (Kessler 1857)) and
monkey goby (Neogobius fluviatilis, (Pallas 1814)), both invasive in European fresh waters (Copp et al.
2005; Grabowska et al. 2023). We chose the European bullhead (Cottus gobio (Linnaeus 1758)), as a
native counterpart for the racer goby, as their ranges overlap and they are known to co-exist in the same
habitats (Kakareko et al. 2016; Jana¢ et al. 2018). Both these species are strongly associated with the
bottom and shelters. For a native counterpart of the monkey goby, we selected the gudgeon (Gobio gobio
(Linnaeus 1758)). Both these species occupy sandy bottom areas (Kottelat and Freyhof 2007; Ptachocki et
al. 2020) and are likely to interact with each other. Jakovli¢ et al. (2015) observed a decline in a gudgeon
population when the monkey goby density increased, which suggests the competition between species in
the wild.

Fish were collected in the autumn of 2021. European bullhead and racer goby were collected
from the Brda River (53°08'52.5"N 17°58'10.5"E), by a diver using an aquarium net. Gudgeon and
monkey goby were collected from the Pilica River (51°45'49.0"N 21°08'56.7"E) by electrofishing (EFGI
650, BSE Bretschneider Spezialelektronik, Germany). The fish were transported (2-3h) in sealed plastic
bags filled with oxygenated water, and placed inside a Styrofoam cooler to maintain a constant

temperature. After transport, they were kept in an air-conditioned stocking room in single-species 420-1
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stock tanks (max. 50 individuals per tank). The tanks were filled with conditioned tap water (mean
temperature = SD: 16.5 £ 0.5 °C, pH: 8.1 £ 0.2, electrical conductivity: 603 £ 4 uS/cm, oxygen level: 8.1
+ 0.4 mg/l, 82.2 + 3.7 %; measured with a Multi 3401 Meter, WTW, Weilheim, Germany). The stock tanks
were equipped with aquarium filters and aerators. Ceramic and stony shelters were provided, but no
bottom substrate. The photoperiod was set at 12:12 h L:D cycle, with lights on at 0700. The fish were fed
daily ad libitum with frozen chironomid larvae. The water was exchanged once a week (c.a. 30% of the
water volume). The filters were cleaned during each water exchange.

Two weeks before the start of the experiments, the fish were moved to pre-experimental tanks
(60 x 40 x 35 cm; length x width x height; water level: 30 cm), devoid of any shelters and bottom
substrate (10 individuals per tank). They were filled with the same conditioned tap water as experimental
tanks. This was to make the fish more familiar with the lack of shelters, which were absent in the
experimental tank as well. Fish of each species were kept separately and there was no visual contact
between individuals of different species. The maintenance of the pre-experimental tanks was the same as
that of the stock tanks (feeding, water exchange, filter cleaning).

The total length (TL) of the fish was measured using the video frames of experimental

recordings and the ImagelJ (Schneider et al. 2012) program (see Results section).

Ethical note

The present study adheres to the ASAB/ABS guidelines for the use of animals in research
(ASAB Ethical Committee & ABS Animal Care Committee, 2020). The fish were collected and used
under the permit of the Local Committee for Ethics in Animal Research in Bydgoszcz, Poland, statement
no. 51/2021. The capture and use of the European bullhead, partially protected by law in Poland, was
approved by the Regional Directorate for Environmental Protection in Poland (approval numbers:
WOP.6401.4.5.2017.MO, WOP.6401.4.19.2018.MO, WOP.6401.4.52.2022.MO).

Fish manifested overall activity and food intake, which confirmed that housing conditions
guaranteed good animal welfare throughout the research period. We did not observe any external signs of
stress or disease (e.g., unnatural body shape, skin changes, swimming problems). After the experiments,
the European bullhead and gudgeon were released where they had been caught. Invasive gobies were

euthanized by an overdose of Tricaine Methanesulfonate (MS-222).

The main idea of the experiment
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Our study aimed to investigate the ability of invasive fish to use public information. We were interested in
how the invaders integrate into freshwater communities in terms of exchanging (i.e. using and providing)
information with native heterospecifics. In the first experiment, we checked if fish can recognize danger
based on public information cues from con- and heterospecifics within each pair. If so, we expected the
test fish to avoid the area near the cue demonstrators and reduce their activity, as these are well-known
anti-predator behaviors (Lima and Dill 1990; Teplitsky and Laurila 2007; Ktosinski et al. 2022;
Augustyniak et al. 2023). In the second experiment, we checked if fish are able to differentiate between
foraging and non-foraging demonstrators of the public information cues. If so, we expected them to
approach the foraging demonstrators. In both experiments, we confronted fish with conspecific and
heterospecific cues within each pair. Additionally, in the second experiment, we confronted the fish from
the first pair (racer goby and European bullhead) with heterospecific cues from the gudgeon, a native
species commonly present in rivers, also in the Brda River, from which the racer goby and European
bullhead were collected (Radtke et al. 2015). This allowed us to check whether the native fish can
recognize and discriminate between heterospecific cues released by two heterospecifics: one invasive and
the other native. Also, we checked whether the invasive species reacted differently to the cues from

different natives. The cue demonstrators were not used later in the experiment.

Experimental setup

We used LCD computer monitors to present the cues to the fish tested. To make sure that the fish were
able to see and recognize the cues shown on the monitors, we performed a preliminary test. We recorded a
short video showing the introduction of food, viz. frozen chironomids, to the tank. The food was applied
with a pipette, in the same way the fish were fed on a daily basis. Then, we displayed this video on the
monitors to the fish in the stock tank (using the same monitors as in the actual experiments, facing the
stock tank wall). All the test species reacted to the displayed chironomids by approaching the monitor and
swimming up to the surface to grab the food.

The experimental setup consisted of a glass experimental tank (30 x 30 x 30 cm; length x width
x height), with two computer monitors (BenQ GW2280-B, Taipei) placed on two opposite sides of the
tank (Figure 1) to display the stimulus videos (1 cm from the tank wall). The whole tank (except the areas
where the stimuli were displayed on the monitors) was covered by Styrofoam screens. The experimental
tank was filled with conditioned (24-h aged and aerated) tap water (mean temperature + SD: 16.9 + 0.9

°C, pH: 8.6 £ 0.1, conductivity: 661 £ 25 pS/cm, oxygen level: 8.5 + 0.4 mg/l, 87.6 + 4.0 %;). The water
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level in the tank was 5 cm, which was sufficient for test fish to exhibit natural behavior based on
preliminary tests, and allowed to limit their vertical movements, potentially interrupting our observations
from the top. An IP camera (Samsung SNB-6004P, Changwon, South Korea) was placed 50 cm above the
water surface to record the fish behavior. The whole setup (the experimental tank and monitors) was
covered by white Styrofoam screens to prevent the fish from receiving any external stimuli. A Styrofoam
screen was also placed below the tank to provide a white homogenous background for better fish

visibility on recorded videos.

Stimulus preparation

Each stimulus video (displaying the foraging or fright reaction of demonstrator fish of a particular
species) consisted of a sequence of videos described below. Videos to be used as a stimulus (1920 x 1080
pixels, 30 frames per second) were recorded in a rectangular demonstrator tank (30 x 20 x 15 cm; length x
width x height) filled with 5 cm of conditioned tap water (the same as in the experimental tanks). The
camera recording the cues faced the longer wall of the demonstrator tank, which was of the same length
as the wall of the experimental tank (30 cm). Therefore, the frame size of the stimulus videos matched the
dimensions of the experimental tank and displayed demonstrators were shown in their actual size,

corresponding to the size of the test individuals.

Experiment 1. Public information from individuals exhibiting a fright reaction

To prepare the stimulus for Experiment 1, three individuals of the same species (demonstrators) were
placed in the demonstrator tank for 30 min acclimation. Then the experimenter presented a strong
stressful stimulus using three circular (5 cm in diameter), red plastic objects suspended by a wire from a
steel rod (Figure 2). The experimenter remained invisible to the fish, while red objects swinging above
the tank caused a strong fright reaction of the demonstrators: an intensive period of erratic movements

followed by a phase of immobility when the fish were squeezed into one corner of the tank.

Experiment 2. Public information from foraging individuals

To prepare the stimulus for Experiment 2, we recorded the behavior of foraging demonstrators. The
demonstrator tank was equipped with two Tygon® tubes mounted on the longer wall of the tank and
connected with a Watson-Marlow 323U (Watson-Marlow Fluid Technology Solutions, Falmouth,

Cornwall, UK) peristaltic pump. The other end of each tube was placed in another tank of the same
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dimensions, containing a Petri dish with defrosted Chironomidae larvae used as a food source (Figure 3).
One of the tubes was set up to provide the food to the demonstrator tank (to the “feeder” placed in the
center of the tank wall), and the other tube was used to pump out excess water to maintain the water level
at 5 cm during the recording (i.e. the tubes transported water in the opposite directions). This approach
guaranteed that the food was provided in the same, repeatable manner, without any disturbance to the fish
in the demonstrator tank. The IP camera was placed next to the demonstrator tank, 20 cm from the wall
with the Tygon® tubes. There were two plasticine stripes on the outside surface of this wall. The vertical
stripe covered the tube providing the food, and the horizontal stripe was put adjacent to the bottom of the
tank. The stripes were used to make the food itself invisible (neither during the feeding phase nor later
when lying on the bottom) in the videos, which was confirmed by watching the recorded videos. Thus,
the only source of information about the food presence available to the fish tested in the experimental
tank (observer) was the behavior of demonstrators, rather than the view of the food itself. The
demonstrator tank was covered by white Styrofoam screens to keep the fish away from any external
stimuli, while the second tank with food in a Petri dish remained uncovered, thus the experimenter had
easy access to it without disturbing the demonstrators. First, we made a 5-min recording of an empty
demonstrator tank (with no fish). Then we placed three individuals of the same species (food-deprived for
24 h) acting as demonstrators into the tank. The demonstrators had 30 min to acclimatize, during which
the peristaltic pump was working (only water was pumped, but there was no food in the Petri dish). Then,
the experimenter gently provided the first portion of food (5 defrosted Chironomidae larvae) to a Petri
dish in the second tank. The food was sucked by the nearby tube into the tank with the demonstrators.
Two min after the demonstrators consumed the first portion, the experimenter provided the next food

portions (5 times in total, every 2 min).

Processing video recordings

For each experiment, we prepared two video sequences: the “stimulus sequence” and the
“control sequence”. For Experiment 1, the “stimulus sequence” was a record of freely swimming
demonstrators (30 min) followed by a record of intense erratic movements of the demonstrators (0.5 min)
and a record of inactive demonstrators squeezed into one corner of the tank (30 s of this behavior
multiplied to obtain a 4.5 min sequence). We showed intense erratic movements of the demonstrators for
30 s to reflect the short and intense nature of this behavior, which was observed during the cue recording.

The “control sequence” contained a 35-min record of an empty demonstrator tank. Both sequences are
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presented in Figure 4a. We showed the stimulus video on only one monitor, as we were interested in the
time spent near the stimulus monitor as a response variable. We used an empty tank, rather than freely
swimming fish as a control sequence to be displayed on the other monitor, because a situation when
frightened and freely swimming individuals are simultaneously present in the environment might be
misleading.

In Experiment 2, the “stimulus sequence” was a record of an empty demonstrator tank (30 min)
followed by a record of foraging demonstrators (10 min). To prepare the record of foraging
demonstrators, a period of their most intense foraging was chosen (30 s since one of the food portions was
added) and multiplied to obtain a 10 min long video of continuous foraging. The “control sequence”
consisted of a record of an empty demonstrator tank (30 min) followed by a record of demonstrators
swimming freely in the tank (without foraging, 10 min). Both sequences are presented in Figure 4b. We
prepared one sequence of each type (stimulus and control) with each demonstrator species.

To minimize the disturbance of the test fish caused by a sudden change on the monitors, we have
added smooth, slow transitions between particular video segments. One segment disappeared for 3
seconds, and simultaneously the second one started to appear. These effects were obtained using the video

processing software Movavi Video Suite 18.

Experimental procedure

The experiments were conducted in May 2022, between 08:00 and 14:00 hours. The “stimulus”
and “control” video sequences were switched between the monitors in each consecutive trial. In
Experiment 1, fish from both pairs were divided into two groups facing con- or heterospecifics fright
reaction. In Experiment 2, fish from the first pair (the racer goby vs European bullhead) were divided into
three groups. The first group was exposed to the videos with the conspecific demonstrators, the second
group was exposed to the videos with heterospecific demonstrators, i.e., individuals from the other
species in each pair, and the third group was exposed to the videos with the gudgeon as demonstrators.
The fish from the second pair (the monkey goby vs gudgeon) were divided into two groups and these
were confronted with public information cues from con- or heterospecific (the other species from this
pair) demonstrators, respectively. A single observer fish was placed in the experimental tank for 30 min
acclimation period, during which both monitors were turned on and displayed the first part of the proper
video (Figure 4). After 30 min, one monitor started to show the “stimulus” sequence, and the other one

displayed the “control” sequence. The trial ended when both videos stopped (see Figure 4 for the duration
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of the sequences). The fish was netted from the experimental tank and transferred to the post-
experimental tank. Each fish individual was used in only one trial of the particular experiment. We
performed 10 trials for each species and variant (con- and heterospecific cues) of the experiment. The
water in the experimental tank was totally exchanged after each trial.

In Experiment 1, we did not randomize the order of cue presentation to control for the effect of
passing time. This is because the applied order is natural for a fish facing a danger. Thus, assuming that

the test fish will recognize the presented cue, changing the order could be misleading.

Video analysis

To minimize observer bias, we used the Ethovision XT® 10.1 program to analyze the fish behavior in the
videos recorded, with a sample rate of 5 frames per second. We were interested in fish behaviors in two
periods: (1) the last 5 and 10 min of the acclimation period of Experiment 1 and 2, respectively, hereafter
referred to as a pre-stimulus period (i.e. before presenting a stimulus), and (2) the period of the cue
presentation. In Experiment 1, these were: 30 s of a fright reaction of demonstrators (hereafter: fright
reaction period) and 4.5 min during which the demonstrators were inactive (hereafter: inactive
demonstrator period). In Experiment 2, the cue was presented for 10 min (Figure 4), and hereafter we
referred to this period as a stimulus period.

For Experiment 1, we set two zones on the experimental tank bottom, covering the whole tank
width: (1) the “stimulus zone”, adjacent to the “stimulus” monitor (showing demonstrators) and (2) the
“control zone”, adjacent to the monitor displaying the control sequence (Figure 5a). We measured the
time spent by the test fish in each zone in each period (expressed as % of the total period time) and its
general activity, expressed as the time spent on the move (% of the total period time).

To analyze Experiment 2, we set two zones on the experimental tank bottom: (1) the “foraging
zone”, set up around the feeder on the monitor displaying foraging demonstrators, and (2) the “non-
foraging zone” adjacent to the wall facing the monitor displaying the “control” sequence (Figure 5b). We
measured the time spent by the tested fish in each zone (expressed as % of the total period time) in each

period.

Statistical analyses

Fish total length was compared within the pairs using independent sample T-tests.
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We calculated zone preference indices using times spent by fish in particular zones in both
experiments, using the formula:

(time spent in the zone of interest) — (time spent in the other zone)

(time spent in the zone of interest) + (time spent in the other zone)

The value of “0” meant that the fish showed no preference for or avoidance of any zone. The
positive and negative values meant that the fish showed a preference for or avoidance of the zone of
interest, respectively.

To test the effects of observer species, demonstrator species and period on zone preference index
(Experiments 1 and 2) and general fish activity (in Experiment 1), we performed Linear Mixed Models
(LMM). The observer species and demonstrator species were set as between-subject fixed effects, the
period as a within-subject fixed effect and the test fish ID as a random effect. In both experiments, we
interpreted the main effect of period and its interactions with other factors as indicators of fish reaction to
different types of cues presented. The parametric test assumptions were not violated based on the visual

inspection of residual plots.

We performed model simplification by dropping the highest-order non-significant interaction
terms and chose the best-fitting models based on the Akaike information criterion. We retained the more
complex model when its AIC value was lower than that of the simpler model by 2 or more (Burham and
Anderson 2002). For significant interactions, we performed LSD pairwise post-hoc comparisons with
sequential Bonferroni corrected critical p-value. All analyses were performed were performed using IBM

SPSS Statistics 29.0 (IBM Corp.).

RESULTS

The TL of the fish was (mean + SD): 4.35 £+ 0.51 cm for the European bullhead, 4.53 £+ 0.52 cm for the
racer goby, 5.37 = 0.63 cm for the gudgeon, and 4.51 £ 0.61 cm for the monkey goby. The TL of the
experimental fish did not differ between the European bullhead and racer goby (Experiment 1: tsg = -1.25,
p = 0.22; Experiment 2: tss = -1.31, p = 0.20). On the other hand, the gudgeon had greater TL than the
monkey goby (Experiment 1: t33 =4.47, p < 0.01; Experiment 2: t33 = 5.01, p <0.01). As the fish in both
pairs lived in sympatry and were randomly collected in the field, we considered that the size differences

between the gudgeon and the monkey goby reflected those found in nature.

Responses of the European bullhead and racer goby

91



92

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

In Experiment 1 (fear cues), the LMM on the “stimulus zone” preference index showed a
significant observer species x period interaction (Table 1). The European bullhead was less associated
with the “stimulus zone” during the fright reaction period compared to the other periods regardless of the
demonstrator species (Figure 6a). The LMM on activity showed a significant effect of observer species x
demonstrator species x period interaction (Table 2). The European bullhead reduced its activity in the
fright reaction period compared to the other two periods when demonstrators were conspecifics. The racer
goby reduced its activity in the fright reaction period compared to the pre-stimulus period regardless of
demonstrator species. When demonstrators were the European bullhead, the racer goby was less active in
the inactive demonstrator period compared to the pre-stimulus period. In the pre-stimulus period, the
racer goby was less active when facing freely swimming gobies compared to the racer goby viewing
freely swimming bullhead. When demonstrator racer goby individuals presented a fright reaction, the

observer racer goby were less active compared to the observer European bullhead (Figure 6b).

The LMM on the “foraging zone” preference index in Experiment 2 (foraging cues) showed a
significant effect of an observer species x demonstrator species x period interaction (Table 3). The post-
hoc analysis showed no significant differences between groups defined by these factors. However, there
are visible tendencies that the European bullhead was more associated with the foraging zone when
demonstrators were gudgeons and the racer goby exhibited the same behavior facing foraging racer

gobies (Figure 7), which made this interaction significant.

Responses of the gudgeon and monkey goby

In Experiment 1 (fear cues), the LMM on the “stimulus zone” preference index showed a
significant main effect of period (Table 4). The post-hoc tests showed no significant differences in
preference index between different periods, however, the association of fish tended to be lower in the
inactive demonstrators period compared to the other periods (Fig. 8A). For the activity, the LMM showed
a significant effect of an observer species x period interaction (Table 5). The monkey goby reduced its
activity in the fright reaction period compared to the pre-stimulus period regardless of the demonstrator

species (Figure 8b).

In Experiment 2 (foraging cues), LMM indicated a significant effect of observer species x

demonstrator species and demonstrator species x period interactions on the “foraging zone” preference
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index (Table 6). Both observer species were more associated with the “foraging zone” during the stimulus

period compared to the pre-stimulus period when demonstrators were gudgeons (Figure 9).

DISCUSSION

The study aimed to check whether there are differences in the public information use between invasive
gobies and sympatric native fish species in two scenarios differing in the level of cue importance for
animal survival, i.e. public information about danger (strong stimulus) or feeding ground (weak stimulus).
We have partially confirmed our hypothesis that invasive species use public information more effectively
than natives in some contexts.

When confronted with a strong stimulus, both invasive species reduced their activity in response
to cues from con- and heterospecifics, and the monkey goby tended to avoid inactive (after fright
reaction) fish regardless of their species. Activity reduction and avoidance of dangerous areas are basic
antipredator strategies (Lima and Dill 1990; Teplitsky and Laurila 2007), thus we can conclude that the
invaders can effectively use this type of cue from individuals of the same and other species, which
emphasizes their ability to avoid danger based on public information cues from a variety of species
around.

Among the native species, only the European bullhead exhibited activity reduction and only in
response to conspecifics. However, the bullhead avoided both con- and heterospecific frightened fish, and
the gudgeon showed the same tendency in the presence of inactive demonstrators of both species.
Considering both responses of the European bullhead to conspecifics, we can relate them to an
antipredator response, where an endangered individual first tries to avoid a dangerous area and then
reduces its activity to remain less conspicuous. Yet, when the fright behavior was demonstrated by the
racer goby, the response of the European bullhead should be interpreted with care. Despite the avoidance
of a dangerous area, the native species did not reduce its activity, which is in contrast with the results by
Augustyniak et al. 2023, who showed low activity of the European bullhead facing a direct predator
danger. We can interpret this lack of activity reduction in our current study in the light of the high
aggressiveness of the racer goby towards the European bullhead individuals showed during shelter
(Grabowska et al. 2016; Jermacz et al. 2015) and food competition (Kakareko et al. 2013). The native
species, faced with the fright behavior of the racer goby, could interpret this as an attack attempt (i.e. did
not interpret the cue properly), thus swimming away to avoid the risk of an attack, but stayed active and

did not present the full repertoire of antipredator behaviors. The indicator of potential high aggressiveness
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of the racer goby towards the European bullhead was observed also in the current study when the racer
goby was more active facing freely swimming bullheads than viewing other gobies. The study by
Kakareko et al. (2016) showed that small (< 6 cm in TL) racer gobies can outcompete small European
bullheads (also < 6 cm in TL) from habitats where both species coexist. As we used individuals of similar
size in the current study, we may assume that the racer goby individuals tried to chase European bullheads
away. The level of aggression of the racer goby towards conspecifics and European bullheads was found
to be similar (Kakareko et al. 2013). Thus, it is possible that the racer goby facing other gobies were less
active than in the presence of bullhead individuals to avoid a direct confrontation with conspecifics,
associated with the high risk of injury. The native gudgeon showed a tendency to avoid inactive (after the
fright reaction) con- and heterospecifics, but did not reduce its activity.

The behavior of gregarious gudgeon might differ when tested in conspecific groups. However,
stressed gudgeon reduced its activity regardless if tested individually (Augustyniak et al. 2024) or in
groups (Ktosinski et al. 2022). On the other hand, as the avoidance of dangerous areas seems to be the
main antipredator behavior of the gudgeon facing a direct predator danger (Augustyniak et al. 2023), we
may assume that it recognized public information cues from surrounding frightened individuals properly,
being as effective as invasive gobies. To summarize, both invasive gobies as well as the native gudgeon
effectively used cues about danger from con- and heterospecifics and exhibited antipredator response.
However, behavioral responses of the native European bullhead were less clear (different behaviors
facing con- and heterospecifics). We may assume that it is less effective in recognizing the nature of
public information cues than the invaders, which in the natural environment may put the European
bullhead in a life-threatening situation.

The fish confronted with the public information cues from foraging individuals exhibited a
species-specific repertoire of behaviors, which can be explained by the theoretical competition-
information quality trade-off (Gil et al. 2017). The concept assumes that the information (cue) is more
valuable when the potential costs of competition with cue donors remain low, and these costs are greater
when the distance between individuals (demonstrators and observers) in time, space and ecology is
shorter (Seppénen et al. 2007). In the current study, the invasive monkey goby did not show any
behavioral reaction to public information cues from foraging conspecifics. Following our hypothesis, we
might expect that they will not be effective in using public information cues from a wide variety of

species if they cannot use conspecific cues. However, in the light of the theoretical competition-



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

information quality trade-off concept, this may be an adaptive behavior. Although conspecifics can
provide more relevant public information than heterospecifics, the greater niche overlap between the
conspecifics intensifies the competition for resources (Gil et al. 2017). Invasive gobies are known for
their high intra- and interspecific aggressiveness (van Kessel et al. 2011; Kakareko et al. 2013;
Grabowska et al. 2016). Thus, facing foraging conspecifics, the monkey goby may recognize the cue, but,
because of the short distance between the demonstrators and observers in our study, they did not join an
already occupied food patch avoiding a confrontation with aggressive conspecifics. Gil et al. (2017)
showed that heterospecific groups are optimal in terms of foraging efficiency because of lower
competition than in conspecific groups. Thus, the invader joined the food patch in response to gudgeon
cues, as the risk of potential competition was lower than in the case of conspecifics, while the quality of
information (i.e. potential food gains) still sufficient to trigger this behavior.

The behavior of the European bullhead in the current study also supports the theoretical
competition-information quality trade-off concept, as this species, after assessing potential benefits (i.e.
food gain) and costs (i.e. energy loss for competition), stayed away from foraging demonstrators of the
same species. However, its reaction to public cues from foraging heterospecifics differed between
demonstrator species. The European bullhead was attracted (though the tendency was non-significant) to
foraging gudgeons. Both species coexist in the natural environment and, after recognizing a familiar
representative of another species, the European bullhead joined the food patch since the potential risk of
direct competition with the gudgeon was assessed as lower than that posed by the racer goby and
conspecifics. The racer goby was able to outcompete the European bullhead in the laboratory study
(Kakareko et al. 2013), and, accordingly, the native species did not join foraging gobies in the current
study.

The invasive racer goby and native gudgeon, attracted to foraging conspecifics (though in the
case of the racer goby this was a marginally significant tendency), seem to contradict the theoretical
competition — information quality trade-off concept. The lack of reaction of the racer goby to foraging
gudgeons can be accounted for by the habitat occupied by the racer goby. It is often found in stony areas
(Kakareko et al. 2016), spending most of the time inside a shelter (Grabowska et al. 2016). It is possible
that with such a specific lifestyle the racer goby does not often encounter pelagic species during foraging,
and because of a short co-existence time, may not be able to assess properly the potential level of

aggression posed by the gudgeon. Moreover, the racer goby was not attracted to foraging European
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bullhead. It is known that the racer goby can outcompete the European bullhead for food (Kakareko et al.
2013), so the potential competition cost was low for the invader. The possible reason why the racer goby
did not join the foraging European bullhead may be that the invader did not recognize these public cues
properly. Thus, it failed to assess the heterospecific information quality and to make a proper decision
based on a potential cost-to-benefit trade-off. Gudgeon responses to foraging individuals can be
considered concerning its gregarious nature, which makes it likely to rely more on conspecific
information cues (Jones and Sieving 2019), and thus join foraging conspecifics. It could be that the
gudgeon recognized public information cues from foraging monkey gobies, but, according to the
theoretical competition-information quality trade-off concept, stayed away from foraging invaders to
avoid direct competition. On the other hand, it is possible that both native species do not recognize
properly public cues demonstrated by foraging invaders and avoid them instead of benefiting from their
presence. This scenario suggests another facilitation mechanism for the invaders in new places.

The above considerations partially support our hypothesis about the greater effectiveness of
public information use by invasive benthic fish compared to the natives. When there is an imminent
danger associated with making the wrong decision based on public information cues, the invaders can use
cues from con- and heterospecifics. This may be particularly helpful during the invasion process, as
increasing the chance of survival when the invader encounters new enemies. The native gudgeon is able
to use public danger cues from both con- and heterospecifics as effectively as the invasive gobies, while
the native European bullhead turned out to be the least effective, and potentially most vulnerable to
danger, presenting the full antipredator behavior only in response to frightened conspecifics. When public
information cues are not associated with the immediate consequences for survival, all the test species can
make a behavioral decision based on the cost and benefit trade-off assessment. In this case, proper
reactions (attraction to foraging cues from fish posing a lower competitive pressure on the observer) were
exhibited by the monkey goby and both native species, whereas the racer goby seemed not to be able to
recognize properly heterospecific cues. Nevertheless, the ability of the invasive benthic fish to use public
cues released by natives can be linked with the spread of the former into new habitats. Locally occurring
species may provide them with public information about danger and resource locations, while the risk of
direct competition with aggressive conspecifics will decrease (Grabowska et al. 2019). Moreover, the
avoidance of foraging invasive species by natives observed in the current study may pose a risk of

increasing dominance of invasive species, which will replace the native species from optimal food
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patches. Thus, as pointed out by Gil et al. (2017) and Seppénen et al. (2007), interspecific social
information exchange may be an important factor shaping animal communities, which highlights the role

of further research on the role of public information cues in invasion ecology.
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Figure legends

Figure 1: Experimental setup to test public information use by fish. Two identical computer monitors
were placed on the opposite sides of the experimental tank. The camera placed above the tank recorded
fish behavior. An individual test fish (observer) was placed in the experimental tank for 30 min for
acclimation. Simultaneously, we started to display the prepared videos (see “Stimulus preparation”

section) on the monitors. Dimensions are given in cm

Figure 2: Setup to record fear reaction cues for Experiment 1. Three individuals of the same species
(demonstrators) were placed in the demonstrator tank. Red plastic objects suspended by a wire from a
steel rod were used to trigger a fright reaction of the demonstrators. See the text for further details.

Dimensions are given in cm

Figure 3: Setup to record foraging cues for Experiment 2. Three individuals of the same species
(demonstrators) were placed in the demonstrator tank. Food was provided to a Petri dish in a separate
tank and sucked into the demonstrator tank with a Tygon® tube. The other tube pumped water out of the
demonstrator tank to maintain the water level at 5 cm. Plasticine stripes made the food invisible in the

videos. See the text for further details. Dimensions are given in cm

Figure 4: Video sequences used in Experiment 1 (a) and Experiment 2 (b). The video fragments were put
together using smooth and slow transitions to minimize fish disturbances. The whole sequence was
presented during each trial automatically. Procedures used to record each fragment are described in the

“Processing the video recordings” section (Materials and Methods)

Figure 5: Zones set in the Ethovision XT ® 10.1 for video analyses. (a) Experiment 1. The “stimulus
zone” faced the monitor showing demonstrators. (b) Experiment 2. The “foraging zone” faced the

monitor with the stimulus video sequence. Dimensions are given in cm

Figure 6: The behavior of European bullhead and racer goby facing public information about danger in
Experiment 1 (fear cues). (a) The “stimulus zone” preference index model estimates (means £+ 95% CI)
for the significant effect of observer species x period interaction (Table 1). (b) The activity model
estimates (means + 95% CI) for a significant observer species x demonstrator species x period interaction
(Table 2). Asterisks indicate differences between particular groups after sequential Bonferroni corrected

critical p-value
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Figure 7: The behavior of European bullhead and racer goby facing public information from foraging
demonstrators in Experiment 2 (foraging cues). The “foraging zone” preference index model estimates
(means + 95% CI) for the significant observer species x demonstrator species x period interaction (Table
3). There were no significant differences between groups after sequential Bonferroni correction for

multiple analyses

Figure 8: The behavior of gudgeon and monkey goby facing public information about danger in
Experiment 1 (fear cues). (a) The “stimulus zone” preference index results model estimates (means + 95%
CI) for the significant main effect of period (Table 4). There were no significant differences between
groups after sequential Bonferroni correction for multiple analyses. (b) The activity model estimates
(means + 95% CI) for the significant observer species x period interaction (Table 5). Asterisk indicates

differences between particular groups after sequential Bonferroni corrected critical p-value

Figure 9: The behavior of gudgeon and monkey goby facing public information from foraging
demonstrators in Experiment 2 (foraging cues). The “foraging zone” preference index model estimates
(means + 95% CI) for a significant demonstrator species x period interaction (Table 7). Asterisk indicates

differences between particular groups after sequential Bonferroni corrected critical p-value
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Tables and table legends

Table 1: Linear Mixed Model on the “stimulus zone” preference index exhibited by the European

bullhead/racer goby in Experiment 1 (fear cues).

Source df1 df2 F P

Observer Species (O) 1 37.004 8.132 0.007*
Demonstrator Species (D) 1 37.004 2.129 0.153
Period (P) 2 76.001 4.545 0.014*
OxP 2 76.001 3.243 0.045%*

The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer
goby) were specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate

significant effects at p < 0.05.
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684 Table 2: Linear Mixed Model on the activity by the European bullhead/racer goby in Experiment 1 (fear

685 cues).

Source df1 df2 F P

Observer Species (O) 1 36 10.286 0.003*
Demonstrator Species (D) 1 36 2.097 0.156
Period (P) 2 72 22.843 <0.001*
OxD 1 36 2.229 0.144
OxP 2 72 1.945 0.150
DxP 2 72 4.011 0.022*
OxDxP 2 72 3.208 0.046*

686 The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer
687 goby) were specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive
688 demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate

689 significant effects at p < 0.05.
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Table 3: Linear Mixed Model on the “foraging zone” preference index exhibited by the European

bullhead/racer goby in Experiment 2 (foraging cues).

Source df1 df2 F P

Observer Species (O) 1 54 0.032 0.859
Demonstrator Species (D) 2 54 0.830 0.442
Period (P) 1 54 0.494 0.485
OxD 2 54 1.482 0.236
OxP 1 54 1.152 0.288
DxP 2 54 0.793 0.458
OxDxP 2 54 3.295 0.045%*

The observer species (European bullhead/racer goby) and demonstrator species (European bullhead/racer
goby/gudgeon) were specified as between-subject fixed effects, period (pre-stimulus and stimulus) as a

within-subject fixed effect and the fish ID as a random effect. Asterisks indicate significant effects at p <

0.05.
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698 Table 4: Linear Mixed Model on the “stimulus zone” preference index by the gudgeon/monkey goby in

699  Experiment 1 (fear cues).

Source df1 df2 F P

Observer Species (O) 1 37.000 0.474 0.495
Demonstrator Species (D) 1 37.000 0.935 0.340
Period (P) 2 78.000 3.225 0.045%*

700 The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were
701 specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive
702 demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate

703 significant effects at p < 0.05.
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Table 5: Linear Mixed Model on the activity by the gudgeon/monkey goby in Experiment 1 (fear cues).

Source df1 df2 F P

Observer Species (O) 1 36 0.001 0.982
Demonstrator Species (D) 1 36 0.230 0.634
Period (P) 2 74 1.333 0.270
OxD 1 36 0.388 0.537
OxP 2 74 8.976 <0.001*
DxP 2 74 1.315 0.275

The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were

specified as between-subject fixed effects, period (pre-stimulus, fright reaction and inactive

demonstrators) as a within-subject fixed effect and the fish ID as a random effect. Asterisks indicate

significant effects at p < 0.05.
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Table 6: Linear Mixed Model on the “foraging zone” preference index exhibited by the gudgeon/monkey

goby in Experiment 2 (foraging cues).

Source df1 df2 F P

Observer Species (O) 1 36.002 0.036 0.851
Demonstrator Species (D) 1 36.002 0.119 0.732
Period (P) 1 38.000 1.562 0.219
OxD 1 36.002 7.137 0.011*
DxP 1 38.000 10.218 0.003*

The observer species (gudgeon/monkey goby) and demonstrator species (gudgeon/monkey goby) were
specified as between-subject fixed effects, period (pre-stimulus and stimulus) as a within-subject fixed
effect and the fish ID as a random effect. Asterisks indicate significant effects at p < 0.05. Post-hoc tests

showed no difference for an observer species x demonstrator species interaction.



