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C H A P T E R 1 

G E N E R A L I N T R O D U C T I O N 
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General introduction 

1. Biological invasions in freshwater ecosystems 

Freshwater e cosy s t ems have un ique b iod ivers i ty c o m p a r e d to mar ine and terrestr ia l 
e cosy s t ems ( D u d g e o n et al., 2 0 0 6 ) . They o c cupy less t han 1 % of the Earth 's sur face bu t 
s u p p o r t approx imate l y one-tenth of t he wor ld ' s spec ies and one-third of all ver tebrates 
(Strayer and D u d g e o n , 2 0 1 0 ) . These spec ies inc lude a round 17 ,800 f ishes (Fricke et al., 2 0 2 0 ) 
and a l m o s t 7 0 0 crayfish (Crandal l and De Grave, 2 0 1 7 ) . Moreover , they prov ide a w i d e range of 
va luable serv ices t o h u m a n popu l a t i ons . The increased d e m a n d for f reshwate r resources had 
led to a crisis f r om b o t h a h u m a n and a b iod ivers i t y s t a n d p o i n t (Vorosmar ty et al., 2 0 1 0 ) . Wh i l e 
the conse rva t i on s ta tus and d i s t r i bu t i on of f r eshwate r t axa are less k n o w n in c o m p a r i s o n to 
terrestr ia l spec ies (Darwal l et al., 2 0 1 1 ) . There is g row ing ev idence tha t f reshwater t axa are 
at greater risk of ex t i nc t i on t han t h o s e in terrestr ia l or mar ine e cosy s t ems (Sala et al., 2 0 0 0 ; 
C lausn i tze r et al., 2 0 0 9 ; Cumbe r l i dge et al., 2 0 0 9 ) mak ing f r eshwate r conse rva t i on a pr ior i ty 
conce rn for t h e future . 

Non-nat ive spec ies , s o m e of wh i ch b e c o m e invasive af ter e s t ab l i shment , are an imals t ha t are 
in tent iona l l y or acc identa l l y i n t roduced into areas ou t s i de of the i r natura l range fo r nut r i t iona l 
needs and hea l th cont ro l or for commerc i a l , recreat ional and b io log ica l pu rposes . The increase 
in in te rna t iona l t rade, t ravel , and t r anspo r t - part icular ly in the s e c o n d half of t he 2 0 t h century 
- led to many spec ies be ing in tent iona l l y or un in ten t iona l l y i n t roduced ou t s i de of the i r nat ive 
ranges and t h e n u m b e r of spec ies be ing i n t roduced to new regions is sti l l r is ing (Pysek et 
al., 2 0 1 0 ; Hanaf iah et al., 2 0 1 3 ; Seebens et al., 2 0 1 7 , 2 0 2 1 ) . As a consequence , b io log ica l 
invas ions are current ly a s ign i f i cant th rea t t o f reshwate r b iod ivers i t y and e cosy s t em func t i on 
w o r l d w i d e (Strayer and D u d g e o n , 2 0 1 0 ; Ca t fo rd et al . , 2 0 1 2 ; M o o r h o u s e and M a c D o n a l d , 
2 0 1 5 ; Tricarico et al., 2 0 1 6 ) . They a lso have o ve rwhe lm ing e c o n o m i c cos ts (D iagne et al., 
2021 ) . Currently, t he e s t i m a t e d annua l e c o n o m i c impac t of a l ien spec ies in Europe is b e t w e e n 
12 and 2 0 bi l l ion euros (Ke t tunen et al., 2 0 0 8 ; Scalera, 2 0 1 0 ) and th is f igure cou ld be even 
h igher as t h e po ten t i a l e c o n o m i c and env i ronmenta l ef fects fo r a l m o s t 9 0 % of the al ien 
spec ies f o u n d on t h e c o n t i n e n t are u n k n o w n (Vila et al., 2 0 1 0 ) . 

Many European in land wate rs (hereafter, EIW), in par t i cu lar large rivers t ha t serve as d ispersa l 
pa thways (such as Loire, Rhine, Elbe, Danube , or Volga) , are a l ready co l on i zed by many high-
impac t aqua t i c invasive spec ies (hereafter, AIS) and t h e s e spec ies have substant ia l l y a l tered 
the nat ive c o m m u n i t i e s . In t h e s e loca l i t ies , AIS o f t en d o m i n a t e t h e ben th i c b i o m a s s wh i ch 
s igni f icant ly in f luences the energy f l ow and f o rms a l ternat ive t roph i c ne two rks (Leuven et 
al., 2 0 0 9 ; Goda rd et al., 2 0 1 2 ; Rewicz et al., 2 0 1 4 ) . Many sh ipp ing channe ls c o n n e c t large 
European rivers m a k i n g it easy for AIS to d i sperse t h rough the ne twork of nav iga t ion channe ls 
to o the r major rivers and the i r c a t chmen t s . They can a lso spread by natural m igra t ion f r om 
places where they have been i n t r oduced . Fur ther invas ions by s u b s e q u e n t spec ies may then 
alter t he in te rac t ions b e t w e e n al ien and nat ive spec ies l ead ing to al ien-only e cosys t ems , 
where al iens interact or co-exist w i t h each o the r (Gherardi et al., 2 0 0 9 ) . W h e n th is occurs , 
mu l t ip le h igh-impact invaders can s imu l t aneous l y in f luence t h e invaded e c o s y s t e m s and 
c o m m u n i t i e s , or one invasive can cont ro l another , so impac t s c anno t increase. For th is 
reason, t h e re la t ionsh ips b e t w e e n es t ab l i shed non-nat ive spec ies , r ema in ing nat ive spec ies , 
and t h e n e w invaders shou ld be cons ide red and eva luated in con junc t ion (Kumsch i ck et al., 
2015 ) . Interact ions b e t w e e n nat ives and al iens, as wel l as b e t w e e n di f ferent AIS, may a lso 
vary across phys ica l g rad ients t ha t can even reverse t h e d o m i n a n c e pa t te rns (Chucho l l et al., 
2 0 0 8 ; Kes t rup and Ricciardi , 2 0 0 9 ) . The vulnerabi l i ty of par t icu lar EIW to b io log ica l invas ions is 
also di f ferent . It is a f fec ted by many o the r fac tors such as negat ive a l te ra t ions of t he aqua t i c 
env i ronment (po l lu t ion , hab i ta t des t ruc t i on , d roughts , t empe ra tu re f l uc tua t ions , etc.), wh i ch 
usual ly s u p p o r t t h e es tab l i shment , sp read and success of AIS (Strayer, 2 0 1 0 ; Ca t fo rd et al., 
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2012 ) . Such intr icate p rob l ems can only be so lved by us ing c o m p l e x ins ight and wel l-def ined 
approaches speci f ica l ly a d a p t e d for each scenar io (Kumsch i ck et al . , 2015 ) . 

Finally, aqua t i c e cosy s t ems face huge risks f rom invasive spec ies because of t he ever-
present th rea ts to b iod ivers i ty and the increased h u m a n d e m a n d for wate r resources . There is 
a genera l c o n s e n s u s tha t s o m e al ien spec ies wi l l con t i nue to spread and be s ign i f i cant drivers 
to t h e deg rada t i on of aqua t i c e c o s y s t e m s and b iod ivers i t y loss (Sala et al., 2 0 0 0 ; Gherardi et 
al., 2 0 0 9 ) . 

1.1. Pathways of invaders in Europe  

Freshwater in land wa te rways have a crucial role in t r anspo r t i ng merchand i se t h rough Europe, 
cover ing more t han 3 7 , 0 0 0 k m , t he se wa te rways c o n n e c t hundreds of c i t ies and industr ia l 
reg ions. The European ne twork of in land wa te rways connec t s c a t chmen t s of sou the rn 
European seas (e.g., Med i t e r ranean , Black, Azov, and Caspian) to no r the rn European seas 
(e.g., No r th , W a d d e n , Balt ic, and t h e W h i t e Sea). This ne twork cons i s t s of nav igable rivers and 
a large n u m b e r of cons t ru c t ed canals . The vast major i ty of invaders in European f reshwaters 
or ig inate f rom Nor th Amer i c a and the Ponto-Caspian reg ion , o thers c o m e f rom Sou th Amer i ca , 
Afr ica , Ocean ia - Austra l ia , As ia , and the rest of AIS are in t racont inenta l Eu ropean spec ies 
ou t s i de of the i r natura l range (Nunes et al., 2 0 1 5 ) . C o n s t r u c t e d in land canals have c o n n e c t e d 
prev iously i so la ted w a t e r b o d i e s and enab led i n t roduc t i ons , t r ans loca t i ons and migra t ions of 
a h igh n u m b e r of AIS w i th in Europe (Bij de Vaate et al., 2 0 0 2 ; Gali l et al., 2 0 0 7 ; Panov et al., 
2 0 0 9 ) . In Europe, four ma in cor r idors are r e cogn i zed : no r the rn , centra l , s o u t h e r n and wes t e rn 
(Bij de Vaate et al., 2 0 0 2 ; Panov et al., 2 0 0 9 ) . As ide f rom in ten t iona l i n t roduc t i ons , AIS can 
spread due to t r anspo r t a t i on in sh ips via ba l las t water, aquacu l tu re re lated i n t roduc t i ons , 
f a rming of AIS, o rnamen ta l or aqua r ium trade, escape/re lease , commerc i a l or recreat iona l 
f i sh ing, organic po l l u t i on , river eng ineer ing , h yd r o po w e r deve l opmen t , t o u r i s m , spread by 
aquat i c b i rds and o the r an imals and b io log ica l research (Copp et al., 2 0 1 0 ; Pa toka et al., 
2016 ) . The i n t r oduc t i on of AIS is mos t l y de t r imenta l fo r nat ive spec ies , caus ing changes in 
the f o o d web , behav ior and p o p u l a t i o n . However, no t all i n t roduced al ien spec ies have been 
recogn ized as caus ing harm everywhere, as they cou ld serve as cultural i cons in di f ferent areas 
of t he w o r l d . S o m e of t h e m even b e c o m e keys tone spec ies p ro tec t ed under law. 

Human impac t due to e c o n o m y and d e m o g r a p h y ref lects on spec ies and hab i ta ts in 
var ious ways by increas ing p ropagu le pressure, pa thways of i n t roduc t i on , eu t roph i c a t i on and 
the in tens i ty of a n t h r o p o g e n i c d i s tu rbance all o f wh i ch in f luence the o u t c o m e of invas ions 
(Perdikaris et al., 2 0 1 2 ; Pa toka et al., 2 0 1 6 ; Gebaue r et al., 2 0 1 8 ) . Therefore, a l ien spec ies 
r ichness o f t en pos i t i ve ly corre lates w i th h u m a n dens i t y and act iv i ty (McKinney, 2 0 0 1 ; 
S toh lgren et al., 2 0 0 6 ) . These var iables have been s u g g e s t e d to be more i m p o r t a n t t han 
env i ronmenta l cond i t i ons or c l imate (Pysek et al . , 2 0 1 0 ) . However, even reg ions w i th l ow 
h u m a n impac t are no t res is tant to invas ion (Deu t s chew i t z et al., 2 0 0 3 ; W u et al., 2 0 1 0 ; Pysek 
et al., 2 0 1 3 ) . 

1.2. Influence of the environmental and ecological factors  

Success or fai lure of new spec ies i n t roduc t i ons d e p e n d s on t h e b io log ica l a t t r ibu tes of t he 
invaders and t h e rec ip ient hab i ta t character is t ics , i nc lud ing b o t h b io t i c and ab io t i c factors 
(Brown, 1989 ; Moy l e and Light, 1996 ; Sakai et al., 2 0 0 1 ) . 

B iot ic c o m p o n e n t s inc lude all l iv ing o rgan i sms ( au to t rophs and he te ro t rophs - p lants , 
an imals , fung i , bacter ia ) wh i ch direct ly or indirect ly a f fect o rgan i sms in t h e env i ronment by 
the i r mu tua l in terac t ions , t he was te remains, pa ras i t i sm, d i sease and p reda t i on . The main 
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General introduction 

biot ic fac tors in f luenc ing an invasive spec ies in a new hab i ta t are nat ive spec ies r i chness or 
diversity, vacant n iches, absence of enemies and t h e compe t i t i v e abi l i t ies of res ident spec ies 
(Mack et al., 2 0 0 0 ) . O t h e r i m p o r t a n t b io t i c fac tors a f fec t ing invasive spec ies are the s izes 
of p redators and prey (Thorp et al . , 2018 ) and the c o m b i n e d effects of mu l t ip l e predators 
(Wasse rman et al., 2016 ) . 

The divers i ty of b o t h nat ive and invasive spec ies is d e p e n d e n t on the e cosy s t em ' s phys ica l 
factors , wh i ch can e i ther p r o m o t e invasibi l i ty or inh ib i t it. C o m p o n e n t s such as water, l ight, 
w ind , so i l , humidi ty , minera ls and gases af fect t h e o rgan i sm 's abi l i ty t o survive, r ep roduce 
and ex is t in the env i ronment . Physical fac tors inc lude the reg ion 's c l imate , nu t r i en t levels 
and d i s tu rbance reg ime wh i ch are de f ined by t h e f requency of ep i sod i c events (Moy le and 
Light, 1996) . Changes in c l imate cou ld have the m o s t s ign i f i cant impac t on the a b u n d a n c e of 
invasive spec ies . Ab io t i c fac tors play a role in de f in ing t h e vulnerabi l i ty of a g iven hab i ta t t o 
AIS. The m o s t i m p o r t a n t ab io t i c fac tors in f luenc ing predator-prey in terac t ions are t empera tu re 
and hab i ta t s t ruc ture (Vucic-Pestic et al., 2 0 1 1 ; A l exander et al., 2 0 1 2 ) . 

1.3. Impact of invaders  

B io invas ions of f r eshwate r e cosy s t ems have many k n o w n and po ten t i a l impac t s on 
c o m m u n i t y s t ruc ture and e c o s y s t e m func t i on (Havel et al . , 2 0 1 5 ) . Invasive spec ies have a 
large and d iverse range of impac t s in Europe . This d ivers i ty of impac t s is main ly dr iven by the 
divers i ty of spec ies and makes it di f f icult t o make genera l i zed s t a t e m e n t s a b o u t t ypes o f 
impac ts (Pysek and R ichardson , 2 0 1 0 ; Kel ler et al., 2 0 1 1 ) . The i n t r oduc t i on of a l ien spec ies 
is broad ly r e cogn ized to be one of the ma in th rea ts to b iod ivers i ty and causes of an ima l 
ex t inc t ions (MEA, 2 0 0 5 ) . AIS can have dramat i c impac t s on e cosy s t ems (Bel lard and Jeschke, 
2 0 1 6 ; V imerca t i et al . , 2 0 2 0 ) , as once they are es tab l i shed , they can be near i m p o s s i b l e to 
remove and can be ext remely expens i ve to cont ro l ( P imente l et al., 2 0 0 5 ) . The impac t of ser ious 
invaders is rarely res t r i c ted to a s ing le e c o s y s t e m serv ice and f reshwate r invaders exh ib i t 
t he w i d e s t range of di f ferent ia l impac t s (Vila et al., 2 0 1 0 ) . The t rend to farm al ien spec ies 
has caused i rrevers ible eco log ica l impac t s (Naylor et al., 2 0 0 1 ; Goz l an , 2 0 0 8 ; Kel ler et al., 
2011 ) . Invaders af fect nat ive spec ies via c o m p e t i t i o n , mod i f i c a t i on of hab i ta ts , hybr id iza t ion , 
c o n c o m i t a n t d i sease or paras i te i n t r oduc t i on and p reda t i on . C o m p e t i t i o n of AIS for f o o d or 
space w i th nat ive spec ies d i s rup ts t h e f o o d web . AIS can cause nat ive p o p u l a t i o n dec l ine 
because they usual ly have robus t p redatory hab i ts ; th is is a lso corre la ted w i th o ther drivers of 
env i ronmenta l change, such as hab i t a t mod i f i c a t i ons (Rewicz et al., 2 0 1 4 ) . Invaders are we l l 
k n o w n to res t ruc ture f reshwater f o o d w e b s (Zanden et al., 1999) . AIS are caus ing quant i t a t i ve 
changes in c o m m u n i t y s t ruc ture by b e c o m i n g t h e d o m i n a n t spec ies . Generally, AIS are dr iv ing 
changes in the energet ic b u d g e t of t h e invaded e c o s y s t e m by r emov ing keys tone spec ies and 
pr imary p roducers . Fur thermore , they o f t en t r anspo r t d i seases t h a t can be dange rous and 
letha l . S o m e spec ies are i n t roduced for b i ocon t ro l t o reduce p o p u l a t i o n s izes of o the r spec ies 
(Fuller et al., 1999) . S o m e t i m e s AIS can encoun t e r and ma te w i th c lose ly re lated spec ies , 
m ix ing the gene t i c c o d e and c reat ing hybr id zones (Hovick and Whi tney , 2 0 1 4 ) . A l t h o u g h , 
hybr id iza t ion d o e s no t necessar i l y resul t in the loss of spec ies diversity. S o m e invaders are 
a lso ab le to c o p e and survive in more c o n t a m i n a t e d areas w i th h igher levels of po l l u t i on 
t han nat ive spec ies (Karatayev et al., 2 0 0 9 ) , s h o w i n g more aggress i veness for surv ivab i l i t y 
A l ien invaders can a lso direct ly impac t h u m a n hea l th in var ious ways inc lud ing injuries, 
al lergies, new c o n t a m i n a n t s (bacter ia , tox ins ) and via the i r role as i n te rmed ia te hos t s to 
h u m a n paras i tes . They a lso have ind i rect impac t s such as the use of chemica l s to cont ro l AIS 
and m a k i n g changes to e cosys t ems , wh i ch in tu rn , makes the invaded area less su i tab le for 
recreat ional h u m a n use and can d a m a g e cu l t i va t ion/aquacu l tu re a f fec t ing h u m a n wel l-being 
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in deve lop ing count r i es (Souty-Grosset et al., 2 0 1 8 ) . In Europe, t he n u m b e r of AIS increased 
by 7 6 % b e t w e e n 1970 and 2 0 0 7 (Figure 1) (Butchar t et al., 2 0 1 0 ) , app l y ing exponen t i a l 
pressure on nat ive e cosys t ems , part icu lar ly in in land waters . O n g o i n g invas ions over t h e last 
t w o decades , by Ponto-Caspian c rus taceans , mo l luscs , f ish and o the r o rgan isms, have been 
repor ted f r om the m idd l e and upper sec t i ons of t he Danube River, t he Rhine River and o ther 
parts of t h e wo r l d (Strayer and D u d g e o n , 2 0 1 0 ; Borcherd ing et al., 2 0 1 1 ; Kornis et al., 2 0 1 2 ; 
Beggel et al., 2 0 1 6 ) . 

Figure 1. The proportion of initial introductions of freshwater alien species in Europe through different 
pathways of introduction per recipient country. The size of the pie chart represents the number of species 
that were initially introduced by a different introductory pathway in a specific country (From Nunes et 
al., 2015). 

1.4. Introduction of AIS 

B io invas ion is t h e o f t en rapid expans i on of a spec ies into reg ions where it had no t prev ious ly 
ex i s ted , a lways as a resul t of h u m a n inter ference (vo luntary or acc identa l ) . In the p rocess of 
invas ion di f ferent barr iers m u s t be ove r come to m o v e f r om one s tage to the next : B lackburn 
et a l . (2011) p r o p o s e d a uni f ied f r amework tha t c o m b i n e s prev ious s tage-based and barr ier 
mode l s p rov id ing t e rm ino logy and ca tego r i za t i on for p o p u l a t i o n s at d i f ferent po in t s in the 
invas ion p rocess (Figure 2). H u m a n ac t ions are the pr imary means of t he in ten t iona l or 
un in ten t iona l i n t r oduc t i on of invasive spec ies . Secondary invas ions are invader-faci l i tated 
invas ions, whe re the invas ion success of one al ien spec ies is fac i l i ta ted by ano the r al ien 
spec ies (O ' Lough l in and Green, 2 0 1 7 ) . An invas ion p rocess can be d iv ided into th ree s tages : 
arrival, e s t ab l i shmen t and in tegra t ion (Vermeij , 1996) . The character is t ics of a d a p t i n g to the 
new area d e p e n d on t h e spec ies i tse l f and its d ispersa l capacity, env i ronmenta l to lerance , 
f eed ing behavior, l i fe-history tra i ts and reproduc t i ve m o d e . The in f luence tha t invasive al ien 
spec ies have on nat ive c o m m u n i t i e s is o f t en re f lec ted in t h e changes i nduced in t h e f o o d 
w e b s t ruc ture and t roph i c hierarchy, wh i ch af fect t he f lows of energy, ma t t e r and nut r i en ts 
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t h rough the e c o s y s t e m (Genoves i et al., 2 0 1 7 ) . No t all a l ien spec ies are de t r imenta l t o the i r 
new env i ronment , and o f t en they t hemse l v e s have di f f icul t ies w i th g r o w t h and r ep roduc t i on . 
S imber lo f f and Von Hol le (1991) p r o p o s e d tha t once es tab l i shed , s o m e invaders may alter 
hab i ta t cond i t i ons in favor of o the r invaders, the reby c reat ing a pos i t i ve f eedback s y s t em 
tha t acce lerates the a c cumu la t i on of invad ing spec ies . S o m e spec ies sp read and reproduce 
excessively, f e ed ing on nat ive spec ies or ou t- compe t i ng t h e m for hab i ta t and resources , they 
may a lso harbor paras i tes and d i seases t ha t are lethal t o nat ive wi ld l i fe or dange rous to 
h u m a n hea l th . 

S o m e of t h e spec ies we re in tent iona l l y i n t r oduced into in land waters for e c o n o m i c 
purposes , bu t s o m e were escapees f rom aquacu l tu re fac i l i t ies . AIS a lso causes d a m a g e 
tha t cos ts b i l l ion euros to the European e c o n o m y every year. Major g roups are cons ide red 
essent ia l fo r genera t ing i n come th rough aquacu l ture , commerc i a l and spo r t f i sher ies (e.g., 
s a lmon ids , cypr in ids and more recently, s tu rgeons ) . However, i n t roduc t i ons and int rastate 
t r ans loca t i ons have occas iona l l y resu l ted in int raspec i f i c c o m p e t i t i o n , gene t i c i n t rogress ion or 
even ex t i rpa t ion of self-recruit ing spec ies (Perdikaris et al., 2 0 1 2 ) . Indeed, AIS are r e cogn ized 
as one of t h e ma in drivers of spec ies ex t inc t ion and g loba l b iod ivers i t y loss (h t tps ://www. 
cbd. int/ invas ive/ ) . 

In format ion on i n t roduc t i on pa thways is current ly sca t te red across many da tabases t ha t 
o f t en use d i f ferent ca tegor i za t i ons to desc r ibe s imi lar pa thways . Pa thway pa t te rns der ived 
f rom t h e c o m b i n e d and indiv idual da ta sets s h o w tha t the in ten t iona l pa thways " E scape " 
(aquacul ture , pet , o rnamen ta l , etc.) and "Re lease " (b iocon t ro l , f isher ies , conse rva t ion , etc.) 
are m o s t i m p o r t a n t for p lants and ver tebrates , wh i l e fo r inver tebrates , a lgae, fung i , and mic ro 
o rgan i sms un in ten t iona l (parasi tes, vesse ls , canals, natura l d i spersa l , etc.) t r anspo r t prevai l 
(Saul et al . , 2 0 1 7 ) . A l t h o u g h many vec tors are r espons ib l e for spec ies i n t roduc t i ons , t he r is ing 
v o l u m e of air and sh ip t r anspo r t has been ident i f i ed as t h e pr imary driver of invas ions (Lodge, 
2 0 0 6 ) . The role of canals connec t i ng di f ferent wa t e r sheds (also k n o w n as invas ion corr idors ) 
has s igni f icant ly increased the recent spread of a l ien spec ies in EIW (Rakauskas et al., 2 0 1 6 ) . 

Many aqua t i c invaders such as a m p h i p o d s , crayf ish, f ish and bivalves were i m p o r t e d for 
h u m a n necess i t y and de l iberate ly re leased into s t reams, rivers, and wa te r bod i e s . O the r 
spec ies were i n t r oduced via t h e pe t t rade, wh i ch o f t en con ta in "h i t ch-h ik ing" spec ies and 
pa thogens in the wate r they are t r anspo r t ed in (R ixon et al., 2 0 0 5 ; Chucho l l , 2 0 1 3 ; Mrugata et 
al., 2 0 1 4 ; Pa toka e t a l . , 2 0 1 5 ) . 
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Figure 2. A proposed unified framework for biological invasions that recognizes that the invasion 
process can be divided into a series of stages and that in each stage there are barriers that need to 
be overcome for a species or a population to pass on the next stage. Different species are referred 
by different terms in the terminology depending on where in the invasion process they have reached 
and different management interventions apply at the different stages. Different parts of this framework 
emphasize views of invasion that focus on individual, population, process or species. The unfilled block 
arrows describe the movement of species along the invasion framework with respect to the barriers, 
and the alphanumeric codes associated with the arrows relate to the categorization of species with 
the respect to the invasion pathway: A/Not transported beyond limits of native range, Bl'/Individuals 
transported beyond limits of native range, and in captivity or quarantine, B2/lndividuals transported 
beyond limits of native range and in cultivation, B3/lndividuals transported beyond limits of native 
range, and directly released in novel environment, CO/lndividual released into the wild in location where 
introduced with no reproduction and capability for surviving for a significant period, C7/Individuals 
surviving in the wild in location where introduced but no reproducing, C2/lndividuals surviving in the 
wild in location where introduced with reproduction occurring but population not being self-sustaining, 
C3/lndividuals surviving in the wild in location where introduced with reproduction occurring and self-
sustaining population, Dl/Self-sustaining population in the wild, with individuals surviving a significant 
distance from the original point of the introduction, D2/Self-sustaining population in the wild, with 
individuals surviving and reproducing a significant distance from the original point of the introduction, 
£/ Fully invasive species, with individuals dispersing, surviving and reproducing at multiple sites across a 
greater or lesser spectrum of habitats and extent of occurrence (From Blackburn et al., 20 71). 

1.5. Spread of diseases via invaders  

Invasive spec ies may in t roduce paras i tes and p a t h o g e n s to new areas, b r ing ing t h e m into 
con tac t w i th a large p o o l of po ten t i a l n e w hos ts , the reby th rea ten ing nat ive spec ies (Krueger 
and May, 1 9 9 1 ; Kel ler et al., 2 0 1 1 ) . For example , t h e crayfish p lague p a t h o g e n Aphanomyces 
astaci Sch ikora , i n t roduced w i th the Nor th Amer i can crayfish in the m i d - 1 9 t h century, has 
devas ta ted nat ive European crayfish p o p u l a t i o n s (Hold ich and Reeve, 1991) . A l ien crayfish 
spec ies are carriers of crayfish p lague and create new t r ansm i s s i on pa thways for the 
z o o s p o r e s of t h e d i sease in Europe and e l sewhere . Addi t iona l ly , nat ive paras i tes may a lso play 
a s ign i f i cant role in t h e invas ion p rocess by bene f i t i ng t h e in t ruder via the m e c h a n i s m t e r m e d 
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t he ' enemy re lease hypo thes i s ' (Sax and B rown, 2 0 0 0 ; M i tche l l and Power, 2 0 0 3 ) , whe reby 
lower infect iv i ty in invaders t h a n in t h e nat ive hos t s prov ides a compe t i t i v e advan tage for 
the a l iens. O the r examp les are r a inbow t rou t as hos t s for t h e s a l m o n paras i te Gyrodactyius 
saiaris M a l m b e r g , 1957 and the paras i te f auna of t h e invasive round g o b y be ing t r ansm i t t ed 
to nat ive spec ies (Kvach and Skóra, 2 0 0 7 ; Ondráčková et al., 2 0 1 0 ; Francová et al., 2 0 1 1 ) . 
Fur thermore , tox i c a lgae b l o o m caused by s o m e al ien p h y t o p l a n k t o n (Alexandrium spec ies , 
etc.) can af fect s o m e dre issen id spec ies , as they are f i l ter-feeders and have been s h o w n 
to create n e w pa thways for t rans fer r ing con t am inan t s (e.g., Hg, Cd, PCBs, b o t u l i s m toxin) 
( Southward Hogan et al . , 2 0 0 7 ; Carrasco et al., 2 0 0 8 ) . 

AIS can a lso cause hea l th p rob l ems in h u m a n s such as al lergies, p o i s o n i n g and sk in damage . 
For example , t he Ch inese m i t t en crab Eriocheir sinensis H. Mi lne-Edwards, 1853 in its nat ive 
range is a h o s t fo r the lung f luke parasi te, caus ing d isease of t h e lungs and o the r b o d y parts , 
t he Nor th Amer i can crayfish can be a hos t for t r e m a t o d e s tha t are po ten t i a l paras i tes to 
humans , t h e sharp shel ls of zebra musse l s can inf l ict cuts , and the round g o b y can accumu la t e 
tox ins such as heavy meta l s and cyanotox ins wh i ch can be t ransfer red to h u m a n f o o d (Keller 
et al., 2 0 1 1 ) . 

1.6. Economic losses 

AIS are n u m e r o u s and w ide l y d i s t r i bu ted and b u d g e t s are l imi ted as they have dramat i c 
impac ts on mu l t ip l e sec tors of t h e economy, such as agr icu l ture , f isher ies , and forest ry 
(Ho lmes et al., 2 0 0 9 ; Paini et al., 2 0 1 6 ; AN A h m e d et al., 2 0 2 1 ) . B io log ica l invas ions can resul t 
in b o t h i n t ended and u n i n t e n d e d cos t s on society, w i th the i r d a m a g e o f t en be ing d e p e n d e n t 
on h o w effect ive ly they are con t ro l l ed (Perr ings, 2 0 0 2 ; Ricciardi et al., 2 0 1 7 ) . P revent ion and 
rapid r e sponse to n e w invas ions are t h e m o s t cost-effect ive means to avo id or m i t iga te the 
e c o n o m i c d a m a g e caused by AIS. AIS con t i nue to incur h igh f inancia l cos ts , w i th an e s t ima ted 
b e t w e e n 12 and 2 0 bi l l ion € per year in t h e E.U. (Ke t tunen et al., 2 0 0 8 ) . The sec tors of 
agr icul ture, forestry, f i sher ies and hea l thcare are the ma in e c o n o m i c sec tors whe re al ien 
spec ies lead to subs tan t i a l cos ts . 

Overal l , over 1 4 , 0 0 0 al ien spec ies are l i s ted in t h e European da t abase DAISIE ( Inventory 
of a l ien invasive spec ies in Europe) w i th the e c o n o m i c impac t s recorded for 1 3 % and the 
eco log ica l impac t s for 1 1 % (Vila et al., 2 0 1 0 ) . "The project DAISIE", run b e t w e e n 2 0 0 5 and 
2 0 0 8 , is regarded as t h e m o s t s ign i f icant da t abase for a l ien spec ies con ta in ing i n fo rmat ion 
on 12 ,122 invasive spec ies in Europe w i th 2 ,440 exper t s inves t iga t ing the threa ts of b io log ica l 
invas ions across Europe. Two decades ago, The Internat ional Un ion for the Conse rva t i on of 
Nature ( f rom now, IUCN) m a d e a l ist of " 1 0 0 of t h e wor ld ' s w o r s t " invasive a l ien spec ies in 
Europe, in order improve c o m m u n i c a t i o n and awareness of invaders global ly . Quant i f i ca t ion 
of t he e c o n o m i c impac t s of invasive spec ies have b e e n m a d e at several sca les in Europe 
(Ke t tunen et al., 2 0 0 8 ; Haubrock et al., 2 0 2 1 ) . DAISIE, a m o n g o the r t o o l s as t h e EASIN 
da tabase , is c o m m o n l y used to retr ieve da ta on al ien invasive spec ies . St i l l , the re are huge, 
s ign i f icant gaps in t h e current k n o w l e d g e of e c o n o m i c cos t s due to AIS. Direct e c o n o m i c 
cos ts have resu l ted f rom the invas ion of zebra musse l s due to the ma in t enance and repair 
of powerp l an t s , industr ia l fac i l i t ies, nav iga t ion buoys and dock pi l ings in t h e case of harbors , 
boa ts , and sh ipp ing . The InvaCost da t abase (full da t abase and descr ip t i ve f i les; ve rs ion 3 
at h t t p s : / / d o i . o r g / 1 0 . 6 0 8 4 / m 9 . f i g s h a r e . 1 2 6 6 8 5 7 0 ) conta ins i n fo rma t ion on all retr ievable 
sc ient i f ic ar t ic les and cos t damages wh i ch are s u m m a r i z e d for f ive fami l ies of bivalves: 
Cyrenidae, Dre issen idae , Myt i l idae , and Un ion idae (Haubrock et al., 2 0 2 1 ) , and the co l lec t ive 
w o r l d w i d e cos t was a m o u n t e d to 63 .6 b i l l ion US dol lars b e t w e e n 1 9 8 0 - 2 0 2 0 . Ac co rd ing to 
current ly u n p u b l i s h e d da ta by Haubrock et a l . (2021) , e c o n o m i c cos ts of bivalves in f reshwater 
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ecosy s t ems represent 9 9 % of the to ta l cos ts incurred in Nor th Amer i ca , w i th 13 entr ies f rom 
zebra musse l s t ha t invaded m o s t of t h e wate rways in centra l and wes t e rn Europe wel l before 
m i d - 2 0 t h c e n t u r y In tu rn , less t han 1 % of g loba l l y r epor ted cos ts of invasive bivalves were 
e s t ima ted f rom Europe . The InvaCost da t abase a lso repor ts cos t s on c rus taceans and o ther 
aquat i c spec ies , f rom wh i ch f ish Euroas ian ruffe Gymnocephalus cernua L innaeus, 1758 and 
the g a s t r o p o d k n o w n as t h e g o l d e n app le snai l Pomacea canaliculata Lamarck, 1819 were 
l isted in the t o p 10 m o s t cost l y aquat i c invasive a l ien spec ies (Cu thber t et al., 2 0 2 1 ) . 

2. Examples of important aquatic invaders groups 

Fo l low ing sc ient i f ic and grey l i terature and da tabases (e.g., journa ls , etc.), w e s u m m a r i z e 
the a m p h i p o d , crayf ish, f i sh , bivalve mo l l uscs and o the r impac t fu l i m p o r t a n t AIS marked as 
very invasive in Europe (Table 1; Table 2; Table 3; Table 4 and Table 5). Se lec ted spec ies are 
m o s t f requent l y l i s ted as i m p o r t a n t a l iens, f o r b i d d e n or converse ly a l ien bu t economica l l y 
s igni f icant . 

2.1. Invasive amphipod species  

Representa t i ves of a m p h i p o d c rus taceans are regularly ident i f i ed as h igh-impact f reshwater 
invaders (Devin et al., 2 0 0 4 ; Cu thbe r t et al., 2 0 2 0 ) . They can be f o u n d in a b road s p e c t r u m of 
f reshwater hab i ta ts and are w ide l y d i s t r ibu ted w i th a w i d e range of env i ronmenta l to le rances 
(e.g., l ow oxygen) . They are k n o w n for o u t c o m p e t i n g o ther g a m m a r i d spec ies t h r o u g h 
c o m p e t i t i o n and p reda t i on . As they are p redominan t l y omnivores , they reduce spec ies r ichness 
and c o m m u n i t y d ivers i ty by f eed ing on organic debr is der ived f r om the sur face env i ronment 
(Vainola et al., 2 0 0 8 ) . 

A m p h i p o d s can carry a l ien paras i tes and cou ld t ransfer t h e m to nat ive g a m m a r i d s and local 
f ish. A m p h i p o d s can be t r anspo r t ed a t t a ched to aqua t i c birds such as migratory wa te r fow l , 
surv iv ing long-distance f l ights t o o the r wa t e rbod i e s (Racha lewsk i et al., 2013a ) . 

Benth ic a m p h i p o d s have b e e n w ide l y e s t ab l i shed in Europe and Nor th Amer i c a ou t s i de 
of the i r nat ive ranges (Table 1), here no t only do they af fect t he macro inver tebra tes and 
fish c o m m u n i t i e s (e.g., K inzler and Maier, 2 0 0 3 ; Kelly and Dick, 2 0 0 5 ; Berez ina , 2 0 0 7 ) , they 
a lso d o m i n a t e t he d iets of t h e b igger predators , e.g., crayfish and f ish (perch, eel , pike, etc.) 
(Kel leher et al., 2 0 0 0 ; Neveu , 2 0 0 1 ) . A m p h i p o d s are a l m o s t i m p o s s i b l e t o remove f rom the 
invaded area once it has been co l on i zed . 
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Table 1. Examples of invasive amphipod species selected based on scientific literature and databases, 
their native and invasive ranges, main pathways of introduction, and references. 

TAXON NATIVE 
RANGE 

INVASIVE 
RANGE 

MAIN PATHWAYS REFERENCES 

Chelicorophium 
curvispinum 

G.O. Sars, 1895 
Casp ian m u d 

shr imp 

Ponto-
Casp ian bas in 

Europe Fish and musse l 
host , in land 
canals , sh i pp ing 

(Dedju, 1967 ; Ricciardi and 
Rasmussen , 1999 ; Bij de 
Vaate et al . , 2 0 0 2 ; Hänfling 
e t a l . , 2 0 1 1 ; DAISIE, 2 0 1 8 ; 
EASIN, 2018 ) 

Dikerogammarus 
bispinosus 

Martynov, 1925 

Ponto-
Casp ian bas in 

Aus t r i a Inland canals , 
ba l last wa te r 

(Hänfling e t al . , 2 0 1 1 ; 
EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Dikerogammarus 
haemobaphes 
E ichwa ld , 1841 
D e m o n shr imp 

Ponto-
Casp ian bas in 

Balt ic and t he 
Nor th Sea 
dra inages 

Inland canals , 
ba l last water, hull 
f ou l i ng 

(DAISIE, 2 0 0 9 ; Hänfling 
e t a l . , 2 0 1 1 ; EASIN, 2 0 1 8 ; 
CABI, 2 0 2 1 ; FAO, 2021 ) 

Dikerogammarus 
villosus 

Sowinsky , 1894 
Kil ler shr imp 

Ponto-
Casp ian bas in 

Balt ic and t he 
Nor th Sea 
dra inages , 
Europe 

Inland canals , 
ba l last water, hull 
f ou l i ng 

(Pöckl et al . , 2 0 0 3 ; Füreder 
and Pöckl, 2 0 0 7 ; Hänfling 
e t a l . , 2 0 1 1 ; DAISIE, 2 0 1 8 ; 
EASIN, 2018 ) 

Echinogammarus 
ischnus 

S t ebb ing , 1899 

Ponto-
Casp ian bas in 

Balt ic and t he 
Nor th Sea 
dra inages 

Inland canals , 
ba l last wa te r 

( Jazdzewski , 1 9 8 0 ; Bij de 
Vaate et al . , 2 0 0 2 ; Hänfling 
e t a l . , 2 0 1 1 ; CABI, 2021 ) 

Echinogammarus 
trichiatus 

Martynov, 1932 

Ponto-
Casp ian bas in 

Balt ic and the 
Nor th Sea 
dra inages , 
Dnepr 
reservoirs 

Inland canals , 
ba l last wa te r 

(Bij de Vaate et al . , 2 0 0 2 ; 
Füreder and Pöckl, 2 0 0 7 ; 
Hänfling e t al . , 2 0 1 1 ; 
Racha lewsk i e t al . , 2 0 1 3 b ) 

Echinogammarus 
warpachowskyi 
G.O. Sars, 1894 

Ponto-
Casp ian bas in 

Balt ic dra inage, 
reservoirs , 
lakes in Ukraine 

Inland canals , 
ba l last waters 

(Bij de Vaate et al . , 2 0 0 2 ; 
Hänfling e t al . , 2011 ) 

Gammarus 
lacustris 

G.O. Sars, 1863 

Pon to-
Casp ian bas in 

Balt ic and the 
Nor th Sea 
dra inages 

Aqua r i um t rade (Hänf l ingeta l . , 2 0 1 1 ; 
EASIN, 2018 ) 

Gammarus 
tigrinus 

Sex ton , 1939 

East coas t 
o f No r th 
Amer i c a 

The Br i t ish 
Isles, Balt ic, 
and the Nor th 
Sea dra inages 

Bal last wa te r (Gr igorov ich et al . , 2 0 0 0 ; 
USGS, 2 0 0 5 ; Ho ld ich and 
Pöckl, 2 0 0 7 ; DAISIE, 2 0 0 9 ; 
Hänfling e t al . , 2011 ) 

Gmelinoides 
fasciatus 

S t ebb ing , 1899 

Lake Baikal Balt ic dra inage, 
lakes o f N o r t h 
wes t e rn and 
Centra l Russ ia 

Food for f ish 
p roduc t i on 

(Panov and Berez ina , 2 0 0 2 ; 
DAISIE, 2 0 0 9 ; Hänfling et 
al. , 2011 ) 

Obesogammarus 
crassus 

G.O. Sars, 1894 

Ponto-
Casp ian bas in 

Balt ic dra inage, 
lakes and 
reservoirs in 
Wes t e rn Russ ia 

Food for f ish 
p r o d u c t i o n , 
in land canals 

( Jazdzewski , 1 9 8 0 ; Bij de 
Vaate e t a l . , 2 0 0 2 ; DAISIE, 
2 0 0 9 ; Hänfling et al . , 
2011 ) 

Pontogammarus 
robustoides 

G.O. Sars, 1894 

Ponto-
Casp ian bas in 

Europe Inland canals , 
sh ipp ing 

(Hänfling e t al . , 2 0 1 1 ; 
DAISIE, 2 0 1 8 ; EASIN, 2018 ) 

The ta rget spec ies of the present Ph.D. thes i s is only one of t h e m e n t i o n e d a m p h i p o d s , t he 
kil ler sh r imp Dikerogammarus villosus Sowinsky , 1894. 
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Killer shr imp  

The ki l ler sh r imp is l i s ted as one of Europe 's t o p 1 0 0 invaders (Nen tw ig et al., 2 0 1 8 ) . The 
i n t roduc t i on of ki l ler sh r imp in European f reshwaters is, t o date, r e cogn ized as a th rea t to 
the integr i ty of invaded e cosy s t ems . This Ponto-Caspian g a m m a r i d spread after the o p e n i n g 
of t h e Rhine-Main-Danube Canal and has been es tab l i shed in Ge rman rivers (Koes ter et al., 
2018 ) , i nc lud ing t h e Danube , Mose l l e , and Rhine (Bij de Vaate et al., 2 0 0 2 ) . Pon to Casp ian 
spec ies spread t h rough t h e so-cal led „southern co r r ido r " f rom the Danube River t h r o u g h 
human-made canals (Berez ina and Ďuriš, 2 0 0 8 ) . Kil ler sh r imp have n o w spread th rough the 
lent ic and lot ic env i ronments of Italy (Case l la to et al., 2 0 0 6 ; Tricarico et al., 2 0 1 0 ; Manc in i 
et al., 2021 ) , France (Devin et al., 2 0 0 1 ) , t he Ne the r l ands (Velde et al., 2 0 0 2 ) , Great Britain 
(MacNei l et al., 2 0 1 0 ) , Sw i tze r l and , as we l l as t owa rd t h e Balt ic reg ion (Rewicz et al., 2017 ) . 

The invasive success of ki l ler sh r imp is a t t r i bu tab l e to several life h is tory character is t ics 
(Bruijs et al., 2 0 0 1 ) wh i ch inc lude a broad ecophys io log i ca l to le rance (Devin et al., 2 0 0 4 ; 
Póckl, 2 0 0 7 ) , rapid g r o w t h rate, h igh f ecund i t y (Kley and Maier, 2 0 0 6 ; Rol la et al., 2 0 2 0 ) , 
ef fect ive ant i-predator s t ra teg ies and s t rong compe t i t i v e abi l i ty (Kobak et al., 2 0 1 6 ) . 

The predatory behav ior of ki l ler sh r imps is r e cogn ized as a crucial de t e rm inan t of its eco log ica l 
impac t on o ther ben th i c inver tebrates , i nc lud ing nat ive a m p h i p o d s (Dick and P la tvoet , 2 0 0 0 ; 
Kley and Maier, 2 0 0 6 ) . A s ign i f i cant dec rease in the a b u n d a n c e of nat ive gammar id s was 
recorded in the p resence of kil ler sh r imp (Haas et al., 2 0 0 2 ; Kley and Maier, 2 0 0 6 ) . In the 
laboratory, ki l ler sh r imp c o n s u m e a w i d e range of f reshwater macro inver tebra tes (Rewicz et 
al., 2 0 1 4 ) , even in t h e p resence of p redatory f ish wh i ch cou ld be indicat ive to its success as an 
invasive spec ies (Richter et al., 2 0 1 8 ) . This w i d e d ietary range has a lso been seen in the f ie ld 
us ing s tab le i s o t o p e ana lyses (Riel et al., 2 0 0 6 ; He l lmann et al., 2 0 1 5 ; Manc in i et al., 2021 ) . 

The s tab le i s o t o p e ana lyses sugges t t ha t ki l ler sh r imp can occupy the s a m e t roph i c level 
as s o m e predatory f ish spec ies and amph ib i ans (Marguil l ier, 1998 ; Warren et al., 2 0 2 1 ) . Kil ler 
sh r imp are a lso vec tors of t he m i c rospor id i an Cucumispora dikerogammari Ovcha renko 
and V i ta (parasi t ic funga l spec ies ) (Ovcharenko et al., 2 0 1 0 ) t ha t can spread to o the r nat ive 
gammar id s as we l l as reduce the i r longev i ty (Bacela-Spychalska et al., 2012 ) . 

The s tudy by Ve lde et a l . ( 2000 ) refers to ki l ler sh r imp as an exce l l ent examp le of success fu l 
invaders, charac ter ized by the i r sho r t life span and genera t ion t ime , rapid g rowth rate w i t h 
early sexua l matur i ty , high fecundi ty , abi l i ty to r ep roduce asexual ly, g regar ious behavior, 
abi l i ty t o r epopu la te d e p o p u l a t e d hab i ta ts , s ize c o m p a r e d to the i r relat ives and omn i vo rous 
diet . Due to t h e s e character is t ics , ki l ler sh r imp poses a th rea t t o nat ive macro inver tebra tes 
taxa (mainly to o the r a m p h i p o d s ) in f reshwate r e cosy s t ems t h r o u g h o u t Europe. 

Invasive crayfish species  

Acco rd ing to t h e research of Baumar t et a l . (2015) , s o m e spec ies adap t s t ra teg ies t h a t 
d imin i sh compe t i t i v e pressures , enab l ing t h e m to co-exist in t h e s ame env i ronment . Spec ies 
w i th s imi lar eco log ica l t ra i ts (i.e., prey i tems, she l te r preference, and predators ) usual ly 
c o m p e t e fo r resources in natural env i ronments (Louhi et al., 2 0 1 4 ) , bu t adapt i ve crayfish 
invaders can easi ly shi f t the i r t rop i c n iches in r e sponse to a s t ronger invader (Veselý et al., 
2021 ) . 

Many crayfish spec ies have been i n t roduced w o r l d w i d e for h u m a n f o o d , fo rage f i sh , ba i t 
or via the pe t t rade (Hobbs et al., 1989 ; Pa toka et al., 2 0 1 4 ) . Several crayfish spec ies have 
b e c o m e highly success fu l invaders in f reshwater hab i ta ts w o r l d w i d e (Strayer, 2 0 1 0 ; Lodge 
et al., 2 0 1 2 ) , caus ing subs tan t i a l eco log ica l impac t s (Twardochleb et al., 2013 ) espec ia l l y in 
hab i ta ts whe re nat ive crayfish are natural ly l ack ing (Rodr iguez et al., 2 0 0 5 ) . 
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General introduction 

Crayfish are adap tab l e omn ivo res tha t f eed on algae, macrophy tes , ben th i c invertebrates , 
f ishes and f ish eggs, w i th repor ts of terrestr ia l f e ed ing and even one example of an indiv idual 
f eed ing on a h u m a n co rpse (Pascali e t al., 2 0 2 0 ) . A l ien crayfish spec ies o f t en reach high 
dens i t i es (Bobe ldyk and Lamber t i , 2 0 0 8 ) . They have diverse eco log ica l impac ts on several 
parts of t he f o o d w e b (Hobbs et al., 1989 ; Lodge et al., 2 0 0 0 ; Gherardi et al., 2 0 0 9 ) . They 
can m o v e great d i s tances e i ther natural ly or by human-med ia ted t ransfers (Panov et al., 
2 0 0 4 ) . Crayfish t ha t were t r anspo r t ed by be ing a t t a ched to t h e whee l s of a vehic le over a 
long d i s tance have a lso been repor ted (Banha et al., 2 0 1 4 ) . Recent ly-hatched crayfish can a lso 
be t r anspo r t ed by a t t a ch ing to m o v i n g an imals like ducks for d i s tances of up to 6.1 k m , far 
enough for t h e m to be t r anspo r t ed to ano the r aquat i c s ys tem (Aguas et al., 2 0 1 4 ; Anas tac io 
et al., 2 0 1 4 ) . Bes ides t h e a f o r e m e n t i o n e d t ransfer pa thways , s o m e crayfish spec ies have been 
t r ans loca ted for e c o n o m i c reasons such as aquacu l ture , enhanc ing f ish p roduc t i on , for the pe t 
and restaurant t rades , and s o m e have subsequen t l y b e c o m e es tab l i shed in t h e wi ld (Vodovsky 
e t a l . , 2 0 1 7 ; Vogt , 2 0 1 8 ) . 

Numerous non- ind igenous crayfish have n o w been repor ted in many European count r ies 
(Kouba et al., 2 0 1 4 ; Patoka et al., 2 0 1 6 ; We ipe r th et al., 2 0 1 9 ) . The no to r i ous h is tory of the non-
ind igenous crayfish invas ion in Europe s tar ted in 1890 w i th t h e i n t roduc t i on of the spiny-cheek 
crayfish Faxonius limosus Raf inesque, 1817 w h e n approx imate l y 100 spec imens f rom t h e USA 
were re leased into a 0.1 ha f ish fa rm p o n d no r theas t of Berl in, Germany. Many in t roduc t ions 
f o l l owed t h r o u g h o u t Europe, as th is spec ies was e x p e c t e d to replace t h e ind igenous nob le 
crayfish Astacus astacus L innaeus, 1758 w h o s e popu l a t i ons dec reased due to the o o m y c e t e 
Aphanomyces astaci Sch ikora p a t h o g e n tha t causes the crayfish plague. Crayfish p lague is 
the l ead ing cause of t he dec l ine of suscep t ib l e nat ive crayfish in Europe because t h e nat ive 
crayfish spec ies s h o w very h igh mor ta l i t y rates w h e n e x p o s e d to th is p a t h o g e n (Hold ich et al., 
2 0 0 9 ) . W i t h i n t h e last f ew decades , t h e crayfish p lague resurged as one of the major threats 
to i nd igenous crayfish in Europe, mos t l y due to the spiny-cheek crayf ish. 

The signal crayfish Pacifastacus leniusculus Dana, 1852 was i n t roduced for aquacu l tu re 
and has spread rapidly t h r o u g h o u t Europe, caus ing mass mor ta l i t i es of nat ive crayfish (McNei l l 
et al., 2 0 1 0 ; Fi l ipova et al., 2 0 1 3 ) . In 1970 , a b o u t 2 ,000 indiv iduals were i n t r oduced in 
Scandinav ia and s ince t hen , i nd igenous crayfish spec ies have been th rea t ened by in fec t ion , 
d i rect c o m p e t i t i o n and t h e negat ive impac t s caused to the nat ive e cosy s t em and c o m m u n i t y 
- as s ignal crayfish a l ter ing t roph i c in teract ions , inter ference c o m p e t i t i o n or indirect ly t h rough 
habi ta t mod i f i c a t i on (Snyder and Evans, 2 0 0 6 ) . S ignal crayfish is one a m o n g the invasive 
crayfish t ha t p resents a real th rea t t o the rest of nat ive crayfish popu l a t i ons as they can 
occupy the same hab i ta ts in b rooks and r ivulets (Souty-Grosset et al., 2 0 0 6 ) . 

Red swamp crayfish Procambarus clarkii Girard, 1852 is l is ted in the t o p 1 0 0 w o r s t invasive 
spec ies in Europe and it is w ide l y d i s t r ibu ted in wes t e rn parts of Europe (Hold ich et al., 2 0 0 9 ; 
Kouba et al., 2 0 1 4 ; We ipe r th et al., 2 0 1 9 ) . The ev idence says t ha t even t h o u g h t h e spec ies is 
cons ide red to be rest r ic ted to wa rmer waters , it can sti l l f lour ish in co lder c l imates and at h igher 
a l t i tudes (Chuchol l , 2 0 1 1 ) . The red s w a m p crayfish is respons ib le for the m o s t extens ive range 
of impac ts , such as crayfish p lague d i s sem ina t i on , c o m p e t i t i o n , p reda t ion on nat ive spec ies , 
hab i ta t mod i f i ca t ions , f o o d w e b impa i rment , herb ivory and mac rophy tes remova l (Savini et al., 
2 0 1 0 ; Banha and Anas tac io , 2 0 1 1 ; Souty-Grosset et al., 2 0 1 6 ) . It increases its success rate by 
c o n s u m i n g terrestr ia l f o o d sources w h e n necessary and hav ing high adaptab i l i t y to ex t reme 
cond i t i ons inc lud ing d rough ts and po l l u t i on (Souty-Grosset et al., 2 0 1 8 ; K o u b a et al., 2 0 1 6 ; 
Haubrock et al., 2 0 1 9 ) . 

O n e way or another, t h e i n t roduc t i on of non-native crayfish in Europe has caused a s igni f icant 
reduc t ion in the p o p u l a t i o n s ize and dens i t y of nat ive crayfish wh i le a lso d a m a g i n g t h e ent ire 
e cosy s t em (Lodge et al., 2 0 0 0 ) . 
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Table 2. Examples of invasive crayfish species selected based on scientific literature and databases, 
their native and invasive ranges, main pathways of introduction and references. 

TAXON NATIVE 
RANGE 

INVASIVE 
RANGE 

MAIN 
PATHWAYS 

REFERENCES 

Faxonius 
immunis 

Hägen, 1 8 7 0 
Cal ico crayfish 

No r th Amer i c a Europe Escape f r om 
bait bucket , pe t 
t rade 

(EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Faxonius 
juvenilis 

Hägen, 1 8 7 0 
Ken tucky River 

crayf ish 

No r th Amer i c a Europe Escape f r om 
aquacu l tu re 

(EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Faxonius limosus 
Raf inesque, 1817 

Spiny-cheek 
crayf ish 

Nor th Amer i c a Europe, Afr ica , 
USA 

Escape f r om 
aquacu l tu re and 
bait bucke t , f o o d 
for f ish 

(DAISIE, 2 0 0 9 ; EASIN, 
2 0 1 8 ; CABI, 2 0 2 1 ; FAO, 
2021 ) 

Faxonius virillis 
Hägen 1 8 7 0 

Viri le crayf ish 

Nor th Amer i c a Europe Escape f r om 
aquacu l tu re and 
bait bucke t 

(EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Pacifastacus 
leniusculus 
Dana, 1852 

Signal crayf ish 

Nor th Amer i c a Europe, As ia Escape f r om 
aquacu l tu re and 
bait bucke t , 
f o o d for f ish 
p roduc t i on 

(Gherardi et al . , 2 0 0 9 ; 
EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Procambarus 
acutus 

Bouvier, 1897 
Wh i t e River 

crayf ish 

Nor th Amer i c a Europe Escape f r om 
aquacu l tu re and 
bai t bucke t , 
l abora tory 
re lease 

(EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Procambarus 
clarkii 

Girard, 1852 
Red s w a m p 

crayfish 

Mex i co , USA USA, Europe, 
As ia , Af r i ca 

Pet t rade, 
e scape f rom 
aquacu l tu re , 
f i she rman 
t r anspo r t 

(Gherardi e t al . , 2 0 0 9 ; 
EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

Procambarus 
virginalis 

Lyko, 2 0 1 7 
Marb l ed crayfish 

(Nor th 
Amer ica ) 

Europe, 
Madagascar , 
Japan 

Escape f r om 
aquar i s ts , pe t 
t rade 

(EASIN, 2 0 1 8 ; CABI, 2 0 2 1 ; 
FAO, 2021 ) 

In Europe, f ive non-nat ive crayfish spec ies are regu la ted by the EU Regu la t ion 1 1 4 3 / 2 0 1 4 
(E.U., 2016 ) on invasive a l ien spec ies : spiny-cheek crayf ish, s ignal crayf ish, red s w a m p crayf ish, 
cal ico crayfish Faxonius immunis Hagen, 1870 and marb led crayfish Procambarus virginalis 
Lyko, 2 0 1 7 (Table 2). They are on the l ist of Invasive A l ien Spec ies of Un ion conce rn to const ra in 
the i r fu r ther spread across Europe (E.U., 2 0 1 6 ) . The ta rget spec ies of t h e p resent Ph.D. thes i s 
are t w o of t h e m e n t i o n e d crayfish spec ies , marb l ed crayfish and s ignal crayf ish. 

Marb l ed crayfish  

Marb led crayfish es t ab l i shment , p resence and sp read ing is an exce l lent examp le of the 
success fu l i n t r oduc t i on of an o rnamenta l non- ind igenous spec ies . Due to n u m e r o u s new 
records of th is spec ies a long w i th its appearance in the Ge rman pe t t rade, t he marb led crayfish 
is n o w very f r equen t in many parts of t h e w o r l d (Hossa in e t a l . , 2 0 1 8 ; Vogt , 2 0 1 8 ) . The major i ty 
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General introduction 

of marb led crayfish records are f r om Germany (Mar t in et al., 2 0 1 0 ) , f o l l ow ing o ther count r ies 
such as Croat ia (Cvitanič, 2 0 1 7 ) , Czech Republ i c (Patoka et al., 2016 ) , Be lg ium (Scheers et 
al., 2021 ) , Es ton ia (Ercoli et al., 2019 ) , France (Grandjean et al., 2021 ) , Hungary (Lókkós et 
al., 2016 ) , Italy (Vojkovská et al., 2014 ) , Ma l t a (De idun et al . , 2018 ) , Roman ia (Pärvulescu et 
al., 2 0 1 7 ) , S lovakia (Janský and Mutkovič, 2 0 1 0 ; Lipták et al., 2 0 1 7 ) and Ukra ine (Nov i tsky 
and Son , 2 0 1 6 ) w i th the numbe r s g row ing nat iona l ly and cont inenta l ly . The marb led crayfish 
has even been recorded in Madagasca r and Japan (Kawai et al . , 2 0 0 9 ; Jones et al . , 2 0 0 9 ; 
Chucho l l and Pfeiffer, 2 0 1 0 ; K o u b a et al., 2 0 1 4 ) . There are a lso records f rom the Ne the r l and 
and Sweden , bu t the spec ies is yet t o es tab l i sh v iable p o p u l a t i o n s in t he se count r i es ( Bohman 
et al., 2 0 1 3 ; Koese and Soes , 2 0 2 1 ) . This spec ies cons i s t s ent i re ly of f ema les t ha t r ep roduce 
pa r thenogene t i ca l l y w i t h o u t the need of a male . For th is reason , only one indiv idual is n e e d e d 
to es tab l i sh a v iab le p o p u l a t i o n ( Scho l tz et al . , 2 0 0 3 ) . It has impress ive ove rw in te r ing abil ity, 
be ing able to survive at ~2.5 C fo r th ree m o n t h s unde r labora tory cond i t i ons (Veselý et al., 
2015 ) as we l l as by es tab l i shed popu l a t i ons . It is e s t i m a t e d tha t in a con t ro l l ed env i ronment , 
t he marb l ed crayfish can c o m p l e t e seven r ep roduc t i on cycles dur ing its 2 to 3 years l i fespan, 
w i th a genera t ion t i m e of a b o u t 6-7 m o n t h s (Vogt, 2 0 1 0 ) . The a m o u n t of juveni les increases 
w i th each cycle as larger f ema les can p roduce more eggs (Vogt, 2 0 1 1 ) . The t i m e pe r iod s p e n t 
carry ing the eggs di f fered in f ie ld surveys t h rough Europe : in Roman i a dur ing Apr i l and May 
(Pärvulescu et al., 2017 ) , Ge rmany f rom June to O c t o b e r (Chuchol l and Pfeiffer, 2 0 1 0 ) , Croat ia 
in June and S e p t e m b e r (Cvitanič, 2 0 1 7 ) and in t h e Czech Republ i c and Ukra ine in S e p t e m b e r 
(Patoka et al., 2 0 1 6 ; Nov i t sky and Son , 2 0 1 6 ) . This sugges t s t ha t r ep roduc t i on may occur 
f rom spr ing unt i l a u t u m n , wh i ch is m o s t p robab ly re lated to wa te r t empera tu re (Vogt, 2011 ) . 
Under l abora tory cond i t i ons , t h e m a x i m u m n u m b e r of juveni les in one c lutch was 4 2 7 (Lipták 
et al . , 2017 ) and 3 4 9 (Hossa in et al., 2 0 1 9 ) , wh i l e a m a x i m u m of 647 eggs was recorded in 
the S lovak sec t i on of the Danube and 724 eggs in a s ing le marb led crayfish c lutch in Germany 
(Chuchol l and Pfeiffer, 2 0 1 0 ) . So, it s e ems tha t t h e n u m b e r of eggs cou ld exceed 7 0 0 eggs per 
ind iv idua l . A s ide f rom its fas t r ep roduc t i on , marb l ed crayfish a lso ut i l izes a w i d e range of f o o d 
sources and has a s t rong impac t on t h e f o o d w e b s t ruc ture in the e c o s y s t e m (Lipták, 2019 ) . 

The marb led crayfish is a lso an i m p o r t a n t f o o d source for p redatory f ish, mean ing it af fects 
mu l t ip le t roph i c levels (Lipták, 2019 ) and it has a lso been con f i rmed as a carrier of t h e crayfish 
p lague (Ti lmans et al., 2 0 1 4 ) . The marb led crayfish is regarded as relat ively drought-res is tant 
(Kouba et al., 2016 ) and can c o m p l e t e te rmina l phases of embryogenes i s , inc lud ing ha tch ing , 
as we l l as pos t-embryogen i c de ve l op m e n t , bu t only in highly h u m i d cond i t i ons (Guo et al., 
2019 ) . The marb led crayfish is a lso able to c o p e w i t h o the r invasive crayfish (Chuchol l and 
Pfeiffer, 2 0 1 0 ; Hossa in et al., 2 0 2 0 ) , it has a w i d e eco log ica l a m p l i t u d e and can migrate over 
land (Chuchol l et al., 2 0 1 2 ) . 

S igna l crayf ish  

The s ignal crayfish is nat ive to nor th-western Nor th Amer i c a bu t was f i rst i n t roduced to 
Europe in S w e d e n in t h e 1960s (Ma i t l and and A d a m s , 2 0 0 1 ) to s u p p l e m e n t s tocks a f fec ted 
by t h e crayfish p lague (Hold ich and Rogers, 1999) and has s u b s e q u e n t l y b e e n i n t r oduced to 
many count r i es b o t h legal ly and illegally. S ince th is spec ies was f o u n d ou t to be eco log ica l l y 
comparab l e to t h e nob le crayfish w h o s e p o p u l a t i o n s were dec ima ted by crayfish p lague, s ignal 
crayfish we re re leased into o p e n waters and were obse r ved to be th r i v ing in s t reams as we l l 
as p o n d s . However, c ompa red to t h e nob l e crayf ish, they can survive at h igher t empera tu res 
and are more to le ran t to po l l u t i on (Kozák et al., 2 0 1 5 ) . However, the i r t empe ra tu r e to le rance 
is l im i ted and th is is l inked to its inabi l i ty t o es tab l i sh i tse l f in s o m e regions, e.g., Sou the rn 
Iberia (Cap inha and Anastácio, 2 0 1 1 ) . The s ignal crayfish is general ly i m m u n e to the crayfish 
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plague and can act as a carrier s imi lar ly to its Nor th Amer i can re lat ives. A l t h o u g h , it can a lso 
s u c c u m b to the ef fects of t he p lague w h e n subjec t t o s t ress (Smith and Sóderháll, 1986 ; 
A lde rman et al., 1990 ) . 

A s tudy by Ercoli et a l . (2021 ) , w h o inves t iga ted t h e f o o d usage of adu l t and juveni le s ignal 
crayf ish, s h o w e d tha t the re is no s ign i f i cant d i f ference b e t w e e n t h e d iets of adu l t s and juveni les , 
bo th hav ing t h e s a m e po ten t i a l f o o d sources (other crayf ish, de t r i tus , macro inver tebra tes , 
and pe r iphy ton ) . This research sugges t s t ha t adu l t s and juveni les exh ib i t seasona l f e ed ing 
habi ts , wh i ch are probab ly due to eco log ica l behav ior rather t h a n f o o d resource ava i lab i l i ty 
Both cause s imi lar ef fects on macro inve r tebra te c o m m u n i t i e s in Italian s t ream ecosys t ems . 

Signal crayfish have invaded 29 European terr i tor ies , b e c o m i n g the m o s t w idesp read invasive 
al ien spec ies in Europe (Kouba et al., 2 0 1 4 ) . Their i l legal i n t roduc t i ons are cons tan t l y r epor ted 
across Europe and they are no t i ceab ly sp read ing t h r o u g h o u t Scandinav ia (Skov et al., 2011 ) . 

S ignal crayfish f ema les can usual ly carry 1 0 0 - 4 0 0 eggs, bu t s o m e large f ema les can have over 
5 0 0 eggs (Savola inen et al., 1997) . C o m p a r e d to nob l e crayf ish, they matu re ear l ier - males 
in 2 years and fema les in 3 years. Their h igher fecundi ty , qu icker ma tu ra t i on and the i r abi l i ty 
t o inh ib i t co ld uppe r s t re tches in a s t ream is a ser ious th rea t t o nat ive crayfish popu l a t i ons 
(Buřič et al., 2 0 2 0 a ) . S ignal crayfish can a lso af fect nat ive b io t a via hab i ta t mod i f i c a t i on due 
to the i r bu r row ing behav io r (Dorn and M i t t e l bach , 1999) , resu l t ing in hab i t a t degrada t ion 
and b i o tu rba t i on (Ma i t l and and Adams , 2 0 0 1 ; Turley et al., 2 0 1 7 ) . The abi l i ty t o af fect s t ream 
c o m m u n i t i e s has a lso b e e n con f i rmed as they have been s h o w n to lower c o m m u n i t y r ichness 
of inver tebrates (e.g., P lecoptera , Crus tacea , Hydracar ina, H i rud inea , and Tricladida) w h e n 
they are p resent (Crawford et al., 2 0 0 6 ) . 

S ignal crayfish can m o v e over land and can even travel several hundred meters in one n ight 
(David, 2 0 0 3 ) . In a s tudy by Banha and Anastácio (2014 ) , s ignal crayfish were capab le of 
surv iv ing air exposu re for an e x t e n d e d pe r iod of ~21.5 h, wh i l s t a lso be ing ab le to move 
an average of 17.5 m per day (Anastácio et al., 2 0 1 5 ) s o m e t i m e s ind iv idua ls had comp le t e 
immob i l i t y wh i l s t o thers m o v e d m u c h fu r the r m o v i n g 461 m i n jus t half a day. W h e n c o m p a r e d 
to o the r invaders, s ignal crayfish s h o w e d t h e h ighes t po ten t i a l t o es tab l i sh d o m i n a n c e on 
similar ly s i zed crayfish in in terspec i f i c in terac t ions (Fořt et al., 2 0 1 9 ) . 

2.3. Invasive fish species  

Invasive f reshwater f ish are g roups of non-nat ive spec ies pr imar i ly i n t roduced for the pu rpose 
of aquacu l tu re and re lated act iv i t ies . A l ien cypr in ids and sa lmon ids are we l l a c c l ima t i zed to 
European f reshwater e cosys t ems . It is k n o w n tha t a l ien f i shes can d i s rup t f o o d w e b s f r om 
the apex or the center. O f t en , t h e i n t r oduc t i on and e s t ab l i shmen t of non-nat ive f ish into 
new hab i ta ts has e n o r m o u s effects on the behavior, d i s t r i bu t i on , and a b u n d a n c e of nat ive 
spec ies and e c o s y s t e m func t i on (Strayer, 2 0 1 0 ) . The m o s t appa ren t ef fects of i n t roduced f ish 
spec ies inc lude t h e near-disappearance of large, act ive prey spec ies and behav iora l changes 
such as avo idance of m i c rohab i t a t s f r equen ted by f ish in the day t ime . Further d i rect changes 
to t h e c o m m u n i t y and e c o s y s t e m cou ld be due to cascad ing effects such as l os ing t h e m o s t 
vu lnerab le spec ies ( S imon and Townsend , 2 0 0 3 ) . Because p reda to ry f ish o f t en cont ro l t he 
c o m m u n i t y s t ruc ture of lakes and s t reams (Brooks and D o d s o n , 1965 ; Power, 1990) and 
g a m e f ish have been w ide l y i n t roduced by f i sh ing agenc ies , a lot of a t t en t i on has been p laced 
on exp lo r ing t h e c o m m u n i t y impac t s o f f i s h . Several s tud ies have d e m o n s t r a t e d tha t f i sh ing 
act iv i t ies con t r i bu te to the long-distance d ispersa l of invasive f auna (Banha and Anastácio, 
2015 ) . 

A c co rd ing to the review of Rakauskas et a l . (2016) , P russ ian carp Carassius gibelio B loch , 
1782, Ch inese s l eeper Perccottus glenii Dybowsk i , 1877 and m o n k e y g o b y Neogobius 
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fluviatilis Pallas, 1814 are the three m o s t invasive spec ies in the no r the rn branch of the 
centra l Eu ropean invas ion cor r idor (Table 3). O n e of t h e examp les of f ish t ha t has b o t h 
benef ic ia l and de t r imenta l ef fects is t he m o s q u i t o f i s h Gambusia afflnis Baird and Girard, 
1853 and Gambusia holbrooki Girard, 1859 , as they were w ide l y i n t r oduced to suppress 
larval m o s q u i t o e s , yet c aused a lot of negat i ve impac t s on nat ive spec ies of insect , f ish and 
amph ib i an (Ful ler et al., 1999) (Table 3). 

Table 3. Examples of invasive fish species selected based on scientific literature and databases, their 
native and invasive ranges, main pathways of introduction, and references. 

TAXON NATIVE 
RANGE 

INTRODUCED/ 
INVASIVE RANGE 

MAIN PATHWAYS REFERENCES 

Ameiurus melas 
Raf inesque, 1 8 2 0 

Black bu l lhead 

Nor th 
Amer i c a 

Europe Escape f r om poo l s , 
g ame f ish 

(Page and Burr, 
1 9 9 1 ; DAISIE, 
2 0 1 8 ; EASIN, 2 0 1 8 ; 
FISHBASE, 2021 ) 

Ameiurus nebulosus 
L innaeus, 1819 
Brown bu l lhead 

Nor th 
Amer i c a 

Nor th Amer i ca , 
Europe, As ia , 
Pacific is lands 

Escape f r om 
aquacu l tu re 

(DAISIE, 2 0 1 8 ; 
EASIN, 2 0 1 8 ; 
FISHBASE, 2021 ) 

Carrasius auratus 
L innaeus, 1758 

Go ld f i sh 

As ia W o r l d w i d e O rnamen ta l f ish (DAISIE, 2 0 1 8 ; 
EASIN, 2 0 1 8 ; 
FISHBASE, 2021 ) 

Carassius gibelio 
B loch , 1782 

Pruss ian carp 

As ia Europe Escape f r om 
aquacu l ture , re lease 
f r om aqua r ium or pets 
t rade, game f ish 

( S emenchenko et al., 
2 0 1 1 ; CABI, 2 0 1 9 ; 
FISHBASE, 2021 ) 

Clarias gariepinus 
Burchel l , 1822 
Afr ican cat f i sh 

Afr ica Europe, As ia Escape f r om 
aquacu l ture , live f o o d 
t rade 

(DAISIE, 2 0 1 8 ; 
EASIN, 2 0 1 8 ; 
FISHBASE, 2021 ) 

Ctenopharyngodon 
Idella 

Va lenc iennes , 1844 
Grass carp 

Ch ina to 
eas tern 
S iber ia , 
USA 

Wor ldw ide , 
Europe and As ia 

Escape f r om 
aquacu l ture , w e e d 
cont ro l 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Gambusia affinis 
Baird and Girard, 1853 
Wes t e rn m o s q u i t o f i s h 

Nor th 
and 
Central 
Amer i c a 

W o r l d w i d e Release for b iocon t ro l (FISHBASE, 2021 ) 

Gambusia holbrooki 
Girard, 1859 

Eastern m o s q u i t o f i s h 

Eastern 
and 
Sou the rn 
Amer i c a 

W o r l d w i d e Release for b iocon t ro l (Sanz e t a l . , 2013 ) 

Hypophthalmichthys 
molitrix 

Va lenc iennes , 1844 
Silver carp 

As ia W o r l d w i d e Escape f rom 
aquacu l tu re 
(acc identa l ly e s c a p e d , 
or was de l iberate ly 
in t roduced ) 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Hypophthalmichthys 
nobilis 

R ichardson , 1845 
B ighead carp 

China Wo r l dw ide , 
Europe 

Escape f rom 
aquacu l tu re 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Ictalurus punctatus 
Raf inesque, 1818 
Channe l ca t f i sh 

Nor th 
Amer i c a 

Sou th Amer i ca , 
Europe, As i a 

Escape f rom 
aquacu l ture , re lease 
as g a m e f i sh , in land 
canals 

(EASIN, 2 0 1 8 ; 
Haubrock , 2 0 1 8 ; 
FISHBASE, 2021 ) 
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TAXON NATIVE INTRODUCED/ MAIN PATHWAYS REFERENCES 
RANGE INVASIVE RANGE 

Lepomis gibbosus 
L innaeus, 1758 
P u m p k i n s e e d 

Nor th 
Amer i c a 

W e s t and Central 
Europe, Iberian 

Release as game f ish (EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Lepomis gibbosus 
L innaeus, 1758 
P u m p k i n s e e d 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Micropterus 
salmoides 

Lacepěde, 1 8 2 0 

Nor th 
Amer i c a 

Sou th Amer i ca , 
Europe, As ia , and 
Pacific is lands 

Escape f r om 
aquacu l ture , and also 
use as g a m e f ish 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Neogobius fluviatilis 
Pallas, 1814 

M o n k e y g o b y 

Ponto-
Casp ian 
reg ion 

Europe Inland canals , sh ipp ing (EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Neogobius 
melanostomus 

Ponto-
Casp ian 

Europe, No r th 
Amer i ca 

Inland canals , sh ipp ing (EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 

Pallas, 1814 
Round goby 

reg ion FISHBASE, 2021 ) 

Oncorhynchus mykiss 
W a l b a u m , 1792 
Ra inbow t r o u t 

Nor th 
Amer i c a 

W o r l d w i d e Escape f r om 
aquacu l tu re 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Oreochromis niloticus 
L innaeus, 1758 

Nile t i l ap ia 

Afr ica W o r l d w i d e Escape f r om 
aquacu l tu re 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Perccottus glenii 
D y b o w s k i , 1877 
Ch inese s leeper 

As ia Europe Escape f rom 
aquacu l ture , re lease 
f r om the aqua r ium 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Pseudorasbora parva 
Temminck and 
Schege l , 1846 
S tone m o r o k o 

Nor th 
and 
Centra l 
Amer i c a 

Europe, As i a C o n t a m i n a n t of 
aqua r ium spec ies , 
o rnamen ta l f ish 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Salvelinus fontinalis 
Mitch i l l , 1814 
Brook t r o u t 

Nor th 
Amer i c a 

W o r l d w i d e Escape f rom 
aquacu l ture , re lease 
as g a m e f ish 

(EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Squalius cephalus 
L innaeus, 1758 
European chub 

Europe W o r l d w i d e Release as game f ish (EASIN, 2 0 1 8 ; CABI, 
2 0 1 9 ; FAO, 2 0 2 1 ; 
FISHBASE, 2021 ) 

Currently, f ive a l ien gob i ids are p resen t in European f reshwater e c o s y s t e m s : round goby, 
m o n k e y goby, w e s t e r n t u b e n o s e goby Proterorhinus semilunaris Hecke l , 1837 ; racer goby 
Babka gymnotrachelus Kessler, 1857 and b ighead g o b y Ponticola kessleri Günther, 1861 
(Harka and Biro, 2 0 0 7 ; Roche et al., 2 0 1 3 ) . The target spec ies of t h e p resent Ph.D. thes i s is 
the round goby as a representa t i ve of th is g roup . 

The round goby is a smal l aggress ive bo t tom-dwe l l i ng f ish and a m e m b e r of the Gob i i dae 
family. Its nat ive range is t h e Ponto-Caspian reg ion , bu t it is f o u n d t h r o u g h o u t European 
and Nor th Amer i c an wa t e rbod i e s as it was t r anspo r t ed in ba l las t t anks of b o t h in land and 
t r ansocean i c sh ips (Jude et al., 1992 ; Skóra and Sto larsk i , 1993 ; B rown and S tep ien , 2 0 0 8 ) . 
Af ter be ing i n t roduced , it has e s t ab l i shed se l f-susta in ing p o p u l a t i o n s and spread th rough a 
c o m b i n a t i o n of natural d i spersa l , commerc i a l sh ipp ing , and the act iv i t ies of f i she rmen w i th in 
invaded w a t e r b o d i e s (Char lebo is et al., 2 0 0 1 ; J ohnson et al., 2 0 0 5 ; Kornis et al., 2 0 1 2 ) . Its 
recent d i s t r i bu t i on in Europe inc ludes nearly all nav igable rivers; t he Dnieper, Dniester, and 
Don Rivers, t he M o s c o w River (Kornis et al., 2012 ) , t h e V i s tu la River (Sapota , 2 0 0 4 ) , t he O d e r 
River (Czugata and Wožniczka, 2 0 1 0 ) , t h e Rhine (Borcherd ing et al., 2011 ) , t he Elbe river 
(Buřič et al., 2 0 1 5 ; Roche et al. , 2 0 1 5 ) and t h e Danube ( S imonov i c et al., 2 0 0 1 ; Eros et al., 
2 0 0 5 ) , as we l l as many of the i r t r ibutar ies . 
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It differs in appearance f r om o the r gob i e s as it has a round black s p o t on the f i rst dorsa l 
fin (Stranai and Andrej i , 2 0 0 4 ) . In cont ras t to the o the r bo t tom-dwe l l i ng f ish group-bul lheads 
(genus Cottus), t h e pelv ic f ins of all Ponto-Caspian gob i e s are f u sed to f o rm a suctor ia l disc. 
This spec ies d isp lays marked sexua l d i m o r p h i s m s . Bo th sexes have an erect i le u rogen i ta l 
papi l la , wh i l e the male papi l la is longer and more po in t ed than the b road and b lun t papi l la of 
t he f ema le (Kornis et al., 2 0 1 2 ) . 

The round g o b y is a genera l i s t ben th i c f eede r w i th a b road d iet s p e c t r u m tha t inc ludes 
z o o p l a n k t o n , ben th i c inver tebrates (e.g., a m p h i p o d s , crayf ishes) , and t h e eggs and larvae of 
f ish (Kornis e t a l . , 2 0 1 2 ) . The d iet c o m p o s i t i o n of t h e round g o b y is main ly in f luenced by habi ta t , 
t ime of day and year, and b o d y s ize (Janssen and Jude, 2 0 0 1 ; Diggins et al., 2 0 0 2 ; Wa l sh et al., 
2 0 0 7 ; Skabe ik is and Lesut iene , 2 0 1 5 ) . The round g o b y can rapidly a d a p t to local ly a b u n d a n t 
f o o d sources (Carman et al., 2 0 0 6 ) . Many s tud ies are d o n e on the d iet c o m p o s i t i o n and f o o d 
preference of t h e round g o b y (Walsh et al., 2 0 0 7 ; Mack and Andraso , 2 0 1 5 ; Skabe ik is and 
Lesut iene, 2 0 1 5 ) wh i ch have f o u n d tha t round gob i e s undergo a d ietary shi f t f rom a r th ropods 
to bivalves as they grow. This sh i f t is a c c o m p a n i e d by changes in pharyngea l m o r p h o l o g y 
wh ich means tha t t h e round goby has s t rong pharyngea l t ee th t ha t can effect ively c rush 
mo l lusc shel ls in hab i ta ts whe re mo l l uscs appear, wh i l e no changes in t e e th we re de t e c t ed 
in t h e hab i ta ts t h a t lacked hard-shel led f o o d ( Johnson et al . , 2 0 0 5 ; T h o m p s o n and S imon , 
2 0 1 4 ; Andraso et al., 2 0 1 7 ) . Round g o b y prey c o n s u m p t i o n has been obse r ved to change 
w i th s ize, s h o w i n g a cor re la t ion b e t w e e n g o b y s ize and mo l l u s c s ize (Skora and Rzeznik , 
2 0 0 1 ; Phi l l ips et al . , 2 0 0 3 ; J ohnson et al., 2 0 0 8 ) . W i t h the absence of mo l luscs , round gob ies 
ob ta in m o s t of the i r energy f rom a m p h i p o d s , ch i ronomids , and caddis f l ies in c o m p a r i s o n to 
o the r inver tebrates (Pennuto et al., 2 0 1 0 ) . Mo l l u s cs and g a s t r o p o d s are t h e m o s t c o n s u m e d 
in t h e loca l i t ies w i th h igh a b u n d a n c e s of t h e round g o b y (Kipp et al., 2 0 1 2 ; Skabe ik is et al., 
2019 ) . In t h e s tudy by F i t z s imons et a l . ( 2006 ) , round goby, scu lp ins and crayfish were s h o w n 
to p o s e a th rea t t o t h e eggs and larvae of o ther f ish spec ies and th is has a lso been con f i rmed 
in mu l t ip l e f ie ld and labora tory s tud ies (e.g. C h o t k o w s k i and Ma r sden , 1999 ; S te inhar t et al., 
2 0 0 4 ; R o s e m a n et al., 2 0 0 6 ) . 

In genera l , t h e round g o b y prefers r igid subs t ra te and is usual ly m o s t a b u n d a n t in rocky 
hab i ta ts w i th n u m e r o u s spaces (Ray and C o r k u m , 2 0 0 1 ) . Such env i ronments prov ide 
s t ruc tures t ha t are crucial fo r r ep roduc t i on (Meun ie r et al . , 2 0 0 9 ) and h id ing f rom predators 
(Be langer and C o r k u m , 2 0 0 3 ) . Dur ing t h e s p a w n i n g season , t h e round g o b y prefers sha l lower 
waters over deep (Kornis et al . , 2 0 1 2 ) . Dur ing winter, t he round g o b y migra tes o f fshore and 
has b e e n recorded at dep ths exceed ing 100 m (Walsh et al., 2 0 0 7 ) . 

As d o c u m e n t e d above , t h e invas ion of the round g o b y represents a h igh po ten t i a l for 
c o m p e t i t i o n w i th nat ive spec ies . It is more ef fect ive at f o o d acqu i s i t i on (Bergs t rom and 
Mensinger , 2 0 0 9 ) and she l ter c o m p e t i t i o n (Dubs and C o r k u m , 1996 ; Ba lsh ine et al., 2 0 0 5 ) . 
Janssen and Jude (2001 ) d o c u m e n t e d t h e local ex t inc t ion of t h e m o t t l e d scu lp in Cottus bairdii 
Girard, 1850 in several parts of Lake M ich igan only fou r years after the i n t r oduc t i on of the 
round goby. A lso , Kesse l et a l . (2016) de t e c t ed a rapid dec l ine in t h e a b u n d a n c e of t h e nat ive 
river bu l lhead Cottus perifretum Freyhof, Ko t te l a t and Nol te , 2 0 0 5 after t h e appearance of 
the round goby. However, it d e p e n d s on several fac tors such as nat ive f ish abundance , wa te r 
t empera tu re , f o o d resources , and su i tab le hab i ta t . S o m e t i m e s t h e ef fect on nat ive b o t t o m -
dwe l l i ng spec ies is no t ev ident (Jurajda et al . , 2 0 0 5 ) . 

Bes ides c o m p e t i t i o n for f o o d and habi ta t , t h e round g o b y can cause r ec ru i tment fa i lure of 
nat ive f i shes via d i rect p reda t i on of the i r eggs and larvae (Cho tkowsk i and Ma r sden , 1999 ; 
F i t zs imons et al., 2 0 0 6 ) . 
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2.4. Invasive bivalve species  

One of t h e essent ia l c lasses of f r eshwate r invaders are bivalve mo l l uscs t ha t suspens ion-
feed on p h y t o p l a n k t o n and s e s ton , graze on pe r iphy ton , or b rowse vascular p lants . Bivalve 
mo l luscs can deve lop mass ive popu l a t i ons in all k inds of f reshwaters , c o n s u m i n g large 
a m o u n t s of pr imary p roduce rs and chang ing the i r c o m p o s i t i o n . Mod i f i c a t i ons of the pr imary 
producers can af fect nearly every par t of t h e e c o s y s t e m (Strayer, 2 0 1 0 ) . Mo l l u s cs represent 
pr imary consumers , wh i ch can d i s rup t the f o o d w e b f r om its base . Mo l l uscs we re i n t roduced 
into n e w areas pr imar i ly due to commerc i a l routes and t h e in tens i f i ca t ion of in te rcont inenta l 
traffic. Invasiveness var ies w ide l y b e t w e e n mo l l u s c spec ies and d e p e n d s on the i r b io logy, 
vectors , avai labi l i ty of eco log ica l n iches, compat ib i l i t y w i t h new hab i ta ts , compat ib i l i t y w i t h 
new hos t s (if r ep roduc t i on is t h r o u g h parasi t ic larvae) and hab i ta t integr i ty (Cianfanel l i et al., 
2 0 0 7 ) . S o m e invasive mo l l uscs can c o u n t on rapid g r o w t h and r ep roduc t i on for fas t p o p u l a t i o n 
recovery f o l l ow ing d i s tu rbance ( M c M a h o n , 2 0 0 2 ) , wh i ch enhances the i r role as co lon izers . 
Bivalves can exis t in po l l u t ed wate r and s e d i m e n t s and tox i c e l emen t s (e.g., copper , z inc, 
manganese , c h r o m i u m , c a d m i u m , lead, mercury, arsenic , etc.) can a c cumu la t e in the i r so f t 
t i s sues and m a k i n g t h e m dange rous for h u m a n c o n s u m p t i o n (Sarma et al., 2 0 1 3 ) . 

The zebra mussel Dreissena polymorpha Pallas, 1771 is one of t h e wor ld ' s w o r s e invasive 
al ien spec ies ( Lowe et al., 2 0 0 0 ) (Table 4) . It is cons ide red to be an invasive f reshwate r spec ies 
w i th s ign i f i cant adverse impac ts , mod i f y i ng e c o s y s t e m s t ruc ture and f unc t i on changes and 
con t r i bu t i ng to e c o n o m i c losses (Banha et al., 2 0 1 6 ) . Thanks to ba l last waters , t he zebra musse l 
has spread f r om the Ponto-Caspian reg ion t h rough European sh ipp ing canals (Bij de Vaate et 
al., 2 0 0 2 ) . Zebra musse l p o p u l a t i o n s are o f t en so large tha t they d o m i n a t e he te ro t roph i c 
b i omass in large v o l u m e s of water. They can s igni f icant ly reduce the a m o u n t of phy top l ank ton 
b iomass , a u g m e n t i n g wate r t ransparency (Hol land, 1993) . The eco log ica l impac t s of t he zebra 
musse l are n u m e r o u s . It has a h igh-temperature to le rance and high s p a w n i n g abil ity, it has 
spread in Europe and Amer i ca , o u t n u m b e r i n g t h e i nd igenous musse l s and caus ing s ign i f i cant 
env i ronmenta l changes . They c o m p e t e w i th t h e i nd igenous musse l s for f o o d and space , bu t 
the ma in th rea t is t he ex t inc t ion of i nd igenous un ion ids t h rough e p i z o o t i c co l on i za t i on (Baker 
and Hornbach , 1997) . The negat ive impac t s of zebra musse l s go b e y o n d ecosys t ems , they 
a lso cause a huge a m o u n t of d a m a g e by co lon i z i ng h u m a n s t ruc tures , wh i ch creates p rob l ems 
for var ious h u m a n s act iv i t ies (e.g., wa te r supply, p ipes of hydroe lec t r i c and nuc lear p o w e r 
p lants , pub l i c wa te r supp ly p lants , indust r ia l fac i l i t ies and fou l i ng on the boa t s ) . Birds can 
t r anspo r t zebra musse l larvae, bu t they are a lso f requent l y re loca ted by f i sh ing boa t s (Banha 
et al., 2 0 1 6 ) . 

A n o t h e r highly invasive bivalve spec ies in aquat i c hab i ta ts is t he Asian clam Corbicula 
fluminea O. F. Müller, 1774 (Caffrey et al., 2 0 1 1 ; Lucy et al., 2 0 1 2 ; Ba rbour et al., 2013 ) (Table 
4) . As i an c lam invas ion success and d i spe rs ion rel ies more on its life h is tory t ra i ts (e.g., 
rapid g row th , fas t sexua l ma tu ra t i on , h igh fecundi ty , sho r t life span and extens ive d ispersa l 
capac i t ies w i th t h e help of h u m a n act iv i t ies ) t h a n on its phys io log i ca l to le rance ( M c M a h o n , 
2 0 0 2 ) . Rev is ions of several s tud ies s h o w e d tha t the invas ion of the As ian c lam has negat ive ly 
impac ted nat ive bivalve a b u n d a n c e and divers i ty in European and Nor th Amer i can f reshwater 
e cosy s t ems (Araujo et al., 1993 ; Strayer, 1999 ; M c M a h o n , 2 0 0 2 ) . W i t h its high bu r row ing and 
b io tu rba t i on activity, w h e n abundan t , it may d isp lace and reduce avai lable hab i ta ts for juveni le 
un ion ids and sphar i ids (Vaughn and Hakenkamp, 2 0 0 1 ) . Addi t iona l ly , its s u s p e n s i o n and 
depos i t- feed ing s t ra tegy may a lso negat ive ly impac t un ion id juveni le r ec ru i tment (Hakenkamp 
and Palmer, 1999) . Fur thermore , its dense popu l a t i ons can inges t large numbe r s of un ion id 
spe rm , g loch id i a and newly m e t a m o r p h o s e d juveni les (Strayer, 1999) . It can c o m p e t e for f o o d 
resources w i th sphaer i ids and juveni le un ion ids s ince they have h igher f i l t ra t ion rates on a 
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per b i o m a s s bas is t han sphaer i ids and un ion ids and consequen t l y have the po ten t i a l to l imit 
p l ank ton i c f o o d avai lable t o nat ive bivalves ( M c M a h o n , 1991) . Negat i ve impac t s f rom the 
As ian c lam inc lude b io fou l i ng wa te r channe ls and raw wate r s y s t ems of fac tor ies and p o w e r 
s ta t ions as wel l as c reat ing p rob l ems for sand compan i e s . Moreover , th is invasive spec ies can 
be a vec to r for new paras i tes and d isease into the invaded e cosy s t em and can b ioaccumu la t e 
and b iomagn i f y con t am inan t s (Sousa et al., 2 0 0 8 ) . 

The Chinese pond mussel Sinanodonta woodiana Lea, 1834 is a large-sized representa t i ve 
of t h e Un ion idae fami ly and is an invader w i t h a c o m p l e x life cycle t ha t is p resen t in the 
f l ow ing and s t and ing wate rs of m o s t of Europe and Nor th Amer i c a (Beran, 2 0 0 8 ; Bogan et al., 
2011 ) (Table 4) . It is be l i eved tha t t h e pr imary pa thway of t he i n t r oduc t i on of Ch inese p o n d 
musse l t o Europe was acc identa l l y a l ongs ide i n t roduced As ian f ish spec ies of carp; si lver carp 
Hypophthalmichthys moZztrix Va lenc iennes , 1844 ; b ighead carp Hypophthalmichthys nobilis 
Richardson, 1845 ; and grass carp Ctenopharyngodon ideiia Va lenc iennes , 1844 . The Ch inese 
p o n d musse l is k n o w n to ser ious ly th rea ten the nat ive p o p u l a t i o n of bivalves f rom t h e fami ly 
Un ion idae as a direct c o m p e t i t o r for f o o d and space w i t h nat ive spec ies , wh i l e ano the r 
impo r t an t fac tor is c o m p e t i t i o n for f ish hos t s (Fabbri and Landi , 1991) as the larvae of th is 
spec ies deve lop on the gil ls and f ins of f i sh . It is d e m o n s t r a t e d tha t t h e Ch inese p o n d musse l 
is able t o reduce s e s ton loads to levels t ha t are comparab l e t o nat ive f reshwate r musse l 
spec ies , w i t h o u t de tec t ab l e changes in its f i l t ra t ion reg ime (Douda and Cadkova , 2 0 1 8 ) . 

Table 4. Examples of invasive bivalve species selected based on scientific literature and databases, their 
native and invasive ranges, main pathways of introduction, and references. 

TAXON NATIVE RANGE INVASIVE RANGE MAIN PATHWAYS REFERENCES 

Corbicula Native to As ia Europe, USA Escape f r om (DAISIE, 2 0 1 8 ; 
fluminalis aquacu l ture , EASIN, 2018 ) 

O. F. Müller, 1774 sh ipp ing 

Corbicula fluminea Sou the rn and Nor th Amer i ca , Escape f r om (DAISIE, 2 0 1 8 ; 
O. F. Müller, 1774 eastern As ia Sou th Amer i ca , aquacu l tu re EASIN, 2018 ) 

Go lden f reshwate r (eastern Russ ia , Europe sh ipp ing re lease 
ca lm Thai land, Ph i l ipp ines , as aqua r ium 

China , Taiwan, Korea, spec ies 
and Japan), Aust ra l ia , 
and Afr ica 

Dreissena Drainage bas ins of Europe, Nor th C o n t a m i n a n t (DAISIE, 2 0 1 8 ; 
polymorpha the Black, Casp ian , Amer i ca , As ia in aquacul ture- EASIN, 2018 ) 
Pallas, 1771 and Aral Seas in land canals , 

Zebra musse l sh ipp ing 

Dreissena es tuar ine reg ion Europe, USA Sh ipp ing (DAISIE, 2 0 1 8 ; 
rostriformis of t he rivers the EASIN, 2 0 1 8 ; 

Deshayes , 1838 Dn ieper and CABI, 2019 ) 
Q u a g g a musse l Sou the rn Bug 

Sinanodonta East As ian un ion id Es tab l i shed Trade o f (DAISIE, 2 0 1 8 ; 
woodiana musse l f r om the w o r l d w i d e c o n t a m i n a t e d EASIN, 2018 ) 
Lea, 1834 A m u r River and c o m m o d i t i e s , 

Ch inese p o n d Yangtze rivers aquacu l tu re 
musse l release, 

i n t roduc t i ons 

However, no ta rget spec ies is i nc luded in the present Ph.D. thes i s . The use of zebra musse l 
and As ian c lam was p lanned for expe r imen t s dur ing t h e in ternsh ip in Por tuga l . However, t he 
in ternsh ip had been cance l led due to pro tec t i ve measures aga ins t t h e g loba l p a n d e m i c SARS-
CoV-2. 
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2.5. Other important aquatic invasive species in Europe 

Table 5. Examples of other important aquatic invasive species selected based on scientific literature 
and databases, native and invasive ranges, main pathways of introduction, and references. 

TAXON NATIVE RANGE INVASIVE RANGE MAIN PATHWAYS REFERENCES 

Amphibalanus 
improvisus 

Darwin , 1854 
Bay barnac le 

Nor th Amer i c a 
A t l an t i c coas t 

A t l an t i c coas t of 
Europe, Balt ic, and 
the Black Sea 

Hull f ou l i ng , 
f i sher ies , t rade, 
ba l last waters 

(DAISIE, 2 0 0 9 ; 
Hänfling et al., 
2011 ) 

Argulus japonicus 
Thiele, 1 9 0 0 

Japanese f ish louse 

East As ia W o r l d w i d e Fisher ies and t rade 
- acc identa l 

(USGS, 2 0 0 5 ; 
DAISIE, 2 0 0 9 ; 
Hänfling et al., 
2011 ) 

Atyaephyra 
desmaresti 
Mil le t , 1831 

Freshwater sh r imp 

Sou the rn 
Europe 

Central Europe Canal (Brink and Velde, 
1985 ; Hänfling et 
al., 2011 ) 

Eriocheir sinensis 
H. Mi lne-Edwards, 

1853 
Ch inese m i t t en crab 

China Europe, Nor th 
Amer i ca 

Bal last wa te r (Hänfling et al., 
2011 ) 

Hemimysis anomala 
G.O.Sars, 1907 

Bloody-red mys id 

Ponto-Caspian 
bas in 

Balt ic and the 
Nor th Sea 
dra inages 

Cana l , ba l last wa te r (Bij de Vaate et 
al., 2 0 0 2 ; USGS, 
2 0 0 5 ; Füreder 
and Pöckl, 2 0 0 7 ; 
DAISIE, 2 0 0 9 ) 

Jaerea istri 
Veui l le , 1978 

Ponto-Caspian 
bas in 

Nor th Sea 
dra inages 

Canal (Bij de Vaate et 
al., 2 0 0 2 ; DAISIE, 
2 0 0 9 ; G rabowsk i 
and Szlauer-
t u k a s z e w s k a , 
2012 ) 

Lymnosis benedeni 
Czerniavsky, 1882 

Ponto-Caspian 
bas in 

Bal t ic and the 
No r th Sea 
dra inages 

Intent ional , canal (Bij de Vaate et 
al., 2 0 0 2 ; DAISIE, 
2009 ) 

Pomacea 
canaliculata 

Lamarck, 1819 
Go lden app le snai l 

Sou th Amer i c a Spain Escape, 
aqua r ium release 

(Nen tw ig et al., 
2018 ) 

Potamopyrgus 
antipodarum 

Gray, 1843 
New Ze l and m u d 

snai l 

N e w Zea l and Europe A q u a r i u m release (Ha labowsk i et 
al., 2 0 2 0 ) 

Salvinia molesta 
D. M i t ch - aqua t i c 

m o s s 

Brazil Spa in , 
Ne the r l ands , 
Great Britain 

A q u a r i u m release (Luque et al . , 
2014 ) 

Trachemys scripta 
elegans 

Wied-Neuw ied , 1839 
Red eared s l ider 

No r th Amer i ca , 
F lor ida 

Europe A q u a r i u m release ( IUCNGISD, 2021 ) 
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3. Monitoring and management of freshwater invaders 

Prevent ing the arrival of AIS is a major pr ior i ty in manag ing b io log ica l invas ions . The 
c o m b i n a t i o n of mu l t ip l e invaded e cosy s t ems and high eco log ica l and e c o n o m i c cos t s has led 
to the d e v e l o p m e n t of na t iona l and in te rnat iona l t eams , projects , da tabases , and app l i ca t ions 
w i th a spec ia l in terest in the m o n i t o r i n g of aqua t i c invaders and the i r m a n a g e m e n t . LIFE 
program f inanced projects dea l ing w i th the cont ro l and erad ica t ion of AIS f rom 1992 and 
f rom 1992 to 2 0 0 2 in t ha t t i m e more t han 1 0 0 projects we re f o u n d e d . Three major AIS 
da tabases w ide l y used by t h e researchers and po l i cymakers are the lUCN 's G loba l Invasive 
Spec ies Da tabase (IUCNGISD, 2021 ) con ta in ing i n fo rma t i on on 2,413 a l ien invasive spec ies , 
DAISIE (European Invasive A l ien Spec ies Gateway, ht tp ://www.europe-a l iens .org/ ) and EASIN 
(European Al ien Spec ies In format ion Ne twork , ht tps ://eas in . j rc .ec .europa.eu/) . A s tudy by 
Saul et a l . (2017) a s s e s s e d the in tegra t ion of avai lable pa thway i n fo rma t ion f r om di f ferent 
da tabases into a s ingle da ta repos i to ry and ana lyzed it to s u p p o r t count r i es and ins t i tu t ions 
in order to m e e t major ta rgets in env i ronmenta l pol icy. The s tandard pa thway ca tegor i za t i on 
s c h e m e was recent ly a d o p t e d by t h e C o n v e n t i o n on B io log ica l Divers i ty (Aichi B iod ivers i ty 
Target 9) . The c o m b i n e d da ta set inc ludes pa thway i n fo rma t i on for 8 ,323 spec ies across major 
t a x o n o m i c g roups (plants, ver tebrates , inver tebrates , a lgae, fung i , etc.) and env i ronments 
( terrestr ia l , f reshwater , and mar ine) (see Saul et al., 2017 ) . 

A n examp le of pro jects the "AQUAINVAD-ED" t ha t inc luded exper t s in invas ion bio logy, 
eco logy and b i o t e c h n o l o g y tha t a imed at f i l l ing t h e current k n o w l e d g e gaps by us ing nove l 
mo lecu la r t e chn iques c o m b i n e d w i th t h e p o w e r of da ta sourc ing (c i t izen sc ience) t o deve lop 
innovat ive m e t h o d s for early de t e c t i on , cont ro l and m a n a g e m e n t of AIS (AQUAINVAD-ED, 
2 0 1 7 ; Tricarico et al., 2 0 1 7 ; Haubrock , 2 0 1 8 ) . The Env i ronmenta l Impact C lass i f i ca t ion of 
A l ien Taxa (EICAT) sys temat i ca l l y summar i s e s and compares t h e de t r imen ta l impac t s t ha t 
al ien spec ies have on nat ive b io ta , bu t only compa res a l ien spec ies based on the i r h ighes t 
impac t m a g n i t u d e s (Volery et al., 2021 ) , s h o w i n g negat ive or pos i t i ve env i ronmenta l impac ts 
(Vimercat i et al., 2 0 2 0 ) . The project "MoBI-aqua - cross-border m o n i t o r i n g of b io log ica l 
invas ions fo r conse rva t i on of nat ive aqua t i c b iod ive rs i t y " shou ld a lso be m e n t i o n e d because 
the resul ts p r e sen ted in th is thes i s are par t of t ha t project , Ge rman - Czech c o o p e r a t i o n on 
the m o n i t o r i n g of invasive spec ies . This project has deve l oped a spec i f ic a c t i on plan for the 
reg ion as we l l as a pub l i c mob i l e app l i ca t ion to encourage the invo l vement of c i t izens (MoBI 
aqua, 2021 ) . 

The a ims of t h e above-ment ioned projects are to educa te m e m b e r s of t h e publ ic , specif ical ly, 
owners of a l ien spec ies (hobby is ts , suppl ie rs , t raders ) , as an escape or in ten t iona l re lease 
can cause p rob lems , and f i she rmen for potent ia l l y sp read ing invaders by in ten t iona l f ish 
s tock ing , and t r anspo r t as c o n t a m i n a n t s on the i r e q u i p m e n t . Increasing pub l i c awareness and 
the direct i nvo l vement of t h e pub l i c into b iod ivers i t y conse rva t i on are ex t reme ly i m p o r t a n t 
for p revent ing invas ions in the fu ture (Burič et al., 2 0 2 0 b ) . P rob l ems w i th invasive spec ies 
shou ld be c o m m u n i c a t e d t h r o u g h in format i ve campa igns f rom aquar i s ts to t h e publ ic , as 
current k n o w l e d g e on the inc idence and c o n s e q u e n c e s of b io invas ions is poor. For example , 
Scheers et a l . (2021) p r o p o s e d a crayfish surve i l lance sys tem us ing a c o m b i n a t i o n of act ive 
surve i l lance f rom sys temat i c surveys by regional publ ic au thor i t i e s or sc ient i f ic i ns t i tu t ions 
and pass ive m a n a g e m e n t us ing c i t i zen sc ience w i th local managers , anglers, natura l is ts , and 
aquat i c spec ies en thus i as t s . 
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4. Objectives of Ph.D. Thesis 

The expe r imen ta l w o r k in th is thes i s cons i s t s of f ie ld s tud ies (mon i to r i ng of popu l a t i ons 
and sampl ing ) as wel l as labora tory w o r k (eco log ica l s tud ies and the in terac t ions of d i f ferent 
spec ies ) . The main focus is on t h e c o m p a r i s o n of d i f ferent invasive aqua t i c o rgan isms , the i r 
eco log ica l character is t ics and the i r in te rac t ions . These spec ies were f o u n d co-exist ing in several 
m o n i t o r e d loca l i t ies a l ong t h e Elbe River and its t r ibutar ies dur ing hab i ta t and b iod ivers i ty 
sc reen ing f rom the project "MoBI-aqua - cross-border m o n i t o r i n g of b io log ica l invas ions for 
conse rva t i on of nat ive aqua t i c b iod ive rs i t y " a resul t o f cross-border c o o p e r a t i o n b e t w e e n 
the Inst i tute of Hydrob io logy - Technical Univers i ty of Dresden and t h e Faculty of F isher ies 
and P ro tec t ion of Waters f r om 2 0 1 7 - 2 0 2 0 . The init ial p lan was to inc lude s tud ies on 1) food 
intake and evacuation rate in killer shrimp, 2) exp lo r ing the in te rac t ions of ki l ler sh r imp and 
the early d e v e l o p m e n t a l s tages of crayf ish, 3) observe the ethological interactions of bivalves 
and crayfish, 4) l o o k i n g at bas ic pa t te rns of in terac t ions of round g o b y and crayf ish, 5) t o 
compa re t h e space usage and bas ic behav io r of t he round g o b y and the European bu l lhead , 
and to s tudy 6) round goby and European bullhead interactions. The object ives 1), 3) and 6) 
marked by ital ics are un fo r tuna te l y no t p resen ted in th is thes i s , main ly due to measures f rom 
the p a n d e m i c covid-19 [SARS-CoV-2], (1 and 3) caus ing the cance la t ion of ab road in ternsh ips 
in Por tuga l (bivalve - crayfish in teract ions ) and creat ing di f f icul t ies w i th samp le ex t rac t ion and 
analysis in TU Dresden , Ge rmany ( food in take of ki l ler sh r imp) . The w o r k on t h e last object ive 
(6) was a lso de layed (again in co-operat ion w i t h TU Dresden) and is n o w be ing prepared for 
pub l i ca t ion (a manusc r i p t wi l l be ready in t h e u p c o m i n g m o n t h s ) . 

The rest of t h e object ives (2 and 4) was hence f o c u s e d on kil ler shr imp, marb led and s ignal 
crayf ish, and round goby. The ma in a im was to obse rve h o w the a f o r e m e n t i o n e d aqua t i c 
invaders interact and h o w they in f luence each o the r w h e n they co-exist. A n o t h e r object ive 
(5) was to exp lore t h e di f ferences in space usage, wa te r f l ow preference or to le rance and the 
basic behav io r of t he invasive round g o b y and the nat ive Eu ropean bu l lhead . 

Here, t he three object ives (2, 4 and 5) are p resen ted as i n d e p e n d e n t chapters . The ef fect 
of ki l ler sh r imp on the early deve l opmen ta l s tages of crayfish and the effect of crayfish on 
kil ler sh r imp is desc r ibed in chapter 2, t h e in te rac t ions b e t w e e n t h e round g o b y and crayfish 
are desc r i bed in chapter 3 and the behav iora l d i f ferences b e t w e e n the round g o b y and the 
European bu l lhead are desc r ibed in chapte r 4. 
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Abstract 
Freshwater ecosystems worldwide are facing the establishment of non-native species, which, in certain cases, exhibit inva
sive characteristics. The impacts of invaders on native communities are often detrimental, yet, the number and spread of 
non-native invasive species is increasing. This is resulting in novel and often unexpected combinations of non-native and 
native species in natural communities. While the impact of invaders on native species is increasingly well-documented, the 
interactions of non-native invaders with other non-native invaders are less studied. We assessed the potential of an invasive 
amphipod, the killer shrimp Dikerogammarus villosus (Sowinsky, 1894), to cope with other established invaders in European 
waters: North American crayfish of the Astacidae family—represented by signal crayfish Pacifastacus leniusculus (Dana, 
1852), and the Cambaridae family—represented by marbled crayfish Procambarus virginalis Lyko, 2017. The main goal of 
this study was to investigate if killer shrimp, besides their role as prey of crayfish, can significantly influence their stocks by 
predating upon their eggs, hatchlings and free-moving early juveniles. Our results confirmed that killer shrimp can predate 
on crayfish eggs and hatchlings even directly from females abdomens where they are incubated and protected. As marbled 
crayfish have smaller and thinner egg shells as well as smaller juveniles than signal crayfish, they were more predated upon 
by killer shrimp than were signal crayfish. These results confirmed that the invasive killer shrimp can feed on different 
developmental stages of larger freshwater crustaceans and possibly other aquatic organisms. 

Keywords Freshwater • Crustacea • Amphipod • Invasive species • Interaction • Predation 

Introduction 

Crustaceans play an important role as prey and consumers 
in aquatic ecosystems, transferring energy from lower to 
higher trophic levels. However they are also very successful 
invaders and the increased introduction, establishment and 
dispersal of non-native crustaceans in Europe has the poten
tial to wreak havoc on freshwater foodwebs (Strayer 2010; 
Hänfling et al. 2011). They play an irreplaceable role in food 
chains, both as prey and as consumers transferring energy 
from lower to higher trophic levels (MacNeil et al. 1997; 
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Dorn and Wojdak 2004; Vainola et al. 2008; Lodge et al. 
2012). In Europe, there are many native species of freshwa
ter crustaceans, but the last decades have seen the increased 
introduction, establishment and dispersal of non-native crus
tacean species (Gherardi 2007). Many of these alien species 
have become invasive pests, even more frequently than usu
ally hypothesised (Jeschke and Strayer 2005; Jeschke 2008), 
and their occurrence threatens native biota (Ricciardi et al. 
2017; Jeschke and Heger 2018). 

Freshwater ecosystems, especially large rivers, are 
increasingly subject to multiple invasions where several 
groups of invasive alien species (IAS) occur simultaneously 
in space and time (Gebauer et al. 2018). They compete for 
space, food, predate on natives and can sometimes transmit 
diseases and parasites (Ricciardi et al. 2011; Jeschke and 
Heger 2018). Increased spread of IAS in European waters 
results not only in contact and competition among native and 
non-native invasive species, but also among invaders from 
different biogeographic regions (Ricciardi et al. 2011). In 
addition, the presence of invasive species in an ecosystem 
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can facilitate invasion by other species (invasional meltdown 
hypothesis), and increase the likelihood of their survival and 
negative ecological impacts (Simberloff 2006). Their effects 
on ecosystems can be divergent but simultaneously additive 
or even multiple. One way or another, IAS can inhibit, dis
place or even eradicate each other (Ricciardi and Atkinson 
2004). 

Decapods and amphipods are particularly successful 
and diverse orders of crustaceans, especially the non-native 
representatives of these groups in Europe (Gherardi 2007; 
Hänfling et al. 2011). Crayfish are the most abundant deca
pod invaders in European freshwaters, with at least eleven 
non-native species (Kouba et al. 2014; Weiperth et al. 2017). 
The vast majority of these species are classed as invasive, 
especially those originating from North America (Holdich 
et al. 2009; Kouba et al. 2014). They are characterized by 
the ability to withstand extreme conditions (Haubrock et al. 
2019; Veselý et al. 2015), high fecundity, aggressiveness, 
activity, fast maturation, high population densities and/or 
the ability to transmit diseases deadly to native crayfish 
(Buřič et al. 2013; Kotovska et al. 2016; Svoboda et al. 2017; 
Vodovsky et al. 2017). In amphipods, species originating 
from the Ponto-Caspian basin are the most problematic IAS 
of the main river catchments across Europe (Bij de Vaate 
et al. 2002). In general, species of the genus Dikerogam-
marus, with the flag bearer species D. villosus (Sowinsky, 
1894) known as the killer shrimp, are the most reported 
invasive amphipods in European freshwaters (Bij de Vaate 
et al. 2002; Pöckl 2009; Rewicz et al. 2014). Killer shrimp is 
a voracious predator, preying on a wide spectrum of benthic 
macroinvertebrates including insect larvae, leeches, isopods, 
other amphipods, and juvenile crayfish (Krisp and Maier 
2005; Buřič et al. 2009; Boets et al. 2010; Rewicz et al. 
2014). Predation on fish eggs is also reported (Taylor and 
Dunn 2017). Moreover, killer shrimp have been observed 
injuring or even killing other macroinvertebrates without 
consuming them, which illustrates their aggressive nature 
and potential impact on prey populations (Dick and Platvoet 
2000). 

Killer shrimp often co-exist and interact with several 
invasive crayfish species, e.g. the signal crayfish Pacifasta-
cus leniusculus (Dana, 1852) and the spiny-cheek crayfish 
Faxonius limosus (Rafinesque, 1817), representatives of the 
families Astacidae and Cambaridae (Gherardi 2007). Killer 
shrimp have been observed predating on early independent 
crayfish juveniles (Buřič et al. 2009), but their impact on 
other life stages remains unclear. Thus in our present study, 
we hypothesized a negative impact of killer shrimp on dif
ferent developmental stages of crayfish (eggs, hatchlings, 
first independent stage of juveniles) even those actively pro
tected by mothers. Species in the family Astacidae, such 
as the signal crayfish and native European noble crayfish 
Astacus astacus (Linnaeus, 1758), typically have larger eggs 
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and early developmental stages (Kozak et al. 2009; Kouba 
et al. 2010), while species in Cambaridae, such as the clonal 
marbled crayfish Procambarus virginalis Lyko, 2017, are 
small bodied crayfish with smaller eggs and smaller juve
niles (Kouba et al. 2014; Patoka et al. 2016). This study will 
elucidate if small amphipods like killer shrimp can nega
tively affect populations of larger decapods (including both 
mentioned families) via predation on their actively protected 
early developmental stages. 

Materials and methods 

Animals acquisition and maintenance 

Killer shrimp 

Killer shrimp adults were collected at the lower reaches of 
the Czech section of the River Elbe (coordinates: 50.655 N , 
14.043 E) from shallow rocky habitats in April 2015. Indi
viduals were hand collected by walking upstream and turn
ing over stones, shaking the bottom substrate and using hand 
nets to capture individuals escaping or carried by the water 
flow. Killer shrimps were transported in polyethylene bags 
with water to the experimental facility of the Research Insti
tute of Fish Culture and Hydrobiology (RIFCH) in Vodnany, 
where they were identified to species level using morpholog
ical characters (Eggers and Martens 2001) and acclimated 
to laboratory conditions before beginning the experiment. 
Killer shrimps were placed individually in 100 ml boxes 
half-filled with aged tap water. Water was exchanged daily 
and killer shrimps were fed once per day with one chirono-
mid larvae, except on the day prior to the start of the experi
ment. The mean body weight of killer shrimps used in the 
experiments is reported below. 

Marbled crayfish 

Marbled crayfish was used as a suitable model species 
comparable with other cambarids (Hossain et al. 2018) like 
spiny-cheek crayfish or calico crayfish Faxonius immunis 
(Hagen, 1870) which are known to co-occur with killer 
shrimp in European rivers. Marbled crayfish were obtained 
from our own experimental culture held at RIFCH. Females 
with attached eggs were selected from the culture stock and 
held individually to avoid interference by other crayfish. 
They were acclimated to laboratory conditions in 2500 ml 
plastic boxes with 2000 ml of aged tap water at 20 °C before 
the experiments. The temperature was maintained by storing 
the boxes in an adjustable temperature incubator with 12 h 
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light and 12 h dark photoperiod. The females were used in 
four different ways: 

1. 38 females (carapace length, C L = 22.7 ± 4.0 mm, meas
ured from the tip of rostrum to the posterior edge of 
cephalothorax, weight = 4.3 ±2 .5 g) were stripped of 
eggs to estimate fecundity. Eggs were carefully stripped 
firstly from the 3rd pair of pleopods using entomological 
forceps and placed in a Petri dish with a small amount of 
water and counted. Then, the rest of attached eggs were 
stripped to another Petri dish with a small amount of 
water and counted. Data obtained were used in a regres
sion analysis to obtain an equation for linear regression 
to estimate total fecundity from eggs sampled from the 
3rd pair of pleopods (as recommended by Hossain et al. 
2019). 

The eggs were then used to test the ability of killer 
shrimp to destroy and eat marbled crayfish eggs (see 
below). The sample of 50 eggs was weighed using an 
analytical scale (Mettler, Toledo, USA) to the nearest 
0.1 mg to calculate average egg weight (2.4 mg). The 
rest of the eggs were terminated by hot water and dis
carded. 

2. 16 ovigerous females ( C L = 25.2 ± 4 . 3 mm, 
weight = 5.7 ± 3.6 g) were used to test the ability of killer 
shrimp to destroy and eat marbled crayfish eggs directly 
from the female's pleopods in spite of maternal care and 
protection. Prior to the experiment, all eggs from the 
3rd pair of pleopods were carefully stripped from each 
female using entomological forceps and counted to esti
mate initial total fecundity. 

3. 25 ovigerous females ( C L = 24.3 ± 3 . 9 mm, 
weight = 5.3 ±2.6 g) were incubated until hatched juve
niles reached the 3rd developmental stage (DS)—the 
stage of independence in cambarid crayfish (Andrews 
1907; Vogt et al. 2004). Juveniles were carefully 
detached using entomological forceps and then used to 
test the ability of killer shrimp to overpower and eat 
marbled crayfish early juveniles. The sample of 50 juve
niles was individually weighed using an analytical scale 
(Mettler, Toledo, USA) to the nearest 0.1 mg to calculate 
the average individual weight (3.9 ±0.6 mg). 

4. For the last experiment, 70 randomly selected 
mature marbled crayfish ( C L = 22.6 ± 2 . 8 mm, 
weight = 3.4 ± 1.3 g) were taken from our own culture 
and maintained in the same way as ovigerous females. 
These were used to assess marbled crayfish predation on 
mature killer shrimp individuals. 

Signal crayfish 

Signal crayfish were caught in April 2015 from the pond sys
tem near Velké Meziříčí (49.379 N , 16.082 E) using baited 
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traps. After transfer to the experimental facility of RIFCH, 
they were placed into flow through channels. Female cray
fish with attached eggs were sorted and held individually 
to avoid interference by other crayfish. These females were 
acclimated to laboratory conditions in 2500 ml plastic boxes 
with 2000 ml of tap aged water at 15 °C before the experi
ments. The temperature was maintained by storing the boxes 
in an adjustable temperature incubator with 12 h light and 
12 h dark photoperiod. The females were used in different 
ways: 

1. 22 females (CL = 39.9 ± 4.3 mm, weight = 21.0 ± 6.6 g) 
were used to estimate the correlation between egg 
count on the 3rd pair of pleopods and total fecundity. 
Eggs were stripped, weighed, counted and managed as 
described above for marbled crayfish. 

2. 16 ovigerous females ( C L = 40.0 ± 5 . 0 mm, 
weight = 20.8 ± 7 . 0 g) were used to test the ability of 
killer shrimp to destroy and eat signal crayfish hatch-
lings (juveniles in the 1st DS; Andrews 1907) directly 
from a female's pleopods in spite of maternal care and 
protection. Juveniles in the 1st DS were used because 
we observed low predation rates on signal crayfish eggs 
(see below). Prior to the experiment, all hatchlings from 
the 3rd pair of pleopods were carefully stripped from 
each female using entomological forceps and counted 
to estimate initial total fecundity. 

3. 18 ovigerous females ( C L = 41.5 ± 4 . 1 mm, 
weight = 23.3 ±6 .3 g) were incubated till hatched juve
niles reached the 2nd DS—the stage of independence in 
astacid crayfish (Andrews 1907). Juveniles were care
fully detached using entomological forceps and then 
used to testing of killer shrimp ability to overpower and 
eat signal crayfish early juveniles (see below an experi
mental set-up part). The sample of 50 juveniles in the 
2nd DS was individually weighed using an analytical 
scale (Mettler, Toledo, USA) to the nearest 0.1 mg to 
count the average individual weight (22.5 ±2.9 mg). 

4. For the last experiment, 70 randomly selected 
young mature signal crayfish (sex ratio 1:1, 
C L = 30.5 ± 2 . 7 mm, weight = 8.1 ± 2.2 g) from the 
same source as females above were used for predation on 
mature killer shrimp individuals (see below an experi
mental set-up part). 

Experimental set-up 

Killer shrimp as predators of unprotected crayfish eggs 

The feeding rates of killer shrimp (mean individual weight 
65.5±28.1 mg and 62 .2± 19.2 mg in signal and marbled 
crayfish experiments, respectively) were quantified by using 
seven egg densities (1, 3, 6, 10, 15, 20 and 25 eggs per 
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experimental arena) with 8 replicates per each egg density 
and species. The experimental temperature was set at 15 and 
20 °C for signal and marbled crayfish, respectively. 15 °C 
corresponds to the temperature at which signal crayfish can 
develop and hatch and 20 °C corresponds to the suitable 
temperature for marbled crayfish reproduction and the cul
ture conditions of the experimental stock. The experiments 
were conducted in a Velp Scientifica-FOC 215e incubator 
with the light regime 12 h of light and 12 h of darkness. 
Boxes of 500 ml volume (bottom area 7.5 X 6 cm, 300 ml of 
aged tap water) were used as experimental arenas. Stripped 
eggs were introduced in the experimental arenas 1 h before 
the experiment. One individual killer shrimp was then 
introduced to each arena. Each killer shrimp was starved 
for 24 h prior to the experiment to standardize hunger level. 
The number of remaining undamaged and damaged eggs 
(chopped) in each arena was recorded after 24 h. In the case 
of eggs, no control stock without killer shrimp was made, 
because of the inactive nature of eggs. 

We distinguished between eaten eggs (Ay, and damaged 
(chopped) eggs. We then analysed the effects of prey density 
and prey size (species). For prey species, a logistic regres
sion between initial prey density (N0) and the proportion of 
prey eaten (NJNQ) was computed to identify the shape of the 
functional response: 

Nn 

exp(P 0 + P 1Ar 0 + P 2A£ + P3Ar 

1 + exp (P 0 + + P2N2

0 + P3N3

Q) 
(1) 

where PQ, P, , P 2 , and P 3 are the intercept, linear, quadratic, 
and cubic coefficients, respectively, estimated by the maxi
mum likelihood (Juliano 2001). If P1 <0, the proportion of 
prey killed declines monotonically with the initial density 
of prey, matching a type II functional response. If P, > 0 
and P 2 < 0, the proportion of prey killed is a unimodal func
tion of prey density, corresponding to a type III functional 
response (Juliano 2001). When our results indicated type 
II functional response we estimated functional response 
parameters using the type II Rogers random predator equa
tion (Rogers 1972) that accounts for prey depletion during 
the experiment: 

Nc =  No( l~ e X P -KNe))) (2) 

where Ne is number of prey eaten, NQ is initial prey density 
per litre, a is the consumer attack rate (a, L.day - 1), h is the 
consumer handling time (h, day.prey-1) and / is the duration 
of experiment in days. Before fitting the Rogers model to 
our experimental data, we used Lambert W function to solve 
Eq. 2 for (for further details see Bolker 2008). 

N=Nn 

w(ahN0e-<<-hN<>)^ 

ah 
(3) 

We then tested whether the attack rate and handling time 
of each predator was influenced either by type of prey or 
predator species by comparing the overlap in the 95% con
fidence intervals (CI) of the parameter estimated values. We 
assumed differences among treatment to be significant if CI 
of the parameter estimates did not overlap (Sentis et al. 2012, 
2013). We calculated 95% CI using the standard errors for 
the estimates of each model parameter. 

To determine the maximal number and biomass of eggs 
that killer shrimp are able to destroy or consume, we used 
the results from the three highest egg densities (15, 20, 25 
eggs per arena), at which killer shrimp never killed or ate 
all the available prey. We calculated the average number of 
eaten prey, attacked prey (including eaten and attacked but 
not eaten prey together) and the biomass of prey eaten and 
expressed it as the percentage of individual predator body 
weight. 

Killer shrimp as predators of juvenile crayfish 

Functional response of ki l ler shrimp (weight of 
80.8 ± 31.4 mg and 87.1 ± 31.0 used for signal and marbled 
crayfish respectively) was quantified by measuring their 
feeding rate at seven densities of independent crayfish juve
niles (1, 3, 6, 10, 15, 20 and 25 juveniles per experimental 
arena) for each crayfish species. As in the egg experiment, 
two experimental temperatures were used (15 and 20 °C) in 
accordance with the conditions experienced in the terminal 
stages of egg incubation and postembryonal development. 
Stripped independent juveniles (in the 2nd and 3rd develop
mental stage for signal and marbled crayfish, respectively) 
were introduced to the experimental arenas one hour prior 
to predators. After this acclimation period, killer shrimps 
were released into the arenas. The number of remaining 
prey and dead prey in each arena was recorded after 24 h. 
Nine and eight replicates were made for signal and marbled 
crayfish juveniles. In addition, replicates without consumers 
(five and three for signal and marbled crayfish, respectively) 
were conducted at each prey density to control for potential 
"natural" mortality of prey. We then used the same models 
as described above for crayfish eggs. 

To determine the maximal number and biomass of juve
niles that killer shrimp are able to destroy or consume, we 
again used the results from the three highest densities (15, 
20, 25 per arena) at which killer shrimp never killed or ate 
all the available prey. We calculated the average number of 
eaten prey, attacked prey (including eaten and attacked but 
not eaten prey together) and the biomass of prey eaten and 
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expressed it as the percentage of individual predator body 
weight. 

Killer shrimp vs. ovigerous crayfish 

In total, 14 carrying females were tested per crayfish species. 
For marbled crayfish we used ovigerous females, while in 
signal crayfish we used females carrying 1st DS juveniles 
(Andrews 1907) since we found low predation of signal 
crayfish eggs in the previous set-up. As before, experiments 
were run at 15 and 20 °C for signal and marbled crayfish 
respectively, maintained by a Velp Scientifica-FOC 215e 
incubator with a regime of 12 h of light and 12 h of darkness. 
Boxes with a volume of 2500 ml (bottom 25.4 x 17.3 cm, 
bottom area 0.044 m 2 , 2000 ml of aged tap water) with a 
shelter (halved ceramic plant pot) and gravel substrate were 
used as experimental arenas. 

Before stocking the experimental arenas, all eggs/juve
niles were stripped from the females' 3rd pair of pleopods 
and counted to estimate the initial total fecundity (see 
above) in both control and amphipod-exposed females. 
Seven females from each species were individually placed 
in arenas together with a stock of killer shrimps and, as a 
control, seven females were placed in arenas without killer 
shrimps. Killer shrimp stock consisted of 16 animals per 
arena (weight of 76.8 ±32 .4 mg and 81.5 ±26.7 mg used 
for signal and marbled crayfish, respectively), equivalent 
to a density of ~ 360 individuals per m 2 . This corresponds 
with densities of killer shrimp found in natural conditions 
(e.g. MacNeil et al. 2010) but is much less than the high
est recorded densities: 4000-10,000 individuals per square 
meter (Van Riel et al. 2006; Gallardo et al. 2012). 

Experimental arenas were then placed in the incubators 
for 72 h. After this period all females were removed and all 
eggs/juveniles were gently stripped from their pleopods and 
counted. The remaining killer shrimps in the experimental 
arena were also counted. The estimated initial fecundity was 
then compared with actual counts in control and amphipod-
exposed females. 

Crayfish as predators of killer shrimps 

Functional response of mature crayfish (both signal and mar
bled crayfish) was quantified by measuring their feeding rate 
at seven densities of mature killer shrimps (1, 3, 6, 10, 15, 
20 and 25 killer shrimps per experimental arena). Individual 
killer shrimps had a mean weight of 95.4 ±26 .4 mg and 
91.3 ± 31.5 mg for signal and marbled crayfish experiments, 
respectively. To account for small differences in crayfish 
body weight, the predator pressure on prey is expressed as 
number of prey eaten per gram of predator. The experimen
tal temperature of 20 °C was used for both species, main
tained by Velp Scientifica-FOC 215e incubator with light 
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regime 12 h of light and 12 h of darkness. Killer shrimps 
were introduced to the experimental arenas one hour prior 
to consumers. After this acclimation period, crayfish were 
released into the arenas. The number of remaining prey and 
dead prey in each arena was recorded after 24 h. Eight rep
licates of each density were made for both signal and mar
bled crayfish. In addition, three replicates without consumers 
were conducted for each prey density to control for potential 
"natural" mortality of prey. We then modelled functional 
response as described above. 

To reveal the maximal numbers of prey and biomass 
which each crayfish species is able to destroy or eat, we 
used the results from the tests with the three highest densi
ties of killer shrimp (15, 20, 25 per arena), in which crayfish 
never killed or ate all prey offered. We calculated the aver
age number of eaten prey, attacked prey (including eaten 
and attacked but not eaten prey together) and the biomass 
of eaten prey and expressed it as a percentage of individual 
predator body weight. 

Statistical analyses 

The statistical analyses were conducted in R and Statistica 
13. Analysis of functional response of organisms and their 
parameters was performed in R (R Core Team 2016). To 
compare differences in estimated and observed fecundity 
in both control and amphipod-exposed carrying females we 
used paired t tests. A Mann Whitey non-parametric test was 
used to assess differences in estimated and observed fecun
dity between amphipod-exposed crayfish and the control 
group, and to test for differences in the relative biomass of 
prey eaten (relative to the individual predator biomass) by 
signal and marbled crayfish. For all the statistical test we 
used a = 0.05. 

Results 

Killer shrimp as predators of crayfish eggs 

Only 10 of 54 killer shrimps were able to open and con
sume the eggs of signal crayfish, i.e., only 18.5% of indi
viduals. These 10 killer shrimps were able to eat up to 2 eggs 
and damage 3 eggs (damaged uneaten eggs) at maximum, 
respectively. Damaged eggs were observed in all densities, 
eaten eggs only in densities 6, 10, 20, and 25. In all cases 
we observed the consumption of all egg-stalks, the connect
ing parts between the female pleopods and eggs. There was 
no relationship between prey density and number of prey 
eaten so the relationship was not investigated by functional 
response approach. 

Only one killer shrimp from 54 (i.e. 1.9%) did not dam
age and eat any marbled crayfish eggs (prey density 3). The 
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F i g . 1 Prey type dependent functional responses. Individual repli
cates (dots = eggs, triangles = juveniles) overlaid by prediction of 
the most parsimonious model (full and dashed line). Red = eggs, 
blue=juveniles 

maximum amount of eggs consumed and damaged was 5 
and 11, respectively. The smallest killer shrimp that suc
cessfully damaged and even consumed the egg was equal 
to the size of the smallest killer shrimp used (35 mg). The 
functional response curve corresponded to the Holling type 
II (PI =-4.03; SE=1.07; P<0.001) (Fig. 1). Calculated 
attack rate and handling time are presented in Fig. 2 and 
Table 1. Those values indicate the lower effort to find and 
attack immobile prey but its more difficult handling. 

At the three highest prey densities, the number of eaten 
marbled crayfish eggs and damaged eggs was significantly 
higher than that of signal crayfish (eaten eggs Z = -3.50, 
P< 10"3; damaged eggs Z = -5.82, P< 10"6). There was no 
difference in the relative biomass eaten between the two spe
cies. The average number of eaten prey, attacked prey and 
the prey eaten biomass expressed as the percentage of preda
tor body weight is shown in Table 2. 

Killer shrimp as predators of crayfish juveniles 

Only 13 of 63 killer shrimps were able to predate on signal 
crayfish independent juveniles (2nd DS), i.e. only 20.6% of 
individuals. We therefore did not find a significant relation
ship between prey density and number of prey eaten, and did 
not calculate functional response. These 13 killer shrimps 
were able to eat up to 3 juveniles and kil l 4 juveniles (killed 
and uneaten) at maximum, respectively. Eaten and/or killed 
juveniles were observed in all densities tested. The smallest 

juveniles 

T y p e o f p r e y 

F i g . 2 Comparison of kil ler shrimp (Dikerogammarus villosus) attack 
rates and handling times between marbled crayfish (Procambarus vir-
ginalis) eggs and juveniles. Data shown as mean ± 9 5 % confidence 
interval. Significant differences (revealed by comparing the overlap in 
the 95% confidence intervals (CI) of the parameter estimated values 
in accordance to Sentis et al. 2012, 2013) are marked by asterisk 

Table 1 Handling time (h) and attack rate (a) of kil ler shrimp Dikero
gammarus villosus preying on marbled crayfish (Procambarus virgin-
alls) juveniles and eggs. 

Estimate S E CI M i n M a x 

Marbled crayfish 

Eggs 

a 0.70 0.36 0.70 0.008 1.4 

h 0.40 0.09 0.17 0.23 0.58 

Juveniles 

a 4.26 1.26 2.49 1.78 6.74 

h 0.155 0.013 0.03 0.13 0.18 

Standard error of mean (SE), confidence interval (CI), minimal (Min) 
and maximal value (Max) 
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Table 2 The number of prey 
eaten, prey ki l led (attacked 
but not eaten), and the weight 
of prey eaten expressed as a 
percentage of predator biomass 
in different predator-prey 
set-ups 

Predator Prey Prey eaten Prey ki l led Biomass eaten (%) Predator Prey 

Mean Range Mean Range Mean Range 

D v - 1 5 °C Eggs-S 0 . 6 ± 0 . 8 b 0-2 1 . 0 ± l . l b 0-3 6 . 6 ± 1 0 . 0 a 0-32.3 

D v - 2 0 °C E g g s - M 2 . 2 ± 1 . 6 a 0-5 7 . 8 ± 1 . 7 a 3-11 9 . 4 ± 6 . 6 a 4.8-21.3 

D v - 1 5 °C Juv.-S 0 . 3 ± 0 . 7 b 0-3 0 . 6 ± 0 . 9 b 0-4 6 . 0 ± 1 2 . 9 b 0-45.2 

D v - 2 0 °C J u v . - M 6 . 3 ± 2 . 1 a 3-10 9 . 3 ± 2 . 3 a 4-13 2 7 . 2 ± 1 0 . 0 a 5.9-43.8 

S-20 °C Dv 4 . 7 ± 3 . 5 a 0-15 7 . 7 ± 5 . 1 b 0-21 6 . 1 ± 4 . 7 b 0-17.7 

M - 2 0 °C Dv 5.3 ± 2 . 5 " 1-12 1 3 . 1 ± 6 . 4 a 3-23 1 7 . 0 ± 7 . 9 a 1.9-33.4 

killer shrimp able to predate on signal crayfish independent 
juveniles weighed 47.7 mg. 

A l l killer shrimps were able to kil l and eat marbled cray
fish independent juveniles (3rd DS). The maximum number 
of juveniles consumed and killed was 10 and 13, respec
tively. The minimal size of the killer shrimp that successfully 
killed and consumed an independent marbled crayfish juve
nile was 38 mg (at the density 10), equal to the size of the 
smallest killer shrimp used. The functional response curve 
corresponded to the Holling type II (PI = — 3.71, SE = 0.77, 
P< 0.001) (Fig. 1). Calculated attack rate was significantly 
higher than on marbled crayfish eggs (P < 0.001) while han
dling time was significantly lower than on marbled crayfish 
eggs (see Fig. 2, Table 1). 

At the three highest prey densities, killer shrimp ate sig
nificantly more marbled crayfish juveniles than signal cray
fish juveniles (Z = - 6.00, P< 10"6), killed more juveniles 
(Z = — 6.03, P< 10~6) and consumed a greater biomass of 
marbled crayfish juveniles than signal crayfish juveniles 
(Z = — 4.79 P< 10~5). The average number of eaten prey, 
attacked prey and the biomass eaten expressed as the per
centage of predator body weight is shown in the Table 2. 

Killer shrimp (Dv; Dikerogammarus villosus), marbled 
crayfish (M; Procambarus virginalis), and signal crayfish (S; 
Pacifastacus leniusculus) were used as predators as well as 
prey. Juv.-crayfish juveniles in 2nd and 3rd developmental 
stage of signal (S) and marbled crayfish (M), respectively. 
Eggs-egg of signal (S) and marbled crayfish (M). Experi
ments were performed at 15 °C and 20 °C for signal and 
marbled crayfish eggs and juveniles respectively (prey densi
ties 15, 20, and 25 individuals), according to their tempera
ture specific incubation terminal phases 

Different superscripts indicate significant differences 
within experimental set-ups (a = 0.05). Data are presented 
as mean ± standard deviation 

Killer shrimp vs. ovigerous crayfish 

A highly significant linear relationship was found between 
the egg number on the 3 r d pair of pleopods and overall 
fecundity in both signal crayfish (y = 35.924 + 3.019x, 

(y = - 9.730 +3.43lx, R 2 = 0.937, P< 10"6). This linear 
relationship was used to estimate fecundity of control and 
amphipod-exposed females. Egg-carrying signal crayfish 
females stocked together with killer shrimp individuals 
had significantly lower final fecundity than estimated 
(f = 7.39, P< 10"3) while control females did not. The dif
ference between estimated and observed fecundity was 
significantly higher in amphipod-exposed females than in 
control ones (Z = 2.30, P = 0.021), on average 12.6% more 
juvenile losses than the control. While counting attached 
juveniles, some were found still attached to pleopods but 
missing substantial parts of their body (usually whole 
abdomen and part of the carapace). 

Similarly to signal crayfish, marbled crayfish females 
stocked together with killer shrimp individuals had signifi
cantly lower fecundity than estimated (t = 3.79, P = 0.009) 
while control females did not. The difference between 
estimated and observed fecundity was also significantly 
higher in amphipod-exposed females than in control ones 
(Z = 2.68, P = 0.007). It is in average 14.6% more juvenile 

Table 3 The fecundity estimated (E) and observed (O), and the aver
age difference (%) between estimated and observed values in carrying 
females of signal crayfish (S; Pacifastacus leniusculus) and marbled 
crayfish ( M ; Procambarus virginalis) when exposed to ki l ler shrimp 
(Dv; Dikerogammarus villosus) and without kil ler shrimp presence 
[control (C] 

Species Fecundity E Fecundity O Difference 
between E and 
0 ( % ) 

S 

C 1 3 3 . 4 ± 1 6 . 1 a 1 2 2 . 1 ± 2 3 . 7 a - 9 . 0 ± 9 . 5 A 

D v 1 5 1 . 0 ± 4 9 . 3 " 1 1 9 . 3 ± 4 2 . 0 b -21 .6±6 .6 B 

M 

C 1 8 6 . 3 ± 1 0 2 . 6 a 1 9 1 . 7 ± 106.2" 4 . 2 ± 7 . 9 A 

D v 1 8 3 . 4 ± 9 6 . 9 a 1 6 4 . 9 ± 9 5 . 5 b - 10.4±6.6B 

R 0.856, P < 10"°) and marbled c ray f i sh 

Significant differences (oc = 0.05) between estimated and observed 
values in particular rows are highlighted by lower case superscripts 
Significant difference in average differences between control and 
amphipod-exposed females in the last column are highlighted by 
upper case superscripts. Data are presented as mean ± standard devia
tion 
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losses compared to control. Estimated and observed fecun
dity and mean differences are presented in Table 3. 

During exposure time females were able to substan
tially reduce the number of killer shrimps. Signal and mar
bled crayfish females killed on average 53.6 ±38.0% and 
57.1 ± 6.7% of stocked killer shrimps, respectively. 

Crayfish as predators of killer shrimps 

Signal crayfish used in the experiments were significantly 
larger (t= 16.09, P< 10~6) and heavier (t= 14.04, P< 10~6) 
than marbled crayfish. Signal crayfish were able to eat 15 
(density 20) or ki l l 21 (density 25) killer shrimps (killed 
and uneaten) at maximum while marbled crayfish ate 12 
(density 20) and killed 23 (density 25) killer shrimps at 
maximum. Thus, a ratio between crayfish weight and prey 
eaten was applied to account for crayfish size. 

The functional response curve corresponded to the 
Holling type II for both signal crayfish (PI = - 4.99, 
SE= 1.73, P< 0.001) and marbled crayfish (PI = - 4.29, 
SE= 1.14, P< 0.001) (Fig. 3). Attack rate did not differ 
significantly between signal and marbled crayfish, while 
handling time was significantly lower in marbled crayfish 
than in signal crayfish (Fig. 4). 

At the three highest prey densities, the number of eaten 
killer shrimps did not significantly differ between signal 
crayfish and marbled crayfish, but the number of killed 

0)1.0 
£ 

Procornbarvs vifginalis Pacifastacus teniu&cutus 

Predator species 

i t 
- t -

F ig . 4 Comparison between attack rate and handling time of sig
nal crayfish (Pacifastacus leniusculus) (n = 56) and marbled crayfish 
(Procambarus virginalis) (n = 56) predating on kil ler shrimp (Dikero-
gammarus villosus). Data shown as mean ± 9 5 % confidence interval. 
Significant differences (revealed by comparing the overlap in the 95% 
confidence intervals (CI) of the parameter estimated values in accord
ance to Sentis et al. 2012, 2013) are marked by asterisk 

killer shrimps (i.e. eaten + killed and uneaten) was signifi
cantly higher in marbled crayfish (Z = - 3.09, P = 0.002), 
as well as the biomass eaten (Z = - 4.35 P< 10"*). The 
average number of eaten prey, attacked prey and the bio
mass eaten expressed as percentage of predator body 
weight is shown in Table 2. 

Discussion 

Prey density 

F ig . 3 Curves corresponding to Hol l ing type II calculated for density 
dependent functional responses from single-consumer (signal crayfish 
Pacifastacus leniusculus and marbled crayfish Procambarus virgin
alis) preying on killer shrimp (Dikerogammarus villosus). Individual 
replicates (dots) overlaid by prediction of the most parsimonious 
model (dashed line) 

As a result of multiple invasions, novel and often unex
pected species compositions are reported with many effects 
on native biodiversity. Except the strong effect on native 
species, non-native invaders can also have an impact on 
other non-native invaders. These interactions are still not 
well studied. Killer shrimp co-exist and interact in many 
European rivers with invasive crayfish species. In the present 
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study the example species included two invasive crayfish 
species: (1) signal crayfish representing family Astacidae 
and hence also partially European native crayfish potentially 
co-existing with killer shrimp, and (2) marbled crayfish 
representing family Cambaridae which differ from astac-
ids, among others, by the smaller size of eggs and inde
pendent juveniles (Kozák et al. 2015). Crayfish, no matter 
from which family are characterised by intensive brood care 
and further maternal care even in stages when juveniles are 
freely moving, fully developed and independent (Aquiloni 
and Gherardi 2008; Mathews 2011; Vogt 2013). 

During embryonal development crayfish clean the clutch 
and move by pleopods to prepare the best conditions for 
incubation. After hatching, the female's care continues dur
ing the stages of dependent juveniles—1st developmental 
stage in astacids and 1st and 2nd stage in cambarids (Vogt 
2013; Kozák et al. 2015). In the following stages, juveniles 
become independent, actively feeding and moving in the 
proximity of the mother, but still use the mother's abdomen 
as a safe port in danger (Aquiloni and Gherardi 2008; Kubec 
et al. 2019). Egg clutches and early juveniles therefore seem 
to be well protected, but are they protected when exposed to 
strong killer shrimp pressure? As it known, killer shrimp is 
able to predate on independent cambarid juveniles till 4th 
or even 5th developmental stage with a potential to reduce 
the crayfish offspring recruitment (Buřič et al. 2009) but can 
they predate on larger astacid juveniles or even predate on 
protected eggs and juveniles directly at the female's abdo
men? The present study elaborated the influence of killer 
shrimp on incubated egg clutches and juveniles from the 
theoretical (predation on detached eggs/juveniles without 
guarding females) as well as practical point of view when 
carrying females were faced with the group of killer shrimps 
at a realistic field density more than 20 times lower than 
maximal reported values (Van Riel et al. 2006; Gallardo 
etal. 2012). 

We found that killer shrimp can predate on both eggs 
and juveniles of both tested crayfish species, although the 
larger size of astacid eggs and juveniles as well as lower 
incubation temperature of eggs and thus lower metabolic 
activity of predators, may partially protect them. But the 
smaller sized cambarid eggs and first developmental stages 
were very good prey for killer shrimps, and were consumed 
in high quantities. The estimated attack rates and handling 
times indicated that killer shrimps are more efficient at (or 
prefer) catching juveniles than eggs. Also, shorter handling 
times indicate that they can consume more juveniles than 
eggs when their densities are not limited. Overall, it seems 
that killer shrimps feed more on juveniles than eggs which 
is a bit surprising. It may be that the nutritional quality of 
eggs is poor compared to juveniles, or killer shrimp may 
prefer moving prey. However, we suggest it is more likely 
that killer shrimps simply struggle to open the egg shell, 
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increasing the handling time. Moreover, crayfish juveniles 
are more common, so amphipods are more "experienced" in 
handling them throughout evolution, while crayfish eggs are 
something rare in the environment because of their attach
ment to mother during incubation. 

The biomass consumed by killer shrimp illustrates its 
high impact on invertebrate communities (Hellmann et al. 
2017). We confirmed that killer shrimp kil l more prey than 
they can eat (only 28% of and 68% of killed marbled cray
fish eggs and juveniles were also consumed) as described 
also Dick and Platvoet (2000). In real conditions, where the 
clutches of eggs/juveniles are actively guarded and cared 
by females (Vogt 2013) this rate could differ. We decided to 
use ovigerous females because the vast majority of the time 
when females carry a clutch (eggs and first developmental 
stages of juveniles) consists of egg incubation (Reynolds 
2002). But the limited ability of killer shrimp to open and eat 
big eggs of signal crayfish lead us to use females with fresh 
hatchlings i.e. juveniles in the 1 s t DS, to see a possible effect 
of killer shrimps on the carried clutch. Carrying females 
of both species guarded their clutches which resulted in 
more than a 50% decrease of killer shrimp quantity dur
ing the experiment. However, clutches were not guarded 
effectively because females lost a significant proportion of 
their offspring (12% of hatchlings in signal crayfish and 14% 
of eggs in marbled crayfish). In the case of signal crayfish, 
several halves of juveniles were observed among the surviv
ing juveniles, further confirming the destructive impact of 
killer shrimp on the clutch. The effect of crayfish cannibal
ism can be ruled out here, because crayfish in the 1st devel
opmental stage of crayfish do not feed yet (Reynolds 2002; 
Kozak et al. 2009). Some post-manipulation egg losses were 
observed in marbled crayfish, but these also occurred in the 
control group which was handled in the same way. Experi
ment was carried out in limited space which can in fact limit 
the effect of killer shrimp due to restricted possibilities to 
escape from the outreach of the crayfish. In natural condi
tions we suggest even higher clutch losses are likely in killer 
shrimp populated areas because of the unrestricted space and 
availability of sheltering spaces for killer shrimp to escape 
and hide (e.g. at the bottom of several layers of differently 
sized particles). In such conditions crayfish females have 
limited opportunities to catch the intruder or limit their over
all quantities. 

Killer shrimp also play an important role as prey spe
cies in European freshwater ecosystems (Gherardi 2007), 
and as expected both crayfish species we tested were able 
to prey on them at a considerable intensity. However, the 
difference between the two crayfish species predatory 
impact was significant. Despite the smaller size of mar
bled crayfish (about 74% and 45% of signal crayfish size 
and weight, respectively), it was able to eat equal numbers 
of killer shrimps. However, they killed almost twice the 
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number of prey than signal crayfish did, much like other 
true predators that ki l l more than is possible to eat (Kruuk 
1972; Oksanen et al. 1985; Veselý et al. 2017a, b). They 
also consumed almost three times the relative biomass 
eaten by signal crayfish. The much lower handling time 
of prey by marbled crayfish can help to explain these find
ings. In addition, they may have a higher metabolic rate at 
20 °C as warm water species compared to cold water sig
nal crayfish. Marbled crayfish have also been found to be 
more voracious and slower to reach satiation than spiny-
cheek crayfish (Linzmaier and Jeschke 2019). 

Overall, the results from our experiments confirmed the 
predatory capabilities of the killer shrimp and highlight 
their extreme boldness when attacking clutches of crayfish 
eggs or juveniles actively guarded by females. This bold 
predatory behavior illustrates the serious threat posed by 
killer shrimp invasions as well as the interesting foraging 
behavior of pilfering under the "safety camera". It is sur
prisingly risky behavior, given that crayfish females were 
were able to eat around 50% of killer shrimp in the experi
mental stock. Due to its intensive aggressive foraging on 
various aquatic organisms (Platvoet et al. 2009; MacNeil 
et al. 2013; Taylor and Dunn 2017) it is no wonder that 
killer shrimp trophic position is more similar to that of 
small benthic fish (Van Riel et al. 2006) or even to preda
tory fish (MacNeil et al. 2010) than to other gammarids. 
In addition to these direct trophic impacts, they are also 
strong competitors for resources such as shelters against 
predators (Van Riel et al. 2007; Platvoet et al. 2009). High 
population densities of killer shrimp can magnify these 
effects (Cuthbert et al. 2019) but also can provide a good 
food source for other aquatic organisms as fish (Gherardi 
2007) or crayfish as confirmed by our study. In their 
early developmental stages marbled crayfish are vulner
able to being preyed upon by killer shrimp, but as adults 
the roles are reversed and they voraciously predate upon 
killer shrimp, killing more than they can eat (only consum
ing-40% of prey killed). Despite this reciprocal preda-
tion pressure these two invaders are probably not able to 
extinguish each other (e.g. due to other food resources) 
but they probably can negatively affect each other during 
long term coexistence. 

Our results support the need for more complex investi
gation of over-invaded freshwater ecosystems, where com
munities accumulate new invasive species over time with 
an increasing number of interactions types and strength 
among them (Collin and Johnson 2014). In many large 
river systems native species are in the minority and in the 
case of benthic communities this situation is even worse. 
The ecosystems functioning therefore become changed as 
the influence of multiple invaders can be additive or even 
multiple (Ricciardi and Atkinson 2004; Penk et al. 2017). 
Our study provides further evidence that novel IAS have 
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not only major ecological impacts (including predation 
on native species, increased competition for habitat and 
resources, disease transfer or habitat degradation) but can 
also theoretically inhibit, substitute or (in extreme cases) 
even extirpate each other. 
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Abstract - Aquatic biodiversity is threatened by spread of invasive alien species. Round goby Neogobius 
meianostomus is an invasive fish in large European rivers as well as in coastal waters near their mouths and 
marbled crayfish Procambarus virginalis is a highly invasive crustacean. Both are small, bottom-dwelling 
species occupying similar habitat and shelters and utilizing similar food sources. We hypothesized that goby 
presents a threat to both native and non-native astacofauna in invaded ecosystems. We tested this through 
laboratory experiments designed to determine aggressiveness and competitiveness of goby against marbled 
crayfish as a model for other North American cambarid crayfish, assessing goby prey size selection and 
competition with marbled crayfish for space and shelter. Gobies showed high aggressiveness and dominance 
over the crayfish. Goby predation on juvenile crayfish was limited by mouth gape size. In goby/crayfish pairs 
of similar weight, gobies were more aggressive, although each affected the behavior of the other. 

Keywords: B i o l o g i c a l i nvas ion / freshwater / predation / shelter compet i t ion / species interact ion 

Résumé - Le gobie ä tache noire versus 1'écrevisse marbrée: des espéces exotiques envahissantes 
předat rices et concurrentes. La biodiversite aquatique est menacée par la propagation ďespěces exotiques 
envahissantes. Le gobie á taches noires Neogobius meianostomus est un poisson envahissant dans les grands 
fleuves européens ainsi que dans les eaux cótiěres pres de leur embouchure et 1'écrevisse marbrée 
Procambarus virginalis est un crustacé trěs envahissant. Toutes deux sont de petites espéces vivant sur le 
fond, occupant des habitats et des abris similaires et utilisant des sources de nourriture similaires. Nous 
avons émis Phypothése que le gobie constitue une menace pour l'astacofaune indigene et non indigene dans 
les écosystěmes envahis. Nous avons teste cette hypothěse par le biais ďexpériences en laboratoire concues 
pour determiner l'agressivite et la compétitivité du gobie contre 1'écrevisse marbrée comme modele pour les 
autres écrevisses cambarides ď Amérique du Nord, en évaluant la selection de la taille des proies du gobie et 
la competition avec 1'écrevisse marbrée pour Pespace et les abris. Les gobies ont montré une grande 
agressivité et une forte dominance sur les écrevisses. La predation des gobies sur les écrevisses juveniles 
était limitée par la taille de 1'ouverture de la bouche. Dans les paires gobie/écrevisse de poids similaire, les 
gobies étaient plus agressifs, bien que chacun ait affecté le comportement de 1'autre. 

Mots Clés : Invas ion b io log ique / eau douce / predat ion / compet i t ion pour l ' a b r i / interact ion des e s p é c e s 

1 Introduction 

Fish and crayfish have multiple relationships and portray
ing them solely as prey or predator can be misleading. In 
aquatic habitats, both groups often represent keystone species, 
and their competition for resources can have high impact 

•"Corresponding author: s r o j e 0 f r o v . j c u . c z 

(Bond, 1994; Crandall and Buhay, 2008). Although the ranges 
of some non-native fish overlap with those of non-native 
crayfish, with the exception of information with respect to 
aggressive encounters, little is known about interactions 
between invasive benthic fish and native and invasive crayfish, 
although they co-exist and use similar niches and substrates as 
shelter (Church et al, 2017). Filling the knowledge gaps is 
worthwhile, because both fish and decapods may regulate 
community biodiversity through their longevity and trophic 

This is an Open Access article distributed under tire terms of the Creative Commons Attribution License C C - B Y - N D (https://creativecommons.Org/licenses/by-nd/4.0/), which permits unrestricted use. 
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T a b l e 1. B iome t r i e data o f marb led crayfish size groups used i n experiment on round goby predation on crayfish (Exper iments 1-3). Da ta are 

presented as mean ± standard devia t ion ( S D ) and range. 

E x p . S ize class Weigh t (mg) Tota l length (mm) Carapace length (mm) Carapace height (mm) 

S m a l l 1 5 . 2 ± 4 . 0 (10-25) 1 0 ± 1.4 (8 -12) 4.7 ± 0 . 9 (3 -6) 2.3 ± 0 . 5 (2 -3) 

1,2 M e d i u m 5 8 . 6 ± 12.7 (40-80) 15.3 ± 0 . 5 (15-16) 7.3 ± 0 . 6 (6 -8) 3 . 7 ± 0 . 8 (3 -5) 1,2 
Large 210.6 ± 6 0 . 3 (100-300) 22.8 ± 1 . 7 (21-25) 11 ± 0 . 6 (10-12) 5 . 7 ± 0 . 8 (5 -7) 

S m a l l juven i les 5.7 ± 0 . 6 (5 .1-7) 7.1 ± 0 . 4 (6 .5-8) 3 . 9 ± 0 . 4 (3^1.5) -
3 M e d i u m juveni les 1 3 . 8 ± 4 . 8 (9 -22) 1 0 ± 1.4 (8 -12 ) 4.7 ± 0 . 9 (3 -6 ) 2.3 ± 0 . 5 (2 -3) 

specialization (Reynolds, 2011). Alien predatory fishes can 
negatively impact native crayfishes, while fish populations 
may be affected by predation and competition from multiple 
organisms, including exotic crayfish (Degerman et al, 2007). 

Round goby Neogobius melanostomus (Pallas, 1814) is an 
alien invasive species from the Eurasian Ponto-Caspian region 
that presents high potential for competition with native species 
(Jude, 1997; Borcherding et al, 2011; Brandner et al, 2013). 
The species has invaded, or expanded its range in, large 
European rivers including the Danube (Vanderploeg et al, 
2002), Rhine (Van Kessel et al., 2009), Vistula (Grabowska 
et al., 2008), and Volga (Copp et al., 2005) and has established 
invasive populations in North America (Kornis et al., 2013). 
A primary characteristic is its formation of vital and dense 
populations with rapid spread both upstream and downstream 
(Roche et al., 2015; Verliin et al., 2017). Round goby is an 
adaptable generalist benthic feeder with a b r o a d diet spectrum 
including Z o o p l a n k t o n , benthic invertebrates, and fish eggs and 
larvae (Kornis et al., 2012). Small benthic fish like round goby 
can feed on small juvenile crayfish as well as exploit the same 
food sources and be subject to the same predators as larger 
crayfish (Dorn and Mittelbach, 1999). 

The marbled crayfish Procambarus virginalis (Lyko, 2017) 
is a unique invasive crayfish that reproduces parthenogeneti-
cally and has been included in the list of European Union 
invasive species of concern since August 2016 (EU regulation 
No. 1143/2014 and Commission Implementing Regulation 
No. 2016/1141). The marbled crayfish has been reported 
established in many European countries and on other 
continents (Chucholl and Pfeiffer, 2010; Lipták et al, 2016; 
Hossain et al, 2018; Andriantsoa et al., 2019). It is 
omnivorous, feeding on algae, detritus, zoobenthos, and 
macrophytes. It can become abundant and form high-density 
populations in a short time (Lipták et al., 2019). As 
Procambarus fallax (Hägen, 1870) is a crayfish endemic to 
Florida and closest relative to the parthenogenetic P. virginalis, 
we used marbled crayfish as a representative of other 
successful invasive members of the Cambaridae originally 
from North America (Kouba et al., 2014; Patoka et al., 2016). 

Direct interactions between fish and crayfish include 
predation and competition for shelter. When co-existing fish 
and decapods are omnivores, there wi l l be competition and 
mutual predation, depending on relative size and vulnerability 
(Reynolds, 2011). Bottom-dwelling fish such as round goby 
can potentially exert negative effects on crayfish in addition to 
predation, as they use similar food sources and compete for 
shelter (Gebauer et al., 2019). Limited shelter availability can 

increase the vulnerability to predation of the weaker opponent 
(Church et al., 2017). 

We hypothesized that (a) round goby represents a 
predatory threat to smaller crayfish (tested in experiments 1, 
2 and 3 in multiple scenarios), (b) this predatory impact and 
food selection is depending on marbled crayfish sizes 
available, and (c) round goby is more aggressive and 
dominates over larger crayfish in competition for shelter 
(experiments 4 and 5). The goal of the present study was to 
determine the effect of round goby predation, aggressiveness, 
and shelter dominance on crayfish under laboratory conditions, 
using the marbled crayfish as a model for other invasive 
species. 

2 Materials and methods 

Round goby (TL 63.54± 7.6 mm) were collected from the 
River Elbe in September 2018 (Ústí and Labem, north of 
Czech Republic) using a battery powered backpack electro-
fishing unit (FEG 1500, E F K O , Leutkirch, Germany) while 
experiments were carried out during November and December 
2018. Fish were transferred to the experimental facility of the 
Research Institute of Fish Culture and Hydrobiology in 
Vodňany, University of South Bohemia in České Budějovice 
and held in troughs embedded in a small recirculating system 
for acclimatization to laboratory conditions. Troughs were 
filled with aged tap water and cleaned every second day. Fish 
were fed ad libitum with frozen chironomid larvae daily. 

Marbled crayfish were obtained from our own culture and 
fed ad libitum on chironomid larvae and carrot daily. 
Continuous culture enabled the use of all developmental 
stages in this research. 

Animals were weighed using a digital precision balance 
(Kern 572-35, Kern and Sohn, Germany) to the nearest 0.5 mg. 
Crayfish total length (TL, from tip of the rostrum to the 
posterior median edge of telson), carapace length (CL, from tip 
of the rostrum to the posterior median edge of the 
cephalothorax) and carapace height (CH) were measured with 
Vernier calipers, and fish T L (from the tip of the snout to the tip 
of the tail) was measured with a ruler to the nearest 1 mm. A l l 
crayfish individuals were measured (TL, C L , CH) before 
performing the following experiments (1, 2, and 3) thus 
separated according to their weight (small, medium, large, 
small juveniles, medium juveniles) in five different aquariums 
that later could be used for the experiments (Tab. 1), same as 
for following experiments (4 and 5) weight-matched pairs of 
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T a b l e 2. B iome t r i e data o f marb led crayfish and round goby used i n experiments on compet i t ion for shelter (Exper iments 4 - 5 ) . Da ta are 
presented as mean ± standard devia t ion ( S D ) and range. 

E x p . A n i m a l Weigh t (mg) Total length (mm) 

M a r b l e d crayfish 1 1 6 . 9 ± 2 7 . 5 (60-180) 32.52 ± 1 4 . 8 (31^14) 
4 R o u n d goby 123.5 ± 3 2 . 1 (60-190) 44.7 ± 11.29 (38 -53 ) 

M a r b l e d crayfish 255 ± 10.4 (200-500) 20.61 ± 2 . 7 2 (16-25) 
5 R o u n d goby 272 ± 9 5 . 8 (200-500) 5 7 . 2 7 ± 4 . 0 2 (52-65) 

round goby and crayfish for each experiment were selected and 
separated before (Tab. 2). 

Animals appeared healthy and active and were used only 
once for each experiment to avoid any learning effect during 
the experiments. Crayfish with missing or regenerating chelae 
or showing signs of approaching molt or not fully hardened 
following molting were omitted from experiments. No specific 
permissions were required for the location in this study. A l l 
facilities used for housing of experimental animals and for 
experimental procedures were located indoors in separate units 
with no direct connection to surface waters and were protected 
against the escape of any organisms used. 

2.1 Goby predation on crayfish 
2.1.1 Exper iment 1, s ingle s ize predation 

Thirty round gobies (TL 74.2 ± 7.25 mm) were placed in 
separate 27L x 19W x 7.5H cm plastic boxes containing 2 1 
aged tap water and 150 cm 3 of fine sand for acclimatization and 
starvation. Water temperature was set at 21 °C and the light 
regime to 12:12 h light: dark. After 24 h, water was exchanged, 
and one crayfish was randomly added to each of 30 boxes 
containing one round goby. 

We selected three size classes of crayfish: small 
(10-25 mg), medium (40-80 mg) and large (100-300 mg) 
(Tab. 1) with 10 replicates of each size class to assess round 
goby ability to swallow crayfish of various sizes. 

After 24 h we evaluated crayfish type of response with 
paired goby and we noted i f crayfish was consumed, killed and 
partially consumed or still alive. Following the experiment, we 
measured round goby total length (TL) and the smallest 
internal dimension of the fish mouth (here referred as mouth 
gape) was measured using a set of conical plastic tips 
consisting of a plastic body with different measurement head 
attachments. The plastic tip was inserted into the fish mouth 
until a marked resistance was reached (Supplement 2). In this 
position, mouth gape size could be determined from fine 
gradients of the plastic tip to the nearest 0.01 mm. 

2.1.2 Exper iment 2, choice-size predation 

Following exp. 1., we increased crayfish number, so we 
stocked one round goby (TL 78.0±7.85 mm) and three 
juvenile crayfish from each size class in 65L x 50W cm 
elliptical arenas with 650 cm 3 of sand and 10 1 water (water 
level 5 cm). One half of each arena was shaded by an opaque 
cover to reduce stress during the light period (12:12 h light: 
dark). The experiment was conducted at 17 °C and at 21 °C (the 
higher temperature according to prevailing summer water 

temperatures of River Elbe and the lower one to its slightly 
colder tributaries). At each temperature, we carried out 18 
replicates plus 7 control replicates in which crayfish were 
stocked without round goby to assess possible cannibalism. 
At 24 hours post-stocking, we counted the number of crayfish 
of each size class consumed by round goby and analyzed the 
association of round goby mouth gape and water temperature 
on consumption rate and size selection. 

2.1.3 Exper iment 3, b iomass consumpt ion 

In the third experiment, single round goby (TL 
76.3 ±3.06 mm) were placed in the experimental elliptical 
arenas under the same light regime as in the size-choice 
experiment along with 50 small juveniles or 50 medium 
juvenile crayfish (Tab. 1). Water temperature was 17 °C. Four 
replicates were conducted with each class size. After 24 hours, 
we counted remaining crayfish and measured the weight of 
surviving and unconsumed crayfish to calculate the biomass 
consumed per 24 hours. 

2.2 Competition for shelter 
2.2.1 Exper iment 4, daily observat ions of competit ion 
for shelter over 8 days 

The experiment was conducted in aquaria (40L x 20W x 
25H cm) with a layer of sand (1500 cm 3) and 7 1 aged tap water 
aerated by a single air stone placed in a corner and equipped 
with a single shelter situated in the middle of the shorter side of 
the aquarium (half of a ceramic flowerpot, entry diameter: 
4.7 cm, height: 4 cm, length 4.5 cm). Round goby and marbled 
crayfish were weighed to form weight-matched pairs with wet 
weight difference <5% (Tab. 2). Prior to the experiment, goby 
and marbled crayfish were placed separately in 27L x 19W 
x 7.5H cm plastic boxes with 150 cm sand and 2 1 water for 
24 hours to standardize the starvation level. The light regime 
was 12:12 h light: dark and water temperature ~20°C. The 
weight-matched pairs were placed simultaneously in each 
aquarium (20 replications) and observed for the following 
8 days. Visual observations of all twenty weight-matched pairs 
were made only during daylight hours at 08.00, 11.00, 14.00, 
and 17.00 o'clock for total of 8 days. Animals did not receive 
supplemental food during the course of the experiment. The 
position of all individuals was described to record whether an 
animal was in the shelter, in the proximity of the shelter (near 
to entry or beside the shelter), hidden in the sand, in a corner, in 
the corner with the air stone, or active in other areas of the 
bottom. Mortality and molting events in crayfish were 
recorded. 
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s. 

— Large crayfish 
A — Mcctum crayfish 
9— Smear crayfish 

The size of the round goby mouth gape (mm) 

F i g . 1. Re la t ionsh ip o f r o u n d goby Neogobius melanostomus mouth 

gape and marb led crayfish Procambarus virginalis size classes 

consumed over 24 h . 

2.2.2 Exper iment 5, twenty-four-hour observat ion 
of competit ion for shelter 

We used similar conditions as for the eight-day experiment 
but with the air stone removed to omit recording disturbance in 
the experiment of continuous observation for 24 hours. 
Another 16 pairs of round goby and marbled crayfish were 
weight-matched (Tab. 2) and acclimated as described in 
previous experiment. Inter-specific pairs were stocked in 
aquaria and video-recorded. We conducted 16 replicates. 
Animal activity was recorded as aggressive interaction (attack, 
biting, pursuit), time spent in shelter, and avoidance (retreat 
from opponent prior to attack) (Tabs. 4 and 5), detailed and 
carefully analyzed by eye. Duration of attack was recorded as 
the time from the first aggressive act to cessation of interaction 
(Tab. 5). At the conclusion of the experiment, we measured 
round goby/marbled crayfish length and weight and assessed 
injuries. 

Large craytisti 
^ — Medium crayfish 

• SmaH crayfish 

5& 55 % 5T 
Tdlal lunghl of the. round crofciy (mm) 

M 
F i g . 2. Re la t ionsh ip o f r o u n d goby Neogobius melanostomus total 

length and marb led crayfish Procambarus virginalis s ize classes 

consumed over 24 h . 

quantity of three crayfish size categories consumed and their 
relationship with round goby mouth gape under two different 
temperatures. Also, linear relationship between round goby 
mouth gape and crayfish size class under two temperatures was 
calculated. For experiment 3, we performed a test using G L M 
with quasi-binomial distribution, that accounts for data 
overdispersion, to assess the difference in wet mass of two 
offered crayfish size groups consumed by round goby. 
For experiment 4, we used G L M with Poisson distribution. 
As post-hoc testing was not possible for Poisson distribution 
errors, results are based on predictions and estimations. We 
used detailed data from visual observations to better 
understand interactions of round goby and marbled crayfish 
over the course of 24 hours. For experiment 5 we performed 
G L M with Gaussian distribution to analyze the difference in 
time spent in shelters and to test the number of attacks per 
animal during the light and dark periods. Analysis was 
conducted with R software and package ggplot 2 was used for 
data visualization (R Development Core Team, v. 4.0.3., 2020). 
In the case of Figures 1-3 points are dispersed within 3 or more 
lines of the y-axis because of a jitter-like function enabling to 
visualize individual points without their coverage. 

2.3 Data analysis 

Since many data sets did not meet the assumptions for 
parametric tests, even after transformation, nonparametric tests 
were used. For experiment 1, we used Firth's bias-reduced 
penalized-likelihood logistic regression to analyze the type of 
response between marbled crayfish (which was taken as a 
factor and assessed as: 0 = not consumed, 0.5=killed and 
partially consumed, 1 = consumed) and relationship with round 
goby mouth gape and total length. The simple linear regression 
between round goby mouth gape and round goby total length 
was evaluated. In experiment 2, a generalized linear model 
(hereafter, G L M ) with an assumed quasi-binomial distribution, 
that accounts for data underdispersion, was used to analyze the 

3 Results 
3.1 Round goby predation on crayfish 
3.1.1 Experiment 1, s ingle s ize predation 

Mean round goby mouth gape (diameter) was 5.7±0.74 
(4.7-7.7) mm. The type of response of crayfish due to round 
goby predation (which was taken as a factor and assessed as: 
0 = not consumed, 0.5=killed and partially consumed, 
1 = consumed) did differ significantly between size groups 
(likelihood ratio test = 16.49; df=5; p = 0.005). The type of 
response of all size classes of marbled crayfish was correlated 
with mouth gape and total length of round goby individuals 
(p = 0.005), indicating that round goby was not able to 
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F i g . 3 . Re la t ionsh ip o f mouth gape o f round goby Neogobius melanostomus and the propor t ion o f consumed marb led crayfish Procambarus 

virginalis o f 3 size classes at 17°C ( A ) and 21 °C ( B ) . 

T a b l e 3 . L i n e a r relat ionships between round goby mouth gape and crayfish class size under t w o temperatures. Nega t ive effect (—), posi t ive 

effect (+) , no effect (0), n = 18. 

Crayf i sh size class Temperature 1 7 ° C Temperature 21 °C Crayf i sh size class 

p -va lue R2 p-va lue R2 

S m a l l 0.764 (0) 0.480 0.621 (0) 0.472 

M e d i u m 0.003 ( - ) 0.308 0.008 (+) 0.322 

Large 0.005 (+) 0.281 0.018 (+) 0.257 

consume all provided prey size classes. Due to the significant 
linear relationship between round goby mouth gape and total 
length (Supplement 1) we used mouth gape size in further 
analysis as confounding factor as it is more directly causing the 
limitation of predation than total length. 

Generally, all small and all medium crayfish were 
consumed (Figs. 1 and 2), while 70% of large crayfish were 
killed and partially consumed with parts of crayfish found in 
the experimental arena. 

3.1.2 Exper iment 2, choice-size predation 

Mean mouth gape (diameter) of round goby was 6.2 ± 1.1 
(4.7-10) mm. We found a significant relationship among size 
of the round goby mouth gape and crayfish size class 
consumption under two different water temperatures ( F [ 2 j I I i ] = 
17.54,/» < 0.0001). At 17 °C all small crayfish were eaten in 24 h, 
with a slightly less number of medium crayfish consumed and 
few large-sized eaten (Fig. 3). With increasing gape size, round 
gobies consumed more crayfish of the larger size class, while the 

number of medium-sized crayfish eaten was negatively 
correlated with mouth gape (Tab. 3). At 21 °C, all small crayfish 
were eaten, and the number of consumed crayfish increased 
compared to 17 °C (Fig. 3). At 21 °C, a positive correlation of 
mouth gape with the quantity of crayfish of all size classes eaten 
was observed (Fig. 3, Tab. 3). In general, with an increase of 
temperature and gape size, predation on crayfish increased. 
As all small crayfish were consumed at both temperatures, total 
biomass consumed was 45.6 mg. Average biomass of medium 
eaten crayfish at 17°C was 89.29 mg, and at 21 °C was much 
higher at 156.2 mg. Average biomass of large crayfish eaten was 
258.6 mg at 17 °C and 391.95 mg at 21 °C. 

3.1.3 Experiment 3, b iomass consumpt ion 

Mean mouth gape (diameter) of round goby was 5.1 ± 0.34 
(4.5-5.5) mm. We found a significant relationship in the 
number of the two juvenile crayfish classes preyed by round 
goby ( F [ i 6 ] = 11.73, /> = 0.01). There was a significant 
relationship in the amount of consumption of small 
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Fig. 4. N u m b e r o f observations o f r ound goby Neogobius melanostomus and marb led crayfish Procambarus virginalis at specific locat ions i n the 

experimental arena w i t h respect to t ime (08 :00 ,11 :00 ,14 :00 , and 17:00). 

(5 .7±0.63mg, n=10) and medium (13.8±4.82mg, n=10) 
crayfish biomass by round goby. Round goby consumed a 
mean of 285 mg small crayfish juveniles (all 50) and 
~593.4mg of medium juvenile crayfish in 24 h. They 
consumed fewer of the larger group, in average 43 ±6.48 
medium juveniles. The mean biomass of juvenile crayfish 
consumed was 45.7% of round goby wet weight. 

3.2 Competition for shelter 
3.2.1 Experiment 4, daily observat ions of competit ion 
for shelter over 8 days 

We made 1225 observations. Round goby spent the 
majority of time in or near the shelter, while marbled crayfish 
took alternative shelter near the air stone or in the corner of the 
aquarium (Fig. 4). By day six, 40% of the crayfish had molted 
and were subsequently killed and partially eaten by round 
gobies. A single crayfish (weight: 130mg/TL: 38 mm) was 
observed (day two) to capture, k i l l , and consume a round goby 
(weight: 120mg/TL: 50 mm). 

A G L M analysis with Poisson distribution (dispersion 
parameter set at 1) showed the number of observations at a 
given position to differ significantly (x 2 < 806.89, df=5, 
p < 0.001). Individuals were observed leaving positions 
between recorded time points. The number of observations at 
specific locations at 08:00, 11:00, 14:00, 17:00 h differed 
significantly (x 2 = 17.36, elf = 18, p < 0.01) as well as the 
number of observations at the locations at 08:00, 11:00, 14:00, 
17:00h between species (j 2 < 526.03, df=6, p < 0.001) (see 
Fig. 4). 

T a b l e 4. M e a n t ime spent i n shelter b y round goby Neogobius 
melanostomus and marb led crayfish Procambarus virginalis dur ing 
light and dark periods. The data ana lyzed b y G L M w i t h Gauss ian 
dis tr ibut ion. Different superscripts indicate significant differences 
(p < 0.05) between species. Da ta are presented as mean ± standard 
deviat ion. 

A n i m a l Photoper iod Average t ime spent 
i n shelter (s) 

L i g h t 15851 ± 1 1 4 2 0 a 

R o u n d goby D a r k 12378 ± 1 3 6 4 0 " 
L i g h t 2 2 3 6 5 ± 18435 b 

M a r b l e d crayfish D a r k 1 5 7 2 3 ± 1 1 1 1 4 a 

3.2.2 Experiment 5, twenty-four-hour observat ion 
of competit ion for shelter 

Individuals of both species were always observed to leave 
the occupied shelter when a specimen of the other species 
entered. Crayfish pursued goby with open chelae, one capture 
was observed during the experiment. 

We found a significant difference between species in the 
use of shelter during light and dark periods (£=0.51, p < 0.05), 
as the species alternated in shelter occupancy (Tab. 4). Marbled 
crayfish spent more time in shelters during light hours. Using 
G L M analysis, we found a significantly greater number of 
attacks during the light period than during the dark period by 
both species (t= 1.78, p < 0.05) (Tab. 5), with round goby 
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Table 5. The total number and percentage of attacks observed by 
round goby Neogobius melanostomus and marbled crayfish Pro
cambarus virginalis during light and dark periods and the total time 
spent (s) in aggressive behavior. The data analyzed by G L M with 
Gaussian distribution. Different superscripts indicate significant 
differences (p < 0.05). 

Animal Photoperiod Number of 
attacks (%) 

Duration of 
attacks (s) 

Round goby 
Light 
Dark 

237 (60.61) 
127 (54.04) 

2140b 

324a 

Marbled crayfish 
Light 
Dark 

154 (39.39) 
108 (45.96) 

926b 

274a 

showing higher aggression. Round goby attacked crayfish 
more during day, while it was less active during night but still 
performing attacks more than crayfish (Tab. 5). 

4 D i s c u s s i o n 

Round goby has colonized major European river systems 
and coastal waters as well as North American freshwater 
ecosystems and has the potential to cause ecological regime 
shifts (Borcherding et al, 2011; Hempel and Thiel, 2013; 
Roche et al, 2015). Many European lake and stream 
communities also harbor non-native crayfish species that have 
considerable impact on native species, such as the signal 
crayfish Pacifastacus leniusculus (Dana, 1852), the spiny 
cheek crayfish Faxonius limosus (Rafinesque, 1817), and, 
relatively recently, the marbled crayfish P. virginalis (Kouba 
et al, 2014; Kubec et al, 2019). We focused on interaction of 
round goby, recently spread to upper stretches of the River 
Elbe (Roche et al, 2015; Buřič et al, 2015), with marbled 
crayfish as a model species representing the North American 
crayfish family Cambaridae (Hossain et al, 2019). 

Round goby usually preys upon small bottom-dwelling 
vertebrates and invertebrates (Mikl et al, 2017), but is 
adaptable to feeding on a wide array of available prey types, 
including scavenging of carcasses, and particle sizes (Polačik 
et al, 2009, 2015; Perello et al, 2015). Crustaceans and 
mollusks represent the most important food items (Brandner 
et al, 2013). Crayfish can serve as an important food source for 
predatory fish, as demonstrated by a study of marbled crayfish 
(Lipták et al, 2019). Due to the results of experiment 1, it is 
hard to interpret i f round goby was size-selective or not, but 
mouth gape and total length were significant limiting factors 
for consumption of larger crayfish class. Gobies were able to 
swallow all small and medium crayfish, but also to ki l l and 
partially consume the larger prey as larger crayfish were rather 
too big for smaller goby individuals. Non-selectivity of round 
goby was confirmed with mussels as prey (Perello etal, 2015). 
Ray and Corkum (1997) observed that round gobies spit out 
the entire mussel shell as well as pieces, similar to our 
observations of crayfish cuticula in aquaria. Higher tempera
ture induced higher consumption of marbled crayfish 
(especially medium size class) by round goby. The positive 
temperature effect on round goby food consumption confirmed 

results of Lee and Johnson (2005) who showed increased 
consumption to 23-26 °C. But, results of experiment 2 suggest 
an interaction in proportion of marbled crayfish consumed 
between medium and large crayfish size with increasing mouth 
gape (Fig. 3) at 17 °C but not at 21 °C. This indicates that larger 
gobies might prefer larger prey at lower temperatures while 
showing no preference at higher temperatures. As the 
consumption of larger prey items is more energy-efficient 
(Sih, 1980), this feeding behavior might be advantageous 
especially at low temperatures because energy loss is more 
important for a predator (Rail et al, 2010). In contrast, in 
exp. 1. bigger crayfish were less consumed but here no free 
prey size selection was possible as we used pairs of single goby 
and single crayfish and crayfish were randomly put in 
aquarium, thus it could be that smaller gobies were combined 
with bigger crayfish and could not predate on them. Round 
goby was able to consume a large number of crayfish at higher 
temperatures without showing signs of size-selectivity. This is 
contrary to crayfish size selection of smallmouth bass 
Micropterus dolomieu (Lacepede, 1802), which chose the 
smallest crayfish Faxonius propinquus (Girard, 1852) first and 
then consumed animals in ascending order of size (Stein, 
1977), but also noted by other predatory fishes. A l l in all, round 
goby in our study consumed from 200 to 500 mg of crayfish 
biomass per day, which was almost half of their own weight. 

Generally, crayfish species share habitats with small 
bottom-dwelling fish species, such as darters (Mayden et al., 
1992) and gobies (Church et al, 2017). Benthic fish can affect 
crayfish abundance through predation, and crayfish may 
compete with them for food resources (Thomas and Taylor, 
2013). Benthic fish and crayfish naturally overlap in habitat 
use, with both primarily utilizing natural shelter beneath stones 
(Kubec et al, 2019), and exhibit a strong temporal overlap in 
their requirement for shelter (Cooper et al, 2009). In addition, 
both tested species are mainly nocturnal (Savino et al, 2007; 
Kornis et al, 2012; Kubec et al, 2019), and competition for 
shelter is likely to be strongest during the daylight hours 
(Hill and Lodge, 1994). Despite the fact that round gobies feed 
more during daylight hours, nocturnal feeding is facilitated by 
well-developed sensory systems enabling rapid and precise 
localization and capture of prey (Jude, 1997). With the 
adaptability to utilize food sources and space upon which 
crayfish depend (Kornis et al, 2012, 2013), it can be a strong 
competitor. 

The previously reported decreased shelter occupancy by 
round goby during the night (Dubs and Corkum, 1996; Savino 
et al, 2007) was confirmed in our study. Crayfish, which show 
highest activity at dusk and during the night, were also reported 
to seek shelter during daylight (Bubb et al., 2009). A n 
experiment confronting non-native signal crayfish with 
bottom-dwelling European bullhead Cottus gobio (Linnaeus, 
1758), resulted in reduced shelter use by the fish (Bubb et al., 
2009). However, our results from the experiment 4 with daily 
observations showed that round goby spent more time in 
shelters than marbled crayfish, which used alternative hiding 
places. Round goby and marbled crayfish spent roughly equal 
amounts of time in the shelter as well as equal time in 
avoidance. This could be the result of avoidance after 
dominance establishment subsequent to aggressive interac
tions, as well as the dominant status of round goby, as crayfish 
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remained outside shelter more than expected. Bilateral 
avoidance confirms reciprocal alteration of behavior of the 
tested species. 

Due to the results of experiment 5, observations of 
aggressive encounters showed that crayfish were usually able 
to resist round goby attacks, except after molting. Their size 
itself was not an obstacle to consumption by round goby as 
long as the carapax was intact. Following molt, even a large 
crayfish can be extremely vulnerable to predation (Stein, 1977), 
and it is reported that small crayfish in particular may be 
vulnerable to predation by round goby when they are soft-
shelled immediately following a molt (Ray and Corkum, 1997). 
Our results showed that even crayfish of similar weight to the 
fish could be preyed upon by round goby after molting, which 
is remarkable when the mouth gape size of round goby is taken 
into account. 

Both species showed intense aggressive behavior in 
experiment 5. Round goby displayed more aggressive behavior 
than crayfish in our study, as reported by Church et al. (2017), 
but we observed a single instance of a crayfish attacking, 
killing, and feeding on a round goby. Round goby can hide in 
the sand and attack crayfish from behind, but were more likely 
to occupy shelters also used by crayfish. Round goby presence 
altered the shelter use by crayfish, but round goby behavior is 
also affected by crayfish presence, demonstrating a mutual 
interaction of two unrelated invasive species that occupy 
similar habitats. 

Further investigation is necessary to elucidate interactions 
of round goby and larger crayfish in more complex conditions, 
as well as to estimate an effect on crayfish population structure. 
Altered behavior in both species can lead to higher 
vulnerability to predators (Blake and Hart, 1993; Kubec 
et al., 2019). Competition for resources can induce increased 
pressure on resources and accelerate migration to habitats with 
lower pressure as well as to shifts in ecological niche 
(Gherardi, 2007). Findings of this study can be useful in the 
management and conservation of the native North American 
Cambarid species, but also round goby could exert a control on 
other species juvenile crayfishes, so eradication of round goby 
would be considered. 

As many other factors are responsible for invader success 
in natural conditions (Gebauer et al., 2018), the present study 
provides a baseline for ongoing study of particular scenarios 
and factors that influence the success and spread of alien 
aquatic organisms. Our results are in accordance with the 
known predatory capability of round goby and broaden it from 
the point of interactions with crayfish representative. Early 
juvenile crayfish are most vulnerable due to round goby 
predation. Round goby can possibly cause considerable 
declines in invasive crayfish species of genus Cambaridae 
in Europe. Naturally, they can have similar effects on other 
cambarid species in their native range in North American 
freshwaters. Hence our results can be easily transferred also to 
localities in North America inhabited by round goby. 

Supplementary Material 
Figure SI. The simple linear relationship between round goby 
mouth gape and round goby total length were undertaken using 

the default lm function in the R statistical program (R Core 
Team, 2020). Correlations which had an adjusted R2 > 0.5 and 
p < 0.05 were considered to represent significant relationship. 
Significant relationships between mouth gape and total length 
would represent a potential confounding factor in further 
analysis. 
Figure S2. Tools used for mouth gape measurement. 

The Supplementary Material is available at https://www.kmae- 
journal.org/10.105 l/kmae/2021019/olm. 
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Abstract: The round goby is an invasive fish in Europe and North America that threatens native 
species by predation and competition. Its habitat preferences are similar to those of the European 
bullhead, which it displaces from shelters and out-competes for available resources. We assessed 
the microhabitat preferences, shelter use, and activity of the round goby and European bullhead 
in single-species experiments in habitat simulator systems to investigate their behavior in a novel 
environment. Fish were video-recorded for 28 h in the presence of shelter and feed with water 
velocity ranging from 0.00 to 0.96 m s _ 1 . The two species showed similar behavior under given 
conditions. A primary difference was in stress-induced behavior in the initial phases of observation. 
The round goby spent more time in movement when outside the shelter and a longer time in the 
escape zone in the exploration period during light. Our results confirmed a significant preference of 
round goby for low velocity areas and a preference for higher velocities in the European bullhead. 
Both species were able to cope with velocities > 0.7 m s _ 1 . Therefore, the reported invasion success of 
round goby is probably not driven by space use or activity patterns, but rather by higher adaptability. 
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1. Introduction 

Freshwater ecosystems increasingly face native species decline and extinctions and 
biodiversity loss as a consequence of bioinvasions [1,2]. Direct competition between native 
and non-native species is a main driver of species replacement, wi th the latter often more 
active, aggressive, and prolific, and hence more successful in acquiring and holding re
sources [3,4]. The differences in ecological preferences and tolerances of interacting species 
can allow abiotic conditions to modify their competition [5]. In freshwater systems, factors 
such as hydrodynamics, temperature, slope, habitat complexity, and type of substrate may 
influence the outcome of direct interactions [6-8] and affect the displacement of one species 
by another, their co-existence in a location, or their separation in space [9]. Consequently, 
it is necessary to examine the potential results of interactions of invasive and native or
ganisms under the varied abiotic conditions, beginning with obtaining information wi th 
respect to species basic behavior patterns, space use, and habitat preferences. 

Monitoring of the Ponto-Caspian round goby Neogobius melanostomus (Pallas 1814) inva
sion success [10-12] suggests problematic contacts wi th populations of the vulnerable and 
endangered European bullhead Cottus gobio (L.). The round goby has been one of the most 
successful non-native fish invaders in European and North American inland and coastal 
waters in recent decades [13,14]. The species has invaded and expanded its range in large 
European rivers, including the Danube (possibly natural dispersal), Rhine, Vistula, Volga, and 
Elbe [15-20], expanding into their upper stretches and larger tributaries [12,21-23]. 

The round goby is a small bottom-dwelling species usually associated wi th crevice 
habitats [24] and is generally territorial and aggressive [25,26]. Competition wi th native 
European and North American species of the family Cottiidae (sculpins) of similar size, 
environmental requirements, and biology is reported, as both species have the same 
spawning ground preferences, feeding areas and food types [3,27,28]. 

The European bullhead is protected under the European Habitat Directive (HD; 
Annex II, 92/43/EEC) and is an important target species for conservation according to the 
European Water Framework Directive (WFD; 200/60/EC). It is representative of species 
potentially affected by round goby invasion [29-31]. The European bullhead occurs in 
freshwater streams, rivers, and lakes wi th hard stony substrate and shows a preference for 
shallow fast-flowing water bodies [9]. Its populations are reported in large rivers l iving in 
syntropy wi th the round goby [23,32], implying that they share an ecological niche and 
directly compete for resources and space in co-inhabited ecosystems. Natural or artificial 
stones such as ceramic tiles in rivers are vital to assure viable sculpin populations [33]. 
The nocturnal habits of European bullhead are confirmed [34,35] wi th solitary bullheads 
spending the majority of time in shelter during daylight hours [28]. The round goby is also 
considered nocturnal, wi th less shelter occupancy in periods of darkness [36,37]. 

Reported declines in the European bullhead populations [38] coinciding wi th round 
goby invasions of the Danube [39] and Rhine [40], along wi th similar reports for related 
species from North America [4,41], suggest that Ponto-Caspian gobies can have an adverse 
impact on sculpins. The round goby and European bullhead were recently reported to 
co-occur in the Elbe River near the border of the Czech Republic and Germany and in 
the lower stretches of its tributaries [12], and moreover in at least three Saxon tributaries 
(Worischka personal observation). 

H o w the interaction of these species is impacted by such habitat conditions as water 
velocity, shelter, availability of food, and space for surviving is unknown. In case of 
increased habitat complexity higher abundances of both species are expected, but on the 
other hand high complexity habitat could reduce predation and competition, allowing 
more shelter space for the species to occupy. Observations of basic behavior patterns under 
simulated natural conditions in single-species trials may reveal species space use and 
preferences in a novel environment unrestricted by the presence of a competitor species. 

The present study aimed to characterize round goby and European bullhead light/dark 
behavior wi th respect to water flow velocity, shelter availability, and feeding. We hypoth
esized (1) a higher activity level of round goby than of European bullhead during all 28 
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h duration of the experiment, (2) more rapid adaptation of the round goby to the novel 
environment, (3) species-specific flow velocity preferences; European bullhead would use 
faster flowing areas and round goby would use low velocity areas, (4) difference in activity 
modes of species depending on light conditions, and (5) greater food intake of the round 
goby. 

2. Materials and Methods 
2.1. Animal Acquisition and Maintenance 

Round goby specimens were collected using a backpack pulsed-DC electrofishing 
unit (FEG 1500, E F K O , Leutkirch, Germany) in A p r i l 2019 from recently colonized sites 
in the Elbe River near Děčín, Czech Republic. The site was electrofished during the day 
based on accessibility for a set amount of time (15 min), working upstream and sampling 
from bank to bank covering all microhabitats (total 100 m) and targeting smaller fish 
species. Each site was finished once by four people, one using the anode and the others 
assisting in the collecting the stunned fish wi th a dip-net and transporting them to a big 
box i n which fish were later transported to the Institute. The collecting site had a rocky 
bankside, bottom covered by stones, sand and aquatic vegetation. The European bullheads 
were collected by electrofishing based on a permission of the Regional Authori ty of the 
South Bohemia Region (No. O Z Z L 104213/2018/pedo SO 2) in Vyšší Brod (Vltava River, 
Czech Republic, GPS coordinates: 48°37'11.4" N , 14°18'51.8" E). A l l bullheads originated 
from stable, long-term existing populations that represent naive populations unaffected by 
N. melanostomus presence. The capture locality represents riffle with water depth 0.1-0.5 m 
and riverbed formed by a mixture of stones (particle diameter = 0.1-0.5 m) and gravel 
(particle diameter = 0.03-0.1 m). A l l bullheads were released at the capture locality after 
experiments termination. 

Fifty round gobies and thirty European bullheads were transferred to the experimen
tal facility of the Research Institute of Fish Culture and Hydrobiology in Vodňany, the 
University of South Bohemia in České Budějovice, Czech Republic. The species were held 
separately in two identical recirculation aquaculture systems. Each species was stocked in 
two rectangular trays each filled with 240 L aged tap water and equipped with an excessive 
number of shelters (>3 per individual). A retention tank (filled wi th approx. 1000 L aged 
tap water) wi th a filtration unit and pump supplied the water for the trays and enabling 
constant water flow. Every three days, 1 /3 of the water was exchanged for fresh aged tap 
water and checked for p H (7.8-8.0). Fish were acclimatized to the temperature of 16 °C 
for 30 days using cooling system (JDK Dixel l XR20CX) wi th a light regime of 12:12 L :D 
prior to the beginning of the experiment. Acclimation tanks were structured to prevent fish 
escape and placed indoors with no direct connection to surface waters to prevent unwanted 
escape of round goby to natural environment. During the acclimation period, fish were fed 
ad libitum with common flesh-fly Sarcophaga carinaria (L.) larvae daily. Uneaten food was 
removed by siphoning. 

2.2. Experimental Setup 

Thirty trials (n = 15 fish per species) were conducted in M a y and June 2019. The 
experimental setup comprised three independent recirculation systems, each consisting of 
a channel 2000 m m x 310 m m x 390 m m (L x W x H) , a 2000 m m x 510 m m x 400 m m 
(L x W x H) water retention tank containing aged tap water, and a recirculation pump 
(WILOIPL 80/1, WILO SE, Dortmund, Germany). Adjustable valves and bypasses enabled 
regulating the flow velocity. 

Experiments were conducted at 16 °C water temperature. Before each trial, flow veloc
ity was measured at 20 points in the channels by a Flowmeter (MiniController MC20 with 
the Flowprobe for MiniWater20, Schiltknecht Messtechnik A G , Schaffhausen, Switzerland) 
to characterize water flow variations throughout the channel and ensure similar conditions 
in all channels (Figure 1, Table SI). 
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Figure 1. Schematic of the experimental channel showing monitored zones (white letters) FZ = feeding zone where 
FS = feeding station was situated, U Z = upstream zone, MSZ = mid-stream zone, SZ = shelter zone, QZ = quiet zone, 
DZ = downstream zone, and EZ = escape zone; points for flow velocity measurement (black numbers A1-H3). Zones 
are delineated by black lines. Distance between points for flow velocity measurement is noted by red color and distance 
between monitored zones is marked with white letters on grey background. 

Each experimental system was equipped wi th an 8 cm concrete cube located i n the 
upstream area of the system that served to regulate, buffer, and dissipate the strong 
turbulent flow (water height: 18 cm) at the channel inlet as wel l as being a feeding station 
that formed the beginning of the feeding zone (Figure 1). Fifteen S. carinaria larvae were 
attached to fishing line wrapped around the cube, requiring fish to actively pluck the 
prey from the line. A second concrete block (8 cm x 16 cm), placed approximately in 
the middle of the tank blocked the flow to provide a quiet zone, and a 10 cm x 8 cm 
x 4 cm (L x W x H) cavity cut into the lower side of the block furnished shelter. Each 
experimental channel was divided into: FZ—feeding zone where FS—feeding station was 
situated, UZ—upstream zone, MSZ—mid-stream zone, SZ—shelter zone, QZ—quiet zone, 
DZ—downstream zone, and EZ—escape zone (Figure 1). 

Fish were approximately measured before each trial and separated for the starving, to 
have comparable sizes of both species. Specimens with a wet-weight difference of <5% were 
used in the experiment (Table 1). Fish were unfed for 24 h prior to stocking in the channel. 
The channels were monitored by a camera system (iGET Homeguard HGDKV-87704,1080P 
3 Channel Digital Video Recorder) attached above experimental channels and connected to 
a computer. Photoperiod was simulated in order to keep light/dark conditions without the 
changes during the experimental trials. Permanent indirect illumination was provided by 
fluorescent tubes (daylight, 2310 lm). Fish were video-recorded for 28 h, from 10.00 h on day 
one to 14.00 h on day two. We design acclimatization periods (stress response, exploration 
in light and dark) separated from normal behavior periods in dark and light. Hence, five 
time periods within the 28 h were analyzed: 1—stress response period (SR), 10:00-14:00 h; 
2—exploration period in light (EPL), 14:00-18:00 h; 3—exploration period in dark (EPD), 
18:00-22:00 h; 4—normal behavior i n dark conditions (NPD) for 8 h, 22:00-06:00 h; and 
5—normal behavior in light conditions (NPL) for 8 h (06:00-14:00 h). Each fish was used 
only once, and after use, al l European bullhead specimens were acclimatized to outside 
ambient temperature for seven days and released into their place of origin. 

Table 1. Biometric data of the round goby (RG) Neogobius melanostomus and European bullhead 
(EB) Coitus gobio. Total length (TL), standard length (SL), weight (W), and the average number of 
Sarcophaga carinaria larva consumed during the 28 h experiment. Data are mean ± SD. Same letter 
in the superscripts within the rows indicate no significant differences between species in measured 
parameters. 

Species n TL (mm) SL (mm) W(g) Eaten Larvae 

RG 15 (12F-3M) 85.3 ± 11.5 70.7 ± 9.7 8.5 ± 5.9 4.7 ± 5.0 a 

EB 15 93.3 ± 13.3 78.7 ± 12.5 8.3 ± 3.9 4.7 ± 5.1 a 

Fish were weighed using a precision digital balance (Kern 572-35, Kern and Sohn, 
Germany) to the nearest 0.1 g, and total (TL) and standard length (SL) were measured with 
a ruler to the nearest 1 mm. Sex of the round gobies was determined based on anal papilla 
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shape. We were unable to determine sex of Cottus gobio because of absence of a reliable sex 
distinguishing method (based on external morphological appearance) without the need of 
fish sacrifice and gonads inspection. The number of uneaten larvae was counted after each 
trial, and a new line wi th fresh larvae was prepared for the subsequent trial. 

Video-recordings were analyzed using the automatic ethological software EthoVision® 
XT software 13.0 (Noldus Information Technology, Wageningen, The Netherlands) that 
recognizes, tracks, and analyzes the behavior, movement, and activity of fishes. Video-
recordings were subsequently checked visually and adjusted / tr immed if errors interfered 
with detection of fish movement. This is a crucial step at the beginning of data collection, 
since tracking errors affecting multiple sample points can indicate a problem wi th the 
experimental set-up, camera set-up, arena settings, trial control settings, and/or detection 
settings. The active movement during the trial, distance moved, time spent outside the 
shelter, time spent i n motion outside of the shelter, and time spent i n a specific channel 
zone (Figure 1) were recorded in all time periods. 

2.3. Statistical Analyses 

Data obtained from Etho Vision XT 13.0 software were exported to Excel files and ana
lyzed by R software (R Development Core Team, v. 4.0.3., 2020), wi th the package ggplot2 
used for data visualization. Video-tracked behavior patterns included shelter occupancy and 
space preference, preferred and avoided channel zones, preferred and avoided flow velocities, 
time spent in motion, distance moved, and number of larvae consumed. 

Data were checked for normality and homoscedasticity wi th Shapiro-Wilks and 
Bartlett's tests, respectively. When criteria were met, one-way A N O V A was employed to 
compare water velocity at each of the 20 points among the three experimental channels. Be
cause data showed non-normal distribution even after transformation, the Mann-Whitney 
U test (Wilcoxon test) was used to determine differences i n the number of larvae eaten 
by the European bullhead and round goby. The A N C O V A wi th Tukey's post hoc test 
was used to compare the total number of larvae consumed by each species relative to 
time spent in the feeding zone. A simple linear relationship was used between number of 
fly larvae consumed and total time spent i n feeding zone by round goby and European 
bullhead. Kruskal-Wall is tests were used to compare the time that an individual fish 
spent in each zone during a given time period. Wilcoxon test wi th Bonferroni correction 
applied to the significance level was used for species comparison of the time spent in each 
of the seven zones. Mean distance moved (cm), time spent outside the shelter (in seconds 
and %), time spent i n motion outside the shelter (in seconds and %), and total time of 
active movement during the trial were calculated separately for each species. Results were 
considered significant at p < 0.05. 

3. Results 
3.1. Water Velocity 

Water velocity in the channel ranged from no velocity 0.00 to 0.96 m s _ 1 (min-max) with 
no significant difference among channels at any velocity measurement point ( A N O V A ( 2 ,57), 
F = 0.33, p = 0.968) (Table SI). 

3.2. Food Intake 

There was no significant difference i n the number of larvae consumed with respect 
to species (Wilcoxin test = 116.5, p = 0.8833) (Table 1). A significantly higher number of 
larvae consumed relative to the time spent in the feeding zone was observed i n the round 
goby compared to the European bullhead ( A N O V A ( 1 2 6 ) , F = 4.230, p = 0.0499). The time 
spent in the feeding zone was not significantly related to the number of larvae consumed 
in either species (European bullhead: Y = 3.47x + 0.00060, R 2 = 0.1704, p = 0.07; round goby: 
Y = 4.20x + 0.00046, R 2 = -0.017, p = 0.398) (Figure SI). The mean water velocity in the feeding 
zone was 0.71 m s _ 1 , demonstrating that both species successfully coped with high velocities. 
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3.3. Spatial Pattern in Fish Diurnal/Nocturnal Activity 

The activity of the European bullhead and the round goby was expressed as duration 
of movement during the entire 28 h trial, or per hour i n cases of different length of time 
periods in the seven channel zones. 

The species differed significantly with respect to time in a given zone (Figures 2 and 3). 
Dur ing acclimatization periods (stress response: round goby x2(6) = 51.21, European 
bullhead x2(6) = 54.071; exploration period light: round goby x2(6) = 35.42, European 
bullhead x2(6) = 48.32, and exploration period dark: round goby x2(6) = 42.56, European 
bullhead x2(6) = 47.03 (p < 0.001, n = 15)) the species showed a similar pattern of movement, 
wi th the greatest difference being i n time spent i n each zone followed by more or less 
lively movements (Figure 2). Both species spent most of their time in the shelter and mid
stream zone wi th average water velocity of -0.29 m s , then upstream and downstream 
zones wi th water velocity -0.30 m s _ 1 , w i th the least time spent i n the quiet zone wi th 
velocity -0.02 m s _ 1 , escape zone at -0.39 m s _ 1 , feeding zone at 0.7 m s _ 1 (Figure 2). 
The only significant difference between species was during the exploration period light 
when the round goby was more significantly active in the escape zone (European bullhead 
42.4 ± 66.3, round goby 289.5 ± 437.9) (p = 0.046) (Figure 2). 
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Figure 2. Time spent by Cottus gobio (red) and Neogobius meianostomus (turquoise) in channel zones 
during acclimatization periods: stress-response period (upper box plot), exploration period in light 
(middle box plot), and exploration period in dark (lower box plot). Box limits correspond to upper 
(Q3—75%) and lower (Ql—25%) quartiles, horizontal bar to the median, and red dot to the mean. 
Outliers are indicated by points (min = Q l — 1.5 x IQR; max = Q3 + 1.5 x IQR). FZ = feeding zone, 
UZ = upstream zone, MSZ = mid-stream zone, SZ = shelter zone, QZ = quiet zone, EZ = escape 
zone, DZ = downstream zone. Values with different letters indicate significant differences (a = 0.05); 
asterisk indicates significant interspecific differences. 
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Figure 3. The time spent by Cottus gohio (red) and Neogobius melanostomus (turquois) in channel zones 
during two periods of tracking normal behavior in darkness (upper box plot), and light (lower box 
plot). Box limits correspond to upper (Q3—75%) and lower (Ql—25%) quartiles, horizontal bar to 
the median, red dot to the mean, outliers are indicated by points (min = Q l — 1.5 x IQR; max = Q3 
+ 1.5 x IQR). FZ = feeding zone, U Z = upstream zone, MSZ = mid-stream zone, SZ = shelter zone, 
QZ = quiet zone, EZ = escape zone, DZ = downstream zone. Values with different letters indicate 
significant intraspecific differences (a = 0.05); asterisks indicate significant interspecific differences. 

Dur ing the normal behavior periods in dark and light (normal period dark: round 
goby x2(6) = 44.66, European bullhead x2(6) = 51.51; normal period light: round goby 
X2(6) = 47.83, European bullhead x2(6) = 50.41 (p < 0.001, n = 15)) patterns of movement in 
zones were similar to those in the acclimatization periods, wi th the round goby showing 
more activity i n moving but not statistically significant through the shelter zone during 
the normal behavior period in darkness than d id the European bullhead, which showed 
more targeted movement i n this zone (Figure 3). In the normal behavior period i n light, 
the European bullhead was more active than the round goby, but both species moved less 
than in other time periods (Figure 3, Table 2). The primary difference between species in 
normal period dark was significantly more time spent in the quiet zone by the round goby 
(European bullhead 569.4 ± 1235.6, round goby 3344.9 ± 4644.5) (p = 0.033). 

During acclimatization periods, the European bullhead moved longer distances than 
the round goby, which moved greater distances in the normal behavior period in darkness 
(Table 2). The round goby showed more time in movement during the time periods, wi th 
the exception of stress response, than the European bullhead, but differences were not 
significant (Table 2). Dur ing acclimatization, the European bullhead spent more time 
outside the shelter in the stress response and exploration period in light compared to the 
round goby, which spent more time outside shelter during the exploration period in dark 
(Table 2). Dur ing the normal behavior periods, the round goby spent more time outside 
the shelter in light compared to the bullhead, while time spent outside the shelter during 
darkness was similar in both species (Table 2). 
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Table 2. The distance moved (cm), time spent outside shelter (sec and %), time spent in motion outside the shelter (sec and 
%), and proportion of time spent in movement (%) during the trial observed in Neogobius meianostomus (RG) and Cottus gobio 

(EB). SR = stress response period, EPL = exploration period in light, EPD = exploration period in darkness; NPD = normal 
behavior period in darkness, NPL = normal behavior period in light. Values with different letters within rows indicate 
significant fntraspecific differences (a = 0.05). Data are mean ± SD. 

Species 
Time 

Period 
Distance Moved 

(cm) 
Outside the 
Shelter (s) 

Outside the 
Shelter (%) 

Motion outside 
the Shelter (sec) 

Motion 
outside the 
Shelter (%) 

Active 
Movement 
during the 
Trial (%) 

R G SR 1129.5 ± 1456.1 a 2671.5 ± 2693.0 a 18.6 ± 18.7 c 1058.0 ± 881.6 a 53.6 ± 27.4 b 7.3 ± 6.1 c 

E B SR 1551.4 ± 1624.4 a 3864.8 ± 3077.1 a 26.8 ± 2 1 . 4 to 1091.9 ± 975.5 a 35.5 ± 23.4 b 7.6 ± 6.8 c 

R G E P L 3194.2 ± 2871.4 a 7720.0 ± 5265.8 a 53.6 ± 36.6 b 2556.5 ± 2603.6 a 35.5 ± 28.5 b 17.8 ± 18.1 b 

E B E P L 3773.8 ± 3342.2 b 8242.5 ± 5117.0 a 57.2 ± 35.5 c 2415.2 ± 1716.5 b 39.8 ± 28.1 c 16.8 ± 11.9 d 

R G E P D 2478.8 ± 2410.7 a 3217.1 ± 4 5 0 1 . 2 a 2 2 . 3 ± 3 1 . 3 c ' d 1119.2 ± 1600.3 a ' b 46.7 ± 27.5 b ' c 7.8 ± 11.1 d 

E B E P D 2951.4 ± 2579.4 a 2030.4 ± 2217.1 b 14.1 ± 15.4 d 659.7 ± 579.3 b 47.2 ± 32.1 c 4.6 ± 4.0 d 

R G N P D 2294.0 ± 3761.2 b 10622.4 ± 8817.1 a 36.8 ± 30.7 c 4234.0 ± 5488.9 b 44.5 ± 27.1 c 14.6 ± 18.9 d 

E B N P D 1207.1 ± 1234.3 c 10411.7 ± 10275.1 a 36.1 ± 3 5 . 6 d 3640.2 ± 4753.0 b 45.4 ± 25.1 d 12.6 ± 16.5 e 

R G N P L 1772.6 ± 2797.5 b 9796.1 ± 8 4 5 5 . 6 a 34.1 ± 29.4 c - d 4933.0 ± 4637.1 a 52.5 ± 26.1 c 17.1 ± 16.2 d 

E B N P L 1828.3 ± 2 1 1 7 . 4 b 6828.0 ± 7682.5 a 23.7 ± 26.7 d 2864.3 ± 3243.2 a - b 54.8 ± 22.9 c 9.9 ± 11.3 d 

3.4. The Temporal Pattern in Fish Diurnal/Nocturnal Activity 

There were no significant differences in time feeding (round goby X 2 (4) = 0.4; Euro
pean bullhead x 2 (4) = 5.93) and in upstream (round goby x 2 (4) = 0.9; European bullhead 
X 2(4) = 1-58), mid-stream (round goby x 2 (4) = 4.7; European bullhead x 2 (4) = 9.5), quiet 
(European bullhead x 2 (4) = 4.4), downstream (round goby x 2 (4) = 3.1; European bullhead 
X 2(4) = 1-6), and escape zones (round goby x 2 (4) = 3.4, n = 15; European bullhead x 2 (4) = 5.2) 
between species wi th respect to time period (p > 0.05, n = 15). 

Both the round goby and European bullhead spent a significantly longer time in 
shelter during all time periods than in other zones (round goby X 2 (4) = 23.397; European 
bullhead x 2 (4) = 44.148 (p < 0.001, n = 15)) (Figure 4). The round goby spent significantly 
more time in the quiet zone (round goby x 2 (4) = 5.6, p = 0.049, n = 15) than did the European 
bullhead during the normal period in dark. 

SR EPL EPD NPD NPL 

Shelter zone 
Figure 4 . Cont. 
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Figure 4. The time in shelter and quiet zones during the stress response period (SR), exploration 
period in light conditions (EPL), exploration period in dark conditions (EPD), normal behavior period 
in darkness (NPD), and normal behavior period in light (NPL) by the European bullhead and the 
round goby in a 28 h trial. Box limits correspond to upper (Q3—75%) and lower (Ql—25%) quartiles, 
horizontal bar to the median, and red dot to the mean. Outliers are indicated by points (min = Q l 
— 1.5 x IQR; max = Q3 + 1.5 x IQR). Different letters indicate significant intraspecific differences 
(a = 0.05). Asterisks indicate significant interspecific differences. 

4 . Discussion 

This study presents evidence of a similar behavior pattern i n a native (European 
bullhead) and an invasive (round goby) benthic fish species i n single-species laboratory 
experiments. The Ponto-Caspian invader, the round goby, continues to spread i n Euro
pean and Nor th American freshwater and coastal ecosystems and invades vulnerable 
tributaries of main waterways where it threatens native fish species, competing wi th 
them for habitat and prey [3,36,42]. Examples of vulnerable native fish species negatively 
affected by the round goby are the log-perch Percina caprodes (Rafinesque 1818) [43,44] 
and the mottled sculpin Cottus bairdii (Girard 1850) [4,36]. The round goby has been de
scribed as out-competing native mottled sculpin for preferred habitats and disrupting its 
reproduction [4,36]. Rapid decline of the river bullhead Cottus perifretum [45] was observed 
by van Kessel et al. [46] following round goby colonization in the river Meuse i n the 
Netherlands. Field and laboratory studies have revealed that cottiids, representative of 
small benthic fishes, might be especially vulnerable to gobiid impact [3,29]. Hence, we 
assume adverse effects on other cottiids similar to that on the European bullhead used in 
our study. These reports may not be conclusive: Janáč et al. [32], i n long-term monitor
ing of rip-rap habitats along the middle Danube, observed that the European bullhead 
maintained relatively strong reproducing populations despite the long-term presence of 
invasive gobiids. However, information concerning the European bullhead populations 
prior to the gobiid invasion is not available. 

Similarities between the round goby and European bullheads include size, bottom-
dwell ing habits, spawning grounds preferences, habitat use, feeding areas, and food 
type [32,47,48]. Similar to the round goby, the European bullhead is a solitary and territorial 
fish [49], and both species are reported to be nocturnal [50,51]. During the normal behavior 
period, we found both species to spend significantly less time outside shelter in daylight 
than in darkness, while, during the acclimation/exploration period, both were more active 
in light due to stress. 
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The European bullhead is believed to primarily inhabit small streams wi th a strong 
current [26,52] and to not actively migrate [52], while the round goby is associated wi th 
deep, lentic, slowly flowing waters and shows migratory behavior [53,54]. Some evidence 
suggests that the species can live in syntropy and share habitats [2,32,55-57]. In most 
cases, the round goby is a more successful species in natural conditions than the European 
bullhead and other cottiids [39,40]. It is generally assumed that the main drivers of the suc
cessful competition of the round goby have higher adaptability to alternative food sources 
as showing non-selectivity when consuming various size preys (e.g., macrozoobenthos 
crayfish) [58,59], fast growth and early sexual maturation, leading to rapid formation of 
dense populations [9,35]. Little is known about the effects of flow velocity and shelter 
availability on competition between the European bullhead and round goby, and these 
factors may be crucial for their potential co-occurrence in freshwaters and even for the 
persistence of the European bullhead in European waters. Our hypothesis that the round 
goby would exhibit a higher activity level than the European bullhead was confirmed by 
results showing greater time spent in movement during all investigated time periods and 
especially during the normal behavior period in light. 

Kessel et al. [29], in separate-species experiments, reported C. perifretum to show 
strong preference for shelter, whereas the round goby displayed a more generalist pattern, 
exploring and moving while occupying various habitat types. 

We also initially assumed that the round goby wou ld adapt more readily during the 
acclimatization period. This was not confirmed: both species needed more time to display 
stabilized and consistent movement patterns under the novel conditions of the trial. 

Al though most ethological studies have been performed in still water conditions, 
Jermacz et al. [9] assessed the effect of flow velocity on interactions between the non-native 
racer goby Bahka gymnotrachelus (Kessler 1857) and the European bullhead. The racer goby 
could displace the native European bullhead from a shelter in water velocities to 0.3 m 
s _ 1 . In our study, both species coped with the higher water velocities that occurred in the 
middle and upstream zones, as they spent the most time in the shelter. 

Reported habitat use and preferences of the European bullhead and round goby differ 
among sites and studies. In England, the European bullhead is reported to prefer depths 
of 0.10-0.30 m and velocities 0.0-0.2 m s _ 1 [57,60,61], whereas Knaepkens et al. [61] in 
Belgium observed a preference for depths of 0.23-0.44 m and velocities 0.0-0.6 m s _ 1 . Our 
results also confirmed the preference of the European bullhead for more rapidly running 
water compared to the round goby. The European bullhead spent more time in the escape 
zone (water velocity ~ 0.4 m s _ 1 ) during normal behavior tracking in the light period than 
did the round goby, while the round goby spent more time in the quiet zone (-0.02 m s - 1 ) 
during the normal behavior tracking in both dark and light compared to the European 
bullhead. 

The hypothesis of higher food intake of the round goby is rejected, since the species 
ate an equal number of larvae. This finding also indicates that both species are able to 
cope wi th high water velocities, as flow velocity in the feeding zone exceeded 0.7 m s _ 1 . 
However, less time spent in the feeding area while ingesting the same quantity of feed in 
the round goby implies more targeted movement toward the feeding zone. 

The round goby showed more consistent behavior during the normal behavior period 
in light, while the European bullhead demonstrated more consistent behavior during the 
normal behavior period in the dark. 

Comparing the behavior of the species under laboratory conditions simulating a natu
ral habitat, the present study revealed no significant interspecific differences in behavior 
without competitor presence. However, some specific differences were observed, as the 
round goby exhibited more consistent behavior than bullhead, which tended to show more 
or less lively activity behavior. The slight preference for the quiet zone in the round goby 
and for zones of more rapid flow in the European bullhead was initially expected to occur 
to a greater extent than was observed. 
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5. Conclusions 

Our results provided evidence that the fish need a relatively long acclimatization 
period for behavior stabilization. This finding should be taken into account i n future 
ethological studies conducted under laboratory conditions. Fish behavior depends on the 
habitat structure and integrity, water physical and chemical properties, and the presence of 
other fauna, which can trigger changes in preferences and factors in adaptation to a new 
environment, dramatically altering direct interaction between species. The interaction of the 
round goby and European bullhead could possibly impact native species and increase their 
vulnerability to other environmental threats. In addition to suggesting future research for 
further evaluation of behavior and interactions of the round goby and European bullhead, 
we can conclude that the success of the round goby over the European bullhead w i l l most 
l ikely not be driven by the basic behavior patterns investigated i n this study. The major 
factors are likely to be the round goby's higher reproduction rate and greater adaptability 
to often-changing environmental conditions. Our study shed light on the basic behavior of 
the studied species, showing very similar preferences of the native and invasive benthic 
fish. In case of the already widely spread invasive round goby, the implications are that 
European bullhead habitats are potentially susceptible to round goby invasions. Therefore, 
the main focus of adequate management actions should be to prevent spreading of the 
round goby as to ban manipulation wi th N. meianostomus and its release back into the 
water. 

Supplementary Materials: The following are available online at https://www.mdpi.com/article/IO 
3390/biologyl0090821/sf, Table SI: The mean values measured at 20 water velocity points (WV 
in m sec - 1 measurement points MP (Af-HI) in all three (1-3) experimental channels (EC). Data are 
mean ± SD., Figure SI: Simple linear relationship between number of fly larvae consumed and total 
time spent in feeding zone by round goby and European bullhead using the default Im function in 
the R statistical program (R Core Team, 2020). 
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Table 1. The mean values measured at 20 water velocity points (WV in m.sec 1 measurement points MP (AT-HI) in all three (1-3) experimental channels 
(EC). Data are presented as mean ± SD. 

10 

EC M P W V MP W V MP W V MP W V M P W V MP W V MP W V MP W V 

1 A l 0.78±0.05 B1 0.20±0.08 CI 0.23±0.06 F l 0.03±0.03 G l 0 . 1 1 1 0 . 0 4 HI 0 . 2 1 1 0 . 0 4 

A2 0.10±0.03 B2 0.32±0.05 C2 0 . 3 1 1 0 . 0 6 D1 0.53±0.04 E l 0.56±0.04 F2 0.33±0.10 G2 0.32±0.03 H2 0.36±0.04 

A3 0.82±0.06 B3 0.34±0.06 C3 0.30±0.04 F3 0.56±0.03 G3 0.46±0.04 H3 0.35±0.06 

2 A l 0.79±0.04 B1 0.34±0.04 CI 0.28±0.03 F l 0.02±0.02 G l 0.12±0.04 HI 0.18±0.04 

A2 0.15±0.05 B2 0.25±0.04 C2 0 .3110 .02 D1 0.55±0.04 E l 0.59±0.02 F2 0 .4210.11 G2 0.36±0.07 H2 0.33±0.04 

A3 0.89±0.06 B3 0.40±0.08 C3 0.30±0.05 F3 0.56±0.04 G3 0.40±0.02 H3 0 .3110 .03 

3 A l 0 . 8 1 1 0 . 0 5 B1 0.26±0.04 CI 0.26±0.03 F l 0 .0110 .01 G l 0.14±0.04 HI 0.20±0.04 

A2 0.08±0.03 B2 0.32±0.03 C2 0.33±0.04 D1 0.52±0.04 E l 0.58±0.02 F2 o . 4 i ± o . n G2 0.39±0.05 H2 0.35±0.03 

A3 0.86±0.05 B3 0.35±0.04 C3 0.29±0.06 F3 0.58±0.02 G3 0.43±0.08 H3 0.33±0.04 
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Figure 1. Simple linear relationship between number of fly larvae consumed and total time spent 
in feeding zone by round goby and European bullhead using the default Im function in the R statistical 
program (R Core Team, 2020). 
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General discussion 

General discussion 

Humans are r espons ib l e for 1,000 of spec ies be ing t r anspo r t ed f rom the i r area of or ig in 
a round the g l o b e and w i th acce le ra ted t rade and t ranspor t , t he rate of new in t roduc t i ons 
has exponent i a l l y increased over t i m e . As b io log ica l invas ions are increas ing wo r ldw ide , 
innumerab le d a m a g e is be ing caused to e cosys t ems , b iodivers i ty , soc io-economic sec tors 
and the h u m a n need for wa te r resources . The s ign i f i cant ef fect of aqua t i c invasive spec ies 
on nat ive spec ies p o p u l a t i o n s and e c o s y s t e m s has b e c o m e one of the m o s t crit ical i ssues 
wor ldw ide , a l ongs ide o the r r isks such as c l imate change, po l l u t i on and hab i ta t mod i f i c a t i on . 

In recent years, research and pol ic ies have f o c u s e d on ident i f y ing and c lass i fy ing 
i n t roduc t i on pa thways and pr io r i t i z ing the bes t m a n a g e m e n t s c h e m e s to prevent fu r ther 
b io log ica l invas ions and invasive spec ies spread ing . The Strategic Plan for B iod ivers i ty 2 0 1 1 -
2 0 2 0 (Target 9; C o n v e n t i o n on B io log ica l Divers i ty 2 0 1 2 ; h t tp s : / /www.cbd . i n t / sp/ t a rge t s / 
rat ionale/target-9/) r epor ted tha t "by 2 0 2 0 " , invasive a l ien spec ies and pa thways wi l l be 
ident i f ied and p r io r i t i zed ; however, a l t hough there has been a s ign i f i cant i m p r o v e m e n t in th is 
f ie ld, the re is sti l l m u c h more to do. 

In th is thes i s , p rom inen t g roups of aquat i c invaders are ana lyzed in a ser ies of expe r imen ta l 
work and f ie ld surveys. Due to t h e reasons m e n t i o n e d under 'Ob jec t i ves ' in t h e Genera l 
In t roduct ion , only three of t h e object ives we re ach ieved t h rough t h e pub l i c a t i on of a 
manusc r ip t or have a prepared manusc r i p t to-date. O the r manusc r ip t s wi l l be ready for 
s u b m i s s i o n s o o n , bu t th is thes i s a c c o m p l i s h e d only th ree object ives . These object ives as we l l 
as the m e t h o d o l o g y and expe r imenta l wo rk were c h o s e n in comp l i ance w i th t h e obse rva t i ons 
f rom f ie ld surveys and w i th t h e coope r a t i on b e t w e e n G e r m a n and the Czech sc ien t i s t s on 
the bas is of t h e project "MoB i-aqua - cross-border m o n i t o r i n g of b io log ica l invas ions for 
conse rva t i on of nat ive aqua t i c b iodivers i ty " . 

The river Elbe has the fourth-largest c a t c h m e n t area in W e s t e r n and Centra l Europe, inc lud ing 
rivers and s t reams f rom t h e Czech Republ ic , Germany, Aus t r i a , and Po land . The river Elbe is a 
federal river for its wa te rways and an i m p o r t a n t pa thway for invasive o rgan i sms endange r i ng 
nat ive spec ies . It is t he pr imary source of invaders and the i r migra tory cor r idor and , in Ge rmany 
and t h e Czech Republ ic , of great i m p o r t a n c e for wa te r m a n a g e m e n t and sh ipp ing . The river 
and its n u m e r o u s t r ibutar ies are a lso t h e hab i ta ts of many aqua t i c o rgan isms , inc lud ing 
endange red nat ive spec ies such as, e.g., nob l e crayf ish, s tone crayf ish, and European bu l lhead . 
Twenty-five s i tes a l ong the ma in River E lbe (7 sec t ions ) , Eder (4 sec t ions ) and its t r ibutar ies 
(14 sec t ions ) were m o n i t o r e d for aquat i c spec ies de t e rm ina t i on in t h e Czech Republ ic , as 
wel l as an add i t i ona l twenty-seven s i tes of t he ma in river E lbe (7 sec t ions ) and its t r ibutar ies 
(20 sec t ions ) in Saxony, Ge rmany dur ing t h e project MoBI-aqua. The s t ream morpho logy , 
m a c r o z o o b e n t h o s c o m m u n i t i e s , crayfish p o p u l a t i o n and f ish p o p u l a t i o n s (nat ives and non-
nat ives) were exp lo red and s to red in a da tabase . Except for nat ive b io ta , t h e ma in invasive 
spec ies m o n i t o r e d were : t he spiny-cheek crayf ish, t h e zebra musse l , t he As ian c lam, t h e New-
Zea land m u d snai l , t h e three-spined s t i ck leback , t h e b r o w n bu l lhead , the black bu l lhead , 
the Pruss ian carp, t h e p u m p k i n s e e d , the round g o b y and even the a l ien D e m a n s o n ' s c ich l id , 
endemi c to t h e Afr ican lake Ma law i and , a l t hough it is no t a th rea t t o Centra l European 
waterways , it is a p r ime examp le of an i n t roduced spec ies (probably f rom aquar ium release) 
(Buřič et al., 2 0 2 0 ) . Several ob ject ives of t h e p resen ted thes i s a rose f rom t h e s e m o n i t o r i n g 
o u t p u t s and f ie ld exper iences , as we l l as f r om co-operat ion w i th G e r m a n co l l eagues . The 
t empera tu res used in the expe r imen t s we re a lso in acco rdance w i t h t h e t empera tu res in the 
Elbe River and its t r ibutar ies at a g iven t ime (crayfish te rmina l phase of r ep roduc t i on and 
s u m m e r season ) . 
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ln Chapter 2, w e a s s e s s e d t h e po ten t i a l of an invasive a m p h i p o d , the ki l ler sh r imp 
Dikerogammarus villosus, and its abi l i ty t o c o p e w i th o the r es tab l i shed invaders in European 
waters - t h e Nor th Amer i can s ignal crayfish Pacifastacus leniusculus as a representa t i ve of 
fami ly As tac idae (Kouba et al., 2 0 1 4 ) and the marb led crayfish Procambarus virginalis as a 
m o d e l for o ther Nor th Amer i can cambar id crayfish (Hossa in et al., 2 0 1 8 ) . Representa t i ves of 
t he se t w o fami l ies in Europe differ in t h e s ize of the i r eggs and the s ize of early juveni les, as 
wel l as t h e t i m e (stage) w h e n they b e c o m e i n d e p e n d e n t of the i r mo the r s (Ho ld ich , 2 0 0 2 ) . 

Killer sh r imp is a b u n d a n t in large European rivers, whe re it is r epo r t ed as a ser ious th rea t 
t o nat ive b io t a (Dick and P la tvoet , 2 0 0 0 , 2 0 0 1 ) . Dur ing t h e crayfish and m a c r o z o o b e n t h o s 
s amp l i ng in t h e E lbe River, w e cou ld no t f ind ov igerous spiny-cheek crayfish at p laces where 
the h ighes t dens i t y of ki l ler sh r imps was de t e c t ed . It was no t p roven by deep mon i t o r i ng , 
but it was an init ial idea to start t h e object ive t a rge ted on the abi l i ty of t h e ki l ler sh r imp to 
affect crayfish egg c lu tches and the early deve l opmen ta l s tages of crayf ish. Hence, if they 
can s igni f icant ly in f luence the i r p o p u l a t i o n by reduc ing the rec ru i tment of new crayfish 
genera t ions . The par t i cu lar a ims were to inves t igate if ki l ler sh r imp are able to o p e n and 
eat the eggs of t w o se lec ted crayfish spec ies , if it is able to kill and eat the i r f ree-moving 
juveni les, and if yes, h o w t h e egg (hatchl ings) c lu tches are a f fec ted w h e n a t t a ched on fema le 
p l e o p o d s and act ive ly gua rded . Bes ides th is p redatory role, w e a lso c o m p a r e to w h a t ex ten t 
bo th crayfish spec ies c h o s e n can p reda te on ki l ler sh r imps and wh i ch spec ies is more effect ive 
at t ha t role. 

Our resul ts d e m o n s t r a t e d tha t t h e ki l ler sh r imp is ab le to o p e n potent ia l l y los t eggs and 
eat t h e m and is a lso effect ive in p reda t ing on free-living juveni les of cambar id crayf ish. The 
s i tua t i on was d i f ferent for s ignal crayf ish, whe re t h e egg s ize and rigid eggshe l l l im i ted the 
p reda t ion by t h e kil ler shr imp. Similarly, s ignal crayfish juveni les were less a f fec ted due to 
the i r s ize . However, it was remarkab le t ha t ki l ler sh r imp a f fec ted the c lu tches direct ly gua rded 
by the i r mo the r s . Due to the resul ts above , w e used ov igerous marb led crayfish f ema les and 
s ignal crayfish f ema les w i t h hatch l ings ( 1 s t d e ve l opmen ta l s tage) t ha t are smal le r and more 
vu lnerab le t h a n t h e free-living juveni les in as tac ids ( 2 n d d e v e l o p m e n t a l s tage) (Kozák et al., 
2015 ) . In b o t h spec ies , w e de t e c t ed s ign i f i cant losses on c lu tches i ncuba ted and act ively 
gua rded by the i r mother . The phys ica l ev idence was a lso m a d e by f ind ing halved (half-eaten) 
hatch l ings on f ema le p l e o p o d s . They canno t be ea ten e i ther by the i r m o t h e r (physical ly 
imposs ib l e to reach and cut t h e m ) nor conspec i f i c s in the c lutch ( they sti l l do no t f eed 
external ly ) (Ho ld ich , 2 0 0 2 ) . 

Our f ind ings i l lustrate t h e high vorac i ty and compe t i t i v eness of ki l ler sh r imp and the 
u n e x p e c t e d bo ldness of th is t iny creature, a f fec t ing even m u c h b igger taxa by its pressure 
on the i r early deve l opmen ta l s tages . Due to th is aggress i veness , bo ldness , and voracity, ki l ler 
sh r imps are a lso o f t en de t e c t ed in u n e x p e c t e d t roph i c pos i t i ons t h a t co r r e spond more to 
ben th i c or even predatory f ish t han bo t tom-dwe l l i ng inver tebrates (Van Riel et al., 2 0 0 6 ; 
MacNe i l et al., 2 0 1 0 ) . Kil ler sh r imps are there fore no t only po ten t i a l prey for f ish and crayfish 
but a lso the i r c o m p e t i t o r and even a p reda tor on the i r deve l opmen ta l s tages . Spec ies w i t h 
smal le r eggs and early deve l opmen ta l s tages are more p rone to ki l ler sh r imp p reda t ion as 
p resen ted by t h e h igher p reda t ion on marb led crayfish eggs and juveni les t han t h o s e of s ignal 
crayf ish. 

Direct p reda t ion by ki l ler sh r imp on juveni les of t h e spiny-cheek crayfish was a lso obse r ved 
in a prev ious s tudy (Buřič et al., 2 0 0 9 ) whe re t h e f irst and s e c o n d i n d e p e n d e n t s tage of 
cambar ids (3 r d and 4 t h d e v e l o p m e n t a l s tage) we re prone to p reda t ion by ki l ler shr imp, bu t larger 
s tages of crayfish cou ld resist . A recent s tudy f rom Warren et a l . (2021) s h o w e d tha t kil ler 
sh r imp cou ld a lso prey u p o n early-stage ( embryos and larvae) of nat ive c o m m o n f rog Rana 
temporaria L innaeus, 1758 , as we l l as invasive amph ib i ans and the Af r i can c l awed f r o g X e n o p u s 
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laevis Daud in , 1802 in the UK. It a lso exh ib i t ed a potent ia l l y des tab i l i z ing Type II f unc t iona l 
response , as hav ing a larger b o d y s ize t r ans la ted into t h e super io r func t i ona l r e sponse t h rough 
s igni f icant ly lower hand l ing t i m e and subsequen t l y h igher m a x i m u m f eed ing rates. Similarly, 
as in the crayfish in our study, ki l ler sh r imp appea red incapab le of c o n s u m i n g larger embryos 
and p reda t i on was obse r ved only w h e n embryos were d a m a g e d be fore exposure . Therefore, 
t he m e n t i o n e d s tudy sugges t s t h a t ki l ler sh r imp presents a ser ious th rea t t o an imals much 
larger t han itself, espec ia l ly t h o s e w i th relat ively smal l embryos (Warren et al., 2 0 2 1 ) . Spec ia l 
c o n s u m p t i o n rates by large a m p h i p o d s may be fac i l i ta ted by more p r o m i n e n t m o u t h p a r t s 
and g n a t h o p o d s , a l l ow ing ind iv idua ls to capture and c o n s u m e a w ide r range of prey (Mayer et 
al., 2 0 0 8 ) as we l l as hav ing a large gu t capacity, necessary for d iges t ing high a m o u n t of f o o d 
i tems eff ic ient ly (Vucic-Pestic et al., 2 0 1 1 ) . It was a lso p re sen ted in our research by t h e abi l i ty 
of ki l ler sh r imp to c o n s u m e a mean prey b i o m a s s of more t han 2 7 % ( m a x i m u m 4 3 % ) of its 
o w n b i o m a s s in 24 hours (marb led crayfish juveni les as a prey). Ki l ler sh r imp ' s abi l i ty t o be 
carn ivorous and to use a broad s p e c t r u m of o the r f o o d may be a f u n d a m e n t a l reason for the 
invas ion 's success , be ing an advantage over o ther gammar id s t ha t o f t en e l im ina ted in p laces 
where ki l ler sh r imp are p resent (Mayer et al., 2 0 0 8 ) . 

To see the ki l ler sh r imp ' s role f r om t h e o the r s ide, it was a lso highly p reda ted by b o t h 
spec ies in our study, s ignal and marb led crayf ish. Especia l ly marb l ed crayfish were success fu l 
at k i l l ing and fo rag ing on kil ler sh r imps desp i t e the i r smal le r s ize c o m p a r e d to s ignal crayf ish. 
This is we l l i l lust rated by the s igni f icant ly h igher m e a n prey b i o m a s s ea ten by marb led crayfish 
( 1 7 % ) t han by s ignal crayfish (6 .1% ) . Ma rb l ed crayfish s h o w e d tha t in g iven cond i t i ons they 
can be more vorac ious t han s ignal crayf ish, a we l l-estab l i shed invader in European f reshwaters 
(Kouba e t a l . , 2 0 1 4 ) . 

To summar i se , t he ki l ler sh r imp is a dange rous invader for its ben th i c coun te rpa r t s and can 
also af fect m u c h larger an imals by prey ing on the i r early deve l opmen ta l s tages . Due to its 
eco log ica l advantages such as rapid r ep roduc t i on , p redatory behav io r and w ide r t empera tu re 
and sal in i ty to le rance t h e ef fects it has on f reshwate r e c o s y s t e m are expec t ed to b e c o m e more 
p r o n o u n c e d as its range wi l l con t i nue to increase (Bij de Vaate, 2 0 0 1 , 2 0 0 2 ) . Ki l ler shr imp can 
sus ta in ex t ended pe r iods in ba l las t wa te r t anks and be d i spe rsed over cons ide rab le d is tances 
(Mayer et al., 2 0 0 8 ) , so it cou ld invade Nor th Amer i c a s o o n (Devin et al . , 2 0 0 1 ; Müller et al., 
2 0 0 2 ; War ren et al., 2 0 2 1 ) . 

Chapter 3 represents the next level of invader in te rac t ions where crayfish are cons ide red as 
bo th prey and c o m p e t i t o r s of t h e c h o s e n representa t i ve of invasive gob i ids , t he round goby. 
The round g o b y o f t en co-exists w i t h t h e spiny-cheek crayfish (Buřič et al., 2 0 2 0 ) . Therefore, 
we inves t iga ted round g o b y behav io r t owa rds crayfish of d i f ferent s izes m i m i c k i n g di f ferent 
s i tua t ions t ha t are c o m m o n in natural cond i t i ons . The marb led crayfish was used as a m o d e l 
representat ive of t h o s e cambar id crayfish a lready l iv ing in syn t ropy w i th t h e round g o b y in 
bo th Europe and Nor th Amer i c a (Church et al., 2 0 1 7 ; E r i csson et al., 2 0 2 1 ) . They b o t h co-exist 
in the s ame habi ta t , shar ing she l ters and us ing s imi lar f o o d sources (Gebauer et al., 2 0 1 9 ) . 
We pu rsued several d i f ferent goa ls as a bas is for fu r ther s tud ies . Firstly, w e inves t iga ted round 
g o b y vorac i ty w h e n paired w i th juveni le crayfish of d i f ferent s izes and a m o u n t s . 

Fur thermore , w e inves t iga ted the behav io r of b o t h spec ies w h e n paired w i th s imi lar ly s i zed 
indiv iduals dur ing 24 h and dur ing e ight consecu t i ve days. In t h e f irst round of expe r imen ts , 
t he round g o b y s h o w e d increased p reda t i on w i t h inc reased m o u t h gape, no ma t t e r w h a t 
n u m b e r and s izes of crayfish juveni les were avai lable. A lso , w h e n w e c o m p a r e d c o n s u m p t i o n 
under t w o di f ferent t empera tu res (17 °C and 21 °C) , t he round g o b y s h o w e d increased 
c o n s u m p t i o n w i th increased t empera tu re . M o u t h gape and to ta l l ength were the m o s t 
l imi t ing fac tors in p reda t i on on crayf ish. In the s e c o n d round of expe r imen t s , t h e obse rva t i on 
of we igh t-matched coup les of round g o b y and marb led crayfish was c o n d u c t e d . Round goby 
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exh ib i t ed e n o r m o u s d isp lays of aggress i veness and compe t i t i v eness for space and shel ters 
w i th crayf ish. 

To s u m up, the round g o b y s h o w e d high aggress i veness and d o m i n a n c e over crayf ish. Round 
g o b y p reda t ion was mos t l y l im i ted by m o u t h gape . However, w h e n m o u l t e d , even similar ly 
s i zed crayfish were ea ten by round goby because he lp less crayfish were no t able to de fend 
themse l ves aga ins t g o b y a t tacks . However, in prey ing on smal le r crayf ish, t h e b igger the 
m o u t h gape, the b igger crayfish they c o n s u m e d . As b o t h t e s t e d spec ies are main ly noc tu rna l 
(Savino et al., 2 0 0 7 ; Korn is et al., 2012 ) , c o m p e t i t i o n for she l ter was m o s t crucial dur ing the 
day whe re t h e round g o b y was the more success fu l spec ies . 

Meanwhi le , dur ing the obse rva t i ons of the e ight days exper iment , marb l ed crayfish spen t 
s igni f icant ly more t i m e in t h e she l te r du r ing t h e day. M o s t of t h e a t tacks h a p p e n e d dur ing the 
day, w i th round g o b y be ing more aggress ive and in i t ia t ing f ights and t ry ing to ente r t h e shelter. 
In genera l , t h e p resence o f f i s h predators can have a negat i ve bu t sub le tha l ef fect because it 
induces a change in crayfish behav ior by reduc ing the i r f e ed ing act iv i ty and increas ing t h e t ime 
spen t in the she l ter (Aqui lon i and Gherardi , 2 0 1 0 ) . In t h e s tudy by Anastácio et a l . (2011 ) , t w o 
invaders, a lso shar ing typ ica l hab i ta ts in sha l l ow poo l s , t h e red s w a m p crayfish and eas tern 
mosqu i t o f i sh Gambusia holbrooki Girard, 1859 a lso p reda ted each other : crayfish c o n s u m e d 
f ish and f ish c o n s u m e d recent ly ha t ched crayf ish. Naive p redac ious f i shes such as the 
invasive l a rgemouth bass Micropterus salmoides Lacépěde, 1802 s h o w e d increased crayfish 
c o n s u m p t i o n af ter fou r days of f eed ing on the s a m e prey. This s h o w s tha t l a rgemouth bass 
can quick ly a d a p t to n e w preys in recent ly invaded hab i ta ts (Ramalho and Anastácio, 2 0 1 0 ) . 
The genera l conc lus ion of th is s tudy is t ha t early juveni le crayfish are the m o s t vu lnerab le to 
p reda t ion by round g o b y tha t cause cons ide rab le dec l ines in t h e invasive crayfish spec ies of 
genus Cambar idae in Europe and Nor th Amer i c a . The round g o b y is we l l a d a p t e d to c o n s u m e 
crayfish and to c o m p e t e for avai lable she l ters w i th t h e m . It can be e x p e c t e d tha t round goby 
wil l easi ly prey on any crayfish spec ies avai lable, b o t h nat ive and a l ien. 

Dur ing t h e f ie ld s amp l i ng in the Elbe and Eger River, m e n t i o n e d at t h e beg inn ing of th is 
d i s cuss ion , t h e co-occurrence of the invasive round g o b y and t h e nat ive Eu ropean bu l lhead 
was f o u n d on the Czech and G e r m a n s ides of t h e border (Buřič et al., 2 0 2 0 ) . The success of 
t he round g o b y and the lack of s tud ies in wa te r f l ow cond i t i ons led to the idea of us ing a f l ow 
s imu la to r to compa re the bas ic behav iora l pa t te rns , space usage, and in terac t ions b e t w e e n 
the round g o b y and Eu ropean bu l lhead . The resul ts of t h e bas ic behav iora l pa t te rns and space 
usage under d i f ferent f l ow ve loc i t i es are p r e sen ted in t h e f o rm of a manusc r i p t in Chapter 4. 
At t h e same t ime , t h e da ta f rom o the r s tud ies are n o w ready to be wr i t t en into a manusc r ip t . 

The round goby and European bu l lhead are k n o w n as bo t tom-dwe l l i ng spec ies t ha t occupy 
a s imi lar n iche (Roche et al., 2 0 1 5 ; Jurajda et al., 2 0 0 5 ) , so it is expec t ed t h a t they c o m p e t e for 
s imi lar resources . There are many repor ts a b o u t t h e negat i ve impac ts on nat ive ben th i c f ish 
spec ies (or even fas t dep l e t i on of t hem) f r om t h e fami ly Co t t i dae (Janssen and Jude, 2 0 0 1 ; 
C o r k u m et al., 2 0 0 4 ) bu t the re are a lso repor ts a b o u t p o p u l a t i o n s of t h e European bu l lhead 
and the round g o b y in s yn topy w i t h o u t any negat ive impac t s on nat ive spec ies (Janáč et 
al., 2 0 1 8 ) . There are many poss ib l e drivers of spec ies success and many poss ib l e l im i t ing 
factors t ha t can s u p p o r t or suppress d i f ferent spec ies . Our ob jec t i ve was to inves t igate the 
space usage, f l ow ve loc i ty pre ferences or to le rance , she l te r use, f eed ing behav io r and act iv i ty 
pa t te rns in a f l ow s imu la to r in ind iv idua ls f r om b o t h spec ies . This i n fo rma t ion was n e e d e d to 
be t te r unde r s t and the i r bas ic behav iora l character is t ics pr ior t o the in te rac t ion expe r imen ts . 
The ques t i ons of h o w obse r ved spec ies react in novel cond i t i ons and h o w they c o p e w i th 
init ial s t ress were a lso w o r t h inves t iga t ing . 

Surpris ingly, there were no t so many d i f ferences b e t w e e n ta rget spec ies w i t h only a s l ight 
preference of round g o b y for areas w i th s l ow runn ing wate r whe reas bu l lhead preferred faster 
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runn ing waters . However, b o t h spec ies were ab le to cope w i t h h igh wate r ve loc i t y levels above 
0.7 m.sec \ s imi lar t o t h e resul ts by Knaepkens et a l . ( 2002 ) w i t h a m a x i m u m of 0.6 m.sec \ W e 
obse r ved indiv idual f ish in acc l ima t i za t i on pe r i ods (stress response , exp lo ra t ion pe r iod l ight, 
exp lo ra t ion pe r iod dark) and norma l pe r iods of t rack ing in dark and l ight. Space was d iv ided 
for t h e needs of analys is into seven z o n e s in wh i ch spec ies cou ld freely move : f eed ing zone , 
ups t ream zone , mid-stream zone , she l te r zone , qu ie t zone , e scape zone , and d o w n s t r e a m 
zone . Bo th spec ies had s imi lar pa t te rns in t h e t ime spen t in all z o n e s in part icu lar pe r iods , 
s p e n d i n g m o s t of t he t ime in the she l ter and the mid-stream zone . The only d i f ference was 
tha t round g o b y spen t more t i m e in the qu ie t z o n e dur ing the exp lo ra t ion pe r i od in l ight 
cond i t i ons . Desp i t e t h e l ow di f ferences obse r ved , w e can conc lude tha t expe r imen ta l f ish 
need relat ively l ong acc l ima t i za t i on pe r i ods for behav iora l s tab i l i za t ion wh i ch shou ld be taken 
into a c c o u n t in fu ture s tud ies . In genera l , round g o b y s eems to be faster in t ha t regard. The 
main drivers t h a t de te rm ine invas ion success by round goby do no t lay in the ind iv idua l , bas ic 
behaviora l pa t te rns and bas ic space usage . Rather, the i r h igher r ep roduc t i on effort , h igher 
adaptab i l i t y and more aggress ive nature shou ld be cons ide red to be the ma in advantages . 

Overal l , t he p resen ted research in th is thes i s , i nc lud ing t h e w o r k on t h e MoBI-aqua pro ject 
and its resul ts (Buřič et al., 2 0 2 0 ) , shows tha t co-occurr ing of t h e al ien invasive spec ies can 
l imit each o ther by c o m p e t i t i o n and p reda t i on bu t a lso high probab i l i t y t ha t invasive spec ies 
wil l con t i nue to spread fu r ther ( the round g o b y p o p u l a t i o n has m o v e d 12 k m in t h e last three 
years) . The m o v e m e n t of aqua t i c invaders is a lso in f luenced by grad ients of t empera tu re and 
e levat ion , wh i ch are there fore f u n d a m e n t a l for p red i c t ing t h e a u t o n o m o u s over land d ispersa l 
and co l on i za t i on pa t te rns (Marques et al., 2 0 1 5 ) . Cap inha et a l . (2013) p red i c ted tha t s ignal 
and red s w a m p crayfish wi l l increas ingly occupy t h e many c l imat ica l ly su i tab le areas sti l l 
avai lable in Europe . In genera l , invasive spec ies react fas ter and more adapt ive ly t han nat ive 
ones , i nc lud ing a d a p t a t i o n to novel cond i t i ons , s t ress and nove l p redators (Haz let t et al., 
2 0 0 2 ; S iebeck et al., 2 0 0 9 ) . 

A l t h o u g h invasive spec ies have success fu l l y es tab l i shed v iab le popu l a t i ons under European 
c l imat ic cond i t i ons , da ta on all of t h e m in t h e w i lde rness or u rban ized areas of Europe remains 
scarce. There is sti l l m i s s i ng i n fo rma t i on a b o u t in terac t ions and inc idence of invasive spec ies 
in mul t ip ly invaded e cosy s t ems where one can l imit t h e other, or ins tead cause the o ther t o 
f ind an a l ternat ive n iche and there fore increase the pressure on the e cosy s t em . 

Conclusions 

As ev idenced by the present thes i s , ki l ler sh r imp can negat ive ly af fect larger an imals 
(crayfish, f i sh , and amph ib i ans ) bu t can a lso serve as prey t ha t can be c o n s u m e d in large 
a m o u n t s , as s h o w n in marb led crayf ish. Crayfish can a lso be under pressure f rom o ther 
invaders, such as round g o b y tha t s h o w e d t h e po ten t i a l t o swa l l ow relat ively large a m o u n t s of 
crayfish of d i f ferent s ize c lasses . They a lso act ively c o m p e t e for o ther resources like space and 
she l ter and theore t i ca l l y can negat ive ly af fect each other, e.g., by h igher exposu re to d iurna l 
predators . Round g o b y was a lso f o u n d to be very s imi lar in bas ic behav ior and space usage to 
the nat ive European bu l lhead , a l t hough it had be t t e r adaptab i l i t y t o st ress cond i t i ons and a 
lower preference for fast-f lowing areas. Round g o b y was con f i rmed as an aggress ive b o t t o m -
dwe l l i ng predator, shar ing a hab i ta t w i th a lot of o the r ben th i c an ima ls l ike a m p h i p o d s , 
crayfish and o ther f ish - nat ives and al iens. 

To s u m up, all a l ien spec ies cons ide red in th is thes i s are a th rea t to any nat ive spec ies t h a t 
share s imi lar character is t ics in habi ta t , she l ter preference, or are vu lnerab le t o be ing a t t a cked 
and/or p reda ted o n . O n e spec ies can l imit t h e other, or conversely, t h e o u t c o m p e t e d spec ies 
wil l f ind an a l ternat ive n iche and there fore increase the overal l pressure on the e cosy s t em . 
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This thes i s represents a base l ine for fu ture expe r imenta l wo rk t h a t f o cuses on more c o m p l e x 
se tups so t h a t w e may be t t e r unde r s t and invasive spec ies and the m e c h a n i s m s beh ind the i r 
success and in terac t ions . 
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English summary 

English summary 

Cocktail of invaders in European inland waters - ecological characteristics, interactions and 
consequences 

Sara Roje 

Innumerable a l ien spec ies have been invad ing European f reshwaters for centur ies and they 
are current ly sti l l increas ing. Human act iv i ty causes t h e p l anned or u n e x p e c t e d t r anspo r t of 
al ien invaders ou t s i de of the i r h is tor ica l b i ogeograph i c bounda r i e s . Consequent l y , d i spersa l 
pa thways play a p ivota l role in t h e success of invasive spec ies t h a t can cause devas ta t ing 
env i ronmenta l and soc io-economic impac t s . These pa thways af fect t he number , f requency, 
and geograph i c range of spec ies d i spe r sed . 

S tudy ing invasive spec ies in the i r nat ive and invaded ranges offers new oppo r tun i t i e s 
for add ress ing theore t i ca l cha l lenges a s soc i a t ed w i th n iche-based m o d e l s and pred ic t ions . 
However, t h e ef fects of i n t r oduced spec ies differ a cco rd ing to key character is t ics such as s ize, 
abundance , invaded hab i ta t type, and c o m m u n i t y c o m p o s i t i o n . Wh i l e s o m e i n t roduc t i ons are 
cons ide red benef ic ia l in s o m e cases, s o m e of t h e m have t h e o p p o s i t e effect. 

This thes i s is c o m p o s e d by four ma in chapters : 1) a genera l s u m m a r y of t h e current 
k n o w l e d g e of t h e impac t of aqua t i c invasive spec ies in Europe, eco log ica l character is t ics , 
main representat i ves , the i r in terac t ion and t h e c o n s e q u e n c e s of sp read ; 2-3) t w o s tud ies 
address ing mu tua l spec ies impac t s b e t w e e n invaders co-occurr ing t o g e t h e r in t h e same 
habi ta t ; and 4) one s tudy inves t iga t ing t h e d i f ferences b e t w e e n the behav io r of nat ive 
and al ien f ish spec ies . Chapte r 1 looks at t h e theore t i ca l c o n c e p t and impac ts of aqua t i c 
invasive spec ies and in part icular, fou r c h o s e n g roups of invaders w i th a review on speci f ica l ly 
chosen high-profi le aqua t i c invasive spec ies in f reshwaters , the i r a s soc i a t ed impac t s and 
deta i l ed desc r ip t i ons of t he spec ies used in expe r imen t s . Chapte r 2 f o cuses on t h e predatory 
impac t of ki l ler sh r imp on the early deve l opmen ta l s tages of marb led and s ignal crayf ish, 
conc lud ing t h a t ki l ler sh r imps can represent a th rea t fo r t h e m . They were ab le t o feed on 
di f ferent deve l opmen ta l s tages of larger f reshwater c rus taceans even if they were p ro tec t ed 
by the i r mo the r s . Chapte r 3 repor ts t h e in terac t ions of t w o invaders : round g o b y and marb led 
crayf ish. Round g o b y s h o w e d d o m i n a n t aggress i veness c o n s u m i n g all t he juveni le crayfish 
s izes o f fe red . The s tudy a lso con f i rmed tha t round g o b y was able t o p reda te on , a t tack and 
take shel ters f rom crayf ishes. The only l im i t ing fac to r in th is in terac t ion was the larger s ize of 
the crayf ish. W h e n in teract ing , b o t h t e s t e d spec ies negat ive ly in f luenced each other, wh i ch 
can m e a n mutua l c o n s e q u e n c e s for b o t h spec ies . Chapte r 4 deals w i th t h e indiv idual behav ior 
of round goby and nat ive Eu ropean bu l lhead dur ing day and n ight act iv i ty under labora tory 
cond i t i ons in a f l ow s imulator . Bo th spec ies s h o w e d very s imi lar behavior, w i th only s l ight 
d i f ferences t owa rds adaptab i l i t y and stress-related activity. 

Desp i te t h e s imi lar i t ies , round goby was con f i rmed to be an aggress ive , bo t tom-dwe l l i ng 
predator shar ing a hab i ta t w i t h a lot of o ther ben th i c an ima ls l ike a m p h i p o d s , crayf ish, and 
o the r f ish - nat ive or o the r a l iens. Overal l , all a l ien spec ies are a th rea t t o all p o p u l a t i o n s shar ing 
s imi lar character is t ics in the i r habi ta t , t a k i ng the i r she l ters , a t t a ck ing t h e m , and p reda t ing on 
t h e m . O n e spec ies can l imit t h e other, or t h e o u t c o m p e t e d spec ies can be d i sp laced fo rc ing 
to f ind an a l ternat ive n iche and there fore increase t h e overal l p ressure on t h e e c o s y s t e m . The 
p resen ted thes i s clearly shows s o m e new f ind ings main ly a b o u t t h e in terac t ions b e t w e e n 
invaders and a lso represents a base l ine fo r fu tu re expe r imen ta l wo rk f o c u s e d on more 
c o m p l e x se tups tha t wi l l enab le us to increase our unde r s t and ing of invasive spec ies . 
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Czech summary 

Koktejl invazivních druhů ve vnitrozemských evropských vodách - ekologická charakteristika, 
vzájemné působení a následky 

Sara Roje 

V evropských vodách se již před lety, d o k o n c e i před staletími, rozšířil nespočet invazivních 
druhů a t en to t r end nadále pokračuje i v dnešní době. Především lidská činnost způsobuje t y to 
ať již plánované nebo neplánované přesuny invazivních druhů m i m o ob las t i jej ich původního 
rozšíření. Ces ty šíření invazivních druhů hrají klíčovou roli v jejich následném úspěchu 
a ovlivňují jej ich negativní enviromentální a socioekonomické dopady . Ovlivňují především 
počet, f rekvenc i a geografické rozšíření těchto druhů. 

S t u d i u m invazivních druhů v jejich původních a nepůvodních místech výskytu, nabízí nové 
příležitosti pro řešení výzev založených na modelování a predikc i vývoje ekosystémů. Dopady 
introdukovaných druhů závisí především na klíčových fak to rech , jako je ve l ikost , abundance , 
t yp a stav napadeného hab i t a tu a složení společenstva. I když m o h o u být některé i n t rodukce 
považovány za prospěšné, většina případů má spíše opačný účinek. 

Tato práce je rozdělena do čtyř hlavních kap i to l : 1) obecné shrnutí současných poznatků 
o vl ivu vodních invazních druhů v Evropě, jejich ekologické charakter ist iky, hlavní představitele, 
jejich interakce a důsledky šíření; 2-3) dvě s tud ie zabývající se vzájemnými in te rakcemi 
invazivních druhů vyskytujících se společně v j e d n o m hab i t a tu ; a 4) porovnání rozdílů mez i 
chováním původního a nepůvodního d ruhu ryb. Kap i to la 1 se zabývá teoretickým k o n c e p t e m 
dopadů vodních invazivních druhů skládajících se ze čtyř vybraných skup in , s přehledem 
konkrétně vybraných druhů a jejich souvisejícím d o p a d e m a p o p i s e m druhů použitých 
v experimentální práci. Kap i to la 2 se věnuje d o p a d u blešivců ježatých na raná vývojová stad ia 
raků mramorovaných a signálních. Tato s tud ie potvrzu je , že blešivci ježatí j sou jako invazivní 
druh téměř nezastavitelní, protože byli s chopn i se živit různými vývojovými stadi i větších 
sladkovodních korýšů, i když byli chráněni svými m a t k a m i . Kap i to la 3 s ledova la interakce 
dvou invazivních druhů: hlaváče černoústého a raka mramorovaného. Hlaváč vykazova l vyšší 
agres iv i tu a dokázal přijímat všechny nabízené ve l ikost i juvenilních raků jako svou pot ravu . 
S tud ie také potvrd i la , že hlaváč se dokáže skrýt před rakem zahrabán v písku a poté na něj 
zaútočit. Jediným omezujícím f ak to r em může být větší ve l ikos t raků. Rozhodně oba druhy 
navzájem ovlivňují své chování, což může mít oboustranné negativní důsledky. Kap i to la 4 
se zabývá individuálním chováním hlaváče černoústého a vranky obecné během dne i noc i 
v laboratorních podmínkách v nádržích se simulovaným prouděním. O b a druhy vykazova ly 
ve lmi podobné chování, p o u z e s mírnými rozdíly vůči přizpůsobivosti a činnosti související se 
s t r esem. 

Celkově byla po t v rzena role hlaváče jako agresivního predátora vázaného na dno vodních 
ekosystémů. Díky t o m u hlaváč černoústý sdílí stanoviště s m n o h a dalšími bentickými druhy, 
jako j sou různonožci, raci a další ryby, ať již původní n e b o nepůvodní. Obecně platí, že všechny 
invazivní druhy představují h r o z b u pro všechny původní popu lace , v případě podobných 
preferencí na habi ta t , kde dochází ke konkurenc i o úkryty a následně i útokům a predáci. 
Podobně m o h o u různonožci a raci negativně ovlivňovat invadované ekosystémy. Jeden 
druh může o m e z i t druhý nebo slabší druh hledá alternativní n iku, což může v důsledku vést 
ke změně v ekosystému. Tato práce překládá některé nové in fo rmace především o interakcích 
invazivních druhů, ale také fo rmuje základy pro budoucí exper imenty , které se m o h o u zaměřit 
na složitější nastavení jednotlivých experimentů. 
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