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A bstract

A lthough 63 and  55 species o f  helm inths have 
been reported from  each species o f  A tlantic  eei and  
from  29 to 19 fo r each species o f  Pacific, eel 
only  the m onogeneans Pseudodactylogyrus bin; and 
P. anguillae  and  th e  nem atode Anguillicola crassus, 
originally  specific to  species o f  Pacific eels, can be 
considered serious pathogens. N o n e  o f the three 
are norm ally  p a th ogen ic  to  their preferred natural 
eei host species in th e  wild. Pseudodactylogyrus spp. 
only cause serious loca! gili dam age when present 
on  a host in  large n um bers under optim al condi­
tions th a t facilitate transm ission. T h is is th e  case in 
eel aquaculture, w here  infections can be controlled 
by drugs. Anguillicola crassus is only padiogenic to 
Anguilla anguilla  a n d  A . rostrata w hen A tlantic eels 
are in troduced  to  the far east o r when the parasites 
have been in tro d u ced  to  Europe. H ere  the parasite 
life cycle differs in  th a t A . crassus can infect a wide 
range o f  in term ediate  hosts, employ paratenic 
hosts a n d  survive as larvae for m o n th s in  the 
swim b ladder wall. T h is makes i t  an excellent 
colonizer. Its m ajo r pathogenic effects on  eels re­
su lt from  haem orrhag ing  in, and thickening of, the 
sw im biadder wall. I t  reduces the oxygen concen­
tration  in  the sw im biadder, reducing its ability to 
function  as a hydrosta tic  organ, and  increases the 
stress response o f  eels. In  shallow  lakes at warm 
tem peratures this can  resu lt in  mass m ortalities. It 
is also feared th a t th e  parasite affects die ability of 
eels to m igrate to the  Sargasso Sea and so con­
tributes to  the decline in eel populations. C ontrol
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by d rug  trea tm en t is possible in culture, bu t not in 
the wild.

Keywords: A nguilla  sp p ., Anguillicola crassus, aqua­
culture, in tro d u c tio n s , pathogenicity, Pseudodacty­
logyrus spp.

In t ro d u c t io n

Eels, Anguilla, spp ., a re  w idespread throughout che 
freshwaters an d  coastal lagoons o f the N orth 
A tlantic and  th e  Pacific seaboards, and they are 
im portan t natural com p o n en ts  o f  the fish fauna in 
both lakes an d  rivers. T hey  are also an im portant 
econom ic resource. T h ey  are farmed in ponds 
th roughout m u ch  o f  their range in Europe and East 
Asia; they are stocked into lakes in central Europe; 
elvers are caugh t a lo n g  the eastern Atlantic seaboard 
for such stocking; A tlan tic  eels have been translo­
cated fo r stocking p u rposes to  East Asia and  Pacific 
eels have been in troduced  in to  Europe; and adult 
A ustralian eels are flow n regularly  to H ong  Kong 
markets. T h ey  are thus the basis o f  several 
econom ically im p o rta n t fisheries.

D espite their im po rtan ce , little is know n about 
their parasites by  co m p ariso n  w ith the  extensive 
inform ation  available on th e  parasites o f  salmonids 
in  both the  w ild  an d  in  farm s o r o f  species o f  carp. 
Indeed, it is o n ly  because th e  translocacions of eels 
have o f  necessity involved cransiocations of their 
parasites and som e species o f  these have caused 
problem s in  aq u acu ltu re  th a t interest in the parasite 
fauna o f  eels has been  stim ulated . However, the 
reality is th a t m o st o f  o u r  inform ation  on eel 
parasites relates to th e  two species o f  A tlantic eels, 
A nguilla  anguilla  (L.) an d  A. rostrata (Lesueur). 
In fo rm ation  o n  parasites o f  Pacific eels is incom plete
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fo r some species and non-existent fo r others, and it is 
still not possible to com pile a  check list o f  parasites 
o f  A. japonica  T em  m i nek &  Schlegel despite this 
being die subject o f  extensive aquaculture.

T he aim  o f  this review is therefore to focus on 
those species o f  helm inth  parasite that have been 
identified as potential or actual pathogens o f eels, it 
then goes on to  evaluate the dam age they can cause 
to individual eels, to eei p o p u lations and to eel 
stocks in the wild and  in aquaculture arid to 
consider w hether treatm ents art: effective, com m er­
cially viable an d  ecologically acceptable,

H e lm in th  parasites o f  cels — a  perspective.

Representatives o f  all g roups o f  helm inths can be 
found in eels, bu t th e  species list is longer for the 
Atlantic eels (Table 1). T h is  m ay  reflect the num ber 
o f  studies undertaken  on each species ra th e r than 
any fundam ental difference in species richness 
between A tlan tic  an d  Pacific eels. T h ere  is little 
inform ation  available on the helm inths o f  many 
species o f  Pacific eels including A . australis Rich­
ardson and  A . dieffenbachii G ray an d  inform ation 
o n  parasites o f  A. japonica, o n e  o f  tire best studied 
species, is incom plete. A lthough th e  num bers of 
species recorded from  Pacific eels is lower than 
those from  A tlan tic  eels, the parasite fauna of 
individual A. reinhardtii Steindachner, is on  average 
richer than  th at o f  A . anguilla  and  A . rostrata 
{Kennedy 1995; M arcogliese &  C o n e  1998).

Overall, only a very small num ber, m aximum 
four for any species o f  cel, o f  helm inth  species have 
been identified as real or po ten tial pathogens. This 
represents a very sm all p roportion  o f  the total 
parasite fauna, betw een 5%  and 14%. As far as is 
known, ali the rem ain ing  species are harmless, or 
only cause very local tissue da in age, fo r example 
acanthocephala!« in a ttach ing  to the intestinal wall. 
M any species o (Gyrodactylus .ire known to cause 
serious dam age to their fish hosts but there is no 
convincing evidence that G. nipponensis (on Japan­
ese eels) or G. anguillae (on A tlantic eels) are 
im p ortan t pathogens o f  eels evert though individual 
host densities m ay b e  high (M al m berg 1970; H uu- 
Yun, I-H siung  &c G uang-H siung  1984). Indeed, 
the range and local abundance  o f  both these species 
have declined substantially  in recent years, probably 
as a d irect consequence o f inter-specific com petition 
with Pseudodactylogyrus species (H uu-Y un a  aí. 
1984; K ennedy fie D i Cave 199S).

T h e  pathogenic species can be  divided into two 
groups, chose that have been confirm ed as patho­
gens and  those th at are suspected o f being  capable 
o f  being  pathogenic. Philometroides anguillae, for 
exam ple, is a large nem atode  chat is found  in cnc 
pericardium  and  heart m uscle o f  wild A. reinhardtii. 
U p  to 10 specim ens have been recorded from a 
single ee! (Kennedy 1995), and it seems impossible 
that the heart o f  such an infected eel w ould  be 
undam aged an d  able to function  normally. -Species 
o f  Eustrongylides are found regularly in Pacific eels,

T a b ic  1 N u m b e r of species o f  he lm in th  parasites o f  eels (Anguilla  spp,} an d  iden tity  o f  those reported as actually o r  potemialiy
p a th o g e n ic

N orth  A m erica E u ro p e  

A . anguilla

A u stralia  

A. reinhardtii

M ew  Z e a la n d

.4, rostrata A. australis A. dieffenbachii

Mo 3 A 4 0 C*
Di 2 0  • 16 10 8 6

C e 5 6 2 1 1

Ma 16 21 12 7 11

An 19 3 1 2 1

I  s p , 6 3 55 29 18 19

P a . Mo P. anguillae P. anguillae P. anguillae
P. bini P. bini

Di S . lanuae
N e A. cra ssu s A . cra ssu s

Eustrongylides? E ustro n g y lid es Eustrongylides”
Ph. anguillae*

R e fe re n c e s Hoi) man (1999) Borgsteede, Haciten, Kennedy (1995) H ew itt ft: H in« ( l 972)
D e  B re e  &  L á m i n a  (1 9 9 9 )

M o, M onogenea; D l. Digenea; Cc, C estoda; Ne, Nem atoda; Ac, Acanthocephala; i s p . ,  total num ber u i  species; ihi, identity o f  pathogenic species. 
Sources as indicated, but subsequently updated  w here appropriate.

’S uspected .
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a t intensities o f  up  to 2 6  per eel (K ennedy 1995), 
bur are uncom m on in A tlantic  eels, w hich appear to 
be accidental hosts for them . T h ey  m ay n o t be 
pathogenic as such, b u t large cysts in the body 
cavity are unsightly and  m ay p u t o ff  custom ers, 
particularly  if  the larval nem atodes, w hich are 
bright red and can be several centim etre iong, have 
em erged from  the cysts post mortem.

T h e  o n ly  digenea« reported as being  pathogenic 
is Stephanostomum ten it ae. M etacercariae o f  this 
species have been reported from  the pericardium  o f 
elvers or A  rostrata by  O liveira &T C am pbell (1998). 
U p  to 92%  c f  che elvers can be infected in a 
locality. T h e  pericardium  becom es inflam ed, the 
thorax m ay be distended and  sw im m ing o f an 
infected eel m ay be im peded.

T h e  rem aining species, Pseudodactylogyrus anguil­
lae, P. b in i  and Anguillicola crassus are specialists o f 
eels. It is considered by m any authorities th at 
Pseudodactylogyrus spp. were originally parasites o f  
Pacific eels that have been in troduced  into Europe 
and  A m erica through the eel trade (Buchm ann, 
îviellergaard &  Koie 1987a; B uchm ann 1993; 
H ayw ard, Iwashica, C rane  &  O gaw a 2001). H ow ­
ever, this view has been challenged by N ie &  
K ennedy (1991), M arcogliese &C C one (1993) and 
C one &  M arcogliese (1995). T hese authors have 
suggested th at the presence o f  P . anguillae in  regions 
to w hich eels have n o t been in troduced, e.g. 
m aritim e C anada, southw est England and the west­
ern coast o f  Ireland m ay indicate that this species is a 
natural parasite o f  Am erican an d  European eels. It is 
no t an in troduced  species, bu t may have been present 
bu t undetected  in A tlantic  eels for som e tim e. I t  does 
no t appear to be pathogenic Lo wild A tlantic  eels, or 
to native A ustralian eels (K ennedy 1995), supporting  
the view th a t this species has had  a long history o f co­
evolution w ith its eel hosts. T h e  question  o f the 
origin o f  P. anguillae rem ains open, bu t there is 
w idespread agreem ent that P . bird has been in tro ­
duced to E urope and  N o rth  A m erica w ith  the cel 
trade.

T here  is no doubt, however, thar A . crassus has 
recently been in troduced into E urope (Kennedy 
&  Fitch 1990) and  A m erica (Fries, W illiam s &  
Johnson 1996; Barse &  Secor 1999; M oser, 
Patrick &C C rutchfield 2001) from  East Asia., 
where its norm al host appears to be  A. japonica. 
It is no t pathogenic to this host, b u t only to the 
two species o f  A tlantic eel. T h e  rem ainder o f  this 
review will therefore focus on  these three species 
o f  helm inth .
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P seu d o d a c ty lo g yru s  sp e c ie s

Biology

T h e  tw o species o f  Pseudodactylogyrus are very 
sim ilar in. ap p earan ce  and  can be very difficult to 
separate. T heir life cycles art: sim ilar and typical o f  
those o f  m ost M onogenea: shed eggs hatch to 
produce oncom irncid ia, w hich arc short lived and 
need to find an  eel before th ey  can develop further 
and  into an a d u lt .  T h ey  bo th  parasitize the gills o f 
cels and can co-occur o n  the same eel. T he 
d istribution o f  the tw o species on the gills does 
differ, and even th o u g h  they m ay overlap, each has 
a preferred site  w ith  P. b in i preferring the anterior 
gili arches a n d  P. anguillae the posterior ones 
(Buchm ann 1988 , 1993; R odrigues &  Saraiva 
1996). T hey d iffe r  slightly in their ecology, in that 
P. bini is less able to to lerate salinity than 
P, anguillae, w h ich  can reproduce in waters o f 
salinity up  to 2 0 % o although  no t in sea w ater itself. 
Pseudodactylogyrus b in i  needs h igher temperatures 
for reproduction : it can n o t develop a t  10 °C  but at 
25 °-34  °C  it p ro d u ces m ore eggs than P. anguil­
lae. Pseudodactylogyrus b in i overwinters as eggs, 
whereas P. anguillae  m ay  overw inter on gills and is 
generally the c o m m o n e r  species (Ko i e 1991). There 
is a positive co rre la tio n  between the body length o f  
an eei and  th e  parasite  intensity: small cels m ay 
harbour up to 2 0 0  +  parasites such that the whole 
surface o f  the gills is covered by them , whereas 
infection levels in  larger cels m ay exceed 1000 +  
(H uu-Y un f t  aí. 1984; B uchm ann 1989)- T h e  
species exhibit p ro n o u n ced  seasonal cycles in 
abundance and  prevalence, w ith  levels peaking in 
late sum m er a n d  reaching a nad ir over w inter (N ie 
&  Kennedy 1991). T h e  o p tim u m  tem perature for 
hatching and dev elo p m en t is a round  20 °~2S °C , 
a t which generation  tim e  m ay  be o n ly  1 0 -1 2  days, 
an d  this is alsn a favoured tem perature for cel 
culture ponds (K aie  1991; B uchm ann  1993).

D ispersal

T h e  two species are considered to have been 
dissem inated w idely  th ro u g h o u t E urope by move­
ments o f  eels fo r  stocking and  aquaculture purposes. 
I f  both  have b e e n  in tro d u ced  from  East Asia w ith  
im ported  A. japon ica , as is believed by som e 
authorities (e.g. Ketie 1991), the in troduction  
appears to be in d ep e n d en t o f  th at o f  A. crassus to 
Europe and  A m erica  as they were detected before 
A . crassus on  b o th  con tinen ts and  in  natural
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localities where there had been no stocking o f  eels 
(N ie &  K ennedy 1991; C one &  M arcogliese 1995), 
an d  there arc no reports o f  dam age co their eei 
hosts. B oth  species have been reported from  the 
USA, where they are regarded as recent invaders 
spread by the cel trade and  natural eel m ovem ents 
(Hayward et ah 2001). T hey  are widespread 
th ro ughou t Europe, and they are very easily 
dissem inated from farm -to-farm  with eels them- 
selves (M o, Häscein &  L under 19S8; Mo &  Sterud 
1998). In  Scandinavia, P. augur Hat is considered 
a plague in N orw egian eel farm s by M o a  til.
(1988), w ho believe that it m ay have been intro­
duced co the co u n try  by fishing boats from  ocher 
Baltic countries or by natural eel m ovem ents 
a round  che Baltic Sc  a.

Pathology

T h e  parasites appear to cause few, if  any, problem s 
to wild eels. T h ey  m ay cause tissue, dam age and 
im paired respiration, and signs o f  stress (Koie
1991), b u t  they  do  no t appear to cause direct 
m orta lity  o r  to  have any effect on cel m igration. 
T hey are, however, considered  to be a serious 
problem  an d  to cause econom ic losses in eel farms, 
where in tensity  levels can b e  very' high, in  Taiw an 
where th ey  infect A. japonica  (H uu-Y un et a i  
1984), in E urope where they infect A . anguilla 
(B uchm ann et al. 1987a; M o  e t a l  1988) and in 
C h ina  w here they infect in troduced  A . anguilla 
(Z hang 1995). In  Japan, they infect A . anguilla 
elvers in tro d u ced  in to  farms, where heavy infections 
in  sum m er lead co infected  individuals stopping 
feeding a n d  exh ib iting  abnorm al behaviour before 
death (Egusa 1979). B oth  species feed on m ucus 
and gili ep ithelia  an d  b lood (B uchm ann, Koie &: 
F ren te  1987b) and th e ir ham uli cause bleeding and 
damage. (P. anguillae) o r provoke a bosc reaction 
(P. bini) (K eie 1991). T h ere  is very little evidence 
o f  resistance to re-infection and  there is only a  very 
w eak im m u n e  response (B uchm ann &  Bjerregaard 
1990; B u ch m an n  1993). H ig h  infection levels lead 
to hyperplasia o f  gili tissues an d  fusion o f secondary 
lamellae, and  in som e cases co hyper anaemia. Eels 
infected w ith  several h u n d re d  or m ore individuals 
swim lethargically a t th e  surface and seek areas of 
reduced w ater cu rren t (K oie 1991). If untreated, 
host death  m ay  result. T h e  effects o f  bo th  species on 
A . rostrata in N o r th  A m erica, where they are 
regarded as serious peses th a t retard  production in 
eel rearing farm s and  w hich may lead to m orbidity
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and m ortality , appear to be vet)' sim ilar to chose on 
A. anguilla  in E urope (H ayw ard et al. 2001).

C o n tro l

Pseudodactylogyrus i n ic a  ions are a m ajor problem  in 
fish farm s where heated w ater is re-cycled. In  some 
cases, it m ay be possible to reduce transm ission races 
and so infection levels by non-chem ical m ethods 
such as changing w ater tem perature, flow rates and 
pH  (B arker &I C one 2000). How ever, in firm  
conditions chem ical m ethods o f  treatm ent are 
generally m ore ap propria te  and effective. Formalin 
was th e  initially  recom m ended treatm ent, b u t the 
levels a t w hich  is was effective were unpredictable 
and it is now  considered a  dangerous chemical. 
Prazi qua tual has been show n ro be very effective 
against the parasites (B uchm ann, Szekély & 
Bjerregaard 1990) as has m ebendazole (Székely & 
M o ln á r 1987), a lthough d rug  resistance may 
develop (B uchm ann &  Bjerregaard 1990; Buch­
m ann 1993).

A nguillicola  sp e c ie s

In  P ac ific  eels

Five species o f  Anguillicola are currently  known 
(Table 2), Adi five are native and  specific to species 
o f  Pacific eels (Table 2), to w hich they are so well 
adapted th a t they cause no damage. T heir basic life 
cycles, in so far as they are know n, are very sim ilar 
(K ennedy 1994a; M oravec, Di Cave, O recchia &  
Paggi 1994a; Nagasawa, Kim &  H irosc 1994; 
Taraschew ski, Boomlcer, K n o p f &  M oravec 2005). 
A dults are fo u n d  in the sw im biadder o f  a species of 
Pacific eel, a n d  feed on blood. Eggs are released into 
the sw im biadder and contain the second larval stage 
encased in  the sheath o f  the first stage larva. T he 
l a m e  m ay hatch in the sw im biadder, or no t until 
the eggs are passed o u t th rough the pneum atic duct 
o f  the eel and  into water via the Intestine. T he free- 
living larvae attach to stones o r any o ther hard 
surface, w here they undulate  in response to tactile 
or o ther sim ilar stim uli: this is considered to make 
them  m ore attractive to feeding copepods. Larvae 
are ingested by one or m ore species o f  cyclopoid 
copepods an d  pass into the haem ocoel, where they 
m o u lt co the th ird  larva! stage, infected copepods 
are eaten by eels, w hen the larvae pass rapidly o u t of 
the in testine and m igrate th rough the intestinal wall 
(W ang &  Z hao 1980) and the wall o f  the
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T a b le  2 D is tribu tions  a n d  hosts o f  species o f  AnptHiicoU

S p e c ie s D isii ibu tion

H o s ts

In te rm e d ia te P a ra le n k ; D efinitiva S o u r c e

A. cra ssu s J a p a n ,  C h ina , 
K o rea . T aiw an

Tw o s p p .  o! 
c y c lo p o id  
c o p e p o d

N one A. ¡oponica. 
A. anguina"

N a g a s a w a  e ta ! . (1994)

E u ro p e 8 N ine  s p p .  e! 
c y c lo p o id  
c o p e p o d ,  
o s  tra c e d

2 0 b s p p .  o f  fish, 
snail, a m p h ib ia

A. ongui/ia T h o m a s  & O lievic; (1992), 
M o ra v e c  & K o n ecn y  (1994), 
S z e k e ly  ( ! 9 9 4 ). M o rav ec  (1996)

N . A m erica C o p e p o d 15 U nknow n A. rostrata M o s e r  cl a!. (2001)
A. g lo b icep s J a p a n ,  C h in a Six s p p . of 

c y c lo p o id  
c o p e p o d

N one A. japon ica N a g a s a w a  e t si. (1994)

A. australiensis A u stra lia C o p e p o d '5 N one A. reinhardii'! K e n n e d y  (1 9 9 4 c)
A. novaezeland iae1 N e w  Z e a la n d , 

A u stra lia
C o p e p o d b N o n e A. australis,

A. d io ilenbach ii
M o ra v e c  & T a rasch ew sk i (1968)

Ita ly 8* C o p e p o d N o n e A. anguillae M o ra v e c  o t al. (1 9 9 4 a)
A. paperna i S . A fiica C o p e p o d ” U nknow n A. m o za m b ica M o ra v e c  & T a rasc h e w sk i (1988), 

T a ra s c h e w s k i s í  a t  (2005)

‘Itu ro d u c en .

"P resum ed ,
‘Originally, e.g. H ew itt &  H inc  (1972) and Rid (1973), idenrincd as A. twsiralicnsii b u t following th e  taxonomic revision o f  Moravec U  Taraschewski 
(1988) ir was rtcogim ed as a  new species A. w¡i>r,eztLv¡J¡.u and was subsequently also reported by M oravec fit Rohde (1992) frotn Australia in die e-1 
A. mutntllf. I t  has aiso been reported frotn A.. rlitßriibitcliii in New Zealand, bur this is possibly a rniiidenrlfication tor A . niutrniitmis wliich is otherwise 
considered co be a  native rtf Australia and specific co A. reinhardtii (Moravec &  Rohde 1992).
‘'O tigiruily reponed  as A. ßuiwtUensit from Lake Bracciano by Paggi et a i (1982), Staving been introduced  w ith A. australis, le was subsequently confirmed 
as A. hom (zelandiae by  Moravec et a!. (1994a).

sw im biadder in to  th e  lum en, where they m oult to 
the fou rth  larval stage and  then co chc adult, I f  
delayed in  their passage through rhe sw im biadder 
wall, the  larvae are destroyed (Kennedy 1994a).

A s far as is know n, none o f  rhe Pacific species can 
em ploy pa ra ten ic hosts in their life cycle (Puquin &  
Yuru 1980; W an g  &  Z hao 1980; Nagasawa et al. 
1994) an d  none  are pathogenic to their natural host 
(H ine &C B oustead 1974; W ang &  Zhao 1980; 
K ennedy 1994a; Taraschewski et al. 2005). A ngu­
illicola globiceps appears to  occur only in wild 
A. japonica  and  m ay cause som e thickening o f the  
sw im biadder wail, a n d  it is m ore colorant o f  cold 
tem peratures than  A . crassus (Nagasawa et al. 1994). 
In Japan, A . crassus is found in both  wild and 
farm ed A . japonica , b u t although intensities arc 
higher in  cu ltu red  cels it  does no t appear to cause 
any dam age to wild or cultured eels (M underle, 
Taraschewski, Klar, C hang, Shiao, Shea, H e, Lin &  
Tzeng 2 0 06). How ever, when A, anguilla was 
in troduced  in to  Japanese aquaculture ponds to 
increase stock  p ro d uction , it was found that bo th  
prevalence and  inrensicy o f  infection were h igher in 
this in troduced  species than in A. japonica , and 
fu rtherm ore th a t the parasite was pathogenic to , 
and caused m orta lity  in, A. anguilla (Egusa 1979; 
Egusa &  H irose  1983). Subsequent experiments
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(K nopf 6i M ahnke  2004) have confirmed th at 
recoveries o f A .  crassus arc  higher, 33.2.%, in 
A . anguilla th an  in A., japonica, 13.8% , in which 
developm ent o f  che parasite  is slotver, adults arc 
smaller and a greater p ro p o rtio n  o f larvae are 
encapsulated in  the sw im biadder wall and  die. 
Clearly, A. japonica  (N ielsen 1999) m ounts m ore 
effective im m u n e  responses to  A. crassus than does 
y f anguilla a n d  app aren tly  infrapopulations o f  
A , crassus in Japanese  eels are regulated by the 
defence system o f  th is  h o s t (K n o p f &  M ahnke 
2004; M ü n d erle  it al. 2006’). Despite Egusa’s 
w arnings a b o u t translocating  eels from Japan to 
western E urope, A. crassus first appeared in Europe 
a round  1980 a n d  has subsequently  spread (Peters &  
H artm an n  1986; Taraschew ski, M oravec, Lamah &  
Anders 1987; M oravec &  Taraschewski 1988; 
K ennedy &  F itch  19.90) th ro u g h  the eel trade 
th ro ughou t the con tin en t and  in to  N o rth  Africa 
and  subsequently  to  N o r th  .America (Barse &  Secor 
1999; M oser ct al, 2001).

O th e r species have also been in troduced into 
Europe. Anguillicola novaezelandiae [originally 
identified as A . australiensis by Paggi, OrecchSa, 
M inervini &  M attiucci (1982)] was introduced into 
Lake Bracciano in  Italy  in  1975 by im ported  
A , australis. I t  survived there fo r several years,
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reselling prevalence levels oh 80%  and intensities 
o f  up to 27, bu t caused no dam age to the native 
A. anguilla and , as far as is k n ow n , never escaped 
from this isolated hab ita t to ocher lakes, In recent 
years, its num bers have declined  following the 
introduction  o f  Á, crassus in to  die lake in 1993 
(M oravec ct a l  1994a). I t  has also been confirm ed 
experim entally that A . novaezelandiae  can infect 
A . anguilla (K n o p f &  M ah n k c  2004). It seems 
likely th at A . globiceps m ust also have been intro­
duced to Europe w ith Pacific eels, b u t there are no 
reports o f  its having established there. T he absence 
o f  any pathogenic effects o f  these two species on 
A . anguilla is no t readily explicable.

Since, therefore, only  A . crassus appears to be an 
im portan t pathogen o f  A tlan tic  cels, the rem ainder 
o f  this section wifi focus on this species.

Anguillicola c ra s su s  In Atlantic e e ls

Changes in  life cycle

A ccidental in tro d u c tio n  o f  A . crassus in to  Europe 
an d  its subsequent success and  rapid spread 
th roughou t the co n tin en t are associated with 
significant differences in its life cycle. In  the first 
place, it show s m uch  w ider specificity to  its first 
in term ediate host as it is able to infect several 
species c f  freshw ater cyclopoid copepods (Table 2) 
as well as estuarina, copepods such as Eurytemora 
affinis. T h is  enables it to com plete  its life cycle in 
freshwater lentic  and  lo tie  habitats, as well as in 
estuaries and saline lagoons.

Secondly, it  employs paratenic  hosts in the life 
cycle. A t least 20  species o f  freshw ater fish as well as 
snails, am phibians and insects have been identified 
as paratenic hosts fo r the  th ird  larval stage (Thom as 
&  Ollevier 1992; M oravec &  Konecny 1994; 
Székely 1994; M oravec 1996; M oravec &  Sko­
rikovi 1998). N o t all ate o f  sim ilar suitability: in 
som e species only a few  larvae survive as the host 
reacts against them , w hereas in  others, especially 
species o f  Perciform es, larvae appear ro develop to a 
fourth larval stage (Pazooki &C Székely 1994; 
Székely, Pazooki &  M o ln á r 1996). T hus, young 
eels m ay becom e infected  by  ingesting infected 
copepods an d  older an d  larger eels by ingesting 
infected fish, T h ird ly , w hen  the larvae reach the 
sw im biadder wall, they d o  n o t m ove rapidly 
th rough it as they do in  Pacific eels bu t rem ain in 
the wall w here they m o u lt to  th e  fo u rth  larval stage. 
T hey m ay rem ain  there  fo r som e tim e before
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m oving in to  the lu m en  o f  the sw im biadder and 
m ou lting  to the  a d u lt  stage.

B io logy  a n d  eco lo g y

A t first sight, A. crassus does not appear co 
im m ediately possess m any o f  rhe attributes o f  a 
good colonizer as set o u t in Kennedy (1994b). 
These are good dispersal ability, a high reproductive 
potential and asexual reproduction  or herm aphrod­
itism . In  respect o f  parasites, species with direct life 
cycles and w ide host specificity are likely to be more 
successful invaders, and success is likely to be 
im proved if  biotic an d  abio tic  conditions are similar 
in the source locality and the locality being invaded, 
and if  there are vacant niches in the invaded 
com m unity . T h e  species does no t have a partic­
ularly high reproductive potential, the sexes are 
separate and  it has an  indirect life cycle. However, it 
is r-selected, it has w ide specificity to interm ediate 
and paratenic hosts and a lthough it is very specific 
to A. anguilla as defin itive host, the ee! itself is very 
versatile, adaptable and  w idespread in its distribu­
tion. C onditions th ro u g h o u t m uch o f  Europe m ust 
also be sim ilar to  those in Japan and  China. 
Furtherm ore, the sw im biadder o f  the eel represen­
ted a vacant niche fo r th e  parasite.

A ny lim ita tions in natu ral dispersa! ability were 
m ore than  com pensated  for by rhe anthropochore 
m ovem ents o f  eels a round  rhe con tinen t and across 
the seas as a consequence o f  the eel trade (Kennedy 
&  F itch  1990).

S tudies on  the life cycle o f  A. crassus in  Europe by 
H aencn, Grisez, D e  C harieroy, B dpaire &  Ollevier
(1989); De C harieroy, Grisez, T hom as, Belpaire M 
O llevier (1990); K ennedy  &  Fitch (1990); Högl- 
und &: T hom as (1992); T h o m as &  Ollevier (1992, 
1993); H aencn , van B anning  St. D ekker (1994); 
H aenen, van W ijngaarden, van der H eijden, H ö gi­
ti nd , C ornciissen, van Leengoed, Borgsreede, van 
H aenen  &  M uisw inkel (1996) and M oravec, Di 
Cave, O recchia &  Baggi (1993, 1994b) amongst 
others have show n th at eggs o f  A. crassus do not 
hatch  below  10 °C  an d  the rate o f  hatching 
increases up to 25 °G -3Q  °C , H atch ing  race is also 
related to salinity, b u t  the percentage o f eggs 
hatched, and survivorship and  infectivity o f  the 
second larval stage declines as salinity increases 
(Kirk, K ennedy &C Lewis 2000a). T h e  majority o f 
second stage larvae attached to rhe substrate within 
2 o r 3 days, and they m ay then survive for up 
to 8 m onths at 7 °C  or 5 m onths a t 24 °C.
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Survivorship an d  infecrivicy decrease exponentially 
with tim e (K ennedy &  Fitch 1990) and with 
increasing salinity, even, though  the parasite can 
survive in some saline lagoons (D i Cave, Berrilli, De 
Liberato, O recchia &  Kennedy 2001). T h e  whole 
life cycle is tem perature related an d  is retarded at 
low tem peratures. T h ird  stage larvae m ay survive 
4 m on ths at 4 °C  in  copepods, although they may 
become unable r.c infect cels, and  adult m ortality 
increases over 4 m on ths a t the sam e tem perature 
(K nopi, Würcz, Sures &  Taraschewski 1998). 
Inside paratenic hosts th ird  stage larvae can survive 
for longer periods an d  rem ain  infective (Székely 
1996) T h e  preference fo r w arm er tem peratures 
shown by  A . crassus m ay explain why it is 
uncom m on in, or absent from , the m ore northern 
boreal regions (H ö g lu n d  &  T h o m as 1.992; T hom as 
&  O llevier 1992, 1993; K n o p f et al, 1998), where 
it m ay be restricted to therm al effluents (H öglund, 
A ndersson, W icks trö m  &  Reize ns re in 1992). The 
whole cycle can be com pleted in 90 days at suitable 
tem peratures, but. will norm ally  take longer, at least 
4 m onths (H aenen e t a l  1989).

Glass eels (N im eth , Zwerger, W ü rtz , Salvenm o­
ser &  Pelster 2004) and elvers are susceptible to 
infection, and eels becom e vulnerable to infection as 
soon as they com m ence feeding in rivers or 
estuaries. Infection can con tinue th roughout life, 
and  in general infection levels tend to  be higher in 
older and  larger eels. Eels can  lose infections, b u t 
they are n o t im m u n e  to re-infection. T here  is no 
relationship betw een p rim ary  and secondary infec­
tions (H aencn et al. 1996) and higher doses o f  
infection will norm ally  produce m ore  severe clinical 
signs. I t  was initially th o u g h t th at there was no 
antibody  response to the parasites (Békési, H orm ok 
&  Székely 1997) b u t lacer studies by Sur es &  K nopf 
(2004a) have show n using ELISA chat the body wall 
o f  th e  parasite is a good antigen and significant 
levels o f  antibodies can  be detected in the blood 
after 61 days. T h e  response is suppressed by the 
initial rise in cortisol levels in all eels due to 
handling  stress, w hich assists parasite establishm ent. 
In  con trast to th e  situation  in  A. japonica  where the 
h ost and  A. crassus have co-evolved over a long 
period and  the eel is able to m o u n t an effective 
im m une response to  the parasite (Nielsen 199.9; 
M iiriderle et a l  2006), A. anguilla  is an im m uno- 
logically naive host and  unable to m o u n t an  
effective im m une réponse against dus parasite (see 
Taraschewski 20 0 6  for fu rth er discussion o f  this 
issue), K nopf, N aser, V an der H eijden &
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Taraschewski (2 0 0 0 a ,b) have also reported a 
hum oral response. N ielsen (1999) has show n that 
the antibody  response  o f  A . japonica to A. crassus is 
higher than th a t  o f  A  anguilla, which suggests that 
an im m une response  m ay be involved in specificity' 
i f  not in  c o n tro l o f  num bers.

U nder n a tu ra l conditions, infection levels in eels 
as measured by  prevalence and  abundance o f  
A . crassus a p p e a r  in  several localities to increase 
and then reach an  asym ptote and  level out over 
time. A shw orth , K ennedy &  Blanc (1996) and 
Ashworth &  K en n ed y  (1999) have identified three 
density -dependent regulatory processes chat may be 
responsible fo r this situation . T hey  have shown that 
there is sign ifican t parasite induced copepod 
m ortality such  th a t 50%  o f  uninfected  copepods 
survive for 3 0  days post-infection , whereas the 
equivalent surv ival tim e fo r  infected copepods is 
only 12 days. M oreover, m ortality o f  infected 
copepods is also density -dependent, and so heavily 
infected cop ep o d s are taken out o f  the system. In 
the eel, the in ten sity  o f  gravid females per infra- 
population rem ains co n stan t over tim e and is 
independent o f  th e  overall in frapopu lation  density, 
so that the p ro p o rtio n  o f  gravid females declines as 
adult n um bers increase. T h ey  also suggested that 
the presence o f  a d u lt m ales an d  females in the 
sw im biadder co u ld  in h ib it th e  m ovem ent o f  fourth 
stage larvae fro m  the sw im biadder wall into the 
lumen and larvae w ere arrested in developm ent in 
a density' d e p en d e n t m anner. T h e  m echa­
nisms responsib le for these regulatory processes on 
A. crassus in fec tio n  levels in  the adule eei have no t 
been identified  m o re  precisely than  this, but their 
existence does appear to be  capable of lim iting the 
parasite p o p u la tio n  size in  infections in the wild.

Kennedy &  F itch  (1990) determ ined chat adu lt 
parasites cou ld  survive in  A . anguilla  for up lo 
4 weeks w hen the cci was kep t in 100%  sea water. 
Survivorship also declined in coastal lagoons o f 
increasing sa lin ity  (D i Cave et al. 2001). Kirk et aí. 
(2000a) an d  K irk, Lewis &£ K ennedy (2000b) 
showed chat som e ad u lts could  survive and  continue 
to produce eggs in  eels in 5 0 %  and 100%  seaw ater 
for up to b m o n th s , buc a ro u n d  10%  o f  the adu lt 
parasites were dam aged  follow ing exposure to highi 
salinity. Kirk. M o rn tc , Lewis &c K ennedy (2002) 
showed th at th e  parasites are osm oconform ers, 
achieving this b y  feeding o n  cel blood, b u t around 
20%  o f  the parasites cou ld  n o t tolerate the  osmotic 
stress o f  living in cels in 100%  sea water but died 
and d isintegrated. It is thus possible that parasites of
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freshwater origin can survive in  eels in coastal 
lagoons and estuaries as well as during the eel’s 
m igration to the Sargasso Sea. T he life cycle 
could also be  com pleted  in waters o f enhanced 
(up  co 50% ) salinity by using estuarine copepods 
such as Eurytemora affinis as an in term ediate  host, 
bu t it was considered  unlikely (K irk et u i  2002) 
th at the parasites could  transm it in sea water, as 
m ost m arine copepods were o f  th e  w rong size to 
serve as in term ediate  hosts. T h e  ability o f  the 
parasite to survive in cels in the Baltic Sea 
(H öglund  &  T h o m as 1992: R.eirner, H ildebrand , 
Scharberth &  W alter 1994) cou ld  thus be due to 
transm ission there o r to the survival o f  freshwater 
infections.

Effects o n  tile eel host

Hhtopathological effects

Since eels o f  all sizes can be infected, it  could be 
predicted th a t the effects o f  the parasite on its host 
w ill relate to the n u m b er o f  parasites present and  
the  size o f  th e  eel. T h e  m ost evident visual effects 
can be observed on  the  sw im biadder. In  glass eels, 
the labyrin th  o f  the gas gland is reduced and 
resting oxygen co nsum ption  is increased (N im eth  
n  a l  2 004). In  sm all, <  17 cm  long, and young 
eels, th e  signs c f  infection  include d ila tion  and  
congestion o f  b lood  vessels, haem orrhages, inflam ­
m ation  an d  th ickening and  fibrosis o f  the 
sw im biadder wall (H aen en  et ul. 1989, 1994; 
M olnar, Székely &  Baska 1991; M olnár, Baska, 
Csaba, Glávicís, Székely &  Perényi 1993; M olnár, 
Szckely &r. Perényi 1994; M olnar 1994). T here 
m ay be an  increase in  th e  spleen mass (Lefcbvre, 
M ounaix , Poizat &c Crivelli 2004). In  o lder eels 
and  at h ig h er infection  intensities, the sw im blad- 
der wail m ay be thickened up  co I Ox norm al; the 
m ucosal ep ith e liu m  becom es hyperplastic and  die 
p ropria  m ay be filled w ith  d ilated blood vessels. 
G ranu lation  occurs a ro u n d  the larvae. T h e  lum en 
o f  the sw im biadder m ay becom e filled w ith  a 
cloudy flu id  contain ing  degenerated larvae, eggs 
and  pieces o f  decayed adults. T h e  sw im biadder 
wall co n tin u es to thicken, often up  to as m uch as 
3 -4  m m , a n d  becom es haem orrhagic: the  effects 
relate to the in tensity  o f  the infection (M olnár 
e t ¡xi 1993; H aenen  et a l  1996; W iircz &c 
Taraschew ski 2000). Sim ilar effects are ev iden t in 
A . rostrata (Barse &  Secor 1999). T hese effects are
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T a b le  3  A  su m m a ry  o f  th e  e ffec ts  o t  Anguillicola crassus on  
A nguilla  anguilla

(a )  H is to p a th o io g ic a l  a l l e c ia  o n  (h o  sw im  b la d d e r '1 
F ib ro s is  a n d  th ic k e n in g  of th e  sw im b ia d d e r  w all 
D ilation  of b lo o d  v e s s e l s
In flam m ato ry  a n d  o e c te m a io u s  fe s to n s  in m u c o s a  a n d  

s u b rn u c o s a
D e v e lo p m e n t o f h a e m o r rh a g e s
Infiltration of in fla m m a to ry  c a t  s  a n d  fo rm ation  o í g ran u la tio n  

t is s u e
(b ) P h y s io lo g ic a l  e f f e c ts 1’

D y sfu n c tio n  c f the  s w im b ia d d e r  d u e  Io  im p a irm en t o f th e  g a s  
g la n d  a n d  d e p o s it io n  m e c h a n is m s  

R e d u c tio n  o f th e  c o n tr ib u tio n  o f o x y g e n  to  th e  sw im b ia d d e r  
b y  3 6 -6 3 %

R e d u c tio n  o f sw im m in g  ability of e e ls  
R e d u c e d  ability  of t h e  s w im b ia d d e r  to  fu n ctio n  a s  a 

h y d ro s ta t ic  o rg a n  d u r in g  m ig ra tio n s  
I n c r e a s e d  s t r e s s  r e s p o n s e s  in e e ls  
R e d u c e d  to le ra tio n  of e e l s  to  u n fa v o u ra b le  e n v iro n m en ta l 

c o n d it io n s  
( c j  P o p u la tio n  e ffe c ts “

C a u s e s  in fe c te d  e e ls  to  b e  se le c tiv e ly  c a p tu r e d  
C a u s e s  m a s s  m o rta lity  o f e e ls  in  p o n d s  in s u m m e r  
M ay  a ffe c t  ab ility  o f a d u l i s  to  m ig ra te  to  S a r g a s s o  S e a  lor 

s p a w n in g

’'Sources: T ara jch e w sk l ir  at. (1 9 8 7 ); M o ln á r  a  a!. ( ¡ 9 9 3 ) ;  W t l r n  &  
Taraschewski (2000).
Sources-. Sprengel Si Lüchtenberg (1991); W llru  et a!. (199ó); Kelly 
n ai. (2000); Sures, K nopf Se Ktoas (2001); Gollock el di 
(2003a,b).
'’Sources: M olnár el «i. (1991); Báiint, Fercoczy, Karat, Kiss, K ráoer. 
Kufcsák, Láng, Potyhns, Sxabó, S ieg le t«  Si Nem csók (1997); Kirk es ai. 
{2000b, 2002); Paliková &  Navrát.'l (2001); Gollock et d  (2004); Sur«  
fe K n o p f (200-1 b).

Physiological effects

T h ere  are several ocher, albeit less visible, effects 
o f  A . crassus on  A . anguilla. B oon, Lokin, 
Gensters &  Ollevier (1989) initially detected no 
significant difference in  haem atocrit and plasma 
p ro te in s in  infected eels but lacer studies (Boon, 
A ugustijn , C an  nacres, Lokin, M achiels á i  Ollevier 
1990a; Boon, Cannaercs, Augustijn, M achiels, De 
C harieroy  &  O llevier 1990b), using more 
rigorous controls, found  a  significant difference. 
Barns, Krácm ar, T en e ra  &c Prokes (1998) and 
Borus, T enora , K rácm ar &  D vofácek (1999b) 
dem o n stra ted  lower levels o f  m ethionene and 
aspartic a d d  in  th e  m uscles o f  infected eels, 
an d  significantly lower levels o f  m uscle C a, P, Fe 
and M n . Scholz &  Zerbst-Boroffka (1994) have 
de term ined  th at A . crassus is iso-osm otic With 
the eel body fluids, b u t th a t there are ionic 
differences in eel chloride levels in  sea water 
com position . The.se ion ic  and  osm otic changes 
im pose stress on  the parasites w hich are ionic and 
o sm otic  conformées.
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M o ln á r (1993) dem onstrated that when unin­
fected and  infected eels were deprived o f  oxygen, 
the severely infected eels d ied first. T he impact o f 
the oxygen shortage was tem perature dependent 
an d  rhe effect on individual eels related m ore closely 
to the thickening o f  the sw im biadder wall rather 
than  co the n u m b er o f  parasites present.

Infected  eels had an increased dem and for 
oxygen, bu t the presence o f  A. crassus impaired 
the function ing  o f  the sw im biadder and this in turn 
could  result in eel death,

W iircz, Taraschewski &: Pclster (1996) were able 
to dem onstra te  th at there was in fact a significant 
corre lation  betw een the oxygen concentration in the 
sw im biadder and the level o f  A . crassus infection. 
T h e  co n trib u tio n  o f  oxygen to the sw im biadder gas 
was reduced by between 36%  and 60%  in  naturally 
infected eels, and  this also related to the changes in 
the sw im biadder wail. Overall, the presence o f 
parasites im peded the function  o f the sw im biadder 
as a buoyancy  a n d  hydrostatic organ by im pairing 
the function ing  o f the gas gland,

Sprengel &  L üchtenberg  (1991) showed experi­
m entally th at there  was a decrease in sw im m ing 
perform ance by infected eels, w hich could be as 
severe as a 19%  reduction  in m axim um  sw im m ing 
speed. M ünderle, Sures &  Taraschewski (2004), 
however, failed to  dem onstrate an adverse effect oí 
A. crassus on  th e  sw im m ing activity o f  elvers of' 
A . anguilla. A ny  change in sw im m ing perform ance 
o f  infected eels w ould  explain infected w hy they are 
easier to catch (Gollock, Kennedy, Q uabius & 
Brown 2004) and  w hy they were m ore  easily sucked 
in to  pow er sta tio n  intakes (Thom as &  Ollevier
1992).

Kelly, K ennedy &  Brown (2ÖÜ0) could find no 
significant differences in  stress horm ones or meta­
bolic ho rm ones o r osm oregulatory status o f  infected 
eels an d  concluded th at eels were able co adapt to 
chronic infection levels. However, G ollock et al, 
(2004) found  th a t infected cels w ere m ore stressed 
under aquacultu re  and  w hen netted and  when 
exposed to air. T hey  found th a t th e  cortisol 
response d id  n o t  differ between infected and 
uninfected eels b u t plasma glucose levels were 
higher in  infected eels and  glucose m etabolism  and 
utilization  was increased, i.e. stress o f  infection 
elevated glucose turnover. Jn alacer study, Gollock, 
K ennedy  Si B row n (2005a) showed that, acute 
tem pera tu re  a lone  had  little effect as an eel stressor, 
b u t tin d er such conditions there was a lag in glucose 
m etabolism  in infected eels and there was no
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significant increase in haem oglobin  levels when 
com pared w ith  the responses o f  uninfected eels as 
both groups show ed a significant increase in 
haem oglobin. Gollock, K ennedy ¿V Brown 
(2005b) then w e n t o n  to dem onstra te  th at infected 
eels exhibited a m ore p ronounced  stress response to 
hypoxia chan uninfected  individuals.

D espite th ese  effects u p o n  the stress responses o f  
infected eels, several w orkers have found chat rhe 
length/w eight relationship  does noc differ between 
infected and uninfected eels and thac any differ­
ence in w e ig h t between infected and uninfected 
eels is n o t significant even if, paradoxically, the eels 
are suffering m o rta lity  due to the parasite (Barus 
&c Prokes 1996). K oops &  H artm ann  (1989) also 
found no difference in co nd ition  factor between 
infected and uninfected eels o r  a relationship 
between c o n d itio n  factor and parasice intensity, 
whereas M öller, H olst, L üchten  berg &  Petersen 
(1991) reported  a h igher condition factor in 
infected eels b u t  no change in the hcpatosom atic 
index. Koie (1991) could find no evidence of lack 
o f  appetite in infected eels or difference in 
condition  factor, b u t  confirm ed a greater m ortality 
o f  infected eels d u rin g  storage or transport due to 
stress and  possib ly  to .secondary bacterial infec­
tions.

Population effects

T he experim ental evidence th at the functioning o f  
the sw im biadder is im paired  in infected eels and 
that they are m ore susceptible co stress and to 
hum an activities such as n e tting  (Gollock ct a!.. 
2004) and  m o re  likely to suffer m ortality  during  
transport (Koie. 1991) suggests chat infected eels 
m ay respond differently to conditions in  natural 
populations. I t  w ould  seem very likely, for example, 
th at infected cels w ould b e  m ore susceptible to 
natural avian predators. T h ere  is no direct evidence 
that this is th e  case, and  such evidence would be 
very difficult to ob tain , b u t  even the reduction in 
sw im m ing perform ance an d  speed reported by 
Sprengel &  L ü ch tm b crg  (1991) m ust surely affect 
their escape response to predators.

T here  is also d irec t evidence th at A. crassus can 
cause ho st m orta lities in eel farms. T h e  early reports 
o f  A. crassus in  A . anguilla in Japanese eel farms 
(Egusa H ifo se  1983; Nagasawa eta!, 19.94) 
show ed d early  thac the parasite was capable o f 
causing  severe m ortality  o f  infected eels. Eventually, 
the m ortalities in A . anguilla in Japanese eel farms
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due to the parasite were largely responsible for the 
abandonm ent o f  cu ltivation  o f  A. anguilla in japan 
(Taraschewski, R enner &  M eh lh o rn  1988). Fol­
lowing the in tro d u c tio n  o f  th e  parasite to Europe, 
M  diergaard ( 1983) reported  increased m ortality  of 
infected eels in  a D anish  eel farm  in w hich 65%  of 
rhe eels were infected and also m ade reference to  a 
D utch  eel farm , where m orta lity  rates due to the 
parasite ranged from 15%  to 6 5% . Ko i e (1991) 
noted particularly  th at on ly  eel farms using sea 
water were parasite free.

Eei m ortalities in lakes in  centra! Europe where 
eels arc stocked co form  th e  basis o f  fisheries also 
suggest thac A . crassus plays a role in these 
m ortalities. T h e  best d o cu m en ted  o f  these m ortal­
ities took  place in  Lake B alaton in H ungary  
(M olnar et al. 1991). T h e  mass m ortality  o f eels 
took place du rin g  su m m er 1991, w ith an estimated 
loss o f 250 t  o f  eels in th e  w estern basin. Losses 
were lower in  1992, w hen only 40 t were lost as 
conditions im proved  in  th e  western basin oí the 
lake and the infection  spread  to th e  eastern basin. 
N o  other species o f  fish w as involved. Initially, it 
was suggested that A . crassus alone m igh t have been 
th e  cause, in fection  levels w ere very high in th e  lake 
a t that cime an d  virtually all cels were infected, with 
3 0 -5 0  adults per eei an d  up to 200 larvae. Eel 
population  densities were also very' high. T h e  effects 
o f  the parasites on eei sw im bladders were typical, 
w ith eels show ing sw im biadder walls haem orrhagic 
a n d  th ickened up to 10 tim es norm al, and  the 
contents o f  th e  sw im biadder filled w ith  fiuid, eggs 
and  decaying and live adults. T h is , together with 
the know n ability  o f  th e  p a rasite  to  cause m ortalities 
in eel farms, m ade this n o t an  unreasonable 
suggestion. Subsequently , follow ing a detailed 
exam ination o f  physico-chem ical conditions in the 
lake, o p in io n  on  the role o f  d ie parasite changed. It 
was clear thac w ater tem pera tu re  levels in the lake 
were unusually  h igh  d u rin g  th at sum m er whilst 
oxygen levels were corresponding ly  very low. These 
conditions caused stress to  the eels, and  it now 
seems m ore likely thac th e  com bined  effects o f this 
stress together w ith  th at caused by A. crassus, and 
especially the dysfunctkm ing  o f  the sw im biadder 
and gas gland, w ere the  causes o f  the m ortality 
(M olnár et al. 1991, 1994) as bo th  blood loss and 
direct effects o n  th e  sw im biadder wall were elim ­
inated as p o ten tia l causative agents.

Sim ilar m ass m orta lities have been reported  from 
other w ater bodies w h ich  have been stocked with 
cels, fo r exam ple, in  th e  V ran o v  Reservoir in die
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Czech R epublic (R arus, M oravec &  Prokes 1999a). 
H ere there was a loss o f  som e 3 -5  c in 1994, and 
again the m ortalities occurred in sum m er when 
w ater tem peratures were high and w ater oxygen 
levels low and  eel densities were high. Again, no 
o ther fish species were involved. It is likely therefore 
that here also if. was the com bined effects of 
environm ental and  parasite induced stresses that 
caused the m ortalities. T h e  ideal conditions for such 
epizootics were stated  b y  Rarus de Prokes (1996) as 
being high eel density  in a closed, shallow  lake, 
w here densities o f  copepods and paratenic host 
species were high, thus facilitating a rapid  increase 
o f  th e  parasite p o p u lation  levels. Additionally, 
however, there needed to be h igh  w ater tem pera­
tures an d /o r stress factors. These conditions were 
sim ilar an d  were m et in both  Lake Balaton and 
V ranov Reservoir in particular years.

C o n d itio n s in the shallow , productive lakes of 
central Europe in w hich eels are stocked for 
com m ercial fisheries can clearly from d ine to time 
result in eel m ortalities, b u t these are n o t regular or 
inevitable occurrences. In  o ther years, apparently 
sim ilar physico-chem ical conditions did no t result 
in eel m orta lities in Lake Balaton (Boline, Fercnczy, 
K átai, Kiss, Kráczer, Kufcsák, Láng, Polyhos, Szabó, 
Szegletes &. N em csók 1997). Schabuss, Kennedy, 
K onecny, G rillitsch, Reckendorfer, Schiem er & 
H erzig (2005) have no ted  a sim ilarity  in physical 
and chem ical conditions betw een N eusiedler See in 
Austria an d  Lake B alaton and  bo th  lakes support a 
stocked eel fishery. Infection levels w ith  A. crassus 
w ere aiso h igh  in  N eusiedler See, b u t there was no 
c-ccurrcnce o f  mass m ortalities there over a period of 
m any years.

C onvincing  evidence o f  dam age to natural, i.e. 
unstocked, eel populations in lakes and  rivers is 
lacking. T h ere  arc no reports o f  natural mortalities 
o f  eels in rivers o r lakes th a t are no t subjected to eel 
stocking, b u t in which prevalence levels oí' A. crassus 
m ay be high. Possibly in  these natural habitats, the 
density  dependenc regulatory processes identified by 
A shw orth  &C K ennedy (19.99) operate to keep the 
parasite  popu lation  below  th e  levels at which 
m orta lity  m ight occur an d /o r eel densities are never 
as h igh as in stocked lakes. I t  is also, o f  course, 
possible th a t parasite induced  eel m ortalities do 
o ccur b u t have never been  detected o r  identified as 
such. Again, it w ouid  be very difficult indeed to do 
so.

Since th e  first appearance o f  A. crassus in Europe, 
concern  has been expressed ab o u t possible effects o f
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the parasite upon d ie  m igration  o f  ad u lt eels hack to 
the Sargasso Sea ro spawn. As knowledge o f  the 
effects o f  the parasite upon its eel host has increased, 
so has this concern. Yellow eels undergo stress in 
their m ovem ents fro m  fresh water to the sea -and in 
their transition to silver eels. T h e  silver eels 
themselves use th e ir sw im biadder as a hydrostatic 
organ in  the course o f their m igration  to the 
Sargasso. K now ledge o f  the effects o f  A. crassus on 
the gas gland and  oxygen concentration  in  rhe 
sw im biadder suggests very strongly that its ability to 
function  as a hydrosta tic  organ  w ill be im paired in 
infected eels and  th is m u st surely affect rheir vertical 
m ovem ents on m igration . T h e  ability o f the parasite 
to survive for several m on ths in eels in sea water 
(Kirk e t al. '2000b, 2002) m eans also th a t It could 
he stressing the eels directly th roughou t the whole 
period o f  their m arine  m igrations. I t  is, however, 
very difficult to see how  diese suggestions could be 
tested directly by experim ent (Taraschewski 2006).

It was th o u g h t a t  one tim e thac the decline in 
population  levels o f  A. anguilla th ro ughou t Europe 
during  rhe 1980s m ig h t be directly relaced to  the 
spread an d  increase o f  A . crassus over the same 
period. A  decline in  cel populations and dver runs 
has been well docu m en ted  th rougbour the contin­
en t (M oriarty  de D ekker 1997), an d  several factors 
including overfishing o f elvers and adults and  globa! 
w arm ing have been  considered to be wholly or 
partially responsible. T h e  correlation  between the 
increase in A. crassus infection levels and decrease in 
host popu lation  levels m igh t suggest a causal 
relationship, bu t d o u b t was th row n  upon  this 
suggestion when i t  was realized that a sim ilar 
decline in m agn itude  o f recru itm en t (98% ) was 
taking place sim ultaneously in  the /I. rostrata 
population  in N o r th  A m erica a t a tim e before 
A. crassus had spread to th a t con tinen t. T his decline 
was also blam ed on  overfishing and pollution. 
However, it  has been suggested that the co­
incidence in tim ing  o f  the  declines on bo th  sides 
o f  the A tlan tic  im plies an A tlantic-w ide cause, e.g. 
changes in c lim ate  or G u lf  Stream  (Castonguay, 
H odson , M oriarty , D rinkw ater &  jessop 1994). 
Nevertheless, it  Ís very  hard  to believe thac A. crassus 
is no t at least partially  responsible for, o r  does not 
con tribu te  to, th e  decline in eel populations and 
m any workers believe th at this is in  fact the  case 
(Keie 1991; Sures &  K n o p f  2004b). T h e  scenario 
envisaged is sim ilar to thac in  respect o f  the  cause o f 
eel deaths in Lake Balaron, where the  parasite acts 
together w ith  o th er stressors to cause eel m ortality,
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Control

in view o f th e  rap id  spread o f  A. crassus throughout 
Europe and its  proven abilities as an  excellent 
colonizer, invo lv ing  even a trans-A tlantic crossing, 
it is coa late r.o a ttem p t to Iim ir irs distribution by 
lim iting  im p o rts  o r  restricting  transfers o f  elvers. 
T he parasite’s preference for warm er waters will 
lim it its spread  northw ards in  E urope and America 
so that its ran g e  will never be  com pletely congruent 
with those o f  A . rostrata a n d  A. anguilla, bu t there 
can be no  d o u b t  that, in  w arm er conditions its range 
will coincide w ith  those o f  both  eel species and Íe is 
here to stay. Ics abilicy to in fec t glass eels and elvers 
no t only assists ics spread th ro u g h o u t natural waters 
bu t also m akes it  very difficult to obtain elvers free 
o f  rhe parasite for stocking purposes.

C on tro l m easures are d ea rly  impracticable in 
natural water bodies, and indeed m ay be unneces­
sary if  A. crassus p o p u lations axe regulated in a 
density dep en d en t m an n er at levels below which 
they cause m o rta lity . In  natu ral ¡alces such as Lake 
Balaton w h ich  supported  eel fisheries through 
stocking, c o n tro l was im practicable and stocking 
ceased in  1991 as a d irect consequence o f  the high 
eel m ortality. I f  stocking densities could ever have 
been reduced to a level ae w hich the fishery 
rem ained com m ercial b u t the  eel population did 
no t rise to a den sity  a t w hich the eels were stressed, 
then m orta lities w ould  have been less likely ro 
occur.

Even in eel ponds, contro l o f  the  parasite levels 
may be d ifficult. A ttem pts to  reduce the densities o f 
copepods th a t can serve as in term ediate hosts m ay 
not be very successful. Increasing th e  flow o f water 
through the eel p o nds (Egusa de. H irosc  1983) may 
well n o t be p racticab le , and is at best only likely to 
reduce co p ep o d  densities and n o t elim inate them . 
U sing chem icals to  try  and. elim inate copepods is 
ne t considered  to be very effective (Egusa &e H irose 
¡983) and is m oreover no t environm entally 
acceptable as rhe effluent from  the ponds would 
end up co n tam in a tin g  natural w ater bodies. Eels 
from farm s in  w hich  w ater salinity is higher tend to 
be free oí th e  parasite, o r to harbour lower levels 
(Koic 1991).

D ru g  trea tm en t can  be used in  control (H art­
m ann '1987; G ects, Li ewes de. Ollevier 1992). 
A num ber o f  nem atocidal drugs have been rried, 
hu t the  m ost effective are levam isolc an d  m etriró­
ñate in  freshw ater baths (Taraschewski et al. i 98 8). 
There is no d ru g  specific reaction  by the parasite:
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muscle cells and intestinal walls are dam aged, 
leading Ec cytoplasm ic d isorder and vacuolation 
and u ltim ately  to death  o f  the parasite. Levamisoie 
appears to be  the better o f  d ie two drugs as the 
cum ulative: lethal dose ratio  is m ore favourable 
than w ith  mecrifonace. (Taraschew ski el aí. 1988). 
A dult parasites in eels treated by ba th ing  in the drug 
disintegrate, a lthough  the larvae in  the sw im biadder 
wall are n o t affected. A shw orth  &  Blanc (1997) 
have com pared  rhe effectiveness o f  levamisoie, 
w hich they  also consider to  be the best d rug , when 
adm inistered  by intravenous injection and oral 
feeding. Following injection, the drug was distri­
b u ted  rapidly to tissues ou tside  the blood, b u t total 
clearance was high and e lim ination  ra ther fast. 
A bsorption  u f  the d rug  was slower when adm inis­
tered orally, b u t re ten tion  was longer.

C onclusions

ft is ev iden t th a t th e  specific h e lm in th  parasites of 
eels have undergone  a long p e rio d  o f  co-adaptation 
w ith  their preferred host species. M any o f  the 
helm in th  species reported  from  eels are generalists 
an d  none o f  these cause an y  disease problem s. T h e  
three species th at can  cause serious disease problem s 
are all specialists o f  eels a n d  w hen co-existing w ith 
their preferred  definitive h o s t a t  norm al densities in 
natural hab ita ts th roughou t their norm al range they 
give no cause for m ajor concern. I t  is o n ly  when 
their no rm al host is cultured  intensively and /or 
their range h as been extended by in troductions and 
they have been given the o p p o rtu n ity  to infect a 
species o f  eel o ther than their preferred hose and 
w hich is n o t adap ted  to them  th a t problem s arise. 
Pseudodactylogyrus anguillae and  P. bini, fo r exam­
ple, have n o t been reported  as causing o ther than 
local gili dam age to eels in the wild. T h ey  appear 
only  to cause eel m orta lity  when densities o f  eels are 
high a n d  they are k e p t u n d e r o p tim u m  tem perature 
conditions, i.e. in aquaculture, an d  the resulting 
increase in  transm ission rates allows rhem  to attain 
in frapopu lation  densities th a t can seriously damage 
o r  even kill their hosts. Problem s o f  disease here 
arise p rincipally  from  th e  increase in  parasite 
num bers, a n d  b o th  their norm al bosc an d  ocher 
species o f  eel can be  affected. Being ectoparasites, 
they are m ore  susceptible to  con tro l measures.

Anguillicola crassus, however, poses very different 
problem s in  kind and  degree. T h is species, and 
apparen tly  all the o ther species o f  Anguillicola , are 
never p a th o g en ic  to their preferred eei species in the

wild or in culture. I t  seems likely th at A. crassus is 
specific to A . japon ica  wich w hich it has co-evolved. 
Disease problem s only arise when A . crassus is 
exposed co a species o f  eei to which i: is not adapted, 
i.e. to A. angui!la o r  A . rostrata, when im ported to 
East Asia or after in tro d u c tio n  o f  the parasite into 
E urope and A m erica. T h e  im pact o f  A . crassus on 
A tlantic  eels is no t ju s t  a reflection o f  a large parasite 
being enclosed in  a sm all sw im biadder, or merely a 
reflection o f  n u m b ers  o f  parasites in a single host. Its 
effects on  its eel h o s t are o f  a different na tu re  to those 
o f  the m onogeneans: i t  affects the sw im biadder 
structurally  and physiologically in its ability to 
function  as a hydrosta tic  organ; it  affects m any blood 
param eters; it  causes considerable stress co its eel host 
and  it can result in  both  individual and mass eel 
m ortality . Its greatest dam age is done when eels are 
cultured , in farm s o r shallow  lakes, bu t i t  can and  does 
affect eels in the wild also.

It is easy to be w ise after rhe event and  say that it 
should no t have been in troduced  in to  Europe. As 
early as 1979, Egusa w arned that A. crassus could 
cause serious dam age to E uropean eels i f  it was ever 
in troduced  to th at con tinen t. D espite this warning, 
it w ould  n o t have been possible ae that tim e to 
p red ic t rhe changes in the life cycle o f  the parasite 
th at have taken place after its in troduction  and 
w hich have m ade it such an effective invader and 
successful colonizer. N o-o n e  could have know n that 
it w ould  broaden its specificity to its interm ediate 
host o r that it  had  th e  ability  to use paratenic hosts, 
any  m ore  than it could  have been predicted that 
larvae w ould  spend lo n g  periods o f tim e in  the walls 
o f  th e  sw im biadder rather than pass rapidly through 
to the lum en. M oreover, it  was never realistic to 
expect th at cels w ould  n o t be transported from  one 
co n tin en t to ano ther to m eet a shortfall in demand 
given th e  econom ic value o f  the eel trade.

Anguillicola crassus is also unusual in  that it  causes 
dam age to wild eels as well as to farmed ones. It may 
tu rn  o u t th at in th e  long-term  it is the dam age to wild 
eels that will prove to  be  the  m ost im portant. M any 
authors believe cha i  A . crassus, through its effects on 
th e  sw im biadder as a hydrostatic  organ, m ust be 
having an  effect on the ab ility  o f  adult eels to re tu rn  to 
the Sargasso Sea. A  decline in  elver tu n s  was already 
apparen t before the full im pact o f  A . crassus was 
evident b u t i t  is very unlikely th a t the parasite is not 
acting as an additional factor in the decline o f  eel 
populations. T hus, as well as causing serious econo­
m ic dam age to cel aquaculture in  the short-term , the 
parasite m ay be having a long-term  econom ic effect
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on  ccl densities. Since declining cel populations ate 
also going to have a knock-on effect on the natural 
fish com m unities in rivers and lakes, the parasite m ay 
also cause severe and as yet unpredictable biological 
an d  ecological problem s. Even though controllable in 
aquacultu re  by drugs, che parasite canno t be elim in­
ated  from  w ild eel populations. It is here to stay as 
a perm anen t com ponent o f  rhe European and 
A m erican  parasite fauna. Anguillicola crassus thus 
exemplifies in  a  un iq u e  way the dangers o f  in trodu­
cing parasites into new  ecosystems: a  parasite m ay be 
able to realize a potential in its genom e th a t was never 
previously even suspected and  by so do ing tu rn  o u t to 
have th e  ability to seriously influence not only its new  
host populations, bur. whole ecosystems.
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