
Vol. 33: 143-149 , 1998
D ISE A SE S OF A Q U A T IC  O R G A N ISM S  

D is A quat O rg
Published June 19

Impact of low water temperature on the 
development of Anguillicola crassus in 

the final host Anguilla anguilla

K. Knopf1*, J. Würtz2, B. Sures1, H. Taraschewski1

'Z o o lo g is c h e s  Institut - Ö k o lo g ie , U n iv ersitä t K arlsruhe (TH), K aiserstr. 12, D -76128  K arlsruh e, G erm an y  
2Institut für Z o o lo g ie  und L im n o lo g ie , U n iv ersitä t In n sb ru ck , T ech n ik erstr . 25, A -6 0 2 0  In n sb ru ck , A ustria

ABSTRACT- The effect of low water temperatures on the development and viability of larval and adult 
Anguillicola crassus (Nematoda) in the final host Anguilla anguilla was studied. European eels were 
experimentally infected with A. crassus and then maintained for 4 mo at 4, 9, 10 and 19°C. Larval devel­
opment showed a temperature-dependent pattern and was significantly retarded at low temperatures. 
Third-stage larvae survived a 4 mo period at 4 0  without being atfected, although they were not able 
to invade the swimbladder wall at this temperature. In contrast, adult worms were severely harmed 
during a 4 mo period at 4°C, as reflected hy increased mortality and decreased growth and reproduc­
tivity compared to the worms maintained for the same period at 18’C Starvation of the eels for 4 mo at 
19°C did not affect the development and growth of the nematode. The experimentally obtained results 
support the hypothesis that the spread of .4. crassus in boreal regions, e.g. Northern Europe, is 
restricted by the natural ambient temperature regimes.
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INTRODUCTION

After A nguillicola  crassus  (Nematoda, D racu n cu ­
loidea) was im ported  from the Far East to Europe in the 
early 1980s, it sp read  rapidly across the continent. Ten 
years after the first report of its p resence  in 1982 in eels 
from the Weser-Ems region, G erm any  (N eum ann 
1985), this parasite  h ad  becom e es tablished over 
almost the whole of Europe  (Moravec 1992). However, 
in sou thern  S w eden  H öglund  et al. (1992) repor ted  
A, crassus popula tions be in g  restricted to a reas  
affected  by the rm al d ischarges  from pow er  stations on 
the Baltic coast, w h e rea s  eels from in land lakes w ere  
uninfected. T hese  results im plied that the w a te r  te m ­
pe ra tu re  requ ired  for a com plete  life-cycle of A. cras­
sus  is not naturally  available in the a reas  exam ined.

The effect of w ater  tem perature  on the hatching of A n ­
guillicola crassus  eggs and  on the free-living second- 
stage larvae (L2) was extensively exam ined by Thomas &
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Ollevier (1993). In accordance with the findings of Kim et 
al. (1989, cited in N agasaw a et al. 1994) they showed that 
the optim um  te m p era tu re  for ha tch ing  lies in the range  
b e tw e en  15 and  30°C. At these  te m p era tu re s  the  eggs 
hatch  within a few days. At 10°C hatching is severely d e ­
layed, taking almost 1 mo, w h erea s  at 5°C the L2 in the 
egg  shea th  survive but rarely  em erge.

T he survival of free-living L2 is also d e p e n d e n t  on 
tem pera tu re .  A lthough  the pub lished  da ta  do not cor­
respond  perfectly  with each  o ther  (De C harleroy  et al. 
1989, Pette r  et al. 1990, T hom as & Ollevier 1993), it is 
ev iden t tha t  at  lower te m p era tu re s  the  survival time is 
noticeably  prolonged. However, the  infectivity of the 
L2 to the in te rm ed ia te  host declines with  larval age 
(Kennedy & Fitch 1990, T hom as & Ollevier 1993). 
K ennedy  & Fitch (1990) r ep o r ted  L2 survival of up  to 
160 d at 10°C. In contrast,  they  survive only up  to 45 d 
a t 23°C (Thomas & Ollevier 1993).

S ubsequen t developm ent in the copepod in term edia te  
host is also affected  by the  w a te r  tem pera tu re .  At a p ­
p roxim ately  21°C m oult ing  to the third larval s tage  (L3)
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Fig. 1. Temperature regime to which eels were exposed during the exper­
iment. Arrows indicate the times when eels of the different experimental 
groups (for abbreviations see Table 1) were examined, p i., post infection

occurs be tw een  Days 10 and  13 post infection (p.i.) of the 
copepods (Petter et  al. 1989, De Charleroy  et al. 1990, 
Thom as & Ollevier 1993). In contrast, the developm ent is 
very  slow at 12°C and  moulting to L3 does not occur until 
Day 62, w hereas  at h igher tem peratures  ranging from 18 
to 29°C the  p rocess is acce le ra ted  and  first L3 ap p e a r  on 
Day 6 (Petter et al. 1990). F urtherm ore ,  Petter et al.
(1989) dem ons tra ted  tha t in the  (unfortunately  not fur­
the r  specified) ran g e  from 1 to 13°C the  L> did not d e ­
velop and  even  died  w ith in  abou t 1 mo. However, the 
la rvae w ere  able to m igra te  into the  haem ocoel of the 
copepods. In consequence, Petter et al. (1989) concluded 
tha t  the life-cycle of A nguillico la  crassus is in te r rup ted  
during  the cold season  an d  Kim et al, (1989, cited in 
N ag a saw a  et al. 1.994) su g g e s ted  that 
the n em ato d e  requ ires  at least 15°C for 
a com plete  life-cycle.

However, the re  is a lack of in fo rm a­
tion concern ing  the im pact of te m p e r ­
a tu re  on A nguillicola  crassus  in the 
final host. Thus, in the p re se n t  study 
the  im portance of w a te r  te m p era tu re  
for the invasion of the  sw im b ladde r  
wall by infective L3 and  their  further 
deve lopm en t to m a tu re  adults  via a 
fourth larval s tage  (L4) was investi­
ga ted  u n d e r  controlled labora tory  con ­
ditions. F urtherm ore ,  the influence of 
low w ate r  te m p era tu re s  on the  v iabil­
ity and. reproductiv ity  of the  adul t  
worm s dwell ing  in the  sw im bladde r  
lum en  of eels was studied.

MATERIAL AND METHODS
D4/19

Source and m aintenance of eels. Euro­
pean  eels A nguilla  anguilla  w eigh ing  60 to 
80 g w ere  ob ta ined  from a com mercial fish 
farm (Limnotherm, Bergheim, Germany) 
know n to be free of Anguillicola  crassus. 
The eels w ere  p laced  in 100 1 tanks and 
m a in ta ined  in ae ra ted  tap w ate r  at differ­
en t tem pera tu re s  rang ing  from 4 to 20°C 
(Table 1 & Fig. 1). The w ate r  tem pera tu re  
w as m e asu red  an d  recorded  hourly with a 
te m p era tu re  logger (EBI-85, Ebro Electron­
ics, Ingolstadt, Germ any) during  the whole 
exper im en ta l  period (Fig. 1).

Infective larvae and infection. Infective 
th ird-stage la rvae (L3) of A nguillicola  cras­
sus  w ere  ob ta ined  according to H ae n en  
et al. (1994). S econd-s tage la rvae w ere  
collected from the sw im bladder  lum en  of 
naturally  infected eels from the river Rhine. 
T hese  larvae w ere  fed to w ild-caught 
p lanktonic  copepods, mainly comprising 

T herm ocyclops  cf. crassus  and  M esocyclops leuckarti, 
kep t at 20°C. The infective L3 w ere  isolated 20 d p.i. 
from the in te rm ed ia te  hosts by the potter m ethod  
descr ibed  by H a e n e n  et al. (1994) an d  stored  in RMPI- 
1640 m ed ium  (Sigma, Deisenhofen, Germ any) con­
taining 0.2% kanam ycin  at 4°C until application.

Prior to infection the  larvae w ere  counted  in a round 
bottom 98-well p la te  and  susp e n d ed  in approxim ate ly  
100 pi RMPI-1640 medium. This suspension w as a d ­
m in is te red  to the eels perorally  with  a  s tom ach  tube 
(1.5 m m  diameter). The wells w ere  checked  for r e ­
m ain ing  L3 afterwards.

Experim ental design . A sum m ary  of the ex p e r im en ­
tal des ign  and  the nu m b e r  of eels of each  experim ental

Table 1. Experimental design showing the mean ± SD temperatures at which the 
different experimental groups were maintained for the times given at the top 

and the number of eels in each group (n). p.i.: post infection

Group n Day 1 to 4 p.i. Day 5 to 119 p.i . Day 120 to 234 p.i.

4dpi 20 20.2 ± 0.2°C -

D4 20 19.9 ± o . r c : ± o . r c -

D9 21 20.2 ± 0.2°C 9.0 ± 0.4°C -

D10 21 20.2 ± 0.2°C 10.2 ± 0.5 C -

D19 20 18.8 ± 0.1°C 18.8 ± 0.7°C -

D 19fed 19 19.9 ± 0.1°C 19.7 + 0.5°C -

D4/19 28 19.9 ± 0.1°C 4.0 ± 0.1°C 19.4 ± 1.3-C

Day 1 to 80 p.i. Day 81 to 115 p.i.

A18 36 18.4 ± 1,0°C 17.7 ± 1,8°C
A4 46 18.4 ± 1..0°C 4.0 ± o . r c
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Fig. 2. Anguillicola crassus. Relative percentages of different develop­
mental stages of the nematode out of total number of specimens recov­
ered from the swimbladder of spot-checked Anguilla anguilla kept at 

18°C. The number of eels examined (n) is given for each spot-check

group is given in Table 1. The impact of tem pera tu re  
on the larval deve lopm en t of A nguillicola  crassus was 
exam ined  by keep ing  eels infected with 20 L3 each  at 
4 ,9 ,  10 or 193C for 115 d (groups 1)4, D9, DIO and  D 19). 
The in te rm edia te  tem p era tu re s  of 9 and  10°C resulted  
from difficulties regu la ting  the tem perature ;  initially, 8 
and  12°C w ere  in tended . To d e term ine  w h e th e r  the 
m ain tenance  at 4°C (group D4) was irreversibly h a r m ­
ful to the larvae, ano ther  g roup  of eels (group D4/19) 
was first kept at 4°C for 115 d and  subsequen tly  at 
19°C for additional 115 d. To allow the L3 to m igrate 
into the sw im bladder  wall, eels of all groups w ere  kep t 
initially at approxim ate ly  20°C for 4 d, following which 
the status of infection w as de te rm ined  (group 4dpi).

As eels are know n to feed little at low tem pera tu re s  
(Tesch 1983) and  to m ainta in  uniform experim ental 
conditions the eels of g roup  D4, D9, DIO and  D19 were  
sta rved in this experim ent.  To e lucidate w he the r  
A nguillicola  crassus w ere  h a rm ed  by s tarving of the 
host, the results ob ta ined  from the eels kep t  at 19°C 
(group D19) w ere  com pared  with those from iden ti­
cally treated, but fed, eels (group D19fed). T hese  eels 
w ere  fed twice a w ee k  with pellet food at a rate  of 0.7 g 
ee l-1. Additionally, the eels of g roup  D4/19 w ere  also 
fed while being kep t at 19°C.

To study  the im pact of cold w ate r  conditions on adult 
A nguillicola  crassus eels w ere  infected  with 25 L3 
each. To allow the deve lopm en t  of the nem ato d e s  from 
the  larval to the adult  s tage  all infected  eels w ere  first 
kep t  at 18°C. The deve lopm en ta l  status of the worms 
w as spo t-checked  (for n u m b e r  of eels see  Fig, 2) from 
Day 30 p.i. onwards. Thus, it could be  concluded that 
most of the L3 adm in is te red  to the eels b ecam e adult  
w ith in  80 d p.i. S ubsequen tly  the rem ain ing  eels w ere

d ivided into 2 groups  and  kep t for a further 
115 d at 18°C (group A18) and  4 ’C (group 
A4), respectively. D uring the m a in te n an c e  at 
18°C, the eels w ere  fed in this expe r im en t as 
described above.

At the end  of the exper im en ts  the eels 
w ere  killed and  the sw im bladde r  was e x a m ­
ined  for living and  d ea d  la rvae  and  adults  of 
A nguillicola  crassus. As L3 and  L4 cannot be 
d is t inguished  from each  other perfectly  by 
m ean s  of light microscopy (Blanc et al. 1992), 
all la rvae with a body leng th  exceed ing  
1.5 m m  w ere  coun ted  as L4, in accordance 
with the results of Blanc et al. (1992). After 
de te rm in ing  the  sex of all adu l t  worm s from 
each  eel, the m ale  and  female A. crassus 
w ere  coun ted  separate ly. Living specim ens 
w ere  pooled from each  eel, w e ig h e d  and  the 
m e an  w et  w e igh t for an  individual male or 
female w as th e n  calculated. N em atodes  
showing no reaction  to m echan ica l  s t im ula­

tion w ere  considered  d ea d  an d  g ro u p ed  with the 
decom posed  specim ens. The p re se n ce  of L2 (in the egg  
shea th  or em erged)  in the sw im b ladde r  lum en  of the 
eels w as used  as proof of the successful reproduction  of 
the nem atodes.

Statistical analysis. Data are  p re se n ted  as m ean  va l­
ues ± s tandard  deviation  (SD). The da ta  sets of the r e ­
covery rate, the p e rc e n ta g e  of d ifferent deve lopm enta l  
stages, the p e rc e n ta g e  of d e a d  A nguillico la  crassus 
and  the m e an  w et w e igh t  of the adult  worm s ob ta ined  
for the d ifferent g roups  (Table 1) w ere  ana lysed  using 
the H-test (Kruskal-Wallis) an d /o r  the 17-test (Mann- 
Whitney) for significant d ifferences (p < 0.05).

RESULTS 

Impact of tem perature on larval A n gu illico la  crassus

The larval deve lopm en t  of A nguillico la  crassus in 
the final host show ed  a clear te m p e ra tu re -d e p e n d e n t  
pattern .  The m e an  n u m b e r  of A. crassus recovered  
from eel sw im bladders  at the  en d  of the exper im en t 
in c reased  with the w a te r  te m p e ra tu re  at w hich  the eels 
w ere  m ain ta ined  (Fig. 3). T he  lowest recovery  rate, 
de te rm in ed  for the eels  kep t  4 d at 20°C and  su b se ­
quently  115 d at 4°C (group D4, 10.0 ± 10.1%), was 
nearly  the sam e as the  rate  ob ta ined  from eels kep t 
only 4 d at 20°C (group 4dpi, 10.3 ± 8.8%). At all 
the  o ther  te m pera tu re s  ex am in ed  significantly h igher  
recovery  rates w ere  obta ined. Statistical analysis r e ­
vea led  no d ifferences in the recovery  ra te  be tw e en  
g roup  D9 (31.2 ± 13.5%), g roup  D10 (41.9 ± 23.9%) 
a n d  group  D19 (34.5 ± 15.8%).
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Fig. 3, Anguillicola crassus. Mean percentage recovery of nematodes 
from the swimbladder of Anguilla anguilla kept for 4 d at 20°C (4dpi), 
4 d at 20°C and 115 d at 4°C (D4), at 9°C (D9), and at 10°C (DIO) and 
continuously at 19°C (D19). a,b: Groups with a letter in common do 

not differ significantly at p < 0.05

tai s tages L3 and  l 4 and adults, respectively, 
with the eels m a in ta ined  at the different te m ­
pera tu res  are  show n in Table 2.

If experim entally  infected eels which w ere  
kep t  first 4 d at 20°C and  subsequen tly  115 d at 
4°C w ere  transferred  to 19°C (group D4/19), 
Anguillicola  crassus  la rvae continued  their 
d eve lopm ent w ithout being negative ly  affected 
(Table 3). After 115 d at 19°C the recovery  rate 
was not significantly different from the results 
ob ta ined  from the  eels kep t  continuously for 
119 d at 19°C (group D19), In eels tha t w ere  
m a in ta ined  previously at 4°C the p e rc en ta g e  of 
adul t  worm s an d  their  m ean  w et w eigh t was 
significantly h igher  than  in eels solely kep t  at 
19°C

Impact of ee l starvation on A n guillico la  crassus

Fig. 4 shows the p e rc e n ta g e  of the  d iffe rent d ev e lo p ­
m enta l  s tages of A nguillico la  crassus recovered  at the 
end  of the experim ent.  After 4 d at 20°C and 115 d at 
4°C (group D4) as well as 4 d p.i. at 20°C (group 4dpi) 
only L3, but no L4 or adul t  worm s w ere  found. At 9°C 
(group D9) only a small proportion  of worm s (5.8 ± 
14.3%) h ad  d eve loped  to L4. At 10°C (group DIO) a 
considerab ly  h igher  n u m b e r  of the  nem ato d e s  rea ch ed  
L4 (41.6 ± 32.3%) an d  even  a few adu l t  worm s 
(0.4 ± 1 .7  %) could be found in the  sw im b ladde r  lumen. 
However, 58.0 ± 31.9% of A. crassus still rem a in ed  at 
L3. Finally, at 19°C (group D19) the  L3 contribu ted  only 
1.9 ± 5.1%, and  the  L4 9.2 ± 12.2%, to all recovered  
specim ens, w h erea s  88.9 ± 14.0% of the  w orm s had  
r e a c h e d  the adul t  s tage. In all sw im bladders  of 
eels from this g roup  contain ing  m a tu re  m ale  and 
fem ale A. crassus  (85.0% of the  exam ined  eels), 
the  successful rep roduction  of the  paras i te  was 
m anifes ted  by a la rge  n u m b e r  of L2 in the swim- j
b la d d e r  lumen. The results  of the  statistical an a ly ­
sis com paring  the a b u n d a n c e  of the  deve lopm en-

Table 2. Anguillicola crassus. Results of the D-test 
(p < 0.05) comparing the abundance of the developm en­
tal stages of the nematode with Anguilla anguilla  kept 
for 4 d at 20°C and 115 d at 4°C (D4), at 9°C (D9) and at 
10°C (D10) and continuously at 19°C (D19). s: signifi­
cantly different; ns: not sig-nificantly different; nd: not 

determined

Groups l3 u Adult

D4-D9 s s nd
D9-D10 s s ns
D10-D19 s s s

The results ob ta ined  from the eels tha t w ere  fed 
(group D19fed) com pared  to those w hich w ere  starved 
and  kep t at nearly  the sam e te m pera tu re  (group D 19) 
are  p re se n ted  in Table 3. Data analysis revea led  no 
significant difference be tw e en  the 2 groups  with 
respec t  to the  recovery  rate, the p e rc e n ta g e  of the 
deve lopm enta l  stages, the  w et w eigh t of the  adult 
worm s or their reproductivity.

Impact of tem perature on adult A n gu illico la  crassus

The results from the  spo t-checked  eels kep t at  18°C 
are  show n in Fig. 2. After 50 d p.i. the first adults of

100
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4dpi D4 D9 D10 D19

l_3 l_4 a d u l t

Fig. 4. Anguillicola crassus. Relative percentages of different d e ­
velopmental stages of the nematode out of total number of speci­
mens recovered from the swimbladder of Anguilla anguilla  kept 
lor 4 d at 20°C (4dpi), 4 d at 20"C and 115 d at 4°C (D4), at 9”C (D9) 

and at 10°C (D10) and continuously at 19°C (D19)
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Table 3. Influence of a cold water period and starvation on the development of Anguillicola crassus. The following are given: 
mean percentage of A. crassus recovered from total number of L3 administered, percentages of developmental stages from the 
recovered specimens, mean wet weight of male and female A. crassus and percentage of Anguilla anguilla containing L2 in the

swimbladder lumen. Sample sizes (n) are given in parentheses

Group D19fed° 
Mean ± SD (n)

Group D19'1 
Mean ± SD (n)

Group D4/19h 
Mean ± SD (n)

% recovery 48.2 ± 24.3 (19) 34.5 ± 15 8 (20) 37.9 ± 26.4 (28)
% of L i 13.1 ± 31.2 (19) 1.9 ±5.1 (20) 0.8 ±3.9 (26)
/o of L2 2.9 ±5.7 (19) 9.2 ± 12.2 (20) 1.4 ±4.5 (26)
% of adults 84.0 ± 30.8 (19) 88.9 ± 14.0 (20) 97.8 ±5.8 (26)
Wet weight of males (mg) 9.8 ± 6.5 (16) 14.2 ±7 .6  (18) 17.4 ± 10.1 (24)
Wet weight of females (mg) 100.4 ± 46.7 (16) 124.3 ± 42.3 (20) 169.0 ± 43.7 (22)
% of eels containing L2 78.9 (19) 85.0 (20) 78.6 (28)

a 119 d at approximately 19°C. b4 d at 20°C, 115 d at 4°C and 115 d at 19°C

A nguillicola  crassus ap p e a re d  in the sw im bladder  
lum en  and  67%  of the nem atodes  had  rea ch ed  L4. At 
Day 80 p.i. m ore than  85%  of the w orm s w ere  adult 
and  from this time on the pe rc en ta g e  of adul t  worms 
ch a n g ed  only by a small amount. Thus the period of 
time during  w hich  moulting from L4 to adults occurred 
ranged  from 50 to 80 d at a w ate r  te m pera tu re  of 18°C.

The im pact of the low w ate r  te m p era tu re  on adult 
A nguillicola  crassus  b ecam e obvious w hen  com paring 
the da ta  ob ta ined  from eels which w ere  kep t from 
Day 81 to Day 185 at 4°C (group A4) and  18°C (group 
A18), respectively (Table 4). A lthough the recovery 
rates show ed  no significant d ifferences be tw e en  the 2 
groups, all the other data revea led  that adult  worms 
w ere  deleteriously affected by the low tem perature .  
The perc en ta g e  of d ead  adult worm s and  the p e rc e n t­
age  of larva] s tages  w ere  significantly h igher  for the 
eels m ain ta ined  at 4°C. Additionally, the m ean  wet 
w e igh t of adult  A. crassus and  the n u m b e r  of swim-

bladders  contain ing  L2, ind icating  reproductive  activ­
ity of adul t  worms, in eels kep t  at  4°C was ap p ro x i­
m ately  10 times less than  the values d e te rm in e d  for 
eels kep t  at 18°C.

DISCUSSION

D evelopm ent and  viability of A nguillico la  crassus in 
the final host w ere  show n to be  te m p e ra tu re -d e p e n ­
dent.  The grow th  and  deve lopm en t  of worm s did not 
differ significantly be tw e en  the s ta rved  and  fed eels 
kep t at approxim ate ly  19°C. Considering the reduced  
m etabolism  of host and  parasite  at low er tem pera tu res ,  
one can therefore  ded u c e  that s tarvation of the eels 
over 4 mo at 4, 9 or 10°C does not affect the nem atodes.  
Results of Polzer & T araschew ski (1993) revea led  that 
adul t  worm s are  able to d e g ra d e  haem oglobin ,  w hich 
m ight be sufficient as a nutritive source. Thus, the  f ind­

ings of the p resen t investigation can 
be a t tr ibu ted  exclusively to the impact 
of tem pera tu re .

T he pa t te rn  in the relative p ropo r­
tions of deve lopm en ta l  s tages  of 
A nguillico la  crassus after 115 d at dif­
feren t tem p era tu re s  can be  explained  
by re ta rd e d  larval deve lopm en t  at 
low er tem pera tu res .  This would be 
expected ,  as te m p era tu re  is kn o w n  to 
be  an  im portan t factor controlling the 
d ev e lo p m e n t  of poikilo therm ic o rg a n ­
isms. At abou t 10°C, a critical limit 
ap p e a rs  to be  rea ch ed  as the relatively 
small rise in te m p era tu re  from 9 to 
10°C caused  a significant sp e ed in g  up 
of larval developm ent.

T he results indicate a doub ling  of 
the  time to the first a p p e a ra n c e  of

Table 4. Impact of water temperature on adult Anguillicola crassus. The follow­
ing are given: mean percentage of A. crassus recovered from total number of L3 
administered, percentages of developmental stages from the recovered speci­
mens, percentage that were dead, mean wet weight of male and female A. cras­
sus and percentage of Anguilla anguilla containing L2 in the swimbladder 

lumen. Sample sizes (n) are given in parentheses

Group A18a 
Mean ± SD (n)

Group A4b 
Mean ± SD (n)

% recovery 29.8 ± 26.8 (36) 36.4 ± 25.9 (46)
% of L3 7.7 ± 19.3 (30) 16.2 ± 16.0 (41)
% of L, 7.3 ± 18.6 (30) 15.7 ± 11.9 (41)
% of adults 85.0 ± 27.5 (30) 68.1 ± 18.6 (41)
% of dead A. crassus 10.1 ± 22.2 (30) 39.1 ± 27.5 (41)
Wet weight of males (mg) 37.2 ± 19.2 (24) 4.7 ±8.3 (33)
Wet weight of females (mg) 187.2 ± 72.4 (24) 16.4 ± 11.1 (31)
% of eels containing L2 75.0 (36) 8.7 (41)

‘‘195 d at 18°C. b80 d at 18°C and 115 d at 4°C
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adult A nguillico la  crassus in the sw im bladder  lum en  at 
10°C co m p ared  to 18°C. A deve lopm enta l  period of 
approx im ate ly  50 d at 20°C as revea led  by the spot- 
ch e ck e d  eels is consistent with the results of H a e n e n  et 
al. (1996), w ho  observed  the  first A. crassus in the 
sw im b lad d e r  lum en  48 d p.i. at 18 to 20°C. N e v e r th e ­
less, a t  the  end  of the expe r im en t the relative p ropo r­
tions of deve lopm en ta l  s tages w ere  h ighly variable 
with in  expe r im en ta l  groups, reflecting individual dif­
fe rences  in the  specimens.

T he  inc reased  recovery  ra te  at h igher  tem pera tu res  
leads to the assum ption  tha t not only the  duration  of 
dev e lo p m e n t  bu t  also the  mobility of invad ing  L3 is 
a ffec ted  by the am b ien t  tem pera tu re .  This becom es 
obvious at 4°C, since after 4 d at 20°C an d  115 d at 4°C 
the n n m h e r  of recovered  Anguillicola  crassus  w as as 
low as after 4 d at 20°C. This shows tha t the  L3 do not 
invade  the  sw im b ladde r  wall s im ultaneously  and  also 
tha t at 4°C they  w ere  u n ab le  to invade the sw im b lad ­
der  wall a t all.

At 4°C no sign of larval deve lopm en t could be 
d e tec ted  over a period of 4 mo. However, the p e rc e n t ­
ag e  of adul t  A nguillicola  crassus and  their  m e a n  w et 
w e igh t w as significantly h ig h e r  w hen  eels w ere  m a in ­
ta ined  after the  cold spell for a further  4 mo at 19°C 
co m p ared  to eels m a in ta ined  solely for 4 mo at 19°C. 
At least 2 hypo theses  m ight explain  these  findings. It 
seem s possible tha t the L3 pass a d iapause  at 4°C and  
furthe r  d eve lopm en t  at inc reased  te m pera tu res  is s tim ­
u la ted  due  to the p rec ed in g  cold period. O n the  other 
hand , deve lopm en t  from L3 to L4 m ight not be  entirely 
stopped, but only severely  re ta rded . In this case, one 
also has  to assum e a correla tion b e tw e en  te m p era tu re  
and  larval developm ent.  Based on the  results ob ta ined  
from the  eels kep t  at 9 an d  18°C, the time req u ired  
from infection to the third moult from L3 to L,, at 4°C 
clearly exceeds  115 d. This could explain  w hy no 
dev e lo p m e n t  was observed  until Day 115 at 4°C. 
A lthough  it seem s unclea r  w h e th e r  larval deve lopm en t 
continues at 4°C or if it is in te r ru p ted  until the  te m p e r ­
a tu re  inc reases  again, it can  be concluded  that a 4 mo 
period at 4°C does not inf luence the viability of L3.

In contrast to the  larvae, adul t  A nguillicola  crassus 
w ere  severely  h a rm e d  during  a 4 mo period at 4°C. 
C om paring  the n em ato d es  k ep t  at 18°C to those kep t 
at 4°C, the la tter  show ed  a significantly lower w et 
weight. This m ay reflect a drastically r ed u c ed  or even  
a r res ted  m etabolism  and  consequently  reduced  fe e d ­
ing activity. The 4 times h ig h e r  n u m b e r  of d ead  adult  
worm s illustrated the irreversib le harm  caused  by the 
low tem pera tu re .  As a result , the  reproduction  of 
A. crassus  w as also clearly reduced .  The few L2 found 
in the  eels k ep t  at 4°C m ight even have b ee n  left over 
from the  period spen t  at 18°C. This appears  rea sonab le  
as free-living L2 survive a considerab le  time at low

te m pera tu re s  (e.g. K ennedy  & Fitch 1990). The small 
n u m b e r  of d ea d  adult  worms found in the eels kep t at 
18°C is considered  to reflect common natura l cond i­
tions, as show n in the field studies of K ennedy & Fitch
(1990) th roughou t 1 yr.

In summary, the life-cycle of Anguillicola  crassus 
com prises 2 phases  in which a sufficiently long period 
a t 4°C causes irreversible dam age : firstly, L2 in the 
in te rm ed ia te  host (Petter e t al. 1989) and, secondly, the 
adul t  nem atodes  in the sw im bladder  lum en of the final 
hosts. Generally, a d ec rease  in te m p era tu re  leads to an 
inc rease  in time required, for a com plete life-cycle, 
p robab ly  due to a r ed u c ed  metabolism of the n e m a ­
tode.

The results p re se n ted  h ere  toge ther  with the  facts 
a lready  know n  concern ing  the influence of low te m ­
pera tu re s  on deve lopm ent in the  in te rm ed ia te  host 
(Petter et al. 1989, 1990) are  suitable to explain  why 
A nguillico la  crassus  in Scandinavia, only occurs in 
an thropogenica lly  h ea te d  waters, but not u n d e r  n a t ­
ural te m pera tu re  conditions as assum ed by H oglund  et 
al. (1992). O ur results clearly contradict the  hypothesis  
of K ennedy  & Fitch (1990) tha t  the  adults of A. crassus 
'ap p e a r  to be  able to survive and  rep roduce  in eels 
u n d e r  any conditions tha t the host can withstand '.  
Thus, the description of A. crassus  as a successful 
coloniser p re se n ted  by these  authors  does not apply 
u n d e r  cold w ate r  conditions. Whilst the tem pera tu re  
reg im e prevailing  in the  freshw aters  of C entra l Europe 
obviously still enab les  the parasite  to build  up a stable 
population, in S candinavia  this m ight be  p rev e n ted  by 
an  inc reased  mortality of adult  worm s during  the 
longer w inter  (with a te m pera tu re  m in im um  of 4°C in 
f re shw ate r  an d  even  less in the brackish Baltic) and 
re ta rd e d  deve lopm ent because  of lower tem pera tu re s  
in sum m er  Due to the expected  high mortality of 
adults  during long winters, prior to extensive r e p ro ­
duction in early  sum m er  gravid  specim ens m ust be 
rec ru ited  from the h ib e rn a ted  larvae. A com parison of 
the  w a te r  tem pera tu re s  in sou thern  Swedish  lakes 
(Raab & Vedin 1995) and  Lake Constance, sou thern  
G erm a n y  (Müller 1983-1994) illustrates the  different 
te m p era tu re  conditions. In sou thern  S w eden  the  w ate r  
te m p era tu re  exceeds  5°C for approxim ate ly  7 mo and 
the  10°C threshold  for approxim ate ly  4 mo per  year 
w h erea s  in South G erm any  the periods are  10 and  6 
mo, respectively. Furtherm ore ,  the m ean  h ighest s u m ­
m er te m pera tu re  in the sou thern  Swedish  lakes is 
abou t 2°C lower than tha t of Lake Constance. H o w ­
ever, looking at the data from all a reas  of Europe 
w h ere  A. crassus occurs (e.g. Canestri-Trotti 1987, 
Taraschew sk i et al. 1987, Koie 1991), no influence of 
la titude on the p reva lence  or a b u n d a n c e  of A. crassus 
is apparen t .  Such a g rad ien t  from no rthern  to sou thern  
Europe  m ight be m asked  by m any  o ther  factors such as
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the time the parasite  has  a lready  b ee n  in the region, 
the availability of in te rm ed ia te  and  para ten ic  hosts or 
the immunological status of the respective eel p o p u la ­
tion. Interestingly, no clear seasonal pa t te rn  in infec­
tion of eels as a result of the seasonal variation in te m ­
pera tu re  has b ee n  show n so far (Kennedy & Fitch 1990, 
Möller et al. 1991, Thomas & Ollevier 1992, Würtz et al. 
1998), a l though  in J a p a n  and  Korea a d ec rease  m 
p reva lence  during  the cold season has b een  sugges ted  
(Egusa et al. 1969, Kim et al. 1989, both cited in N aga- 
sawa 1994). In any case, u n d e r  field conditions the 
impact of low w in ter  tem pera tu re s  on the  life-cycle of 
A. crassus can easily be h idden  by the  re ta rd e d  larval 
deve lopm ent,  the longevity of larval stages and 
de layed  mortality of adult  worms, as could be con­
cluded from our results.

C oncern ing  North  America, w here  A nguillicola  
crassus was recently  in troduced  into the sou thern  USA 
(Johnson et al. 1995, Fries & Williams 1996), the large 
C anad ian  eel popula tions of the St. Law rence River or 
of N ew found land  (Tesch 1983) will in all probability 
not becom e infec ted  by the paras i te  dur ing  its n o r th ­
w ard  expansion, due to the  low w inter  tem peratures .
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