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ABSTRACT: Magnetic orientation of European silver eels (Anguilla anguilla) was tested in an 
octagonal tank. Orientation was determined from photo-registrations of eel positions in tests 
performed alternately in the natural magnetic field and a field with the horizontal component 
rotated 180 °. Tests were performed in LD 11 : 13. At a daytime light intensity of 100 lux the fish were 
diurnally active, while at 0.10 lux crepuscular or nocturnal activity dominated. The eels probably 
differed in preferred orientation, largely depending on the clockwise or anti-clockwise swimming 
of some of the animals. Therefore there was no preferred direction common to all eels. The 
orientation of single eels differed, however, significantly between the two magnetic fields, suggest- 
ing that the eels responded to the geomagnetic field. 

INTRODUCTION 

Several  invest igators  have  tr ied to test whe the r  the ear th 's  magne t i c  f ield may  act as 

an or ient ing cue in eel  migrat ion.  However ,  e lec t rophys io log ica l  inves t iga t ions  

(McCleave et al., 1971; Rommel  & McCleave ,  1973; Enger  et al., 1976; Berge, 1979; 

Vriens & Bretschneider,  1979) as wel l  as maze  exper iments  (Branover et al., 1971; 
Z immerman  & McCleave ,  1975) have  g iven  contradictory results. 

Eel or ientat ion has also been  s tudied in circular  tanks. Even  in the absence  of 

celestial  cues eels s e e m e d  able  to show direct ional  preferences .  Amer ican  s i lver  eels  
(Anguilla rostrata) were  found to orient  southwards,  appropr ia te  for migra t ion  to the 
p resumed spawning  p lace  in the Sargasso Sea (Miles, 1968). European  si lver  eels  

(Anguilla anguilla) normal ly  prefer red  a nor ther ly  to wes te r ly  direction,  whi le  ye l low 
eels or iented a long a north-south axis. They  also, however ,  a l te red  their  or ienta t ion 

slightly, w h e n  the magne t i c  field di rect ion was c h a n g e d  (Tesch & Lelek, 1973a, b; 
Tesch, 1974). 

The present  study was under t aken  to examin e  a n e w  w h e th e r  s i lver  eels  may  show 
direct ional  responses  to the g e o m a g n e t i c  f ield in a tank, wi th  a t echn ique  essent ia l ly  
similar to that used by ear l ier  invest igators .  Some observat ions  on genera l  behav iour  of 

the fish dur ing exper iments  were  also made.  

MATERIALS AND ME T H O D S  

All 11 silver eels  used  ( length 30-45 cm) were  caught  in Oresund  b e t w e e n  S w e d e n  

and Denmark  in the autumn. In the Uppsa la  laboratory they  were  he ld  in a 400-1itre tank 
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f i l led with  artificial  sa l twater  (salinity 32-36 %0) and rec i rcula ted  through a charcoal  
filter. The  t empera tu re  was 8 - 1 2 ° C  and l ight  scheme  LD 11 : 13 wi thout  twilight.  The 

animals  were  acc l imated  for at least  16 days prior to exper iments .  They  were  tested 

wi th in  five months  after capture  in the same salinity, at l ight-dark rhythm and tempera-  
ture as in the ho ld ing  tank, Tests were  per fo rmed  from October  to February, dur ing  the 

years 1978 to 1981, 

Apparatus 

The w o o d e n  appara tus  consis ted of an eas i ly  rotatable,  oc tagonal  aquar ium sup- 

por ted by a f rame (Fig, 1). The  aquar ium interior  d iamete r  was 70 cm and each side was 

p rov ided  wi th  holes, Water  f lowed from the upper  holes  at a rate of about  1 1/min to a 

lower  located t empera t ion  and aerat ion tank at least  5 m from the aquar ium.  The water  
was then  p u m p e d  back  to the tes t ing tank  via  the lower holes. 
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Fig. 1. The apparatus used in orientation experiments. The internal diameter of the octagonal 
aquarium was 70 cm. During tests the tank was connected via two tubes on each side to an aeration 

and temperation basin not shown in the figure 
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Above the aqua r ium there was a semiopaque  plexiglass  sheet  with a hole in  the 
centre through which the aqua r ium was photographed  with a 16 m m  film camera.  The 
camera was connected  to a flash with a filter t ransmi t t ing  no l ight  be low 600 nm (Kodak 
Wratten No. 29). An incandescen t  bu lb  gave an  indirect  l ight  in  the day time. Dur ing  
experiments  the entire apparatus  was sur rounded  by a lightproof ta rpaul in  and  was 
placed in  the centre be tween  a pair  of Helmhol tz  coils in  a wooden  hut. The coils were  
wound with copper wire on a wooden  frame, p laced  with their axis in  the north-south 
direction, and  connected  in series via a constant  current  rectifier to the mains.  W h e n  the 
rectifier was on, the coils produced a horizontal  field of 0.30 G opposed to the horizontal  
part of the earth 's  magne t i c  field (approximately 0.15 G at Uppsala). The resu l t ing  
magnet ic  field, whi le  equal  in  s t rength to the earth 's  magne t ic  field, had a horizontal  
component  which was redirected 180 ° (reversed) compared to the na tura l  magne t ic  field. 
The vertical component  was left p r inc ipa l ly  unal tered.  

E x p e r i m e n t s  

Each an imal  was tested in a series of approximate ly  16 successive experiments ,  
where one test lasted one day and  night,  with starts and  stops dur ing  the day. Half of the 
tests were performed in the na tura l  and  half in the reversed magne t i c  field. To avoid a 
directional  bias caused by the appara tus  (Howland, 1973; Wallraff, 1973), the t ank  was 
rotated in  a pseudorandom m a n n e r  be tween  exper iments ;  thus each side of the octa- 
gonal aquar ium was a l igned  towards the north equa l ly  much  dur ing  tests in  both 
magnet ic  field conditions.  The tests in a series with one an imal  were performed in  
random order. 

D a t a  a n a l y s i s  

During a test the eel  was photographed  every 10th minute .  The eel ' s  snout  and  ana l  
fintip position were recorded on a digit izer connec ted  to a microdator. Locomotor activity 
was measured  by count ing  the n u m b e r  of t imes an  eel  had moved  more than  a cer ta in  
distance from one photograph to the next. The preferred or ienta t ion angle  of an  eel was 
est imated in two ways from each photograph.  First, from the direct ion of the center  of the 
aquar ium towards the eel 's  snout, and  secondly from the body axis direct ion of the ana l  
fintip to the snout  (Fig. 2). All angles  recorded were also doubled  to test for a possible 
b imodal  or ientat ion (Batschelet, 1981). As serial registrat ions on a behav ioura l  parame-  
ter in a s ingle test are normal ly  not i ndependen t ,  only one observat ion per  test was used 
in statistics. This consisted of a circular m e a n  calcula ted from the maximal  78 registra- 
tions of preferred angles  from the ent i re  13 h dark per iod in  one test. Such m e a n  angles  
were named  A s for snout  method and  A b for body axis method. Second order means  were 
then calculated on the basis  of these A values  for all  exper iments  performed in  the same 
magnetic  field with one eel. Such means  were tested for d ivergence  from a random 
distr ibution according to the Rayleigh test (Batschelet, 1981). 

Normally the next  step in the analysis  would  have b e e n  a s u m m i n g  over all 
examined individuals ,  to obta in  a common m e a n  va lue  for the ent i re  populat ion.  As wil l  
be shown later on, specimens  differed in  their preferred orientat ion,  so that approach 
was not suitable.  Here ins tead each ind iv idua l  was used  as its own control to compare 
the preferred direction in  both types of magne t i c  field. This was performed by a 



/ 
"'"- 

74 L. Karlsson 

Fig. 2. Scheme showing an eel in three variants of a normal position. Orientation was recorded both 
as direction from the centre of the aquarium to the eeFs snout (full line) and as direction of the eel's 
body axis (dotted line). The orientation recorded by the two methods will normally differ (6 in 2). In 
(1) and (2) orientation angles recorded for the snout method are similar, but differ for the body axis 

method, while the opposite is true regarding (1) and (3) 

comparison of A values  in both magne t i c  fields in  each series by the nonparametr ic  
Mard ia -Watson-Wheele r  test (MWW test}. To obta in  an est imate of the probabi l i ty  that 
all  tested eels, r egarded  as a group, changed  their  preferred direct ion when  the 
magne t i c  field reg ime was altered, the t echn ique  was used of summi ng  exact p-values 
from i n d e p e n d e n t  tests (Sokal & Rohlf, 1969). Exact P-values for the MWW tests were 
ob ta ined  from statistical tables,  s u p p l e m e n t e d  by values  from a x2-approximation pro- 
posed by Mardia  (1967). 

E x p e r i m e n t a l  s e r i e s  

P a r  t A. Two eels, Nos 1-2, were tested one at a time. The exper iments  were 
performed in  a ba rn  s i tuated 20 km north of Uppsala.  The barn  was completely  undis-  
tu rbed  by h u m a n  activities. Square Helmhol tz  coils were used, the dis tance be tween  
them was 77 cm and  each side measured  140 cm in length.  Measurement s  with a gauss 
meter  in  the exper imenta l  t ank  showed that the coils gave a var ia t ion  in  in tensi ty  of the 
reversed field of less than  5 % of the in tens i ty  of the natura l  field. The light intensi ty  
dur ing  day t ime was 90-110 lux. 

P a r t B. Four eels, Nos 3-6, were used two at a time. The same coils were uti l ized as 
in  A. Tests were performed in a s u b u r b a n  ga rden  on the southern outskirts of Uppsala.  A 
t ransparen t  plexiglass  sheet  was fitted at 9 cm above the aquar ium bottom, and  one eel 
was p laced  on each floor. 

P a r t  C. Five eels, Nos 7-11, were tested one at a time. Experiments  were 
performed in the same ga rden  as in  B. Octagonal  Helmhol tz  coils were utilized, 
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measur ing 199 cm in d iameter  and  s t and ing  100 cm apart. When  powered  the coils gave 
a magnet ic  field in tensi ty  var iat ion of less than  4 % from na tura l  intensity.  The l ight  
intensi ty dur ing  the day t ime was 0.08-0.10 lux. 

RESULTS AND DISCUSSION 

An eel in the exper imenta l  tank normal ly  stayed near  the wal l  both dur ing  the day 
and at n ight  (Fig. 2). Eels tested in a dayt ime l ight  in tens i ty  of 100 lux in  A and  B, were 
more active dur ing  the l ight  per iod (Fig. 3}. As it seemed  probab le  that  the behav iour  
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Fig. 3. Locomotor activity of six silver eels, Nos 1-6, during experiments in A and B. Results are 
given as hourly means ± SD, with the mean activity of one eel used as one observation. The dark 
bar above the figure indicates period of darkness in the aquarium. The right-hand and left-hand 
arrows show approximate times of daily start and stop of experiments for eels in A and B 

respectively 

was due to disturbance,  the eels be ing  nega t ive ly  phototactic, the l ight  in tens i ty  was 
lowered in  C. The eels in  C were mostly active at l ight-dark t ransi t ions  or at night.  

The diurnal  activity of the eels in parts A and  B was surpr is ing in the l ight  of results 
from other studies, where  the an imals  have b e e n  almost exclusively noc turna l ly  active 
(Bohun & Winn,  1966; Edel, 1975, 1976, 1979). Edel {1975, 1979} conc luded  that silver 
eels both with and  without  shelter  show a nocturna l  activity pattern,  though less 
pronounced in  the latter case. At least in  an  early report (Edel, 1975} the eels  used  by h im 
were not fully transformed from the yel low to the silver phase.  The eels may thus have 
had the weaker  yel low eel sensi t ivi ty to l ight  (Br~iutigaum, 1961a, b; Tesch, 1977}, whi le  
the animals  in  the present  study exhib i ted  a more typical  silver eel  response,  be i ng  more 
dis turbed by a high l ight  intensi ty.  

As or ientat ion to the magne t ic  field may have occurred, though the Rayleigh test 
was not significant,  here mostly results will  be dealt  with from MWW tests. S u m m e d  
probabili t ies for MWW tests in A showed that there was a s ignif icant  difference in  
preferred orientat ion be tween  magne t ic  field regimes  (snout P = 0.004 and  body axis 
P = 0.07) as indica ted  by Fig. 4 and  Table  1. In B, two eels were  tested at the same time. 
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Fig. 4. Directions chosen by silver eels in parts A and B. Eel numbers  are given above each pair of 
diagrams. The left-hand one shows orientation according to the snout method and the r ight-hand 
according to the body axis concept. North is upward as shown by the N above each diagram. In 
diagrams each dot indicates the circular mean orientation during one night. Tests with the degree of 
concentration, r, lower than 0.03 are excluded from statistics, yet shown in brackets. Arrows are 
mean vectors. Small arrow-heads indicate means for the total series. Larger arrow-heads and dots 
which are filled indicate natural magnet ic  field tests, similar unfilled symbols represent  reversed 
magnetic  field. The result of a Rayleigh test is shown beside each mean vector. Significance levels 
according to a Mardia-Watson-Wheeler  (MWW) test are stated below to the right of each diagram. 
Significance levels are: p > 0.10, not shown; OAO > = p > 0.05, (*); 0.05 > = p > 0.01, "; 0.01 > = 

p>O.O01, * * ; 0 . 0 0 1 >  = p ,***  

It p r o v e d  d i f f icu l t  to d i s t i n g u i s h  b e t w e e n  e e l s  on  d i f f e r e n t  f loors  a n d  r e c o r d s  f rom m a n y  

p h o t o g r a p h s  h a d  to b e  d i s c a r d e d .  O n l y  e e l  No. 4 s h o w e d  a l o w  p r o b a b i l i t y  for a d i f f e r ing  

o r i e n t a t i o n  in  a M W W  tes t  e m p l o y i n g  t h e  b o d y  ax i s  m e t h o d .  E v i d e n t l y  t h e  t e c h n i q u e  in 

B w a s  n o t  a p p r o p r i a t e ,  so n o  g r e a t  i m p o r t a n c e  s h o u l d  b e  a t t a c h e d  to  t h e s e  resul t s .  In 

p a r t  C, c o m b i n e d  M W W  tes t s  s h o w e d  s i g n i f i c a n c e  for b o d y  axis  m e t h o d  (P = 0.04), 
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Table 1. Mardia-Watson-Wheelers test on differences in orientation of silver eels in magnetic fields 
of opposite directions. Single angles indicate a test for unirnodal orientation and double angles an 

analysis of bimodal orientation. Significance levels as in Fig. 4 

Part Eel P-values P-values 
No Single angles Double angles 

Snout Body axis Snout Body axis 

A 1 0.004 ° * 0.05 * 0.30 0.43 
2 0.10 ( ')  0.29 0.95 0.45 
Z 0.004 " * 0.07 ( ')  0.64 0.51 

B 3 0.48 0.91 0.58 0.50 
4 0.99 0,09 (') 0.12 0.81 
5 0.64 0.25 0.36 0.85 
6 0.85 0.97 0.55 0.99 
Z 0.95 0.46 0.38 0.98 

C 7 0,07 ( ')  0.10 (*) 0,08 ( ')  0.33 
8 0.37 0,41 0.41 0.80 
9 0.10 (*) 0.04 * 0.80 0.51 

10 0.80 0.04 " 0.4t 0.32 
11 0.77 0,90 0,48 0.05 * 
Z 0.24 0.04 * 0.40 0.27 

t h o u g h  ee l  No. 11 d id  no t  c o n t r i b u t e  to t h e  s i g n i f i c a n c e  bu t  i n s t e a d  o r i e n t e d  b i m o d a l l y  
s ign i f i can t  a c c o r d i n g  to the  b o d y  axis  m e t h o d  (Fig. 5, T a b l e  1). 

To ta l ly  in A, B and  C four  a n d  f ive  ee l s  s h o w e d  p < = 0.10 in M W W  tes ts  a c c o r d i n g  

to snou t  a n d  b o d y  axis  c o n c e p t  r e s p e c t i v e l y .  As t h e s e  s p e c i m e n s  w e r e  t he  m a i n  con-  

t r ibutors  to the  ove ra l l  s i gn i f i c ance ,  it w a s  d e c i d e d  to m a k e  a c o m p a r i s o n  of t he  p r e f e r r e d  
d i r ec t ions  of t h e s e  ee ls .  T h e  p r e f e r r e d  o r i e n t a t i o n  d i f f e r ed  b e t w e e n  a n i m a l s  in  t h r e e  ou t  

of four  cases  (Fig. 6). In t he  four th  case,  b o d y  axis  na tu r a l  f ie ld,  t he  r e a s o n  for t he  a b s e n c e  

of s i gn i f i c ance  was  mos t ly  a l ow d e g r e e  of concen t r a t i on ,  as  m e a s u r e d  by  t h e  m e a n  
vector ,  for ee l  No. 10 in  pa r t i cu la r .  

To e x a m i n e  w h e t h e r  i n d i v i d u a l  p e c u l i a r i t i e s  in b e h a v i o u r  in t he  t a n k  m i g h t  act  

u p o n  the  d i f f e r ence  in o r i en ta t ion ,  A b v a l u e s  w e r e  d i m i n i s h e d  by  As a n g l e s  for a l l  tes ts  

w i th  e a c h  ee l  ( e x p l a i n e d  by  Fig. 2), T h e  r e s u l t i n g  a n g l e s  h a d  a c i r cu la r  d i s t r i bu t ion  w i t h  
a m e a n  vec to r  s i g n i f i c a n t  at  p < 0.05 for a l l  e e l s  t e s t e d  a c c o r d i n g  to t h e  R a y l e i g h  test ,  

i n d i c a t i n g  a r e l a t i o n s h i p  b e t w e e n  the  snou t  a n d  the  b o d y  axis  concep t .  T h e  m e a n  a n g l e s  

v a r i e d  f rom 329.7 ° to 54.2 ° and  the  m e a n  v e c t o r  95 % c o n f i d e n c e  i n t e r v a l  d id  no t  i n c l u d e  

the  0°-point  for four  ee ls .  T h r e e  of t hem,  Nos  1, 3 a n d  7, d e v i a t e d  c l o c k w i s e  a n d  one ,  
No. 6, an t i - c lockwise .  An  i n s p e c t i o n  of t he  f i lms s h o w e d  tha t  t h e s e  ee l s  r e l a t i v e l y  

cons i s t en t ly  s w a m  c l o c k w i s e  or  a n t i - c l o c k w i s e  t h r o u g h o u t  t he  tes t  ser ies ,  w h i l e  t he  

b e h a v i o u r  of the  o thers  w a s  m o r e  va r i ed .  T h e  type  of s w i m m i n g ,  w h e t h e r  c l o c k w i s e  or 
an t i - c lockwise ,  m a y  h a v e  c a u s e d  the  d i f f e r e n c e  in  p r e f e r r e d  d i r e c t i o n  b e t w e e n  eels .  A 
c o m p a r i s o n  of e e l s  Nos  1 a n d  7 (Fig. 6), w h i c h  bo th  s w a m  c l o c k w i s e  to a c o m p a r a b l e  

d e g r e e  and  o r i e n t e d  s i gn i f i c an t l y  to t he  g e o m a g n e t i c  f i e ld  a c c o r d i n g  to M W W  tests,  

showed ,  h o w e v e r ,  tha t  a d i f f e r e n c e  in  p r e f e r r e d  d i r e c t i o n s  p r o b a b l y  o c c u r r e d  a lso  in  th is  

case (natural  f ie ld  snou t  p < 0.05, b o d y  axis  p ---- 0.10; r o t a t ed  f i e ld  snou t  p > 0,10 a n d  
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Fig. 5. Directions chosen by silver eels in part C. (Explanations as in Fig. 4) 

body  axis p < 0.05). As only  two ind iv idua l s  can  be  c o m p a r e d  in this aspect ,  this 
d i f ference  m a y  d e p e n d  on i nd iv idua l  var ia t ion.  

The  ee ls  r e ac t ed  to the  g e o m a g n e t i c  f ield,  as  the  i nd iv idua l s  c h a n g e d  the i r  p re fe r red  
d i rec t ion  w h e n  the m a g n e t i c  f ie ld  r e g i m e  was  a l tered.  The  bas is  for this conclus ion  is 
that  the  expe r imen t s  wi th  di f fer ing m a g n e t i c  f ie ld di rect ion were  pe r fo rmed  in random 
order.  No type  of n o n - m a g n e t i c  p h e n o m e n o n  should  be  ab le  to cause  s ign i f icance  under  
these  c i rcumstances .  

The re  is no ind ica t ion  of wh ich  of the  two or ien ta t ion  measu re s  was  bes t  to eva lua te  
or ienta t ion.  In par t  A the  snout  me thod  gave  the h ighes t  s ign i f icance  and  in par t  C only 
the  body  axis me thod  p r o v i d e d  s igni f icant  results.  An  an ima l  in the  expe r imen ta l  t ank  
of ten s w a m  and  lay  wi th  its h indqua r t e r s  in close contact  wi th  the  wal l  (Fig. 2) owing  to 
the  s t rong th igmotac t i c  t e n d e n c i e s  of ee ls  (Tesch, 1977). Ev iden t ly  an  ee l ' s  " rea l"  
or ien ta t ion  d i rec t ion  to a compass  cue m a y  be  different  from the p re fe r red  direction,  
r eco rded  by  any of the  two methods ,  due  to the th igmotaxi .  P re sumab ly  also the 
or ien ta t ion  s t rength  wil l  be  affected.  It is not  s t a t ed  w he the r  ee ls  p re fe ren t i a l ly  swam 
a long  the wa l l s  in ea r l i e r  t ank  s tudies  (Miles,  1968; Tesch  & Lelek,  1973a, b; Tesch, 
1974). There  severa l  fish were  used  s imu l t aneous ly  and  as the i nd iv idua l s  were  p robab ly  
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not dis t inguishable,  no ind iv idua l  character is t ics  in s w i m m i n g  direct ions could  be  

detected. In the present  expe r imen t s  the differ ing s w i m m i n g  direct ion combined  with  
thigmotaxis  may  exp la in  a substant ia l  part  of the  var ia t ion  in prefer red  directions.  On  

the other hand, the di f ference in pre fe r red  direct ions b e t w e e n  ee l  Nos 1 and 7 may  be  

associated with  other  factors not necessar i ly  connec ted  to the th igmotac t ic  behaviour .  
Moreover  the fact that  eel  No. 10 or ien ted  s ignif icant ly  different ly in both the magne t i c  
fields, though the m e a n  vectors differed by only a few degrees ,  suggests  that  o r ien t ing  

BODY AXIS 
NATURAL FIELD 

N 

@ 
B=7,18 p>0.10  

ROTATED FIELD 
N @ 

B= 20.91 p<0.01 

SNOUT 
NATURAL FIELD ROTATED FIELD 

N N @@ 
B= 1/,.7~ p< 0.025 B=13,56 p< 0.05 

Fig. 6. Mean vectors for individual eels in A, B and C showing p < = 0.10 according to a MWW test 
for differing orientation in experiments performed in natural and reversed field. Eel numbers are 
given at the tip of each arrow. The result of a multi MWW test for difference in orientation between 

eels is given below each diagram 

1 ? 

0 o ¢ 

Fig. 7. Consistency in swimming behaviour of two silver eels, Nos 1 and 7, during experiments. Dots 
are mean angles for single experiments according to the body axis method, A b, subtracted by mean 
angles recorded for the snout method, As (explained by Fig. 2). Arrows are mean vectors. (Other 

explanations as in Fig, 4) 
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factors other  than the magne t i c  field may be ava i lab le  to animals  in the tests. The fact 

that the expe r imen ta l  eels  were  he ld  in capt ivi ty at least  16 days and at most 5 months 
before  tests, may  perhaps  also in f luence  thei r  prefer red  orientation. 

On the basis of his tank expe r imen t s  and  t racking studies in coastal  areas, Tesch 
(1980) sugges ted  that  European  si lver  eels  use the ear th 's  magne t ic  field as a cue to 

migra te  in a wes te r ly  to nor ther ly  d i rec t ion  w h e n  in the sea on the cont inenta l  shelf. The 

present  results do not g ive  any substant ia l  basis for assessment  of the role magne t i c  

s t imuli  may  have  under  in-si tu condit ions.  However ,  if eels  show direct ional  responses  
in behav ioura l  expe r imen t s  of the present  type, it seems natural  to assume that the 

an imals  also may use magne t i c  d i rec t ive  informat ion dur ing the migrat ion,  The  percep-  
tion me thod  for the g e o m a g n e t i c  field is unknown,  but  si lver eels  contain magnet ic  

mater ia l  in associat ion wi th  bone  (Hanson et al., 1984). Magne t i c  crystals are used by 

some bacter ia  for magne to recep t ion  and may  also be used by h igher  animals  for this 

purpose  (Kirschwink & Gould, 1981). 
In conclusion,  the present  form of tank techn ique  may be used  to detect  the presence  

of orientat ion,  in form of di rect ional  responses,  to the geomagne t i c  field. As eels will  

differ in or ienta t ion due  to differences in genera l  behaviour  in the tank, such as 

sw imming  direction, the me thod  is not ent i re ly  sui table for assessment  of whe the r  eels 
possess a magne t i c  compass  comparab le  to that of some passer ine  birds (Wiltschko & 

Wiltschko, 1976). An  excep t ion  wou ld  be  if the dif ference in or ienta t ion due  to the 

th igmotac t ic  behav iour  was smal l  and a large  n u m b e r  of animals  were  tested. However ,  

a more funct ional  d e v e l o p m e n t  of the t echn ique  wil l  r equ i re  recording  of orientat ion 
more  directly, in an env i ronmen t  bet ter  adap ted  to the ee l ' s  natural  behaviour .  

A c k n o w l e d g e m e n t s .  This investigation was supported by Helge Ax:son Johnson Foundation. I wish 
to thank Lars H6glund, H~kan Ols~n and Gunnar Steinholtz for helpful suggestions, advice and 
critical reading of the manuscript. I gratefully acknowledge extensive technical assistance from 
Ingrid Stolt and Sven Stolt. 

LITERATURE CITED 

Batschelet, E., 1981. Circular statistics in biology. Acad. Press, London, 371 pp. 
Berge, J. A., 1979. The perception of weak electric A.C. currents by the European eel, Angui l la  

anguilla.  - Comp, Biochem. Physiol. 62,4, 915-919. 
Bohun, S. & Winn, H. E., 1966. Locomotor activity of the American eel (Anguil la  rostrata). - 

Chesapeake Sci. 7, 137-147. 
Branover, G. G., Vasiliev, A. S., Gleiser, S. I. & Tsinober, A. B., 1971. A study of the behaviour of eel 

in artificial and natural magnetic fields and the analysis of their mechanism of reception. (Russ.) 
- Vop, IkhtioI. 11, 720-727, 

Brautigaum, R., 1961a, Uber Versuche zur Intensivierung des Blankaalfanges dutch die Kombina- 
tion yon Lichtsperren und GroBreusen und ihre grundsatzlichen Bedingungen. - Fisch.-Fors- 
chung 4, 19-25. 

Brautigaum, R., 1961b. Anwendungsm69tichkeiten yon Lichterketten zur Intensivierung des Blank- 
aalfanges. - Z. Fisch. 10, 643-651. 

Edel, R. K., 1975. The effect of shelter availability on the activity of male silver eels. - Helgol~nder 
wiss. Meeresunters. 27, 167-174. 

Edel, R. K., 1976. Activity rhythms of maturing American eels (Angui l la  rostrata). - Mar. Biol. 36, 
283-289. 

Edel, R. K., 1979. Locomotor activity of female silver eels (Angui l la  rostrata) in response to shelter 
and unnatural photoperiods. - Rapp. P. v. R~un. Cons. int. Explor. Mer 174, 98-103. 



B e h a v i o u r a l  r e s p o n s e s  of s i l ve r  e e l s  81 

Enger, P. S., Kristensen, L. & Sand, O., 1976. The percept ion of weak electric D, C. currents by the 
European eel (Anguilla anguilla). - ComA. Biochem. Physiol. 54A, 101-103. 

Hanson, M., Karlsson, L. & Westerberg, H., 1984. Magnetic material in European eel [AnguA/Ya 
,:::Jz:zY/d Z,/ - ComA, Biochem. iPhysio/ 7YA 221-224. 

Howland, H. C., 1973. Orientation of European robins to Kramer cages: Eliminating possible 
sources of error and bias in Kramer cage studies. - Z. Tierpsychol. 33, 295-312. 

Kirschwink, J. L. & Gould, J. L., 1981. Biogenic magnet i te  as a basis for magnetic  field detection in 
animals. - Biosystems 13, 181-201. 

Mardia, K. V., 1967. A non-parametric test for the bivariate two-sample location problem. - J1 R. 
stat. Soc. (Ser. B) 29, 320-342. 

McCleave, J. D., Rommel, S. A. & Cathcart, C. L., 1971. Weak electric and magnetic  fields in fish 
orientation. - Ann. N. Y. Acad. Sci. 188, 270-282. 

Miles, S. G., 1968. Laboratory experiments  on the orientation of the adult American eel, Anguilla 
rostrata. - J. Fish. Res. Bd Can, 25, 2143-2155. 

Rommel, S, A. & McCleave, J. D., 1973. Sensitivity of American eels {Anguilla rostrata)and Atlantic 
salmon {Saline salar) to weak electric and magnetic  fields. - J. Fish. Res. Bd Can. 30, 657-663. 

Sokal, R. R. & Rohlf, F. J., 1969. Biometry. Freeman, San Francisco, 776 pp. 
Tesch, F.-W., 1974. Influence of geomagnetism and salinity on the directional choice of eels. - 

Helgol~inder wiss. Meeresunters.  26, 382-395. 
Tesch, F.-W., 1977. The eel. Chapman & Hall, London, 434 pp. 
Tesch, F.-W., 1980. Migratory performance and environmental  evidence of orientation. In: Environ- 

mental physiology of fishes. Ed. by M. A. Ali. Plenum Press, London, 589-612. 
Tesch, F.-W. & Lelek, A., 1973a. Directional behaviour of t ransplanted stationary and migratory 

forms of the eel, Anguilta anguilla, in a circular tank. - Neth. J. Sea Res. 7, 46-52. 
Tesch, F.-W. & Lelek, A., 1973b. An evaluation of the directional choice in the eel, in captivity. - 

Arch. FischWiss. 24, 237-251. 
Vriens, A. M. & Bretschneider, F., 1979. The electrosensitivity of the lateral line of the European eel, 

Anguilla anguilia L. - J .  Physiol., Paris 75, 341-342. 
Wallraff, H. G., 1973. Procedural problems in bird orientation studies with Kramer cages. - Z. 

Tierpsychol. 33, 313-318. 
Wiltschko, W. & Wiltschko, R., 1976. Die Bedeutung des Magnetkompasses  fiir die Orientierung der 

V6gel. - J. Orn,, Lpz. 117, 362-387. 
Zimmerman, M. A. & McCleave, J. D., 1975. Orientation of elvers of American eels (Anguilla 

rostrata) in weak magnet ic  and electric fields. - Helgol~inder wiss. Meeresunters.  27, 175-189. 


