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ABSTRACT 

Many animals are known to orient to magnetic fields. However, 
two central problems in the study of magnetic sensitivity have been 
the almost complete failure of magnetic field conditioning experi- 
ments and the lack of evidence for a feasible transduction mechanism, 
In the studies reported here yellowfin tuna learned to discriminate 
between two Earth-strength magnetic fields in a discrete-trials/ 
fixed-interval conditioning procedure. Magnetometry experiments, 
diffraction spectra and electron microscope analyses demonstrated 
single-domain crystals of the ferromagnetic mineral magnetite in the 
head of this species. The crystals are concentrated in tissue 
contained within a sinus formed by the ethmoid bones of the skull. 
Theoretical analyses show that the crystals would be suitable for use  
in magnetoreception if linked to the nervous system. The physical 
properties of the crystals would determine the operation of 
magnetoreceptor organelles and constrain the capacities of the 
magnetic sense. Tests of these constraints in appropriately designed 
conditioning experiments will provide powerful tests of the ferro- 
magnetic magnetoreception hypothesis. 

INTRODUCTION 

For pelagic fishes migration represents a substantial investment 
of energy (Sharp and Dotson 1977). These energetic costs imply 
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i n t e n s e  s e l e c t i o n  on t h e  senso ry  mechanisms t h a t  gu ide  m i g r a t i o n .  
With t h e  excep t ion  of t h e  ups t ream m i g r a t i o n  of salmon (Has le r  e t  a l .  
1978) t h e  known c a p a c i t i e s  of t h e  senso ry  sys tems of f i s h e s  a re  no t  
s u f f i c i e n t  t o  e x p l a i n  t h e i r  n a v i g a t i o n a l  achievements  (Tesch 1980). 
We must t h e r e f o r e  e i t h e r  reexamine t h e  c a p a c i t i e s  of t h e  known 
sensory  sys tems o r  a t t empt  t o  f i n d  new systems t h a t  could  p r o v i d e  
f i s h  w i t h  t h e  necessa ry  senso ry  a b i l i t i e s  (Kre i then  1978). T h i s  
paper  t a k e s  t h e  second of t h e s e  approaches ,  i n v e s t i g a t i n g  t h e  
r e sponses  of y e l l o w f i n  tuna  t o  magnet ic  f i e l d s  and a p o s s i b l e  
t r a n s d u c t i o n  mechanism f o r  t h e  magnet ic  s e n s e  of t h i s  and o t h e r  
mig ra to ry  f i s h e s .  

Many animals  from d i f f e r e n t  t axa  a re  known t o  respond t o  one o r  
more f e a t u r e s  of t h e  geomagnet ic  f i e l d  (Keeton 1971, 1972; Wil tschko 
1972; Walcot t  and G r e e n  1974; Lindauer  and Mar t in  1972; Mar t in  and 
Lindauer  1977; Quinn 1980; Wi l t schko e t  a l .  1981). These r e sponses  
f a l l  i n t o  two g e n e r a l  ca tegor ies - - responses  t o  magnet ic  f i e l d  
d i r e c t i o n  and t o  magnet ic  f i e l d  i n t e n s i t y .  Although t h e  expe r imen ta l  
r e s u l t s  are  r e p e a t a b l e ,  t hey  a re  p r i m a r i l y  based on uncondi t ioned  
r e sponses  and t e l l  u s  l i t t l e  about  t h e  sensory  mechanism and i t s  
c a p a c i t i e s .  

The c e n t r a l  problems i n  t h e  s tudy  of magnet ic  s e n s i t i v i t y  i n  
an ima l s  have been t h e  almost  u n i v e r s a l  f a i l u r e  of magnet ic  f i e l d  
c o n d i t i o n i n g  exper iments  and t h e  l a c k  of ev idence  f o r  any of t h e  
hypo thes i zed  magnet ic  f i e l d  t r a n s d u c t i o n  mechanisms. Cond i t ion ing  
expe r imen t s  have e i t h e r  f a i l e d  o r  been u n r e p e a t a b l e  ( R e i l l e  1968; 
Kre i then  and Keeton 1974; Beaugrand 1976; Bookman 1977, 1978) .  Where 
c o n d i t i o n i n g  was o b t a i n e d  (Kalmijn 1978) subsequent  psychophys ica l  
a n a l y s e s  of t h e  c a p a c i t i e s  of t h e  sense  were e i t h e r  n o t  done o r  no t  
r e p o r t e d .  Numerous magnet ic  f i e l d  t r a n s d u c t i o n  mechanisms have been 
sugges ted  ( e .g .  , Kalmijn 1974; Leask 1977; Jungerman and Rosenblum 
1980) ,  b u t  many a re  unaccep tab le  because  they  do  n o t  e x p l a i n  t h e  
g e n e r a l  r e sponses  t o  magnet ic  f i e l d s  by an imals  o r  because  magneto- 
r e c e p t i o n  i s  known t o  occur  when t h e  s p e c i a l  c o n d i t i o n s  r e q u i r e d  by 
t h e  hypo theses  are  no t  m e t  ( e . g . ,  P h i l l i p s  and Adler  1978; Quinn e t  
a l .  1981). 

The h y p o t h e s i s  t h a t  t h e  b a s i s  of t h e  magnet ic  s ense  i s  s i n g l e -  
domain c r y s t a l s  of m a g n e t i t e  produced by an ima l s  h a s  a t t r a c t e d  much 
a t t e n t i o n  i n  r e c e n t  y e a r s  (Gould e t  a l .  1978; Walcot t  e t  a l .  1979; 
J . L .  K i r schv ink ,  M.M. Walker, A.E. Dizon,  and K.A. Pe t e r son  
unpub l i shed) .  Th i s  h y p o t h e s i s  i s  appea l ing  because  i t  can e x p l a i n  
t h e  g e n e r a l  r e sponses  of an ima l s  t o  magnet ic  f i e l d s  (Yorke 1979, 
1981; K i r schv ink  and Gould 1981) and l e n d s  i t s e l f  t o  b e h a v i o r a l  
t e s t i n g  (Kalmijn 1981; Ki rschvink  1981) .  It a l s o  p rov ides  u s  w i t h  
t h e  b a s i s  f o r  a s e a r c h  f o r  r e c e p t o r s  which could  media te  t h e  
b e h a v i o r a l  r e sponses .  

I n  t h i s  paper  I r e p o r t  t h e  u s e  of  a n  or thodox b e h a v i o r a l  
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c o n d i t i o n i n g  paradigm (Woodard and B i t t e rman  1 9 7 4 )  t o  t r a i n  y e l l o w f i n  
tuna  t o  d i s c r i m i n a t e  between two d i f f e r e n t  e a r t h - s t r e n g t h  magnet ic  
f i e l d s .  
c r y s t a l s  i n  t h e  s k u l l  of  t h i s  s p e c i e s .  Based on t h e  t h e o r e t i c a l  
a n a l y s i s  of J . L .  K i r schv ink  and M.M. Walker (unpub l i shed)  I t h e n  
propose b e h a v i o r a l  expe r imen t s  t o  tes t  € o r  c o n s t r a i n t s  on 
magnetoreceptor  o p e r a t i o n  r e s u l t i n g  from t h e  p h y s i c a l  p r o p e r t i e s  of 
t h e  m a g n e t i t e  c r y s t a l s .  Pending demons t r a t ion  of a f u n c t i o n a l  l i n k  
between t h e  c r y s t a l s  and t h e  nervous system t h e s e  expe r imen t s  w i l l  
p rov ide  t h e  b e s t  t es t  of t h e  f e r r o m a g n e t i c  magnetorecept ion 
h y p o t h e s i s .  

I a l s o  demons t r a t e  t h e  p r e s e n c e  of single-domain m a g n e t i t e  

C O N D I T I O N I N G  EXPERIMENTS 

D i f f e r e n t  magne t i c  f i e l d  s t i m u l i  can  be d e l i v e r e d  o n l y  
s u c c e s s i v e l y  and n o t  s i m u l t a n e o u s l y .  T h e r e f o r e ,  i n  magnet ic  f i e l d  
c o n d i t i o n i n g  expe r imen t s  t h e  s u b j e c t  canno t  make a s imul t aneous  
comparison of s t i m u l i .  T h i s  l i m i t s  t h e  cho ice  of c o n d i t i o n i n g  
p rocedures  t o  t h o s e  which are e f f e c t i v e  u s i n g  s i n g l y  p r e s e n t e d  
d i s c r i m i n a t i v e  s t i m u l i .  The approach I chose was t o  d e f i n e  a s i n g l e  
r e sponse ,  t o  reward t h a t  r e sponse  under  one s e t  of magnet ic  f i e l d  
c o n d i t i o n s  and n o t  under  a n o t h e r ,  and t o  compare t h e  r e a d i n e s s  w i t h  
which t h e  r e sponse  was expres sed  under  t h e  two c o n d i t i o n s  (B i t t e rman  
1966) .  The measure of b e h a v i o r  compared between t h e  s t i m u l u s  
c o n d i t i o n s  was t h e  r a t e  of performance of n c o n d i t i o n e d  r e sponse .  
The pr imary advan tage  of r a t e  a s  a measure of d i s c r i m i n a t i o n  i s  i t s  
s e n s i t i v i t y ;  i t  c a n  v a r y  wide ly  and r a p i d l y  i n  r e sponse  t o  changes i n  
expe r imen ta l  c o n d i t i o n s  and can accommodate sho r t - t e rm v a r i a b i l i t y  i n  
behav io r  (Kling 1971).  T h i s  approach seemed l i k e l y  t o  t es t  
e f f i c i e n t l y  t h e  a b i l i t y  of y e l l o w f i n  tuna  t o  d i s c r i m i n a t e  between 
d i f f e r e n t  magnet ic  f i e l d s .  

These expe r imen t s  were conducted a t  t h e  Kewalo Research F a c i l i t y  
of  t h e  N a t i o n a l  Marine F i s h e r i e s  S e r v i c e ,  Honolulu Labora to ry .  The 
f i s h  used were j u v e n i l e  y e l l o w f i n  tuna  (40-50 cm f o r k  l e n g t h )  t e s t e d  
i n d i v i d u a l l y  i n  one of two c y l i n d r i c a l  test  t a n k s  (6 m d i ame te r ,  0.75  
m d e p t h ) .  The expe r imen ta l  t a n k s  c o n t a i n e d  no metal and each  had 100 
t u r n s  of  number 18 AUG copper  w i r e  wrapped around i t s  p e r i m e t e r .  A 
1-ampere d i r e c t  c u r r e n t  p a s s i n g  through t h e s e  w i r e s  added a v e r t i c a l  
magnet ic  f i e l d  t o  t h e  background f i e l d .  T h i s  f i e l d  w a s  nonuniform, 
add ing  from 10 mic roTes la  (UT) i n  t h e  c e n t e r  t o  50 UT a t  t h e  edge of  
each tank.  The r e sponse  a p p a r a t u s  was a 60- x 30-cm p i p e  frame 
lowered i n t o  t h e  t a n k  d u r i n g  t r i a l  p e r i o d s  and r e t r a c t e d  d u r i n g  
i n t e r t r i a l  p e r i o d s .  The frame, t h e  magnet ic  f i e l d  and a semi- 
a u t o m a t i c  f e e d e r  mounted a t  t h e  s i d e  of t h e  t a n k  (Jemison e t  a l .  
1982) w e r e  o p e r a t e d  by mechanical  and e l e c t r i c a l  l i n k a g e s  from t h e  
e x p e r i m e n t a l  c o n t r o l  room. The c o n t r o l  room was p h y s i c a l l y  i s o l a t e d  
from t h e  expe r imen ta l  t a n k  and was darkened d u r i n g  expe r imen t s .  The 
f i s h  were observed through s m a l l  viewing p o r t s  and t h e i r  r e s p o n s e s  
r eco rded  manually.  
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The d i f f e r e n c e s  between t h e  two magnet ic  f i e l d s  used i n  t h e  
d i s c r i m i n a t i o n  expe r imen t s  were a s  f o l l o w s .  The l o c a l  Hawaiian f i e l d  
was un i fo rm throughout  t h e  t a n k s .  That  i s ,  i n c l i n a t i o n ,  d e c l i n a t i o n  
and t o t a l  f i e l d  i n t e n s i t y  were t h e  same a t  any p o i n t  i n  t h e  a r e a  
occupied by t h e  f i s h .  The a l t e r e d  f i e l d  i n t r o d u c e d  s i g n i f i c a n t  
r a d i a l l y  o r i e n t e d  g r a d i e n t s  of b o t h  i n t e n s i t y  and i n c l i n a t i o n  w i t h i n  
t h e  t a n k s .  These expe r imen t s  t h e r e f o r e  provided t h e  f i s h  w i t h  two 
v e r y  d i f f e r e n t  magnet ic  f i e l d s  a s  d i s c r i m i n a t i v e  s t i m u l i .  The f i s h  
could conce ivab ly  mon i to r  d i f f e r e n c e s  i n  magnet ic  f i e l d  i n c l i n a t i o n ,  
i n t e n s i t y  o r  t h e  g r a d i e n t s  i n  t h e s e  two pa rame te r s  t o  make t h e  
d i s c r i m i n a t i o n .  

A f t e r  be ing  a l lowed  t o  acclimate t o  t h e  expe r imen ta l  t a n k s  f i s h  
were t r a i n e d  t o  s w i m  th rough  t h e  p i p e  frame f o r  a food reward ( a  
p i e c e  of c u t  smelt, Osmeridae) d e l i v e r e d  from t h e  f e e d e r .  I n  
d i s c r i m i n a t i o n  t e s t i n g  a t r i a l  began w i t h  s imul t aneous  p r e s e n t a t i o n  
of t h e  p i p e  frame and e i t h e r  t h e  p o s i t i v e l y  (S+) o r  n e g a t i v e l y  (S-) 
r e i n f o r c e d  s t i m u l u s .  A l l  r e s p o n s e s  by t h e  f i s h  w i t h i n  a 30-second 
t r i a l  p e r i o d  were counted.  I n  S+ t r i a l s  t h e  f i s h  was rewarded w i t h  a 
p i e c e  of food f o l l o w i n g  t h e  f i r s t  r e sponse  a f t e r  30 seconds.  In  S- 
t r i a l s  a 10-second p e n a l t y  timer s t a r t e d  a t  t h e  end of t h e  t r i a l  
p e r i o d .  The t imer  was r e s e t  by each  subsequent  r e sponse  by t h e  f i s h  
u n t i l  e i t h e r  t h e  p e n a l t y  t i m e  e l a p s e d  o r  a t o t a l  of 30 seconds of 
p e n a l t y  had accumulated.  Response t o  S- was t h u s  p e n a l i z e d  by 
ex tend ing  t h e  t r i a l  w i t h o u t  any p o s s i b i l i t y  of t h e  f i s h  o b t a i n i n g  
food.  A f t e r  r e in fo rcemen t  had been g iven  t h e  p i p e  frame was 
r e t r a c t e d  f o r  a v a r i a b l e  i n t e r t r i a l  i n t e r v a l  (mean 90 seconds)  a f t e r  
which a n o t h e r  t r i a l  sequence began. 

The f i s h  were g i v e n  30 t r i a l  t r a i n i n g  s e s s i o n s  once d a i l y .  I n  
any t r i a l  s e s s i o n  t h e  S+ and S- were p r e s e n t e d  15 times, w i t h  no more 
t h a n  t h r e e  S+ o r  S- t r i a l s  i n  s u c c e s s i o n .  T e s t i n g  was ba l anced  by 
t r a i n i n g  two f i s h  w i t h  t h e  normal Hawaiian f i e l d  and two w i t h  t h e  
a l t e r e d  f i e l d  a s  S+.  S t a t i s t i c a l  t r e a t m e n t  of t h e  d a t a  w a s  by 
a n a l y s i s  of v a r i a n c e .  

D i s c r i m i n a t i o n  between t h e  two magne t i c  f i e l d  c o n d i t i o n s  
occur red  a f t e r  two 30 t r i a l  s e s s i o n s  (Fig.  1). During t h e  f i r s t  two 
s e s s i o n s  t h e r e  was no s e p a r a t i o n  of r e sponse  rates b u t  from t h e  t h i r d  
day a l l  f o u r  f i s h  ma in ta ined  d i f f e r e n t  rates of r e spond ing  d u r i n g  S+ 
and S- t r i a l s .  An a n a l y s i s  of v a r i a n c e  comparing S+ and S- r e sponse  
r a t e s  b e f o r e  and a f t e r  60 t r i a l s  f o r  a l l  f o u r  f i s h  y i e l d e d  a n  F ( 1 , 3 )  
s t i m u l i  7.61, P = 0.07, and a n  F(1,3)  s t i m u l i  by b l o c k s  = 102.55, P = 
0.002. A l l  o t h e r  comparisons w i t h i n  t h e  a n a l y s i s  d i d  n o t  approach 
s i g n i f i c a n c e .  

C o n t r o l  t r i a l s  were performed with one f i s h  by i n t e r r u p t i n g  t h e  
c u r r e n t  t o  t h e  c o i l ;  normal p rocedures  were t h e n  fol lowed.  The 
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Figure  1. Magnetic f i e l d  d i s c r i m i n a t i o n  l e a r n i n g  i n  y e l l o w f i n  tuna.  
Each p o i n t  i s  t h e  average  of f i v e  S+ o r  S- t r i a l s  f o r  t h e  
f o u r  f i s h  t e s t e d .  (Walker e t  a l .  1982; (C) 1982 I E E E . )  
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l e s s  s t r o n g l y  t h a n  b e f o r e  t h e  c o n t r o l  t r i a l s  were conducted.  
E v i d e n t l y  t h e  magnet ic  f i e l d s  used i n  t h e  experiment  were n e c e s s a r y  
f o r  a n t i c i p a t i o n  of  p o s i t i v e  and n e g a t i v e  r e in fo rcemen t  by t h e  f i s h .  

These expe r imen t s  demons t r a t e  t h e  a b i l i t y  of  y e l l o w f i n  t u n a  t o  
d i s c r i m i n a t e  between d i f f e r e n t  e a r t h - s t r e n g t h  magne t i c  f i e l d s .  
Although t h e  d i s c r i m i n a t i o n  i s  c o n s i s t e n t  i n  a l l  i n d i v i d u a l s  i t  i s  
c o n s i s t e n t l y  weak. Th i s  r e s u l t s  from l i m i t a t i o n s  imposed by t h e  f i s h  
themse lves .  Tunas s w i m  c o n t i n u o u s l y  and can o n l y  be  c o n d i t i o n e d  t o  
produce r e s p o n s e s  i n v o l v i n g  movement of t h e i r  whole body ( I v e r s e n  
1967; Nakamura 1968).  The f i s h  t h e r e f o r e  d i d  n o t  a t t a i n  h i g h  rates 
of performance of t h e  r e sponse  used t o  compensate f o r  t h i s  
l i m i t a t i o n .  Consequent ly  t h e  scope f o r  change i n  r e sponse  ra te  was 
low and t h e  v a r i a t i o n  i n  r e spond ing  w a s  h i g h  compared t o  t h e  mean 
r e s p o n s e  r a t e .  The uppe r  l i m i t  of  30 seconds of  p e n a l t y  t i m e  was 
e s t a b l i s h e d  because  some f i s h  jumped o u t  of t h e  e x p e r i m e n t a l  t a n k s  
d u r i n g  development of  t h e  p rocedure .  T h i s  made t h e  "cost"  of 
r e s p o n s e  t o  S- low so t h a t  t h e  p e n a l t y  t i m e  could o n l y  be  expected t o  
s u p p r e s s  S- r e spond ing  weakly.  That t h e  f i s h  were a b l e  t o  d i sc r im-  
i n a t e  between t h e  two f i e l d s  a t  a l l ,  g i v e n  t h e s e  l i m i t a t i o n s  on t h e  
p r o c e d u r e ,  s u g g e s t s  t h a t  t h e i r  magnet ic  s e n s e  i s  w e l l  developed and 
u n d e r l i n e s  t h e  s e n s i t i v i t y  of r e sponse  r a t e  as a measure of d i sc r im-  
i n a t  i o n .  

The c o n d i t i o n i n g  t e c h n i q u e  used h e r e  should be  a p p l i c a b l e  t o  a 
r a n g e  of s t u d i e s  on magnet ic  s e n s i t i v i t y .  Other  t u n a s  ( s k i p j a c k  
t u n a ,  Kutsuwonus p e l a v i s ,  and kawakawa, Euthynnus uffinis) have shown 
e v i d e n c e  of magnet ic  s e n s i t i v i t y  i n  p r e l i m i n a r y  c o n d i t i o n i n g  
expe r imen t s  (Walker unpub l i shed  d a t a ) .  These s t u d i e s  shou ld  b e  
con t inued  and extended t o  o t h e r  s p e c i e s .  The t e c h n i q u e  can a l s o  be  
used t o  t e s t  whether  f i s h e s  p o s s e s s  a magnet ic  compass r e spond ing  t o  
magnet ic  f i e l d  i n c l i n a t i o n  o r  p o l a r i t y .  T h i s  c a n  be  ach ieved  by 
t e s t i n g  f o r  t h e  a b i l i t y  of f i s h  t o  d i s c r i m i n a t e  between f i e l d s  i n  
which h o r i z o n t a l  o r  v e r t i c a l  components of  t h e  f i e l d  are r e v e r s e d .  A 
p o l a r i t y  s e n s i t i v e  compass shou ld  d i s c r i m i n a t e  between f i e l d s  w i t h  
h o r i z o n t a l ,  bu t  n o t  v e r t i c a l ,  components r e v e r s e d .  An a x i a l  o r  
i n c l i n a t i o n  s e n s i t i v e  compass should pe rmi t  t h e  f i s h  t o  d i s c r i m i n a t e  
between f i e l d s  w i t h  v e r t i c a l ,  b u t  n o t  h o r i z o n t a l ,  components r e v e r s e d  
(Wil tschko 1972).  

The expe r imen t s  c a r r i e d  o u t  so f a r  r e v e a l  n o t h i n g  abou t  t h e  
mechanism by which t h e  t u n a s  d e t e c t  magnet ic  f i e l d s .  I saw no 
ev idence  t h a t  t h e  induced e l e c t r i c a l  f i e l d s  a s s o c i a t e d  w i t h  t h e  
p r e s e n c e  o r  absence  of w a t e r  c u r r e n t s  i n  t h e  expe r imen ta l  t a n k s  o r  
t h e  r a t e  a t  which t h e  magnet ic  f i e l d  w a s  changed a f f e c t e d  d i s c r i m -  
i n a t i o n  by t h e  f i s h .  S i m i l a r l y ,  Quinn e t  a l .  (1981) concluded t h a t  
sockeye salmon f r y  and s m o l t s  must be a b l e  t o  d e t e c t  magnet ic  f i e l d s  
i n  t h e  absence  of w a t e r  f low i n  b o t h  f r e s h  and s a l t  w a t e r .  From t h i s  
b e h a v i o r a l  e v i d e n c e  i t  seems u n l i k e l y  t h a t  t h e s e  t e l e o s t  f i s h e s  
d e t e c t  magne t i c  f i e l d s  by e l e c t r i c a l  i n d u c t i o n  i n  s p i t e  of t h e  known 



MAGNETIC SENSITIVITY IN THE YELLOWFIN TUNA 1 3 1  

electric field sensitivity of Atlantic salmon, S a h o  s a k r  (Rome1 
and McCleave 1973). 
test other hypotheses for magnetic fie1.d transduction mechanisms in 
teleost fishes. 

It therefore seems important to identify and 

PHYSICAL BASIS FOX MAGNETIC FIELD TRANSDUCTION 

Magnetometry Experiments 

Magnetic material has been detected in a variety of domain 
states in tissues of a number of different animals (Gould et al. 
1978; Walcott et al. 1979; Presti and Pettigrew 1980; Mather and 
Baker 1981; Zoeger et al. 1981; Jones and PlacFadden 1982). In the 
yellowfin tuna I sought to distinguish magnetic material that might 
be used in magnetoreception from other deposits by identifying 
particles in a suitable domain state that could be consistently found 
in the same place in different individuals. A l l  the tissues that 
could be identified and extracted from the body of the yellowfin tuna 
using glass microtome knives were tested for saturation isothermal 
remanent magnetization (sIRM) in a superconducting magnetometer. A 
feature of these studies is the small amounts of material involved 
and the ease with which contamination can influence the results. 
Procedures for avoiding entry of contaminants and tests for their 
presence in sample tissues have been developed and described in 
detail elsewhere (Kirschvink 1983). 

There is a battery of paleomagnetic techniques available for the 
study of magnetic minerals. These techniques require some special 
adaptations for use in the study of biomagnetism. The magnetic 
fields associated with crystals of magnetic minerals in animals are 
very small and could not be detected in the presence of a background 
field. In a null field environment and at room temperature the 
crystal moments would be randomly oriented and not detectable. To 
detect the crystals it is necessary to freeze the sample tissue and 
prevent the orientation of the crystals from changing under the 
influence of thermal agitation (Kirschvink 1983). It is then 
possible to realign the moments of the crystals with a strong 
inducing magnetic field pulse (>0.3 T). 
to produce the sIRM (also known as the moment of the sample) and 
become detectable in a superconducting magnetometer, if they are 
sufficiently concentrated in a tissue (1 100 nm crystal per 30,000 
cells in a 9 mm3 sample (Kirschvink 1983)). 

The crystal moments then sum 

A superconducting magnetometer detects weak magnetic fields in 
the samples and also magnetic field noise within the magnetometer 
itself. These measurements are combined to produce a signal to noise 
ratio for a tissue sample. Intensity of magnetization indicates the 
concentration of magnetic material within a sample and is estimated 
by dividing its moment by its volume (Kirschvink 1983). In t.his 
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s t u d y  t o  be cons ide red  magnet ic  a t i s s u e  had t o  show h i g h  v a l u e s  f o r  
b o t h  t h e s e  measures compared t o  o t h e r  t i s s u e s  t a k e n  from t h e  same 
f i s h .  

Magnetic c r y s t a l s  tend  t o  have t h e i r  moments a l i g n e d  i n  a n  
"easy" d i r e c t i o n ,  u s u a l l y  t h e  long  a x i s  of t h e  c r y s t a l s  (K i r schv ink  
and Gould 1981).  The mic roscop ic  c o e r c i v i t y  of t h e  c r y s t a l s  i s  t h e  
magnet ic  f i e l d  r e q u i r e d  t o  cause  t h e i r  moments t o  r e v e r s e  d i r e c t i o n .  
T h i s  c o e r c i v i t y  i s  dependent on t h e  s i z e ,  shape and domain s t a t e  of 
t h e  c r y s t a l s .  P r o g r e s s i v e  a l t e r n a t i n g  f i e l d  (AF) demagne t i za t ion  of 
a magnet ic  sample s u b j e c t s  t h e  a l i g n e d  c r y s t a l  moments t o  decaying  
s i n u s o i d a l  magnet ic  f i e l d s  o r i e n t e d  i n  one a x i s .  The o r i e n t a t i o n  of 
t h e  moments of magnet ic  c r y s t a l s  w i t h  c o e r c i v i t i e s  l e s s  t h a n  t h e  
maximum a l t e r n a t i n g  f i e l d  a p p l i e d  w i l l  be randomized by t h i s  
p rocedure .  The c o n t r i b u t i o n  of t h e  randomized c r y s t a l  moments t o  t h e  
IRM w i l l  t h u s  be removed and can be  d e t e c t e d  i n  t h e  magnetometer as a 
r e d u c t i o n  i n  t h e  moment of a sample. The s i z e  of t h e  randomizing 
f i e l d  r e q u i r e d  t o  d e c r e a s e  t h e  IRM t o  h a l f  i t s  s a t u r a t i o n  v a l u e  g i v e s  
an  estimate of t h e  median c o e r c i v i t y  of t h e  c r y s t a l s  p r e s e n t  i n  a 
sample. From t h i s  we can de te rmine  t h e  l i k e l y  sou rce  of t h e  sIRM and 
t h e  s i z e ,  shape  and domain s t a t e  of t h e  magnetic c r y s t a l s .  

The magnetometry exper iments  demonst ra ted  t h a t  magnetic m a t e r i a l  
is  c o n c e n t r a t e d  o n l y  i n  t h e  head of t h e  y e l l o w f i n  tuna.  Eighteen  
samples of t i s s u e s  and o rgans  e x t r a c t e d  from a r e p r e s e n t a t i v e  f i s h  
were n o t  magnet ic .  A few samples showed e i t h e r  h i g h  s i g n a l  t o  n o i s e  

Table  1. Values of s a t u r a t i o n  i s o t h e r m a l  remanent m a g n e t i z a t i o n  i n  
v a r i o u s  t i s s u e s  of a r e p r e s e n t a t i v e  y e l l o w f i n  t u n a .  S igna l - to-noise  
v a l u e s  a r e  t h e  r a t i o  of t h e  measured v a l u e  of t h e  t i s s u e  t o  t h e  mean 
of t h e  n o i s e  l e v e l  b e f o r e  and a f t e r  t h e  sample w a s  measured. (Walker 
e t  a l .  1982; ( C )  1982 IEEE.) 

Signa 1 - to  - Magnetic i n t e n s i t y  
T i s s u e  n o i s e  r a t i o  (DicoTes la)  

L e f t  p e c t o r a l  f i n  1.5 45.3 

Peduncle tendon 2.5 35.8 

G i l l  4 . 6  20.3 

Eye 10.1 4 . 1  

Whole parethmoid 15.4 39.4 

L e f t  rear pare thmoid  11.0 47 .4  

Right  rear parethmoid 18.5 255.3 
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Figure 3. Progressive alternating field demagnetization of the 
ethmoids of three yellowfin tuna. 

ratios or intensities of magnetization (Table 1). These I judged to 
be nonmagnetic and excluded from consideration. Only samples from 
the ethmoid bones of the fish's skull exhibited high values for both 
measures of magnetization (Table 1) in that and all other individuals 
tested. Progressive AF demagnetization of the ethmoid bones of three 
yellowfin tuna gave an estimate of median coercivity for the magnetic 
particles of 22.5 mT (Fig. 3). This is consistent with the presence 
of a dispersion of  single-domain magnetite crystals with particle 
lengths and diameters of approximately 50 and 40 nm (McElhinny 1973) .  
The narrow range of particle sizes is unlike the pattern observed for 
geologic and synthetic magnetite crystals, which commonly exhibit 
log-normal distributions (J.L. Kirschvink personal communication). 

Identification of the Magnetic Material 

Although the magnetometry experiments indicate that the ethmoids 
of the yellowfin tuna contain ferromagnetic particles they do not 
uniquely identify the mineral involved. Extraction of the crystals 
themselves is necessary to do this and to confirm the estimates of 
their size and shape. Using glass knives I removed the tissue from 
within the ethmoids of five yellowfin tuna, ground the tissue in a 
glass tissue grinder, extracted released fats with ether and digested 
the remaining cellular material in several changes of millipore- 
filtered 5% hypochlorite solution (commercial bleach). After 
centrifuging and washing the digested material small black aggregates 
of crystals could be attracted to a magnet held to the side of the 
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t e s t  tube .  These a g g r e g a t e s  could  then  be p i p e t t e d  on to  s l i d e s  f o r  
a n a l y s e s  of  d i f f r a c t i o n  s p e c t r a .  A b r i e f  d i g e s t i o n  i n  b u f f e r e d  EDTA 
w a s  necessa ry  t o  o b t a i n  a g g r e g a t e s  t h a t  could  b e  d i s p e r s e d  comple te ly  
by an a l t e r n a t i n g  magnet ic  f i e l d  a f t e r  they  were p i p e t t e d  o n t o  
carbon-coated copper  nesh g r i d s .  Th i s  made i t  p o s s i b l e  t o  examine 
i n d i v i d u a l  c r y s t a l s  i n  t h e  t r a n s m i s s i o n  e l e c t r o n  microscope (TEM). 

X-ray d i f f r a c t i o n  of t h e  magnet ic  a g g r e g a t e s  e x t r a c t e d  from t h e  
ethmoid t i s s u e  of t h e  y e l l o w f i n  tuna  un ique ly  i d e n t i f i e d  t h e  c r y s t a l s  
as  magne t i t e .  An e l e c t r o n  microprobe a n a l y s i s  showed t h a t  t h e  
c r y s t a l s  con ta ined  no  measurable  t i t a n i u m ,  manganese, nor  chromium, 
i n d i c a t i n g  t h a t  t h e  c r y s t a l s  were probably  n o t  of geo log ic  o r i g i n .  
The c r y s t a l s  averaged  45 x 38 nm and appeared t o  be  hexagonal  i n  
c r o s s  s e c t i o n .  They are t h u s  s ingle-domains and conform t o  t h e  s i z e s  
e s t i m a t e d  from t h e i r  c o e r c i v i t i e s .  The nonoc tahedra l  c r y s t a l  h a b i t  
adopted  by t h e s e  c r y s t a l s  i n  t h e  y e l l o w f i n  tuna  d i s t i n g u i s h e s  them 
from al.1 g e o l o g i c  and s y n t h e t i c  magne t i t e s .  Thus w e  have ev idence  
from a number of sou rces  t h a t  t h e  magne t i t e  c r y s t a l s  found i n  t h e  
ethmoid t i s s u e  of t h e  y e l l o w f i n  tuna must have been produced by t h e  
f i s h  themselves .  The f i s h  do t h i s  w i t h  c l o s e  c o n t r o l  ove r  t h e  s i z e ,  
shape  and composi t ion  of t h e  c r y s t a l s .  They t h e r e f o r e  c o n t r o l  t h e  
p h y s i c a l  p r o p e r t i e s  of  t h e  c r y s t a l s  and so c o n t r o l  t h e i r  o p e r a t i o n  i n  
t h e  h y p o t h e t i c a l  magnetoreceptors  cons ide red  n e x t .  

THE FEKROMAGNETlC MAGNETORECEPTION HYPOTHESIS 

The b a s i s  f o r  magnet i te-based magnetorecept ion  is  t h e  t o r q u e  
e x e r t e d  on s ingle-domain magne t i t e  c r y s t a l s  by t h e  geomagnet ic  f i e l d .  
This t o r q u e  i s  d e s c r i b e d  by t h e  r e l a t i o n  T = x B where T i s  t h e  
t o r q u e ,  p i s  t h e  moment of a magne t i t e  c r y s t a l  and B i s  t h e  i n t e n s i t y  
of t h e  e x t e r n a l  magnet ic  f i e l d .  The t o r q u e  w i l l  c ause  t h e  c r y s t a l s  
t o  a l i g n  w i t h  t h e  e x t e r n a l  f i e l d .  A t  p h y s i o l o g i c a l  t empera tu res  i n  a 
l i v e  f i s h  t h e  c r y s t a l s  w i l l  b e  s u b j e c t  t o  thermal  a g i t a t i o n ,  which 
w i l l  c a u s e  t h e i r  v e c t o r  d i r e c t i o n  t o  wander randomly about  t h e  
a p p l i e d  f i e l d  d i r e c t i o n .  The mean a l ignment  of t h e  c q s t a l s  w i l l  b e  
i n  t h e  d i r e c t i o n  of t h e  e x t e r n a l  f i e l d  so  t h a t  a compass r e c e p t o r  
sys tem needs  only  t o  moni tor  t h e  o r i e n t a t i o n  of up t o  1,000 c r y s t a l s  
o r  groups  of c r y s t a l s  t o  d e t e c t  magnet ic  f i e l d  d i r e c t i o n  a c c u r a t e l y  
(Yorke 1979). The v a r i a n c e  of t h e  o r i e n t a t i o n  of t h e  c r y s t a l s  about  
t h e  e x t e r n a l  f i e l d  w i l l  depend on i t s  i n t e n s i t y  (Kirschvink  and Gould 
1981; Yorke 1981) .  Moni tor ing  t h e  v a r i a n c e  w i l l  t h u s  p r o v i d e  t h e  
p h y s i c a l  b a s i s  f o r  a r e sponse  t o  magnet ic  f i e l d  i n t e n s i t y  (Gould 
1980, 1982; Moore 1980; Walcot t  1980). 

The above a n a l y s i s  y i e l d s  t h r e e  t e s t a b l e  b e h a v i o r a l  p r e d i c t i o n s  
( J . L .  K i r schv ink  and M.M.Walker unpubl i shed) .  The f i r s t  i s  t h a t  t h e  
magnet ic  s e n s e  organ should  be made up of  s e p a r a t e ,  independent  
compass and i n t e n s i t y  r e c e p t o r s  w i t h  d i f f e r e n t  magnet ic  moments. The 
second i s  t h a t  t h e  accuracy  of t h e  compass response  should  be 
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Figure  4 .  The 1,angevin f u n c t i o n  p l o t t e d  a g a i n s t  y, t h e  r a t i o  of  
magnet ic  t o  the rma l  e n e r g i e s  f o r  s i n g l e  domain m a g n e t i t e  
c r y s t a l s .  The accu racy  of a l ignment  of t h e  c r y s t a l s  
(L(y)) i n c r e a s e s  r a p i d l y  up  t o  y v a l u e s  of abou t  s i x  and 
i n c r e a s e s  a s y m p t o t i c a l l y  t h e r e a f t e r .  The accu racy  of 
b e h a v i o r a l  r e s p o n s e s  t o  magne t i c  f i e l d  d i r e c t i m  mediated 
by magnet i te-based magne to recep to r s  shou ld  a t  f i r s t  
i n c r e a s e  r a p i d l y  w i t h  e x t e r n a l  f i e l d  i n t e n s i t y .  Beyond a 
c e r t a i n  p o i n t  f u r t h e r  i n c r e a s e  i n  e x t e r n a l  f i e l d  i n t e n s i t y  
should n o t  l e a d  t o  g r e a t e r  compass a c c u r a c y ,  (Modified 
from Ki r schv ink  1981.) 

q u a n t i t a t i v e l y  d e f i n e d  by t h e  Langevin f u n c t i o n  (F ig .  4 ;  Kirschv ink  
1981), i . e . ,  t h e  accu racy  of t h e  compass r e s p o n s e  should i n c r e a s e  
a s y m p t o t i c a l l y  w i t h  e x t e r n a l  f i e l d  s t r e n g t h .  The t h i r d  p r e d i c t i o n  i s  
t h a t  t h e  t h r e s h o l d  s e n s i t i v i t y  t o  changes i n  magnet ic  f i e l d  i n t e n s i t y  
w i l l  be d e f i n e d  by t h e  f i r s t  d e r i v a t i v e  of t h e  e q u a t i o n  f o r  t h e  r o o t  
mean s q u a r e  d e v i a t i o n  of  t h e  c r y s t a l s '  a l ignment  i n  t h e  i n t e n s i t y  
r e c e p t o r  o r g a n e l l e .  
t h r e s h o l d  s e n s i t i v i t y  should i n c r e a s e  t o  a maximum a t  abou t  50 UT (= 
0.5 Gauss) and d e c l i n e  mono ton ica l ly  t h e r e a f t e r  (F ig .  5; J . L .  
K i r schv ink  and M.M. Walker unpub l i shed) .  

P l o t t e d  a g a i n s t  e x t e r n a l  f i e l d  s t r e n g t h  t h e  

These p r e d i c t i o n s  are t e s t a b l e  w i t h  c u r r e n t l y  a v a i l a b l e  
b e h a v i o r a l  c o n d i t i o n i n g  p rocedures .  
u s i n g  t h e  c o n d i t i o n i n g  paradigm r e p o r t e d  h e r e .  
sugges t ed  i n  which expe r imen t s  t es t  f o r  s e p a r a t e  r e s p o n s e s  t o  
magnet ic  f i e l d  d i r e c t i o n  and i n t e n s i t y .  The tes ts  r e q i l i r e  f i s h  t o  
d i s c r i m i n a t e  between magnet ic  f i e l d s  w i t h  d i f f e r e n t  v e c t o r  d i r e c t i o n s  
b u t  t h e  same t o t a l  i n t e n s i t y  and between f i e l d s  w i t h  t h e  same 
d i r e c t i o n  b u t  d i f f e r e n t  i n t e n s i t i e s .  The second and t h i r d  
p r e d i c t i o n s  are t e s t a b l e  w i t h  s u i t a b l e  m o d i f i c a t i o n s  of t h e  
c o n d i t i o n i n g  p rocedure  used f o r  t e s t i n g  sun-compass o r i e n t a t i o n  i n  

The f i r s t  p r e d i c t i o n  i s  t e s t a b l e  
A f a c t o r i a l  d e s i g n  i s  
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F i g u r e  5. A , B .  P l o t s  of t h e  v a r i a n c e  of t h e  Langevin f u n c t i o n  
p a r a l l e l  and p e r p e n d i c u l a r  t o  e x t e r n a l  f i e l d  d i r e c t i o n  
a g a i n s t  y, t h e  r a t i o  of  magnet ic  t o  thermal  e n e r g i e s  of 
s i n g l e  domain m a g n e t i t e  c r y s t a l s .  C,D. P l o t s  of t h e  
f i r s t  d e r i v a t i v e  of t h e  Langevin v a r i a n c e  p a r a l l e l  and 
p e r p e n d i c u l a r  t o  e x t e r n a l  f i e l d  d i r e c t i o n .  The Langevin 
v a r i a n c e  d e c l i n e s  w i t h  i n c r e a s i n g  Y, and,  f o r  
magnet i te -based  magne to recep to r s ,  w i l l  be  dependent on 
e x t e r n a l  f i e l d  i n t e n s i t y .  It f o l l o w s  t h a t  r e c e p t o r s  
mon i to r ing  some component of t h i s  v a r i a n c e  w i l l  b e  most 
s e n s i t i v e  t o  changes i n  i n t e n s i t y  when t h e  change i n  
v a r i a n c e  w i t h  i n t e n s i t y  i s  a maximum. C,D show t h a t  t h e  
maximum rates  of change of v a r i a n c e  w i t h  i n t e n s i t y  occur  
a t  about  y = 2 .  Behav io ra l ly  measured t h r e s h o l d s  t o  
magnet ic  f i e l d  i n t e n s i t y  changes should  f o l l o w  t h e  form of 
t h e s e  p l o t s .  Threshold  s e n s i t i v i t y  shou ld  i n c r e a s e  
r a p i d l y  w i t h  e x t e r n a l  f i e l d  i n t e n s i t y  t o  a maximum and 
d e c l i n e  t h e r e a f t e r .  (J .L.  K i r schv ink  and M.M. Walker, 
unpub l i shed  d a t a . )  

w h i t e  b a s s  by H a s l e r  e t  a l .  (1958).  
r e sponse  should  i n c r e a s e  a s y m p t o t i c a l l y  w i t h  magnet ic  f i e l d  s t r e n g t h  
and  shou ld  conform t o  t h e  Langevin f u n c t i o n  (F ig .  4 )  (Kalmijn 1981; 
K i r schv ink  1981). The same c o n d i t i o n i n g  approach can b e  adapted  t o  

The accuracy  of  a d i r e c t i o n a l  
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t es t  f o r  t h e  smallest changes i n  magnet ic  f i e l d  i n t e n s i t y  t h a t  t h e  
f i s h  can d e t e c t .  F i s h  should be  r e q u i r e d  t o  produce o r  w i t h h o l d  a 
s i n g l e  r e s p o n s e  w i t h  a c c u r a c i e s  approach ing  90-100%. 
s e n s i t i v i t y  i s  t h e n  measured by d e c r e a s i n g  t h e  d i f f e r e n c e  between 
p o s i t i v e l y  and n e g a t i v e l y  r e i n f o r c e d  s t i m u l i  u s i n g  a p p r o p r i a t e  
p rocedures  Engen 1971).  T h i s  t h r e s h o l d  s e n s i t i v i t y  t o  magne t i c  f i e l d  
i n t e n s i t y  changes shou ld  change w i t h  f i e l d  s t r e n g t h  i n  t h e  manner 
shown i n  F ig .  5 ( J . L .  K i r schv ink  and M.M. Walker unpub l i shed) .  

Threshold 

CONCLUDING REMARKS 

T h i s  and o t h e r  r e c e n t  s t u d i e s  have demonstrated r e p e a t a b l e  
b e h a v i o r a l  r e s p o n s e s  t o  magnet ic  f i e l d s  by m i g r a t o r y  f i s h e s  (Quinn 
1980; Quinn e t  a l .  1981; Quinn and Brannon 1982).  T h e o r e t i c a l  
a n a l y s e s  based on t h e  p h y s i c a l  p r o p e r t i e s  of single-domain m a g n e t i t e  
d i s c o v e r e d  i n  y e l l o w f i n  tuna  and o t h e r  an ima l s  e a s i l y  e x p l a i n  t h e  
s e p a r a t e  magnet ic  compass and i n t e n s i t y  r e s p o n s e s  of v e r t e b r a t e s  and 
i n v e r t e b r a t e s  (Yorke 1979, 1981; K i r schv ink  1981; K i r s c h v i n k  and 
Gould 1981).  J . L .  K i r schv ink  and E1.M. Walker (unpub l i shed)  ex tend  
t h e s e  a n a l y s e s  and make t e s t a b l e  p r e d i c t i o n s  on t h e  n a t u r e  and 
o r g a n i z a t i o n  of  f e r r o m a g n e t i c  magnetoreceptor  o r g a n e l l e s  and t h e  
c o n s t r a i n t s  t h e y  p l a c e  on t h e  c a p a c i t i e s  of  t h e  magnet ic  s ense .  

Gross  d i s s e c t i o n  of  t h e  a n t e r i o r  r e g i o n  of t h e  s k u l l  of 
y e l l o w f i n  tuna  r e v e a l s  t h e  sup raoph tha lmic  ne rve .  T h i s  t r u n k  c a r r i e s  
t h e  a n t e r i o r  a c o u s t i c o l a t e r a l i s  n e r v e  and r a m i f i e s  i n  t h e  r e g i o n  of 
t h e  ethmoid bones.  The h a i r  c e l l s  a s s o c i a t e d  w i t h  t h e  a c o u s t i c o -  
l a t e r a l i s  n e r v e  system cou ld  p rov ide  i d e a l  mechanoreceptors  f o r  u s e  
i n  magne to recep t ion  w i t h  t h e  m a g n e t i t e  c r y s t a l s .  P r e l i n i n a r y  
h i s t o l o g i c a l  s t u d i e s  s u g g e s t  t h e  p r e s e n c e  of  n e r v e s  i n  a t h i n  band of 
t i s s u e  i n  t h e  m i d l i n e  immediately b e n e a t h  t h e  dermethmoid bone 
(Walker unpub l i shed  d a t a ) .  Thus f o r  t h e  f i r s t  t i m e  t h e r e  i s  found 
t o g e t h e r  i n  a s p e c i e s  a r e p e a t a b l e  b e h a v i o r a l  r e s p o n s e  t o  magnet ic  
f i e l d s  and t h e  n e c e s s a r y  p h y s i c a l  and n e u r a l  components o f  a 
f e r r o m a g n e t i c  s e n s e  organ.  Proving t h e  l i n k s  between t h e s e  
components of  a magne t i c  s e n s e  should b e  a n  impor t an t  goa l  f o r  f u t u r e  
r e s e a r c h .  

It now seems opportune t o  s p e c u l a t e  on t h e  p o s s i b l e  u t i l i t y  o f  
t h e  magnet ic  s e n s e  of p e l a g i c  f i s h e s  f o r  n a v i g a t i o n .  Acous t i c  
t r a c k i n g  expe r imen t s  have shown t h a t  sword f i sh  Xiphias  g lad ius  can 
m a i n t a i n  a compass head ing  f o r  p e r i o d s  of up t o  s e v e r a l  d a y s  (Carey 
and Robison 1981).  S k i p j a c k  t u n a  make d i u r n a l  h o r i z o n t a l  movements 
w i t h o u t  r e t r a c i n g  t h e i r  p a t h  o n t o  and o f f  s h a l l o w  banks where they  
f e e d  d u r i n g  d a y l i g h t  h o u r s  (Yuen 1970).  These movements s u g g e s t  t h a t  
t h e s e  f i s h e s  are a b l e  t o  de t e rmine  t h e i r  p o s i t i o n  and set a compass 
c o u r s e  toward a g o a l .  The knowledge t h a t  p e l a g i c  f i s h e s  respond t o  
magnet ic  f i e l d s  s u g g e s t s  t h e  p o s s i b i l i t y  t h a t  t h e y  u s e  t h e  
geomagnet ic  f i e l d  t o  gu ide  t h e i r  m i g r a t i o n s .  F i e l d  expe r imen t s  t o  
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t es t  t h i s  h y p o t h e s i s  should  n o t  on ly  show whether  f i s h  do u s e  t h e  
geomagnet ic  f i e l d  i n  n a v i g a t i o n  b u t  may a l s o  i n d i c a t e  how t h e  f i s h  
u s e  t h e  sense .  T h i s  should  c o n t r i b u t e  g r e a t l y  t o  ou r  unde r s t and ing  
of t h e  mechanisms of  m i g r a t i o n  i n  f i s h e s .  
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