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Y U U t

Po’sn e r

James''A, Orga

T Z 9  GoureVxtch

James W,

C ity  U n iv e rs ity  o f  New York 
I n s t i t u t i o n

C ity  U n iv e rs ity  o f New York 
I n s t i t u t i o n

C ity  U n iv e rs ity  o f  Mew York 
I n s t i t u t i o n

American Museum o f  N a tu ra l H is to ry  
I n s t i t u t i o n

The C ity  U n iv e rs i ty  o f New Yoric



i i i

ACKNOWIEDGEMENTS

I  w ish to  ex tend  my d e e p e s t g r a t i tu d e  and a p p re c ia t io n  to  

Dr. W illiam  N. Tavolga o f th e  C ity  C ollege o f th e  C ity  U n iv e rs ity  

o f New York and th e  American Museum o f N a tu ra l H is to ry , who served  

a s  my sp o n so r d u rin g  th e  co u rse  o f t h i s  in v e s t ig a t io n .  Dr. Tavolga*s 

guidance and encouragem ent have been o f s ig n i f i c a n t  v a lu e  in  a l l  

phases o f my work.

Dr. David W. Jacobs o f F a i r le ig h  D ickinson U n iv e rs i ty  and 

th e  American Museum gave ad v ice  on many p o r tio n s  o f th e  re s e a rc h .

Dr, Kenneth R. John o f F ra n k lin  and M arshall C o llege  k in d ly  

p rov ided  me w ith  many o f th e  specim ens o f r i v e r  f i s h  and he a ls o  

p e rm itte d  me to  read  h is  r e c e n t  m anuscrip t on b lin d  cave f i s h  p r io r  

to  i t s  subm ission  f o r  p u b l ic a t io n .  Dr. C lark  Hubbs o f th e  U n iv e rs i ty  

o f Texas c o l le c te d  o th e r  specim ens of r iv e r  f i s h  and Dr. C u rt Kosswig 

o f th e  Z oolog isches Museum, Hamburg, gave me th re e  p a i r s  o f b l in d  

cave f i s h  t h a t  he had c o l le c te d  in  Mexico.

Dr. A lb e r t S ten g e r o f New York U n iv e rs ity  a s s i s te d  in  p lan n in g  

th e  h is to lo g y  and Mr. Louis Hsu o f F a ir le ig h  D ickinson U n iv e rs ity  

a ided  i n  th e  s t a t i s t i c s ,  Mr. Joseph F e v o li o f th e  C ity  C o lleg e  d id  

th e  i l l u s t r a t i o n s .

Dr. James W, Atz o f th e  American Museum, Dr. George G ourev itch  

o f Hunter C o llege  o f th e  C ity  U n iv e rs i ty  o f New York, and D rs. James 

Organ and G erald  S . Posner o f th e  C ity  C ollege served  on my ad v iso ry



i v

com m ittee and made im p o rta n t c o n tr ib u tio n s  t o  my work and to  the  

p re p a ra t io n  o f  th e  m a n u sc rip t. Dr, M ichael Salmon of th e  U n iv e rs ity  

o f I l l i n o i s  and Mr. R obert S tone of th e  C i ty  C ollege re a d  and 

commented on th e  m an u sc rip t.

Mrs, B r ig i t t e  C a p p e ll i  o f th e  Am erican Museum a s s i s t e d  in  

p o r tio n s  o f th e  re se a rc h  and w i l l in g ly  p u t  up w ith  my rough  d r a f t s  

o f th e  th e s i s  t o  produce a l e g ib le  m a n u sc rip t.

A m ajor p o r tio n  o f th e  th e s is  r e s e a r c h  was done i n  th e  

Departm ent o f  Animal B ehavior o f  the A m erican Museum o f N a tu ra l 

H is to ry  and th e  c o o p e ra tio n  o f  Dr, L e s te r  R, Aronson, Chairm an, and 

th e  o th e r  members o f th e  D epartm ent i s  d e e p ly  a p p re c ia te d . O ther 

p a r t s  o f th e  work were done d u rin g  two summers a t  the Mote Marine 

L ab o ra to ry , S a ra s o ta ,  F lo r id a .

The in v e s t ig a t io n s  were supported  i n  p a r t  by c o n tr a c ts  

552-06 and N00014-67-A-05M -000-1 betw een th e  O ffice  o f  N aval R esearch 

and th e  American Museum o f  N a tu ra l H is to ry ; g ran ts  GB-4364 and 

GB-6565  from th e  N a tio n a l S c ien ce  F o undation ; a  R esearch A s s is ta n t-  

sh ip  from th e  C ity  U n iv e rs i ty  o f New York; and P ub lic  H e a lth  S e rv ice  

F e llo w sh ip  i-F l-G M -36, 793-01A1 from th e  N a tio n a l I n s t i t u t e  o f 

G eneral M edical S c ien ce .

I  f i n a l l y  w ish to  th an k  my w ife H elen  fo r  h er encouragem ent 

and a s s is ta n c e  d u rin g  th e  re se a rc h  and th e  p re p a ra tio n  o f  th e  

m an u sc rip t. Her ty p in g  o f many d r a f t s  o f  th e  paper, a s  w e ll  as h e r 

ad v ice  on grammar and c o n te n t ,  made w r i t in g  o f th e  t h e s i s  a much 

e a s i e r  p ro ced u re .



TABUS OF CONSENTS

ACKNOWLEDGEMENTS ............................................................................................... i i l

LIST OF TABLES ......................................... . .......................................................  v i i

LIST OF FIGURES ........................................................ ....................................... .....

INTRODUCTION .......................................................................................................  1

B io logy  o f th e  E xperim en ta l A n im a l ...................... . . . . . . .............  5
Ecology o f th e  caves  ...........   *.....................................  6
G e n e t i c s ................ .. ................ *.................. • • . .  7
V is io n  and l i g h t  s e n s i t i v i t y    3
Chemical d e te c t io n  . . . . . ............................. *.............. ............   9
A u d i t i o n ..............   . ..............     10
B ehavior  .......................................... * • • < • ..................   11

S ensory  Mechanisms i n  O ther A quatic  Cave Animals  ..............  13

Summary 15

Sound D e tec tio n  and P ro c e ss in g  by F ish  16
U nderw ater sound d e te c t io n  17
Swim b l a d d e r   .............................................................................19
W eberian o s s ic le s     .............  23
In n e r  e a r   ...............     27

METHODS AND MATERIALS  ...........................................    30

B eh a v io ra l Measurements o f  H earingi F ish   ........................   30
T e st tan k   ..............................*..................................................  31
T ra in in g  p ro ced u re   ...........     34-
Threshold d e te rm in a tio n s   ...............     35
A coustic  equipm ent  ...........   33
C o n tro l a p p a ra tu s  .....................* . • • • • ......................................   39
Sound c a l ib r a t io n   ...........    40
S t a t i s t i c a l  a n a ly s is  o f  d a ta   ...............    41

M orphological I n v e s t ig a t io n s t  G eneral Methods  ....................... 4-1

RESULTS

A u d ito ry  T hresholds
Behavior o f th e  f i s h  d u rin g  t r a in in g  and t e s t i n g  . . .  4-3
T hreshold d e te rm in a tio n s  -  R iver f i s h  • • • • • • • « ............  4-5
A udito ry  th re sh o ld s  -  B lin d  cave f i s h  » • • • .......... 55



/

v i

Audiogram com parisons . . . . .........................................• • ■ . . . * •  62
B eh av io ra l c o n tr o ls  . . . . . . . . . . ..........* . . . . . . .  62
Ambient n o ise  l e v e l s  . . . . . . . . . . . . . ............. . . . . . .............  65

Morphology o f  th e  A u d ito ry  A p p a r a tu s ............. 67
In n e r  e a r ............................ . . . ............ . . . . . . . . . . . . . ................ 67
Swim b la d d e r  • • • « . . • • . .................................... * » • » . . * • • . » • • .  72
W eberian o s s ic le s  ..........................       75

S ca p h iu m        1 •    76
In te rc a la r iu m  . . . . . . . . . . . . . . . . . . . . . . . . . . . . ............  84
T ripus     . *....................*.......... • ................ 92

DISCUSSION

Comparisons o f H earing i n  th e  Two S p ec ie s  o f  Astyanax . • .  • 97

M orphological Com parisons o f th e  W eberian O ss ic le s  . . . . . . .  98
M orphological v a r i a t io n  and th e  resp o n se  o f th e

W eberian o s s ic l e s  i n  energy  tra n s d u c tio n    ................ 99
E f f e c t s  o f o s s i c l e  v a r ia t io n  on sound d e te c tio n

i n  f i s h e s ......................................................   103

Movement o f  th e  W eberian O ss ic le s  ........................................    106

S ig n if ic a n c e  of Sounds to  th e  Mexican B lin d  Cave F ish  . . . .  108
Low freq u en cy  sound d e te c t io n  by  th e  Mexican b l in d

cave f i s h   ...............................................         I l l
Comparisons betw een A styanax and o th e r  cave f i s h e s  , 112

S ig n if ic a n c e  of Ambient Sounds During T hreshold
D eterm in atio n s .................................................       113

N ature o f  th e  S tim u li  R epresen ted  in  th e  Audiogram . . . . . . .  116

B ehavior o f  th e  F ish t Response to  D if f e r e n t  S t i m u l i   11?
B ehavior i n  th e  s h u t t l e b o x ........................................    121

Com parisons o f and Techniques f o r  O b ta in in g  Thresholds
f o r  A styanax and O ther S p ecies  o f  F i s h ........................ 124

G eneral D iscu ssio n  and C onclusion   ............     129

SUMMARY  ..........................   133

LITERATURE CITED............................    136

AUTOBIOGRAPHICAL STATEMENT  .............................. 149



v i i

LIST OF TABLES

Table Page

1 . A u d ito ry  th re s h o ld s  o f th e  r i v e r  f i s h
A styanax m axicanus . .............................................................. .  ^7

2 . S t a t i s t i c a l  com parisons o f  th e  a u d ito ry  
th re sh o ld s  a t  d i f f e r e n t  f re q u e n c ie s  f o r
(A) r iv e r  f i s h ,  (B) b l in d  cave f i s h  . .......................... . 51

3 . D a ily  th re s h o ld  d e te rm in a tio n s  fo r  r i v e r  f i s h
a t  1000 H z  . . . . . . . . . . . . .................   52

4 . A u d ito ry  th re s h o ld s  o f th e  Mexican b l in d  cave
f i s h ,  A styanax .jordani  ...............................    56

5 . In d iv id u a l  th re s h o ld  d e te rm in a tio n s  f o r  th e
Mexican b l in d  cave f i s h  a t  500 Hz  ..............................  60

6 . S t a t i s t i c a l  com parisons o f  th e  m easurem ents
made o f th e  W eberian o s s ic le s  83



v i i i

LIST OF FIGURES

F igure  Page

1 , Composite draw ing of th e  W eberian o s s ic l e s  of
th e  two sp e c ie s  o f  A styanax  2^

2 , Drawing o f th e  s h u tt le b o x  and a c o u s t ic  chamber
used  in  th e  th re sh o ld  d e te rm in a tio n s  . . . . . . . . . . . . .  32

3 . Graph o f th e  a u d ito ry  th re s h o ld s  o f th e  r iv e r
f i s h  A styanax mexicamis . . . . ..............................................   ^9

4 , Graph o f  th e  a u d ito ry  th re s h o ld s  o f  th e  Mexican
b l in d  cave f i s h  A styanax . jo r d a n i ......................... . . .  • .  33

5 , Comparisons between th e  a u d ito ry  th re s h o ld s  fo r  
in d iv id u a l  f i s h  and th e  com posite th re sh o ld s  
f o r  a l l  o f  th e  d e te rm in a tio n s  f o r  th e  two
sp e c ie s   ......................  53

6 , Comparison betw een th e  a u d ito ry  th re s h o ld s  fo r  th e
two s p e c ie s  o f  A styanax and th e  bandw idth  n o ise  
l e v e l s  m easured i n  th e  a c o u s t ic  chamber . .............  63

7 , Drawings o f  th e  u t r i c u l a r  o t o l i t h ,  th e  l a p i l l u s ,
o f  b o th  s p e c ie s  o f f i s h   ......................    68

8 , Drawings o f  th e  la g e n a r  o t o l i t h s ,  th e
a s t e r i s c u s , o f  bo th  s p e c ie s  o f f i s h   ..................... 70

9 , Photographs o f  a c r o s s - s e c t io n  o f th e  two
s a c c u l i  o f  a  r iv e r  f i s h  showing th e  s a c c u la r  
o t o l i t h s ,  th e  s a g i t t a ,  and t h e i r  r e la t io n s h ip
to  th e  sen so ry  macula o f  th e  sa cc u lu s  .................  73

10. Drawings o f th e  scaphium  o f th e  b l in d  f i s h
and th e  r i v e r  f i s h   ...............     77

11. Photograph o f th e  co n n e c tio n  o f th e  scaphium to
th e  f i r s t  v e r te b ra e ,  in c lu d in g  th e  a ttach m en t 
o f  th e  edges o f  th e  scaphium  to  th e  body 
m u scu la tu re   ..........          80

12. Drawings o f  th e  i n t e r c a l a r i a  o f b o th  sp e c ie s
o f  A s ty a n a x   ........................   85

13. Photographs o f  th e  co n n ec tio n  betw een i n t e r -  
c a la riu m  and second v e r te b ra e  in  a  b l in d  f i s h  
and a  r i v e r  f i s h   ...........      8?



i x

F ig u re  Page

lh-, Photograph o f th e  in te rc a la r iu m  i n  a  b l in d  
f i s h  showing th e  co n n e c tio n  betw een th e  
o s s ic le  and lig am en ts  3 and 4 - ..................................    90

15 . Drawings o f  th e  t r l p u s  i n  th e  two s p e c ie s
o f A styanax  .................................................       93

t



INTRODUCTION

H earing by  f i s h e s  in v o lv e s  th e  u se  o f  s e v e ra l  s t r u c tu r e s .  - 

t h a t  may be f u n c t io n a l ly  analogous to  th e  a u d i to ry  s t r u c tu r e s  found 

i n  t e r r e s t r i a l  v e r t e b r a te s .  The swim b la d d e r  o f f is h e s  and th e  

tympanum o f  t e r r e s t r i a l  anim als b o th  d e te c t  p re s s u re  changes in  the  

environm ent and c o n v e r t them in to  d isp lacem en t energy  t h a t  

s t im u la te s  th e  in n e r  e a r .  In  t e r r e s t r i a l  v e r te b r a te s ,  t h i s  energy  

i s  tran sd u ced  th ro u g h  one o r more m iddle e a r  bon es . One o rd e r  o f f i s h e s ,  

th e  C yprin ifo rm es (O s ta r io p h y s i) , has a  s e r i e s  o f  bones known as  the 

W eberian o s s ic le s  t h a t  se rv es  to  c a r ry  a c o u s t ic a l  s t im u l i  from  

th e  swim b la d d e r  to  th e  in n e r  e a r  o f  th e  f i s h  (von F r is c h ,  1936, 1938a; 

T avolga, 1965; W eber, 1820). The in n e r  e a r  o f f is h e s  i s  homologous 

to  th e  in n e r  e a r  o f  t e r r a s t r i a l  v e r te b r a te s ,  b u t  th e  swim b la d d e r  

and W eberian o s s ic le s  a re  n o t  r e l a t e d  to  any t e r r e s t r i a l  s t r u c tu r e  

a s s o c ia te d  w ith  h e a r in g  (van B e rg e ijk , I 966 , 1967a ) .

C o n sid e rab le  m orpho log ica l v a r ia t io n  e x i s t s  in  a l l  p a r t s  of th e  

h e a r in g  ap p a ra tu s  o f  t e r r e s t r i a l  v e r te b ra te s  and t h i s  i s  re sp o n s ib le  

f o r  th e  wide range  o f a u d ito ry  c a p a c i t ie s  found i n  d i f f e r e n t  sp ec ie s  

(von Elekesy, i 960) .  This v a r i a t io n  i s  p ro b ab ly  a s s o c ia te d  w ith  

th e  g r e a t  range  o f  n ich es  in h a b ite d  by th e  an im als  and th e  demands 

p la ce d  upon th e  a u d i to ry  ap p a ra tu s  f o r  t h e i r  s u rv iv a l .  V a r ia t io n  in  

th e  e a r  and a u d i to ry  c a p a c ity  o f f i s h e s  i s  r e f l e c te d  in  e x te n s iv e  

m orpho log ical v a r i a t io n  i n  a l l  p a r t s  o f th e  h e a r in g  a p p a ra tu s
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(see  G ra sse , 195®I L ow enstein , 195?)» in c lu d in g  th e  p resen ce  o r absence 

of W eberian o s s i c l e s .  The g re a t  range i n  th e  h ea rin g  c a p a c ity  o f f i s h e s  

has been  m ost s t r i k in g ly  shown in  th e  s tu d y  o f n in e  Bahamian r e e f  f i s h e s  

by  Tavolga and Wodinsky (1963» 19®5) • A lthough th e  h e a r in g  c a p a c i t ie s  

o f o th e r  sp e c ie s  o f f i s h e s  have been in v e s t ig a te d ,  o n ly  a few p a t te r n s  

o f h e a r in g  d if f e re n c e s  can be a s c e r ta in e d .  I t  i s  c le a r  t h a t  o s ta r io -  

p h ysines can  h ea r a  w id er range o f  sounds and have low er a u d ito ry  th r e s h ­

o lds th a n  f is h e s  w ith o u t th e  W eberian o s s ic le s  (se e  rev iew s by 

K leerekoper and Chagnon, 195^; Low enstein , 1957i Tavolga, 19®5)• The 

r o le  o f  th e  swim b la d d e r  in  p re s su re  d e te c t io n  i s  a ls o  p a r t i a l l y  u nder­

s tood  (A lexander, 1966 j H a r r is ,  1964),

I n  a d d it io n  to  hav ing  an in n e r  e a r  and I t s  a s s o c ia te d  s t r u c tu r e s  

f o r  sound d e te c t io n ,  m ost sp e c ie s  o f f i s h e s  have a s e r ie s  o f d is p la c e ­

ment d e te c to r s  (H a rr is  and van B e rg e ijk , 1962) i n  th e  form  of h a i r  c e l l s  

lo c a te d  on th e  body. I n  many s p e c ie s ,  th e s e  neurom asts a re  en c lo sed  

i n  th e  l a t e r a l  l i n e  t h a t  runs a lo n g  th e  body and head re g io n , In  ad ­

d i t i o n ,  o th e r  uncovered neurom asts a re  found  i n  v a r io u s  p la c e s  on th e  

body. The l a t e r a l  l i n e  and f r e e  neurom asts a re  in v o lv ed  w ith  d e te c t io n  

o f low  freq u en cy  sounds (D ijk g ra a f , 19®3; H a r r is  and van B e rg e ijk , 1962) 

t h a t  a r e  i n i t i a t e d  a s  d isp lacem en t s t im u l i  by a  sound sou rce  

(van B e rg e ijk , 1964),

One of th e  b e s t  ways to  determ ine th e  r o le  o f  s t r u c t u r a l  modi­

f i c a t io n s  i n  sound d e te c t io n  i s  to  e s t a b l i s h  c o r r e la t io n s  between th e  

s t r u c tu r e  o f th e  a n im a l 's  h e a r in g  organs and i t s  b e h a v io ra l  and p h y s io ­

lo g i c a l  c a p a c ity  f o r  h e a r in g . Among th e  f i s h e s ,  c e r t a in  b a s ic  q u e s tio n s  

have been  answered re g a rd in g  th e  s ig n i f ic a n c e  o f th e  swim b la d d e r
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(K leerekoper and Roggenkarap, 1959", Poggendorf, 1952), th e  W eberian 

o s s ic le s  (von F r is c h ,  1938b; K leerekoper and Roggenkarap, 1959)» and 

th e  in n e r  e a r  (E n g er, 1963, von F r is c h , 1936, 1938b; Furukawa and I s h l i ,  

1967a, b ; Low enstein and R o b e rts , 1951) 1 b u t  s p e c i f ic  d e t a i l s  of the  

fu n c tio n in g  o f  th e s e  s t r u c tu r e s ,  as w ell a s  o f  t h e i r  in t e r a c t io n s ,  

a re  s t i l l  unknown.

A nother problem  o f f i s h  a u d it io n  has b een -th e  d i f f i c u l t y  in  

u n d e rs ta n d in g  th e  s t im u li  t h a t  impinge upon a  f i s h  in  w a te r . There 

have been a number o f b e h a v io ra l  s tu d ie s  o f  f i s h  h e a rin g  (von F risc h  

and D ijk g ra a f, 19355 K leerekoper and Chagnon, 195*0 b u t u n t i l  r e c e n t ly  

no one has e v e r  p r e c is e ly  d e f in e d  the sound t h a t  was p re se n te d  to  

th e  f i s h  (B anner, 196?; Cahn e t  a l ,  196?; E nger, 1966; Jacobs and 

T avolga , 1967 , 1968; O f fu t t ,  1968). There a re  s t i l l  q u e s tio n s  abou t 

th e  e f f e c ts  o f  u s in g  a sm a ll ta n k , as has been  done i n  many ex perim en ts, 

on sound in  w a te r  (van B e rg e ijk ,  196*1-; H a r r is  and van B e rg e ijk , 1962; 

P a rv u le sc u , 196*1-, 1967a, b ) . P arvu lescu  (196*1-) suggested  th a t  sound i n  

a  sm a ll body o f  w a te r behaves d i f f e r e n t l y  th an  sound in  a  la rg e  body 

o f  w ate r ( i . e . ,  th e  o cean ). The a i r -w a te r  in te r f a c e  f o r  a  sm all ta n k  

does n o t a t te n u a te  sound a s  much as i t  does i n  th e  ocean (P a rv u le scu , 

196*1-) and th e  w a lls  o f a  ta n k  may respond t o  th e  p re s su re  s t im u li  s e t t i n g  

up  secondary a c o u s t ic  f i e l d s  t h a t  a re  e x ceed in g ly  d i f f i c u l t  to  d e fin e  

(P a rv u le scu , 1967b , p e rso n a l com m unication).

E x tra p o la tio n s  a b o u t h ea rin g  in  f i s h e s  can be made from d a ta  

p e r ta in in g  t o  t e r r e s t r i a l  v e r te b r a te s ,  b u t  c o n s id e ra b le  c a re  must be 

ta k e n  s in ce  c e r t a i n  s t r u c tu r e s  p re se n t i n  t e r r e s t r i a l  v e r te b r a te s ,  such 

a s  th e  co ch lea  and f re e  f lo a t i n g  a u d ito ry  o s s i c l e s ,  a r e  n o t  p re se n t i n



f is h e s  (v o n  Bekesy, I9 6 0 ; Wever and Law rence, 195^), and  o n ly  th e  in n e r  

e a r  and l a t e r a l  l i n e  o f  f i s h e s  a re  homologous to  s t r u c tu r e s  found i n  

t e r r e s t r i a l  v e r te b ra te s  (van B e rg e ijk , 1967a), M oreoever, the  c o ch lea  

o f even th e  p r im itiv e  te tra p o d s  (von B ekesy, I960 ; van  B erg e ijk , 1967a ;  

F rish k o p f e t  a l ,  1968) makes use o f th e  h a i r  c e l l s  i n  a  way th a t  i s  

u n a v a ila b le  f o r  f is h e s  a lth o u g h  th e  c e l l s  a re  v e ry  s im i la r  in  b a s ic  

s t r u c tu r e  i n  f is h e s  and mammals (F lo ck , 1965 , 1967; F lock  and W e rd il l ,  

1962; L ow enstein  and W e rsa ll ,  1959),

I n  o rd e r  to  in c r e a s e  our knowledge o f a u d i t io n  i n  f i s h e s ,  a  

com parison was made o f  th e  h ea rin g  c a p a c i t i e s  o f  two c lo s e ly  r e l a t e d  

s p e c ie s  o f  f i s h .  C o r re la t io n s  o f b e h a v io ra l  and m orpho log ical s im i­

l a r i t i e s  and d if f e re n c e s  between th e  two s p e c ie s  p ro v id ed  a  means f o r  

d e te rm in in g  th e  ro le  o f  v a rio u s  a u d ito ry  s t r u c tu r e s  i n  s ig n a l  d e te c t io n  

and p ro c e s s in g . F u rth erm o re , by com paring a  b l in d  s p e c ie s  o f f i s h ,  

A styanax jo rd a n i , w ith  a c lo s e ly  r e l a t e d  s p e c ie s  o f eyed f i s h ,  A, 

m exjcanus, th e  ro le  o f  a u d it io n  i n  th e  b e h a v io r  and s u rv iv a l  o f b l in d  

cave f i s h  could  be c l a r i f i e d .  W hile th e re  have been  s e v e ra l  i n v e s t i ­

g a tio n s  o f  o th er s e n so ry  system s i n  b l in d  cave f i s h  (se e  below ), th e r e  

has n e v e r  been a s tu d y  t o  determ ine w hether th e  a u d i to ry  c a p a c ity  o f  

th e se  an im a ls  changes i n  a s s o c ia t io n  w ith  changes i n  o th e r  sensory  

s t r u c t u r e s ,  such a s  th e  ey e .

The two s p e c ie s  o f  A styanax were s e le c te d  because  th ey  a re  

members o f  th e  fa m ily  C haracidae an d , l i k e  a l l  o th e r  members o f th e  

su p e ro rd e r  O s ta r io p h y s i, th ey  have W eberian o s s ic le s  (Greenwood e t  a l ,  

1966), W hile o th e r  o s ta r io p h y s in e s  have been  in v e s t ig a te d  (D ijk g ra a f  

and V e rh e ije n , 1950* von F r is c h ,  1936; Jacobs and T avolga , I 967 , 1968; 

S t e t t e r ,  1929) th e re  has been o n ly  one s tu d y  o f c h a ra e id  f is h e s  (von



B o u t te v i l l e , 1935) and no s tu d ie s  o f  t h i s  group have been  made w ith  

a  w e ll d e fin e d  p re s s u re  (sound) s tim u lu s . However, in v e s t ig a t io n s  by 

von B o u tte v i l le  (1935) gave some in d ic a t io n  th a t  th e  c h a ra c id s  may 

have a  w ider range o f freq u en cy  d e te c t io n  th an  th e  C y p rin ifo rm es .

B iology o f th e  E x p erim en ta l Animal

A styanax m exicanus i s  a v i s u a l ly  o r ie n te d  f i s h  t h a t  depends on 

v is u a l  s t im u l i  f o r  a  c o n s id e ra b le  amount o f in fo rm a tio n  ab o u t i t s  e n v i­

ronm ent (B red e r, 1943a; John, 1964). A styanax .jo rd an i, a lo n g  w ith  th e  

c lo s e ly  r e la te d  A. hubbsi and A, a n t r o b iu s , a re  b l in d  cave f i s h  c o l le c ­

t i v e l y  known as  th e  Mexican b l in d  cave f i s h .  The b l in d  f i s h e s  a re  from  

caves in  Mexico t h a t  a re  c lo se  to  th e  r i v e r s  i n  which A, mexicanus i s  

found . The f i r s t  o f  th e se  b l in d  f i s h e s  t o  be d e sc rib e d  was c a l le d  

A noptich thys .jo rdan i (Hubbs and In n e s , 1936), and two o th e r  s im ila r  

b l in d  sp e c ie s  from  o th e r  caves were su b seq u en tly  d e s c r ib e d . The th re e  

forms of th e  b l in d  f i s h  have been in te rb r e d  w ith  th e  eyed r iv e r  f i s h  

(Cahn, 1958; Kosswig, 1965 i S adog lu , 1957; Schemmel, 1967). B reder 

(1942) and B reder and G rosser (1941a) found sm all-eyed  h y b rid s  o f 

c ro sse s  betw een A noptich thys .jo rdan i and A styanax m exicanus i n  one of 

th e  cav es .

In  t h i s  p ap er b o th  th e  b l in d  f i s h  and th e  r i v e r  f i s h  w i l l  be 

r e f e r r e d  to  a s  members o f  th e  genus A styanax . There i s  s tro n g  ev idence 

f o r  p la c in g  th e  f is h e s  i n  one genus (Gordon and Rosen, 1962; Greenwood, 

1967; Kosswig, 1965; Sadoglu , 1957). There i s  f u r th e r  ev idence t h a t  

th e y  a re  members o f  th e  same sp ec ie s  (B red e r, 1942; Gordon and Rosen, 

1962; Kosswig, I 965) and , i f  th e  s p e c ie s  d e f in i t io n  o f  Mayr (1963) and 

o th e rs  were a p p l ie d , th e  b l in d  f i s h  and r i v e r  f i s h  would have to  be
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c o n s id e red  one s p e c ie s .

Ecology o f  th e  caves

A styanax m exicanus i s  found  i n  r iv e r s  th ro u g h o u t Mexico and in to  

so u th e rn  Texas (V a n z o lin i e t  a l ,  196^; V anzolin i and  fleboucas, 1965)* 

A nop tich thys .jo rdan i was d isco v e red  in  La Cueva C hica, a  lim e­

s to n e  cave i n  th e  s t a t e  o f San L u is  P o to s i, Mexico (Hubbs and  In n e s ,  

1936); A, h u b b si was d isco v e red  i n  th e  nearby Cueva de lo s  Sabinos 

(A lv arez , 1 9 ^ 7 )I and A. a n tro b iu s  was d isco v ered  i n  Cueva de l a  Fachon 

i n  Taum alipas (A lv a rez , 19^6)• A t l e a s t  seven o th e r  caves a re  now 

known to  c o n ta in  th e  same type o f  b l in d  cave f i s h ,  b u t  th e se  have n ev e r 

been  d e s c r ib e d  a s  s p e c ie s  ( J .  A tz , p e rso n a l com m unication; B reder and 

R asquin , 19^7b).

Only one o f  th e se  caves h a s  been d e s c r ib e d  i n  any d e t a i l .  La 

Cueva Chica ±3 0 ,7 5  m ile s  from th e  r iv e r  Rio Tampaon (B rid g e s , 19^0) 

and th e  cave and r i v e r  a re  th o u g h t t o  be connected  by  an underground 

waterway (B re d e r, 1 9 ^2 ). The cave co n ta in s  fo u r  p o o ls  in te rc o n n e c te d  

by  sm all s tream s and w a te r f a l l s .  The pools a re  a  maximum o f  10 f e e t  

deep and th e  p o o l f u r t h e s t  in to  th e  cave i s  th e  one connected to  th e  

r i v e r  (B re d e r, 19*+2). The w ate r i n  th e  cave i s  m o d era te ly  warm, and 

th e  w ate r and a i r  tem p era tu re  a re  b e lie v e d  to  rem ain  f a i r l y  c o n s ta n t 

th ro u g h o u t th e  y e a r .

The cave i s  in h a b i te d  b y  a  few  anim als b e s id e s  A. .jo rd an i, b u t  

th e  b l in d  f i s h  i s  th e  o n ly  a q u a tic  v e r te b ra te .  O th e r a q u a tic  organism s 

in c lu d e  sm a ll in v e r te b r a te s  which may be u sed  a s  fo o d  by th e  b l in d  

f i s h  b u t  none o f  th e se  organism s a r e  la rg e  enough to  p rey  on l i v e  b l in d  

f i s h  (B red e r, 1 9 ^ 2 ), The cave i s  a l s o  in h a b ite d  b y  s e v e ra l  sp e c ie s  o f



In se c tiv o ro u s  b a ts  which use  th e  cave a s  a  r o o s t  (B red e r, 19^2 ), The 

b a t  d ropp ings cover th e  s u rfa c e  o f s e v e ra l  o f th e  po o ls  i n  th e  c a v e s , 

and s to m ach -co n ten t a n a ly s is  by  B reder (19^2) in d ic a te d  t h a t  a  c o n s id ­

e ra b le  p o r t io n  o f th e  food o f th e  Mexican b l in d  f i s h  i s  made up of 

nem atodes and o th e r  sm all in v e r te b r a te s  found i n  th e  d ropp ings o f  th e  

b a t s .  Food i s  v e ry  abundant i n  La Cueva C hica a s  opposed to  caves i n  

which o th e r  sp e c ie s  o f  b l in d  f i s h e s  a re  found (H eu ts, 1951)•

B reder (19^2, 19**3b) and B reder and G resse r (19^1a, b , c) s tu d ie d  

th e  p o p u la tio n s  o f  b l in d  f i s h  found i n  La Cueva C hica . They found 

t h a t  a l l  o f  th e  p o o ls  c o n ta in e d  b l in d  f i s h  and , in  a d d i t io n ,  th e  p o o l 

d e e p e s t i n  th e  cave had a p o p u la tio n  o f eyed r i v e r  f i s h  and  h y b rid s  

betw een th e  two fo rm s. The h y b rid s  had sm all eyes and were ty p ic a l  

o f  th e  F I g e n e ra tio n  (S adog lu , 195?) w h ile  in  an  F2 o r l a t e r  g e n e ra tio n , 

f i s h  had  a l l  d i f f e r e n t  s iz e d  ey es  and v a r io u s  degrees o f  body pigmen­

t a t i o n  (S adoglu , 1957i 1967).

G enetics

The g e n e tic s  o f th e  Mexican b l in d  cave f i s h  has been  in v e s t i ­

ga ted  i n  o rd e r  to  de term ine th e  n a tu re  o f  th e  d i f f e r e n c e s  betw een th e  

Mexican b l in d  f i s h  and th e  r i v e r  f i s h .  S adoglu  (1957) and  Kosswig

(1965) found t h a t  th e  FI h y b rid  has sm all eyes and norm al p ig m en ta tio n  

and th e  F2 g e n e ra tio n  shows v a r io u s  com binations o f  eye s iz e  and 

p ig m e n ta tio n , in d ic a t in g  in d ep en d en t reco m b in a tio n  o f th e  genes a s s o ­

c ia te d  w ith  th e se  c h a r a c te r s .  B reder and G re sse r  (19^1a, b ) found 

t h a t  f i s h  from  La Cueva C hica had a  s e r ie s  o f d i f f e r e n t  eye abnorma­

l i t i e s  and some f i s h  had more eye lo s s  th a n  o th e r s .  T h is in d ic a te d  

t h a t  th e re  have been  r i v e r  f i s h  e n te r in g  th e  caves f o r  a  lo n g  p e r io d
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o f  t im e , S adog lu  ( 1967) a t t r i b u t e d  t h i s  v a r i a t io n  to  h e r  f in d in g  t h a t  

th e re  w ere s e v e ra l  d i f f e r e n t ,  in d ep en d e n t f a c t o r s  t h a t  a f f e c t  eye s iz e  

and developm ent. She found t h a t  c h a r a c te r s  a f f e c t in g  th e  u l t im a te  

eye s t r u c tu r e  such  a s  le n s  s i z e ,  p u p i l la ry ' s i z e ,  and eye d ia m e te r  were 

a l l  c o n t r o l le d  in d e p e n d e n tly , P f e i f f e r  ( 1967a ,  b ) showed t h a t  th e  eye 

s iz e  i n  h y b r id s  was c o r r e la te d  d i r e c t l y  w ith  th e  s iz e  o f  th e  o p t ic  lo b e s .

V is io n  and l i g h t  s e n s i t i v i t y

The m ost obvious changes i n  A styanax r e s u l t i n g  from  e n t r y  i n t o  

th e  cave env ironm ent has been th e  lo s s  o f  e y e s  and body p ig m e n ta tio n . 

S im ila r  lo s s e s  have b een  r e p o r te d  i n  m ost t r o g lo b i t e s  (a n im a ls  t h a t  

spend t h e i r  whole l i v e s  in  cav es) b o th  am ongst in v e r te b r a te s  and 

v e r t e b r a te s  (Eigenm ann, 1909; Greenwood, 1967; K ossw ig, 1965; F ou lson , 

1963a, b ;  V andel, 1 9 6 5 ).

Eye lo s s  i n  th e  M exican b l in d  cave f i s h  has b een  s tu d ie d  and 

d e s c r ib e d  b y  B reder ( 1 9 ^ ) ,  B red e r and  G re sse r  (19^-la, b ) ,  B red er and 

R asquin  (19*J?a), and  B a lin g  (195*0 . Cahn (1958) and F ran k  (1961) 

s tu d ie d  th e  developm ent o f  th e  eye in  A, .jo rd an i and  A, h u b b s i and 

found  t h a t  a lth o u g h  th e  developm ent o f th e  eye s t a r t s  a t  a b o u t th e  

same tim e i n  th e  b l in d  f i s h  and th e  r i v e r  f i s h ,  th e  r a t e  o f  develop­

m ent i s  r e ta r d e d  i n  th e  b l in d  form  and th e  eye n ev er re a c h e s  f u l l  

developm ent. A f te r  a  p e r io d  o f  slow  developm ent, th e  eye o f  th e  b l in d  

f i s h  r e g r e s s e s  and  becomes co v ered  w ith  s k in  (Cahn, 1 9 5 8 ), The 

r e t i n a  i n  th e  b l i n d  f i s h  c o n ta in s  o n ly  a  few  se n so ry  c e l l s  (Cahn, 1958) • 

The o p t ic  n erv e  may be p r e s e n t ,  b u t  i t  i s  p o o r ly  d ev e lo p ed  and may
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c o n ta in  no n e u r a l  t i s s u e  (B re d e r  and G ro s s e r ,  19^1a, b ,  c ) .

A styanax  m exicanus sc h o o ls  u n d e r  ex trem ely  low  l i g h t  l e v e l s  

(Jo h n , 196*0 • The Mexican b l in d  cave f i s h ,  how ever, do n o t  move i n  

any  p a t te r n  w ith  r e s p e c t  to  o th e r  f i s h  (B re d e r, 1 9 5 3 ), a lth o u g h  th e y  

do show some re sp o n se  t o  l i g h t .  B reder (19*4*0 and B red e r and R asquin  

(19^7b) t e s t e d  f i s h  in  a  tro u g h  d iv id e d  i n t o  two e q u a l p a r t s ,  one l i g h t  

and one d a rk . Most specim ens o f A styanax  .jo rdan i showed a s l i g h t  p r e f ­

e ren c e  f o r  th e  d a rk  a r e a ,  w h ile  m ost specim ens o f  A, h u b b si s p e n t more 

tim e i n  th e  l i g h t e d  a r e a .  R iv e r  f i s h  had a  s l i g h t  p re fe re n c e  f o r  th e  

darkened a r e a  and  th e  m ajo r p ro p o r tio n  o f  th e  F I h y b r id  betw een A. 

jo rd a n i  and A, hu b b si w ere i n d i f f e r e n t  to  th e  p re se n c e  o r absence of 

l i g h t ,  sp en d in g  a b o u t 50$ o f th e  tim e i n  each cham ber. I n  an  e x p e r i­

m ent i n  a  l a r g e  pond B red er (19*4*0 found  t h a t  d u r in g  d a y l ig h t  hours 

th e  r i v e r  f i s h  e n te re d  a  covered  a re a  w h ile  in  th e  ev en in g  th e y  swam 

a b o u t th e  w hole pond. S t r a in s  o f b l in d  f i s h  from o th e r  cav es had v a ry ­

in g  d eg rees  o f  l i g h t  o r  d a rk  p re fe re n c e  (B reder and R asqu in , 19**7b), 

and A. a n tro b iu s  has been  s tu d ie d  r e c e n t ly  and found  t o  have a  p r e f e r ­

ence f o r  a  l i g h t e d  a re a  (Boucquey e t  a l ,  1965),

C hem ical d e te c t io n

B red e r and R asquin  (19*+3) r e p o r te d  t h a t  A styanax  jo rd a n i  has 

few er n a s a l  la m e lla e  th a n  th e  r i v e r  f i s h ,  and A, h u b b s i even  few er 

la m e lla e  th a n  A, jo r d a n i . b u t  t h a t  th e  s t r u c tu r e  o f  th e  se n so ry  

e p ith e liu m  i n  th e  n a s a l  c a p su le  d id  n o t  d i f f e r  i n  th e  th r e e  fo rm s.

The number o f  t a s t e  buds on th e  s u r fa c e  o f  th e  head  and body o f A, 

h u b b si i s  g r e a te r  th a n  on th e  o th e r  two f i s h ,  and A. jo rd a n i  has more 

t a s t e  buds th a n  A, m ex icanus. Schemmel £1967) found  t h a t  A, a n tro b iu s
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a l s o  has a  g r e a te r  number o f  th e  e x te rn a l  t a s t e  buds than  th e  r i v e r  

f i s h .

B reder and R asquin (19^3) te s te d  d i f f e r e n t  s t r a in s  o f f i s h  fo r  

p re fe re n c e  and avoidance o f chem ical s t im u l i .  They found t h a t  A. 

h u b b s i shows s l i g h t l y  g r e a te r  avoidance o f nox ious s t im u li  th a n  A. 

.jo rd an i and s t i l l  g r e a te r  avo idance than  th e  r i v e r  f i s h ,  A. hubbsi 

a l s o  showed a g r e a te r  p re fe re n c e  f o r  a  su g ar s o lu t io n  th an  th e  o th e r  

two form s o f A styanax , b u t  B reder and Rasquin concluded t h a t  t h i s  d i f ­

f e re n c e ,  as w ith  th e  d if f e r e n c e  f o r  avoidance o f  noxious s t im u l i ,  was 

to o  sm all to  be c o n s id e red  a s ig n i f i c a n t  in d ic a t io n  of h y p ertro p h y  o f 

th e  chem ical sen se  in  th e  b l in d  f is h e s #  B red er and Rasquin d id  n o t 

b e l ie v e  t h a t  g r e a te r  s e n s i t i v i t y  in  chem oreceptors would p ro v id e  any 

s ig n i f i c a n t  s e le c t iv e  advantage to  th e  b l in d  f i s h  s in c e  th e re  i s  an 

abundance of food i n  th e  c a v e s . More r e c e n t ly ,  G laser (1966, 1968) 

has found th a t  A. .jo rdani le a rn e d  a  ta sk  i n  te n  t r i a l s  when th e  stim u­

lu s  was s a c c h a ro se , w hile  b lin d e d  G a s te ro s te u s  a c u le a tu s  needed 21 

t r i a l s  and b lin d e d  Phoxinus l a e v i s  needed 37 t r i a l s .

A u d itio n  —*

There has on ly  been  a  l i t t l e  work on a u d ito ry  s t r u c tu r e s  and 

h e a r in g  in  th e  Mexican b l in d  cave f i s h ,  b u t  th e r e  a re  s u f f i c i e n t  d a ta  

t o  in d ic a te  t h a t  th e  f i s h  can  h e a r  and respond  to  a c o u s tic  s t im u l i .

When Breder (I9 ^ 3 a) and B ridges (19*K>) h i t  th e  w ate r in  one o f  the  

p o o ls  in  La Cueva C hica w ith  t h e i r  f in g e r s ,  th e y  a t t r a c te d  numbers o f 

b l in d  f i s h  from  th e  bo ttom  o f th e  p o o ls , John (1957) found t h a t  Mexican 

b l in d  f i s h  co n gregated  around a  sm all j a r  t h a t  con ta ined  an  a i r  b u b b le r . 

The f i s h  were i s o l a t e d  from a l l  b u t  a c o u s t ic a l  s t im u li  from  th e  b u b b le r .
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A ccording to  B reder (1 9 ^ 3 a ) , Merriman re p o r te d  t h a t  th e  e a r  

o f  th e  b l in d  f i s h  was d e g e n e ra te , b u t  t h i s  was b ased  on p re lim in a ry  

work t h a t  was n ev er com pleted , Schemmel (196?) in v e s t ig a te d  th e  in n e r

e a r  o f A, a n tro b iu s  and A, m exicanus and found no d if f e r e n c e  i n  th e

p a t t e r n  o f th e  l a t e r a l  l i n e  c an a ls  and f r e e  neurom asts o f  th e  two 

f i s h  a lth o u g h  he d id  r e p o r t  th e  p re sen ce  o f f r e e  neurom asts on the  

o r b i t a l  re g io n  o f  th e  b l in d  f i s h  i n  th e  a re a  i n  which th e  eye would 

n o rm a lly  be found , John (KS) found t h a t  th e  p a t t e r n  o f  f r e e  neuro­

m asts does n o t d i f f e r  i n  A. a n tro b iu s  and A. m exicanus, b u t  John d id  

f in d  t h a t  th e  number o f  neurom asts i n  each  a re a  was g r e a te r  i n  th e  

b l in d  f i s h  th a n  in  th e  r i v e r  f i s h .

B ehavior

Mexican b l in d  cave f i s h  swim c o n s ta n tly  and on ly  in f r e q u e n t ly  

bump in to  o b je c ts  i n  th e  tan k s  (B re d e r, 1953)• Eyed f i s h  i n  th e  same

ta n k  w i l l  f re q u e n t ly  a t t a c k  th e  b l in d  f i s h  when th e y  do n o t  jo in  th e

sch o o ls  o f r i v e r  f i s h  (B red er, 1 9 ^ 3 a). B linded  r i v e r  f i s h  swim around 

in  th e  same random fa s h io n  as  th e  b l in d  f i s h  (B red er and R asquin , 19^3* 

John, 1957)• An eyed r i v e r  f i s h  ta k e n  from  a  cave and p la c e d  i n  th e  

l i g h t  w i l l  co n tin u e  to  show b e h a v io r  ty p ic a l  o f  b l in d  f i s h  f o r  s e v e ra l  

months (B red e r, 19*f3a) d u rin g  which tim e th e  f i s h  w i l l  fe e d  l i k e  a 

b l in d  f i s h  and n o t go d i r e c t l y  to  fo o d  p laced  i n  th e  w a te r . A f te r  

s e v e ra l  months th e  f i s h  w i l l  approach  th e  food i n  a  manner t h a t  

in d ic a te s  use  o f  v is u a l  in fo rm ation#

Mexican b l in d  cave f i s h  p la c e d  in to  a  new tan k  w i l l  i n i t i a l l y  

h i t  o b s tru c t io n s  and w a lls  o f  th e  ta n k , b u t  a f t e r  a  s h o r t  tim e th e  f i s h  

w i l l  come c lo se  to ,  b u t  n o t  to u c h , th e  o b je c ts  (B red er, 19531 John, 

1957). B lind  and b lin d e d  f i s h  w i l l  avo id  h i t t i n g  s ta b le  o b je c ts  in
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th e  ta n k s  (B red e r, 19^3a; John , 1957)* b u t  th e y  canno t av o id  moving 

o b je c ts  in  t h e i r  p a th .  John (1957) showed t h a t  th e  b l in d  and b lin d e d  

f i s h  w i l l  av o id  th e  g en e ra l a re a  where a noxious o b je c t  had been in  

th e  ta n k , b u t  th e y  w ill, a c c u r a te ly  avoid  th e  o b je c t  o n ly  i f  th e  ob­

j e c t  i s  p r e s e n t .  The f i s h  le a r n s  th e  g e n e ra l p o s i t io n  o f th e  o b je c t  

and p ro b ab ly  r e l i e s  on some s o r t  o f sen so ry  cues to  lo c a te  th e  o b je c t  

p r e c i s e ly .  Hahn (I960) r e p o r te d  th a t  A, jo rd a n i  co u ld  d e te c t  o b je c ts  

i n  th e  w ate r b e t t e r  th a n  co u ld  th e  r iv e r  f i s h .  He a t t r i b u t e d  t h i s  

d if f e re n c e  to  th e  l a t e r a l  l i n e ,  even though he d id  n o t th in k  t h a t  th e  

l a t e r a l  l i n e  i n  th e  b l in d  f i s h  was more e x te n s iv e  th a n  in  th e  r i v e r  

f i s h .  W alters  and Liu (19&7) have proposed t h a t  th e  mechanism f o r  

o b je c t  d e te c t io n  by th e  b l in d  f i s h  and th e  r iv e r  f i s h  i s  d e te c t io n  o f 

w a te r  moved by  th e  f i s h ’ s body in  m otion and r e f le c te d  by  o b je c ts  in  

th e  w a te r .  The d e te c t io n  o f  th e  w ater d isp lacem en t would th en  be by 

th e  neurom asts on th e  head o f th e  f i s h .

The g e n e ra l a c t i v i t y  o f th e  r i v e r  f i s h  and A, a n tro b iu s  was 

compared by Thines e t  a l  (1965) and Boucquey e t  a l  (1965)* Thines 

and h is  c o lle a g u e s  found t h a t  A. mexicanus had a g e n e ra l a c t i v i t y  p a t ­

t e r n  t h a t  was c o r r e la te d  w ith  th e  normal p h o to c y c le . The f i s h  showed 

h e ig h ts  o f a c t i v i t y  a t  dawn and a t  dusk . A. a n tro b iu s  k e p t on a sim­

i l a r  schedu le  had a random a c t i v i t y  c y c le  u n re la te d  to  th e  pho tocycle  

(T hines e t  a l ,  1965)* The F I g e n e ra tio n  betw een th e  r i v e r  and b l in d  

f i s h  e x h ib i te d  a d a i ly  a c t i v i t y  cy c le  s im i la r  to  t h a t  o f  th e  r i v e r  f i s h ,  

b u t  specim ens from  th e  F2 g e n e ra tio n  had p a t te r n s  ran g in g  from  th a t  

o f  th e  r iv e r  f i s h  to  th e  random a c t i v i t y  o f  th e  b l in d  f i s h  (Boucquey 

e t  a l ,  1965).
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Sensory Mechanisms in  O ther A quatic Cave Animals

There have been s e v e ra l  com parative s tu d ie s  o f th e  sen so ry  

systems and b e h a v io r  o f a  b l in d  cave anim al and an ep ig ean  (su r fa c e  

l iv in g  form ) b e lie v e d  to  be c lo s e ly  r e la te d  to  th e  t r o g lo b i t e .  The 

f i r s t  such s tu d y  was by Banta (1910a, b ) who in v e s t ig a te d  th e  sen so ry  

systems and b e h a v io r  o f two s p e c ie s  o f  th e  iso p o d  genus A s e l lu s .

Kosswig and Kosswig (19^*0) showed t h a t  a European s p e c ie s ,  A, a q u a t ic u s , 

has cave and ep ig ean  form s and th e re  i s  h y b r id iz a t io n  i n  n a tu re  betw een 

the  two fo rm s. Banta (1910a, b) used  A. s ty g iu s , an ep ig ean  form , and 

A. communis, a n  o b lig a te  cave an im al, bo th  from  N orth A m erica. Banta 

found th a t  th e  ep igean  form  was l e s s  re sp o n s iv e  to  s t im u la t io n  by b r i s ­

t l e s  touched t o  v a rio u s  p a r t s  o f  th e  body th a n  th e  cave form , The cave 

form was s e n s i t i v e  to  s t im u l i  em itted  by le a d  sh o t dropped on to  th e  

su rface  of a  p ie c e  of wood and a  s tro n g e r  s tim u lu s  was n e c e ssa ry  to  

produce a re sp o n se  in  A. s ty g iu s . A. communis responded  to  a  much 

weaker s tim u lu s  produced by  an  e l e c t r i c  tu n in g  fo rk  a t  100 Hz th a n  d id  

the  ep igean  fo rm .

F o e c i l i a  sphenops, a  cave f i s h  from  Tobasco, Mexico, e x h ib i t s  

a  c o n s id e ra b le  g ra d a tio n  i n  eye developm ent. F ish  found a t  th e  e n tra n c e  

to  th e  cave have la rg e  eyes and dark  body p ig m e n ta tio n  b u t  deeper in  

th e  cave, th e  body pigm ent and eyes a re  much reduced  (Gordon and Rosen, 

1962). H y b r id iz a tio n  o ccu rs  between a l l  form s o f  th e  f i s h  (Gordon and 

Rosen, 1962; P e te r s  and P e te r s ,  1968; W alte rs  and W a lte rs , 1965;

Z e isk e , 1968) and th e  eye d e fe c ts  and p ig m en ta tio n  lo s s e s  a re  r e l a t e d  

to  g e n e tic  d if f e r e n c e s  o f  d i f f e r e n t  specim ens and n o t  to  th e  c o n d it io n s  

of l i g h t  i n  th e  v a rio u s  p a r t s  o f  th e  cave i n  which th e  f i s h  a re  found 

(P e te rs  and P e te r s ,  1966, 1968).
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W alters  and W alters  (1965) found t h a t  P o e c l l la  deep in  th e  

cave e x h ib ite d  h y p ertro p h y  of th e  c e p h a lic  l a t e r a l  l i n e .  They found 

t h a t  th e  p re o p e rc u la r  and s u p e r o r b i ta l  c a n a ls  were n o t  com plete ly  

co v ered , r e s u l t i n g  i n  exposure o f th e  c a n a l neurom asts. O ther c a n a ls  

had a  g r e a te r  number o f p o res  th a n  i n  f i s h  from th e  e n tra n c e  of the  

c av e . Some specim ens o f P o e c i l ia  from  deep i n  th e  cave had th e  head 

and tru n k  d o tte d  w ith  la rg e  ' p i t  o rg a n s ' c o n ta in in g  neu rom asts .

An in c re a s e  i n  th e  number o f  f r e e  neurom asts has a ls o  been 

re p o r te d  i n  s e v e ra l  sp e c ie s  o f am blyopsid cave f is h e s  (P ou lson , 1963a ) . 

H euts (1951) compared Caecobarbus g e e r t s i , a  b l in d  b a rb  from  the  B e lg ia n  

Congo, w ith  Barbus h o lo ta e n ia , an eyed r e l a t iv e  from  r iv e r s  near th e  

caves in  which th e  f i s h  a re  found . Heuts re p o rte d  t h a t  th e  b lin d  f i s h  

had a l a r g e r  number o f sen so ry  buds on th e  head th a n  d id  th e  eyed spe­

c i e s .

Chardon (1966) s tu d ie d  th e  South American cave c a t f i s h  A s tro -  

b le p u s  p h o le te r  and compared i t  to  o th e r  more or l e s s  r e l a t e d  eyed 

c a t f i s h e s ,  e s p e c ia l ly  A. g r ix a lu i i  Humboldt. Chardon found th a t  th e re  

was a re d u c tio n  i n  th e  two h a lv e s  o f th e  a n te r io r  swim b la d d e r , and 

th e  l a t e r a l  w a lls  o f  th e  swim b la d d e r  had an o s s i f i c a t i o n  of th e  o u te r  

c o v e rin g , th e  tu n ic a  e x te rn a . Chardon a ls o  found t h a t  th e  co nnection  

n o rm ally  p r e s e n t  betw een th e  two h a lv e s  o f  th e  a n t e r io r  swim b lad d e r in  

s i l u r i d  f i s h e s  was a b se n t in  A. p h o le te r . The in n e r  e a r  and W eberian 

o s s ic le s  o f A stro b lep u s  d id  n o t  d i f f e r  from o th e r  f i s h e s  o f the fa m ily  

A s tro b le p id ae  b u t  th e  o p tic  lo b e  was d eg en era te  and th e  fo re b ra in  was 

e n la rg e d  and had s e v e ra l  c o n v o lu tio n s . Chardon ( 1966) a s s o c ia te d  th e  

fo re b r a in  w ith  th e  e n la rg ed  b a rb e ls  he found i n  A, p h o le te r . He p ro ­

posed t h a t  th e  changes in  th e  swim b la d d e r  would r a i s e  i t s  re so n a n t
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freq u en cy  and a id  i n  d e te c t io n  o f  h ig h e r  fre q u en c y  s ig n a l s .

Eigenmarm (1909) d id  n o t  f in d  any change i n  th e  e a r  o f  th e  

b l in d  cave f i s h  Amblyopsis sp e la e a  b u t  Poulson  (1963a) found  th a t  A. 

s p e la e a , a s  w e ll a s  two o th e r  am blyopsid cave f i s h e s ,  A, ro sa e  and 

T yph lich thys s u b te r ra n e u s . had e n la rg e d  s e m ic ir c u la r  c a n a ls  and o to ­

l i t h s  a s  compared w ith  ep igean  am blyopsids.

There has been  a  re d u c tio n  o f  th e  o p t ic  lo b e  o f  th e  b ra in  in  

many cave f i s h e s  (P ou lson , 1963a; V andel, 1965)* b u t  n o t  a l l  o f th e se  

f i s h e s  show h y p ertro p h y  o f o th e r  p o r tio n s  o f th e  b r a in ,  Poulson (1963a) 

found t h a t  s e v e ra l  cave am blyopsids had e n la rg e d  f o re b ra in s  and Chardon

(1966) found th e  same f o r  A stro b lep u s p h o le te r . C h a rlto n  (1933) found 

a r e d u c tio n  of th e  o p tic  lobe i n  T ro g lic h th y s  ro sae  and T yph lich thys 

eigenm anni a s  w e ll  a s  i n  th e  b l in d  goby T rrpauchen . P lm elo d e lla  k ro n e l , 

a  cave c a t f i s h ,  has reduced o p t ic  lo b es  (P avan , 19**6)» and T yphlogarra 

w iddosoni i s  r e p o r te d  to  have an  en la rg ed  f o r e b r a in  a s  w e ll  as  reduced  

o p tic  lo b e s  (M arsh a ll and T h in es , 1958).

Poulson (1963a) compared th e  c a p a c i ty  t o  d e te c t  p re y  of b l in d  

cave am blyopsid  f i s h e s  and found i t  t o  be b e t t e r  th an  t h a t  o f  b lin d e d  

ep ig ean  am blyopsids.

Summary

In v e s t ig a t io n s  o f  v a r io u s  sp e c ie s  o f  cave f i s h e s ,  in c lu d in g  

A styanax .jo rd an i, have n o t r e v e a le d  changes i n  any sen so ry  s t r u c tu r e s  

t h a t  can  p o s i t iv e ly  be co n s id e red  to  h e lp  th e  f i s h  su rv iv e  i n  th e  cave 

env ironm ent. However, s tu d ie s  o f  th e  cave am blyopsids (P au lso n , 1963a) 

and th e  b l in d  and r i v e r  s p e c ie s  o f  A styanax (R asqu in , 19^9) have r e ­

v e a le d  changes i n  o th e r  p h y s io lo g ic a l  mechanisms o f  th e se  cave f i s h .
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T his su g g e s ts  t h a t  in v e s t ig a t io n s  o f o th e r ,  as y e t  u n ex p lo red , system s 

m ight r e v e a l  m o d if ic a tio n s  t h a t  h e lp  th e  b l in d  f i s h  su rv iv e  i n  th e  

c a v e s .

The a u d ito ry  system  i s  re sp o n s iv e  to  en v iro n m en ta l change 

(von B^k^sy, i 960) ;  th u s ,  i t  i s  a  l i k e l y  p la c e  to  lo o k  f o r  sen so ry  

m o d if ic a t io n s .  The a u d i to ry  system  has n o t  been th o ro u g h ly  s tu d ie d  i n  

b l in d  cave f i s h e s  and, w h ile  th e re  i s  some evidence t h a t  su g g ests  th e  

p re sen ce  o f  m o d if ic a tio n s  i n  th e  a u d i to ry  c a p a c i t ie s  o f  th e se  an im als  

(Chardon, 1956; John, MS; P ou lson , 1 9 6 3 a), th e re  i s  no ex p e rim en ta l 

d a ta  in d ic a t in g  t h a t  b l in d  cave f i s h  a c tu a l ly  make u se  o f  th ese  morpho­

l o g ic a l  m o d if ic a tio n s  f o r  a u d ito ry  p u rp o se s . In  o rd e r  to  determ ine 

w hether th e re  a re  ad a p tiv e  m o d if ic a tio n s  i n  th e  a u d i to r y  system  o f  

A styanax io r d a n i , and i f  th e  an im als have a  d i f f e r e n t  b e h a v io ra l 

re sp o n se  to  sound th a n  th e  r i v e r  f i s h ,  t h e i r  a u d ito ry  c a p a c ity  has 

been  in v e s t ig a te d ,

Sound D e tec tio n  and P ro c e ss in g  by F ish

I n  a d d i t io n  to  p ro v id in g  in fo rm a tio n  abou t th e  r o le  o f a u d i t io n  

i n  b l in d  cave an im als , th e  com parison betw een th e  two sp e c ie s  o f 

A styanax shou ld  p ro v id e  th e  b a s is  f o r  d e te rm in in g  more p r e c is e ly  th e  

r o le s  t h a t  th e  swim b la d d e r ,  W eberian o s s i c l e s ,  and  in n e r  e a r  p la y  i n  

p ro c e s s in g  an  a c o u s tic  s ig n a l .  Whereas in fo rm a tio n  a b o u t h e a rin g  i n  

b l in d  cave f i s h e s  i s  m in im al, th e re  i s  a  c o n s id e ra b le  amount o f d a ta  

a b o u t h e a r in g  i n  f i s h  and an u n d e rs ta n d in g  o f t h i s  sh o u ld  p rov ide  a  

b a s is  f o r  i n t e r p r e t a t i o n  o f th e  in fo rm a tio n  o b ta in ed  from  th e  b l in d  

cave f i s h  s tu d y .
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U nderw ater sound d e te c t io n

Sound c o n s is ts  o f  two forms o f  en e rg y t p re s su re  and d is p la c e ­

m ent, P re s s u re  waves a r e  produced by a l t e r n a t e  com pression  and r  a r e ­

f r a c t io n  o f  th e  medium, and  d isp lacem en t c o n s is ts  o f  p a r t i c l e  o s c i l l a ­

t io n ,  A lthough  bo th  p re s s u re  and d isp la ce m e n t a re  found i n  a ir -b o rn e  

sounds, th e  p a r t i c le  o s c i l l a t i o n  i s  v e ry  sm a ll, and p re s s u re  i s  th e  

predom inant form  of en e rg y  (A lb ers , 1965)* W ater-borne sounds have 

s tro n g  d isp lace m e n t e n e rg y  s in c e  w ater i s  d en ser th an  a i r  and p a r t i c l e  

motion can  b e  tra n sm itte d  more e a s i ly .  On th e  o th e r  hand , w ate r i s  

poorly  co m p ress ib le  and t h i s  p re se n ts  a  h ig h  impedance to  p re ssu re  

waves ( A lb e r s , 1965).

P a r t i c l e  d isp lace m en t a t te n u a te s  a s  th e  in v e r s e  square o f  th e  

d is ta n ce  from  th e  source ( l / r  ) w hile p re s s u re  a t te n u a te s  a s  th e  i n ­

verse  o f th e  d is ta n c e  ( l / r )  (van B e rg e ijk , 1964), H a r r is  and van 

B ergeijk  (1962) have c a lc u la te d  th a t  p r e s s u re  and d isp la ce m e n t from 

th e  same so u rc e  have e q u a l am plitude a t  a  d is tan c e  o f  ^/2Tr(wavelength/2Tt) 

from th e  s o u rc e .  The a r e a  between th e  so u rce  and th e  p o in t  o f  eq u a l 

am plitude i s  c a l le d  th e  n e a r - f i e ld  and th e  a re a  beyond t h i s  p o in t  i s  

the  f a r - f i e l d  (van B e rg e ijk , 1964), D isplacem ent i s  th e  s tro n g e r  

s tim ulus i n  th e  n e a r - f i e ld  w hile  p re s s u re  predom inates i n  the f a r -  

f i e ld  (van  B e rg e ijk , 1 9 6 4 ), More r e c e n t ly ,  S i le r  (MS) has argued t h a t  

th e re  can b e  no r e a l  d em arca tio n  p o in t  betw een the  n e a r— and f a r - f i e l d  

b u t r a th e r  t h a t  th e  d isp lace m e n t energy  g rad u a lly  d ro p s  o f f  and p re s su re  

becomes th e  predom inant s ig n a l  com ponent,

H a r r is  (1964) u s e d  a  s e r ie s  o f  e q u a tio n s  to  d e term in e  th e  d i s ­

placem ent am plitude a t  an y  d is ta n c e  from  th e  so u rce . He c a lc u la te d  

th a t  f o r  m ost b io lo g ic a l  s ig n a ls  th e  p ro p ag a tio n  o f  en e rg y  from a  sound
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so u rce  m ost n e a r ly  re sem b le s  s ig n a l  p ro p a g a tio n  from  a p u l s a t in g  

sp h e re , D isp lacem en t am p litu d e  (d ) a t  any  one p o in t  i s  th e n  

c a lc u la te d  a s i

277^00 ( K r ) 2/
o r

( H a r r i s ,  196*0. The sym bols u sed  i n  th e  e q u a tio n s  a r e j

c = v e l o c i t y  o f  sound i n  w a te r  (a p p ro x im a te ly  
150,000 cm /sec f o r  s e a  w a te r ) ,  

d = d isp la c e m e n t am p litu d e  i n  cm, 
f  = f re q u e n c y  i n  Hs. 
k  = (21Tf)/c.
p  = p r e s s u r e ,

y? -  d e n s i ty  o f  w a te r  ( ta k e n  a s  1 gm p e r  c c ) ,
A = w av e len g th  ( c I f ) ,  — ~

The f i r s t  h a l f  o f  th e  fo rm u la  i n d i c a t e s  th e  amount o f 

d isp la c e m e n t i n  th e  f a r - f i e l d  and  th e  r i g h t  hand p o r t io n  ( i n  

p a re n th e s e s )  in d ic a te s  th e  d isp lac e m e n t am p litu d e  due t o  th e  n e a r­

f i e l d  e f f e c t .  As th e  w aveleng th  in c r e a s e s  ( i . e . ,  f re q u e n c y  d e c r e a s e s ) ,  

th e  c o n t r ib u t io n  o f th e  n e a r - f i e l d  d isp la c e m e n t in c r e a s e s ,  b u t  a s  th e  

freq u en c y  in c r e a s e s ,  th e  d isp lac e m e n t due t o  th e  f a r - f i e l d  p ro p a g a tio n  

d e c re a s e s .  I t  i s  a p p a re n t  from  th e  e q u a tio n  t h a t  th e  m a jo r so u rce  o f  

d isp lac e m e n t i s  a t  low  f re q u e n c ie s  and  t h a t  a  d isp la ce m e n t d e te c to r  

would n o t  be  e f f e c t iv e  e x c e p t to  d e te c t  low  fre q u e n c y  sounds u n le s s  

th e  f i s h  w ere n e x t to  th e  sound s o u rc e .

The l a t e r a l  l i n e  o n ly  d e te c t s  d isp la c e m e n t e n e rg y  (D ijk g ra a f ,  

1963; H a r r is  and  van B e rg e ijk ,  1962 j K u ip e r , 19 5 6 ), and  th e  m ajor 

s tim u lu s  f o r  th e  l a t e r a l  l i n e  o rgan  i s  p r e s e n t  when th e  f i s h  i s  in  th e
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n e a r - f i e l d .  When th e  f i s h  i s  in  the  f a r - f i e l d ,  i t  may s t i l l  be 

p re se n te d  w ith  some d isp lacem en t (depending upon th e  f re q u e n c y ) , b u t 

th e  m ajor f a r - f i e l d  s tim u lu s  i s  p re s s u re ,  which s t im u la te s  th e  swim 

b la d d e r  ( H a r r is ,  1964), I f ,  however, th e  p re s s u re  i s  ex trem ely  

in te n s e  (p  in  th e  fo rm u la ) , th e r e  could  be some d isp lacem en t energy  

p re s e n t  to  s t im u la te  th e  l a t e r a l  l i n e .  I t  m ight a ls o  be p o s s ib le  f o r  

th e  d isp lacem en t energy i n  th e  n e a r - f ie ld  to  s tim u la te  th e  swim b lad d e r 

and th u s  th e  in n e r  e a r  (van  B e rg e ijk , 1964, 196?a; H a r r is ,  1964;

Tavolga, 1965),

A m ajor c o n s id e ra tio n  i n  s tu d ie s  o f f i s h  a u d i t io n  i s  t h a t  the  

d isp lacem en t en erg y  has b o th  m agnitude and d i r e c t io n  w h ile  p re s s u re  i s  

p u re ly  a s c a la r  s tim u lu s  and has no d i r e c t io n  (van B e rg e ijk , 1964),

Swim b la d d e r

P re ssu re  waves w i l l  cause  a bubble o f a i r ,  p r e s e n t  i n  f i s h  as  

th e  swim b la d d e r , to  p u ls a te  (van B e rg e ijk , 1967a; H a r r is ,  1964). 

M oreover, th e  d e n s i ty  o f th e  body o f a  f i s h  i s  ap p ro x im a te ly  t h a t  of 

w a te r ; co n seq u en tly , sound t r a v e l s  th rough  th e  body u n le s s  i t  im pinges 

upon a s t r u c tu r e  o f d i f f e r e n t  d e n s ity ,  such a s  th e  swim b la d d e r  

(H a r r is ,  1964), The swim b la d d e r  o f  f i s h e s  th u s  a c t s  a s  a  tra n sd u c in g  

mechanism (van  B e rg e ijk , 1966, 196?a) and i t s  fu n c tio n  i s  analogous 

to  t h a t  o f th e  tympanic membrane of t e r r e s t r i a l  v e r te b r a te s ;  i . e . ,  

p re ssu re  i s  tran sd u ced  in to  d isp lacem en t which i s  d e te c te d  by  th e  

in n e r  e a r  (von Bekesy, I9 6 0 ) ,

S ig n a ls  d e te c te d  by th e  swim b la d d e r  a re  t r a n s m it te d  to  th e  

in n e r  e a r  v ia  th e  W eberian o s s ic le s  i n  th e  o s ta r io p h y s in e s  o r  through 

th e  sk e le to n  and m uscles i n  n o n -o s ta r io p h y s in e s  (T avo lga , 1965).
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E x p erim en ta l s tu d ie s  b y  K leerakoper and Roggenkamp (1959) have 

d em o n stra ted  t h a t  d e f l a t io n  of th e  swim b lad d e r i n  I c ta lu r u s  

neb u lo su s  s ig n i f i c a n t l y  r a is e d  th e  a u d i to ry  th re s h o ld s .  Von F r is c h  

and S t e t t e r  (1932) found  th a t  th e  rem oval o f th e  W eberian o s s ic le s  

in  P hoxinus la e v is  a l s o  r a is e d  th e  a u d ito ry  th re s h o ld s .

The w a ll o f  th e  swim b la d d e r  i s  composed o f  two la y e r s ,  th e  

in n e r  tu n ic a  in te rn a  and th e  o u te r  tu n ic a  e x te rn a . The two la y e rs  

are  co n n ec ted  by  t h i n  co n n ec tiv e  t i s s u e  which a llo w s th e  two la y e r s  

of th e  a i r - f i l l e d  b la d d e r  to  move e a s i l y  on each o th e r  (C hran ilov ,

1927, 1929; Evans, 1925; Tracy, 19 1 1 ). There i s  c o n s id e ra b le  v a r i a t io n  

in  th e  shape and make-up of th e  swim b la d d e r  in  d i f f e r e n t  s p e c ie s .

Some s p e c ie s  have a  s in g le  chamber w h ile  o th e rs  have two o r more 

chambers (D obrin , 19**1; Jones and M a rsh a ll, 1953; M a rsh a ll, i 960) .

There i s  a l s o  v a r i a t io n  i n  th e  c o n n ec tio n s  betw een th e  chambers and 

the  mechanism by w hich th e  chambers co n n ec t to  th e  g u t,  i f  th ey  do 

th i s  a t  a l l  (D obrin , 19*H; Jones and  M arsh a ll, 1953; Qutob, 1962), The 

p h y s io lo g y  o f th e  swim b la d d e r  a l s o  v a r ie s  w idely  (A lexander, 1966; 

Jange , 1966) and i n  some b a th y p e la g ic  s p e c ie s  th e  swim b la d d e r i s  

f i l l e d  w ith  f a t  in s t e a d  o f gas ( Iw a i ,  1959)*

S e v e ra l o f th e  s t r u c tu r a l  m o d o fica tio n s  found i n  th e  t e l e  os t  

swim b la d d e r  improve th e  a u d ito ry  c a p a c i ty  o f th e se  an im a ls . The 

major c o n s id e ra t io n s  i n  d e te rm in in g  th e  r o le  o f th e  swim b lad d e r i n  

a id in g  a u d i t io n  a re  th e  volume d is p la c e d  by th e  gas i n  th e  swim 

b la d d e r  (H a r r is ,  196*0 and th e  p ro x im ity  o f th e  o rgan  to  th e  in n e r  

e a r  (T av o lg a , 1965) • The gas bubb le  co n ta in ed  i n  th e  swim b la d d e r  i s  

s t im u la te d  b y  p re s s u re  energy  from  a sound source and th e  m otion o f  th e



21

gas b u b b le  s e ts  up a  d isp la c e m e n t wave t h a t  s t im u la te s  th e  In n e r  e a r  

o f  th e  f i s h  (A lex an d e r, 1 9 6 6 ). The volume o f  gas i n  th e  swim b la d d e r  

i s  a f f e c t e d  b y  a  change i n  p r e s s u re  a s  a  r e s u l t  o f  change i n  d ep th  by  

th e  f i s h  and t h i s  a d ju s t s  th e  a n im a l 's  bouyancy ( Jo n e s , 19**9» 1951?

1952; Q utob, 1 9 6 2 ), b u t  sound s t im u la t io n  does n o t  have t h i s  e f f e c t  on 

th e  swim b la d d e r  s in c e  com pressions and r a r e f r a c t i o n s  a re  more r a p id  

th a n  th e  changes t o  w hich th e  w a l ls  o f  th e  swim b la d d e r  can  m e c h an ic a lly  

resp o n d  (A lex an d er, 1 9 6 6 ), H a r r is  (196*0 and Poggendorf (1952) have 

shown t h a t  th e  swim b la d d e r  has a  r e s o n a n t  f re q u e n c y  t h a t  depends upon 

th e  volume o f  gas i n  th e  bubb le  and  t h a t  th e  r e s o n a n t  fre q u e n c y  o f th e  

swim b la d d e r  in c r e a s e s  a s  th e  volume d e c re a s e s .  I t  has b een  su g g es ted  

t h a t  th e  maximum a m p li f ic a t io n  o f  th e  s ig n a l  b y  th e  swim b la d d e r  i s  a t  

th e  re s o n a n t  f re q u e n c y  and  a s  th e  s ig n a l  d e p a r ts  from  t h i s  fre q u en cy , 

th e  re sp o n se  o f  th e  swim b la d d e r  d rops o f f  ( H a r r i s ,  196*1-; P oggendorf, 

1 9 5 2 ), A lexander (1966) and Tavolga (196h) su g g e s te d  t h a t  th e  tu n in g  

o f  th e  swim b la d d e r  i s  n o t  a s  p r e c i s e  a s  H a r r is  and  Poggendorf 

b e l ie v e d  and  t h a t  th e  re sp o n se  o f  th e  swim b la d d e r  a t  f re q u e n c ie s  

o th e r  th a n  th e  r e s o n a n t  f re q u e n c y  i s  o n ly  s l i g h t l y  l e s s  i n t e n s e .

The c e l l u l a r  co m p o sitio n  o f  th e  swim b la d d e r  w a ll  does n o t 

a f f e c t  i t s  r o l e  i n  a u d i t io n  (A lex an d e r, 1966) b u t  th e  v i s c o s i t y  o f 

th e  two l a y e r s  and th e  c o n n e c tiv e  t i s s u e  does p la y  a  r o le  s in c e  t h i s  

d e te rm in e s  th e  re sp o n se  o f th e  w a l l  o f  th e  swim b la d d e r  t o  a  s ig n a l .

I n  many s p e c ie s  o f f i s h e s ,  th e  a n t e r i o r  end  o f th e  swim 

b la d d e r  l i e s  b e n e a th  th e  f i r s t  s e v e ra l  v e r te b r a e ,  and th e  re sp o n se  o f  

th e  swim b la d d e r  t o  a  sound i s  t r a n s m i t te d  t o  th e  in n e r  e a r  th ro u g h
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th e  m uscles and bones betw een th e  a n t e r io r  end o f th e  swim b la d d e r  

and th e  in n e r  e a r .  In  a  number o f sp e c ie s  o f f i s h ,  th e r e  a re  v a r io u s  

m o d if ic a tio n s  t h a t  a id  a u d i t io n  by  b r in g in g  th e  s ig n a l  c lo s e r  to  th e  

e a r  b e fo re  i t  i s  c a r r ie d  th ro u g h , and a t te n u a te d  by , th e  t i s s u e s  o f  

th e  f i s h ,  The morxnyrids have sm all b u b b les  o f a i r  w ith in  th e  s k u ll  

t h a t  d e te c t  p re ssu re  changes and th e  re sp o n se  o f th e  bubble 

s tim u la te s  th e  e a r  which i s  In  c lo se  p ro x im ity  to  i t  (T av o lg a , 1965). 

D ie s s e lh o rs t  (1938) and S t i p e t i e  (1939) found th a t  h e a r in g  in  

mormyrids i s  good and t h a t  th e se  f i s h e s  can d e te c t  sounds up to  ab o u t 

3100 Ha,

The e a r  o f c lu p e id  f is h e s  i s  a l s o  c lo s e ly  a s s o c ia te d  w ith  an  

a i r  b u b b le . In  th ese  f i s h e s ,  th e  swim b la d d e r  has an a n te r io r  

e x ten s io n  i n  th e  form o f  a  th in  tube t h a t  ends in  a te rm in a l v e s ic le  

en ca p su la ted  i n  bone and c lo s e ly  a s s o c ia te d  w ith  th e  in n e r  e a r  

(O 'C o n n ell, 1956; T racy, 1920; W o lfh a rd t, 1936). One o f  th e  te rm in a l 

v e s ic le s ,  th e  p ro o tic  b u l l a ,  i s  d iv id e d  in to  two chambers se p a ra te d  

by a  heavy e l a s t i c  membrane (O 'C o n n e ll, 1956). The low er chamber 

i s  f i l l e d  w ith  a i r  and th e  upper chamber i s  f i l l e d  w ith  perilym ph 

(O 'C o n n ell, 1956). Sound s t im u la t io n  o f th e  a i r  i n  th e  swim b la d d e rs  

o f c lu p e id s  i s  c a r r ie d  c lo s e  to  th e  in n e r  e a r  b y  th e  cap su le  i n  th e  

p ro o tic  b u l l a ,  and th e  perilym ph in  th e  u pper chamber o f  th e  b u l la  

lead s  d i r e c t l y  to  th e  u t r i c u l u s  o f th e  e a r  (W olfhard t, 1936). Enger 

( I 967) s tu d ie d  h ea rin g  i n  c lu p e id s  and found t h a t  th e y  respond to  a  

wide ran g e  o f  a c o u s tic  s ig n a l s ,

A naban tid , o r  l a b y r in th ,  f i s h e s  c a r ry  a  bubble o f  a i r  i n  th e  

b u cca l c a v i ty  th a t  i s  s e p a ra te d  from th e  saccu lu s  by a  th in  membrane.



23

S ch n e id er (19^1) found t h a t  th e  a u d ito ry  ran g e  o f th e  f is h e s  w ith o u t 

th e  a i r  bubble reach ed  1000 Hz w hile f i s h  w ith  th e  bubb le  cou ld  h e a r  

sounds up to  2500 Hz*

A number o f  o th e r  groups o f f i s h e s  have a n te r io r  d iv e r t i c u la  

from  th e  a n t e r i o r  chamber o f  th e  swim b la d d e r  (Greenwood, 1963; N elson , 

1955)* Tavolga and  Wodinsky (19^3) s tu d ie d  h e a r in g  c a p a c i t ie s  i n  

s e v e ra l  h o lo c e n tr id s  and fo u n d  a  wide v a r i a t io n  i n  th e  range o f 

f re q u e n c ie s  t o  w hich d i f f e r e n t  sp e c ie s  would re sp o n d . T heir r e s u l t s  

a r e  p robab ly  r e l a t e d  to  th e  wide range o f  v a r ia t io n  i n  th e  shape and 

p ro x im ity  o f th e  swim b la d d e r  to  the  s k u l l  i n  th e  h o lo c e n tr id s  (N elson , 

1 9 5 5 ).

W eberian o s s ic le s  and  in n e r  e a r

The W eberian o s s ic le s  (F ig , 1) were f i r s t  d e sc rib e d  by Weber 

(1820) and he su g g ested  t h a t  th e  bones had  a  r o le  i n  a u d i t io n .  I t  was 

many y e a rs , how ever, b e fo re  th e  o s s ic le s  were a c tu a l ly  shown to  have an  

a u d i to ry  r o le  (C h ran ilo v , 1929; B i jk g ra a f , 19^2, I9 6 0 ; von F r is c h  and 

8 t e t t e r ,  1932; K leerekoper and Roggenkamp, 1959; Poggendorf, 1952; 

Sorenson , 1 8 9 h ), S ev e ra l e a r l y  w orkers had  su g g ested  t h a t  th e  W eberian 

o s s ic le s  re sp o n d  to  changes i n  h y d r o s ta t ic  p re s su re  by  th e  swim 

b la d d e r  and t h a t  th e  o s s i c l e s  p rov ide  in fo rm a tio n  a b o u t dep th  to  th e  

c e n t r a l  nervous system  (B rid g e  and Haddon, 1892, 1893; Nusbaum, 1908),

The tu n ic a  e x te rn a  o f  th e  a n t e r i o r  chamber o f th e  swim b la d d e r  

i n  o s ta r io p h y s ln e s  i s  s l i t  on th e  d o r s o - a n te r io r  s u r fa c e  and th e  two 

edges o f th e  s l i t  a t ta c h  t o  th e  p o s te r io r  s id e s  o f  th e  tra n sfo rm a  t o r  

p ro c e ss  (A lex an d er, 1962), The tra n s fo rm s to r  p ro ce ss  i s  th e  p o s te r io r
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FIG, 1 , A com posite draw ing o f a  d o r s a l  view  o f th e  W eberian 

o s s ic le s  o f th e  Mexican b l in d  cave f i s h  and th e  eyed 

r iv e r  f i s h .  The d if f e re n c e s  in  th e  o s s ic le s  o f th e  

two sp e c ie s  a re  d isc u sse d  i n  th e  t e x t ,  AS, a n te r io r  

chamber o f th e  swim b la d d e r ;  ET, tu n ic a  e x te rn a ;

I ,  in te rc a la r iu m ; XT, tu n ic a  in te r n a ;  L I , 2 , 3 , 

ligam en ts  1 to  k', OS, os suspensorlum ; T, t r ip u s ;
i

TR, tra n s fo rm a to r  p ro c e ss ; R, f o u r th  p le u r a l  r i b ;

S , scaphiura; S I ,  s in u s  im par; VI, 2 ,  3» v e r te b ra e  

1 to
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e x te n s io n  o f  th e  t h i r d  W eberian o s s ic l e ,  th e  t r ip u s  (A lexander, 1962j 

G rasse , 1958; N elson , 19^9)» E xpansion o f th e  tu n ic a  in te r n a  would 

cause th e  tu n ic a  e x te rn a  to  expand i f  th e  two la y e r s  were f irm ly  

con n ec ted . A lexander (1962), however, found  t h a t  i n  o s ta r io p h y s in e s  

th e  two l a y e r s  a re  connected  by a  t h i n  o i l y  l a y e r  o f t i s s u e  r e s u l t in g  

i n  th e  tu n ic a  e x te rn a  moving over th e  s u r fa c e  o f  the  tu n ic a  in te rn a  

when th e  in n e r  l a y e r  expands. I f  th e r e  were no s l i t  i n  th e  tu n ic a  

e x te rn a , i t  would s t i l l  expand when th e  in n e r  la y e r  e n la rg e d  b u t  th e  

d o rs a l  s l i t  ta k e s  up th e  expansion  o f th e  in n e r  la y e r  and only  th e  

s l i t  e n la rg e s  i n  re sp o n se  to  th e  expansion  o f th e  tu n ic a  in te r n a .

When th e  s l i t  w idens, th e  tra n s fo rm a to r  p ro c e sse s  a re  p u lle d  ven - 

t r a l l y ,  and when th e  tu n ic a  in te rn a  i s  com pressed, th e  s l i t  c lo se s  

and th e  tra n s fo rm a to r  p ro c e ss  moves d o r s a l ly  (C h ran ilo v , 1929)•

When th e  t r a n s fo rm a to r  p ro cess  i s  p u lle d  v e n t r a l ly  (F ig . 1 ) ,  the  

a n te r io r  end  o f  th e  t r i p u s  moves a n t e r i o r l y  and th e  o th e r  o s s ic le s  

a l s o  move i n  th e  a n t e r io r  d i r e c t io n .  When th e  swim b la d d e r  s l i t  i s  

c lo se d , th e  tra n s fo rm a to r  p ro cess  i s  p u l le d  d o r s a l ly  and t h i s  p u l l s  

a l l  o f th e  o th e r  o s s ic le s  p o s te r io r ly  (C h ra n ilo v , 1929)•

The th re e  bones making up th e  W eberian o s s ic le s  i n  th e  

o s ta r io p h y s in e s  a re  a t ta c h e d  to  th e  v e r t e b r a l  column by  c a r t i la g in o u s ,  

f le x ib le  co n n ec tio n s  and th e  th re e  o s s ic le s  a re  connected  to g e th e r  

by s e v e ra l  lig am en ts  (A lexander, 1962). The t r i p u s  i s  connected  to  

th e  second o s s i c l e ,  th e  in te rc a la r iu m , by  lig am en t 5 , and th e  

in te rc a la r iu m  i s  connected  to  th e  m ost a n t e r io r  o s s i c l e ,  th e  scaphium , 

by lig am e n t b  (C h ra n ilo v , 1929). Ligam ents 1 and 2 a re  a s s o c ia te d  

w ith  th e  t r a n s fo rm a to r  p ro cess  and h e lp  keep th e  o th e r  lig am en ts  t a u t
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so  th e y  w i l l  respond to  movements o f th e  swim b la d d e r .  Ligam ent 1 

o r ig in a te s  on th e  os suspensorium , a  sm all bone t h a t  i s  fu sed  to  th e  

m edial s id e  o f th e  b ase  o f  th e  fo u r th  p le u r a l  r i b .  lig am en t 1 i n s e r t s  

on th e  m edial s id e  o f th e  t ra n s fo rm a to r  p ro c e s s . Ligament 2 

o r ig in a te s  on th e  b a se  o f th e  fo u r th  p le u r a l  r i b  and i n s e r t s  on th e  

l a t e r a l  s id e  o f th e  tra n s fo rm a to r .  The e l a s t i c  r e c o i l  o f lig am en ts  1 

and 2 pu l l s  the  tra n s fo rm a to r  d o r s a l ly  and c lo s e s  th e  s l i t  o f  th e  

tu n ic a  e x te rn a  when th e  swim b la d d e r  i s  com pressed. Ligam ents i  and 

2 a ls o  m a in ta in  ta u tn e s s  i n  lig am en ts  3 and 4  so th e y  w i l l  n o t  become 

s la c k  .and th u s  n o t respond  to  movements o f  th e  more p o s te r io r  

o s s ic le s  (A lexander, 19&2j C h ran ilo v , 1929)#

In n e r  e a r

The in n e r  e a r  o f  f i s h e s  c o n s is ts  o f th re e  s e m ic irc u la r  c a n a ls  

and th re e  sen so ry  c a p s u le s ,  each  c o n ta in in g  a  bony o t o l i t h  ly in g  on a 

sen so ry  macula made up o f h a i r  c e l l s  (L ow enstein , 1957)# The p a rs  

s u p e r io r  ( th e  d e te c to r  o f a c c e le r a t io n  and a n g u la r  m otion) c o n s is t s  

o f  th e  s e m ic irc u la r  c a n a ls  and one sen so ry  c a p su le , th e  u t r i c u lu s  

(L ow enstein , 1957)* Ih© p a rs  i n f e r i o r ,  which i s  a s s o c ia te d  w ith  

h e a r in g , c o n s is ts  o f  two c a p s u le s , th e  sa cc u lu s  and th e  lag en a  

(Low enstein  and R o b e rts , 1951)# The two s a c c u l i  a re  connected  by a 

t r a n s v e r s e  can a l t h a t  le a d s  in to  th e  s in u s  endo lym phaticus. The

s in u s  endolym phaticus i s  s e p a ra te d  from  th e  p o s te r io r  a tr iu m , th e
%

s in u s  lm p ar, by a  t h i n  membrane t h a t  keeps th e  perilym ph of th e  s in u s  

im par s e p a ra te d  from th e  endolymph o f th e  in n e r  e a r  (G rasse , 1958)# 

F lu id  m otions s e t  up i n  th e  s in u s  im par a re  tra n s m it te d  to  th e  s in u s  

endolym phaticus and th en ce  to  th e  s a c c u l i .  W ith in  th e  s a c c u lu s ,  th e
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f l u i d  moves th e  s a c c u la r  o t o l i t h ,  th e  s a g i t t a ,  which h as  a w in g -lik e  

e x te n s io n  so  t h a t  i t  can be more e f f i c i e n t l y  moved by  th e  endolym phatic  

f l u i d  (L ow enste in , 1957; Weber, 18 2 0 ). Von F r is c h  (1938b) has a l s o  

su g g ested  t h a t  th e  f l u i d  movements s t im u la te  th e —la g e n a r  o t o l i t h ,  th e  

a s t e r i s c u s ,  th ro u g h  a  t h i n  membrane t h a t  s e p a ra te s  th e  s a c c u lu s  and 

la g e n a , L ow enstein  and R o b erts  (1951) o b ta in e d  n e u ro p h y s io lo g ic a l  

ev id en ce  to  s u p p o rt th e  a u d i to ry  r o l e  o f th e  lag e n a  i n  th e  r a y , b u t  

Furukawa and I s h i i  (1967a, b) have r e c e n t ly  d e term ined  t h a t  th e  lag en a  

i n  th e  g o ld f is h  may n o t  be s tim u la te d  b y  a u d i to ry  s t im u l i .

The perilym ph  o f th e  a tr iu m  s in u s  im par i s  moved by  th e  l a t e r a l  

and m ed ia l movements o f i t s  l a t e r a l  and p o s te r io r  w a l l s ,  which a re  

made up by  th e  scaphium  (C h ra n ilo v , 19 2 9 ). When th e  scaphium  moves 

m e d ia lly , i t  would com press th e  p erily m p h  u n le s s  f l u i d  m otions a re  

c a r r i e d  th ro u g h  t o  th e  in n e r  e a r  (van  B e rg e ijk ,  1967a ) ,

E nger (1 9 6 3 ), Furukawa and I s h i i  (1967a, b ) ,  and  Low enstein 

and R o b erts  (1951) have made r e c o rd in g s  from  th e  s e n so ry  m accu lar and 

a u d i to ry  n e rv es  o f  f i s h e s .  E nger (1963) found t h a t  th e r e  were 

s e v e ra l  c la s s e s  o f  n e rv es  i n  th e  e a r  o f  th e  te n c h , and Furukawa and 

I s h i i  (1967a ,  b )  have found t h a t  th e r e  a re  p o r tio n s  o f  th e  a u d i to ry  

n e rv e  o f th e  g o ld f is h  t h a t  w i l l  fo llo w  a c o u s t ic  s t im u l i  up to  1000 Hz, 

The se n so ry  m acula c o n ta in s  h a i r  c e l l s  t h a t  a re  v e ry  s im i la r  

i n  s t r u c tu r e  to  th e  h a i r  c e l l s  o f  th e  te t ra p o d  in n e r  e a r  and th e  f i s h  

l a t e r a l  l i n e  (F lo c k , 1965; F lock  and W ersK ll, 19 6 2 ). The h a i r  c e l l s  

I n  a l l  th r e e  system s a re  s t im u la te d  by s h e a r in g  f o rc e s  on th e  h a i r s  

(van  B e rg e ijk ,  1967a) and th e re  I s  s tro n g  in d ic a t io n  o f  p o la r iz a t io n  

o f th e se  h a i r  c e l l s  in  th e  bony f i s h  (Furukawa and I s h i i ,  1967a, b )
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j u s t  a s  in  th e  ra y  (L ow enstein  and W ersa ll, 1959) and t e r r e s t r i a l  

v e r te b ra te s  (W e rsa ll, F lo ck , and L undqu ist, 19&5)•
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METHODS AND MATERIALS

B eh av io ra l m easurem ents of h ea rin g  t F ish

A udito ry  th re sh o ld s  w ere determ ined f o r  A styanax mexicanus 

and A. jo rd a n i 40 to  50 mm i n  s tan d ard  l e n g th .  This s iz e  corresponds 

to  th e  young a d u l t  s tag e  f o r  b o th  the r i v e r  and b lin d  an im als  (B reder 

and R asqu in , 19b-7b). The b l in d  f is h  were o b ta in ed  from  th e  Aquarium 

S tock  Company, New York, N. Y. and the Key Aquarium, S ta te n  I s la n d ,

N. Y, I t  was im p o ssib le  to  determ ine th e  cav es  of o r ig in  o f these  

f i s h  b u t  i t  I s  m ost l i k e ly  t h a t  they  were descended from  s t r a in s  from 

La Cueva Chica o r  Cueva de l o s  Sabinos o r t h e i r  h yb rid s s in c e  th ese  

were th e  on ly  b l in d  f is h e s  a v a i la b le  when th e  s to ck s  w ere o r ig in a l ly  

su p p lie d  to  th e  commercial b re e d e rs  and d e a le r s  (C, M. B red e r, J r . ,  

p e rso n a l communication) • A lv arez  (I9b6 , 19b?) has d e s c r ib e d  s e v e ra l 

m orpho log ical d if fe re n c e s  betw een  the  f i s h e s  from th e  two caves b u t 

no d a ta  a re  a v a i la b le  on th e  same s t r u c tu r e s  i n  la b o ra to ry -p ro d u ced  

h y b r id s . For t h i s  rea so n , th e  cave o f o r ig i n  could n o t  be  determ ined  

by com paring th e  a n im a l's  m orphology.

S ev e ra l r iv e r  f i s h ,  f o u r  or f iv e  g e n e ra tio n s  removed from th e  

r iv e r s  i n  Texas, were su p p lie d  by Dr. K enneth R. John from  stocks 

t h a t  he m a in ta in s . Other r i v e r  f i s h  were c o l le c te d  i n  th e  v ic in i ty  

o f San A ntonio , Texas by D*"* C la rk  Hubbs.

The f i s h  were in d iv id u a l ly  housed i n  2 . 5 - l i t e r  a q u a r ia  w ith  

co n tin u o u s a e r a t io n  and f i l t r a t i o n .  For t r a in i n g  and t e s t i n g ,  th ey  

were t r a n s f e r r e d  by n e t  t o  th e  t e s t  tan k  ( sh u tt le b o x )  w hich had



n e i th e r  a e r a t io n  n o r f i l t r a t i o n .  F eed ing , w ith  a  d r ie d  meal p rep ­

a r a t i o n ,  to o k  p la c e  d a i ly  i n  th e  l a t e  a f te rn o o n  a f t e r  a l l  o f th e  

an im als  had been t e s t e d .  W ater tem p era tu re  i n  th e  home ta n k  and 

i n  th e  sh u tt le b o x  was m ain ta in ed  between 2 3 ,8  C and 2 6 ,8  C, A ll 

t e s t i n g  was done d u rin g  th e  day and th e  f i s h  were k e p t on a  norm al 

p h o to c y c le ,

T e st tan k  ( s h u t t le b o x )

The ex p e rim en ta l ta n k  (F ig , 2) was made o f £  in c h  th ic k  

a c r y l i c  p l a s t i c  p a in te d  b la c k  on th e  o u ts id e .  The i n t e r n a l  m easure­

ments o f th e  tan k  were 275 mm lo n g , 75 mm w ide, and 110 mm deep . A 

f la t - to p p e d  b a r r i e r ,  ^5 mm h igh  and 25 mm lo n g , was p la c e d  i n  th e  

c e n te r  o f  th e  tan k  d iv id in g  i t  i n to  two eq u a l com partm ents. The 

ramps le a d in g  to  the to p  o f th e  b a r r i e r  were s lo p ed  a t  A photo­

c e l l  was mounted a t  th e  to p  of th e  b a r r i e r  i n  o rd e r  to  m onito r th e  

c ro s s in g  of th e  b a r r i e r  by th e  f i s h .

The w ater l e v e l  above th e  b a r r i e r  was a d ju s te d  so t h a t  i t  

would p e rm it th e  f i s h  to  c ro s s  th e  b a r r i e r  b u t  i n h i b i t  random c ro s s ­

in g s  betw een p r e s e n ta t io n s  o f  th e  s tim u lu s . The w a te r i n  th e  s h u t t l e ­

box was changed a f t e r  th re e  f i s h  were t e s t e d  in  o rd e r  to  p re v e n t 

oxygen d e p le t io n .

S t a i n l e s s - s t e e l  sc re e n  e le c tro d e s  were p laced  a t  e i t h e r  end 

of th e  ta n k . The e l e c t r i c a l  f i e l d  p re se n te d  th rough  th e se  e le c tro d e s  

w ent th ro u g h  th e  e n t i r e  ta n k , n o t  o n ly  th e  s id e  o f th e  ta n k  w ith  th e  

f i s h .  Shock i n t e n s i t y  was s e le c te d  by o b se rv in g  each  f i s h  d u rin g  i t s  

f i r s t  few  t r i a l s  i n  th e  sh u tt le b o x  and f in d in g  a  shock l e v e l  t h a t  would 

cause th e  an im al to  become a g i ta te d  b u t  d id  n o t damage i t .  No anim al
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FIG . 2 . S h u ttle b o x  and a c o u s t ic  chamber used  in  d e te rm in a tio n s  

o f  th e  a u d ito ry  th re sh o ld s  i n  th e  two s p e c ie s  o f  

A styanax . The lo u d sp e a k e r, l i g h t  source p h o to c e l l  

and e le c tro d e s  a re  a t ta c h e d  to  th e  c o n tro l  a p p a ra tu s  

th ro u g h  jack s  on th e  s id e  o f th e  chamber. The chamber 

was darkened and r e s te d  on double d e f le c t io n  r a i l s  (n o t 

shown) to  h e lp  e l im in a te  low freq u en cy  sounds, AC, 

a c o u s t ic  chamber (h  in ch  w a l l s ) ;  B, b a r r i e r ;  E , e le c tro d e s ;  

FG, f ib e r g la s s ;  FR, foam ru b b e r; IS , lo u d sp ea k e r; ISP, 

p h o to c e ll  l i g h t  so u rce j F , p h o to c e l l ;  SB, s h u tt le b o x .
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was e v e r  l o s t  from  shock# Shock was co n tin u ed  th ro u g h o u t th e  t e s t i n g  

s e s s io n s  and was p re se n te d  whenever th e  anim al d id  n o t  respond to  th e  

sound s tim u lu s  by c ro s s in g  th e  b a r r i e r .

T ra in in g  p rocedure

T hresholds were determ ined  by u s in g  th e  avoidance c o n d it io n in g  

tech n iq u e  developed by  Behrend and B itte rm an  (1962) and m odified  by  

Tavolga and Wodinsky (1963). Animals were t r a in e d  to  c ro ss  th e  b a r r i e r  

in  resp o n se  to  th e  o n se t o f  th e  sound s tim u lu s  i n  o rd e r  to  av o id  r e ­

c e iv in g  an  e l e c t r i c  shock. New an im als  were p laced  in to  th e  s h u t t l e ­

box and allow ed t o  become acc lim a ted  f o r  s e v e ra l  m inutes a f t e r  which 

th e y  were p re se n te d  w ith  a  500 Hz pure s in e  wave a t  +20 dB ( re  1 m icro­

b a r)  f o r  10 seco n d s. I f  th e  f i s h  d id  n o t respond to  th e  sound ( th e  

c o n d itio n e d  s tim u lu s )  w ith in  10 seco n d s, i t  re c e iv e d  an  8 m ill is e c o n d  

60 Hz p u lsed  shock ( th e  u n co n d itio n ed  s tim u lu s )  each second u n t i l  i t  

c ro ssed  th e  b a r r i e r .  When th e  f i s h  c ro ssed  th e  b a r r i e r ,  i t  broke th e  

beam o f l i g h t  to  th e  p h o to c e ll  and b o th  th e  c o n d itio n e d  s tim u lu s  (CS) 

and u n co n d itio n ed  s tim u lu s  (UCS) were s to p p ed .

The r e a c t io n  o f na ive  an im als to  th e  shock c o n s is te d  o f an  i n ­

c re a se  i n  random movement and t h i s  was o f te n  accompanied by b a r r i e r  

c ro s s in g . A f te r  s e v e ra l  shock p r e s e n ta t io n s , th e  f i s h  le a rn e d  to  c ro ss  

th e  b a r r i e r  a f t e r  one o r two sh o ck s. W ith in  s e v e ra l  days th e  f i s h  

s t a r t e d  to  show th e  avoidance response which c o n s is te d  o f c ro s s in g  th e  

b a r r i e r  d u rin g  th e  i n i t i a l  10 seconds d u r in g  which on ly  th e  sound was 

p re se n te d . When th e  f i s h  ach iev ed  a  90$ avoidance l e v e l  and m ain ta in ed  

i t  f o r  th re e  c o n se c u tiv e  d a y s , th re sh o ld  d e te rm in a tio n s  were s t a r t e d .  

An 'av o idance  response*  was re co rd ed  when th e  f i s h  c ro ssed  th e  b a r r i e r



d u rin g  th e  p r e s e n ta t io n  o f th e  sound and b e fo re  th e  o n se t o f shock. 

C ro ssin g  o f th e  b a r r i e r  a s  a  response  to  th e  shock s tim u lu s  c o n s t i tu te d  

an 'e sc a p e  r e s p o n s e '.

The b lin c1 f i s h  had some problem s f in d in g  th e  b a r r i e r  a lth o u g h  

i t  was c l e a r  t h a t  th e y  le a rn e d  to  a s s o c ia te  th e  shock w ith  th e  sound. 

A fte r  s e v e ra l  days o f t r a in in g ,  th e y  e x h ib i te d  in c re a se d  a c t i v i t y  a t  

th e  o n s e t  o f  th e  sound. In  o rd e r  to  h e lp  o r ie n t  to  th e  b a r r i e r ,  an 

a c r y l ic  p l a s t i c  paddle was u sed  to  push th e  b l in d  f i s h  i n  th e  c o r r e c t  

d i r e c t io n  f o r  c ro s s in g  o f th e  b a r r i e r .  The paddle was used  a f t e r  th e  

f i s h  had re c e iv e d  fo u r  o r  f iv e  shocks d u r in g  a  t r i a l .  A f te r  abou t 7 

days t r a in i n g  w ith  th e  p ad d le , th e  b lin d  f i s h  c o n s is te n t ly  found th e  

b a r r i e r  and th e r e a f t e r  th e y  responded to  shock or sound a s  r a p id ly  a s  

d id  th e  eyed r i v e r  f i s h .

The r i v e r  f i s h  le a rn e d  th e  escape response r a p id ly  b u t  d id  n o t 

develop  a  r e l i a b l e  avoidance re sp o n se . A few ach ieved  th e  90% l e v e l  

i n  an open t r a in in g  chamber b u t  th ey  stopped  av o id in g  o r e scap in g  when 

th e y  were moved to  th e  c lo se d  a c o u s t ic  chamber f o r  th re sh o ld  d e te rm i­

n a t io n s ,  A f te r  t r a in in g  th e  f i r s t  s e v e ra l  r i v e r  f i s h  i n  th e  open 

cham ber, subsequen t an im als were t r a in e d  i n  th e  c lo se d  a c o u s t ic  cham­

b e r .  These f i s h  reached  th e  c r i t e r i o n  r a p id ly  and no f u r th e r  t r a in in g  

problem s were en co u n te red .

Threshold  d e te rm in a tio n

S ix  b l in d  f i s h  ( th r e e  male and th re e  fem ale) and e le v en  r iv e r  

f i s h  ( f iv e  male and s ix  fem ale) were used  i n  th e  th re s h o ld  d e term in a­

t i o n s .  T e s tin g  was done i n  a sh u tt le b o x  p la c e d  in s id e  o f an a c o u s tic  

chamber. Each d a y 's  th re s h o ld  d e te rm in a tio n  was n o t s t a r t e d  u n t i l  an  

an im al had g iven  th e  avo idance resp o n se  to  a  pure  tone o f a t  l e a s t



30 dB above th e  th re s h o ld  range f o r  f iv e  su c c e ss iv e  t r i a l s .  T hreshold  

d e te rm in a tio n s  used  th e  up-down s ta i r c a s e  method (von Bek&sy, i 960 ;

Dixon and Massey, 1951) 1 IT  th e  f i s h  responded  to  th e  sound and c ro sse d  

th e  b a r r i e r  d u rin g  th e  10-second CS p e r io d , th e  sound l e v e l  f o r  th e  

n e x t t r i a l  was low ered  by 5 dB, IT  th e  an im al d id  n o t  respond  to  th e  

sound, i t  re c e iv ed  a  shock and i n  th e  n e x t t r i a l  th e  sound p re s su re  

l e v e l  was in c re a se d  by 5 dB, A t th e  b eg in n in g  o f a  d a y 's  t e s t i n g ,  th e  

f i s h  g e n e ra l ly  avo ided  th e  shock u n t i l  th e  sound le v e l  was low ered to  

th e  v i c i n i t y  o f th e  th re sh o ld  f o r  t h a t  fre q u e n c y . There would th e n  be 

a s e r i e s  o f avo idances a l t e r n a t in g  w ith  e s c a p e s . I f  a  f i s h  avoided a 

sound a t  -25  dBjib and th e n  d id  n o t avoid  a t  -30  dBpb, i t  was co n sid ­

e red  to  have made one a l t e r n a t io n .  Twenty o f  th e se  changes c o n s t i tu te d  

th e  b a s is  f o r  th e  th re s h o ld  f o r  t h a t  anim al f o r  t h a t  day . The a c tu a l  

th re s h o ld  was c a lc u la te d  by suramating th e  mean sound p re s s u re  l e v e l s  

o f  su c c e ss iv e  escap e-av o id an ce  o r  av o idance-escape s te p s  and d iv id in g  

by th e  t o t a l  number o f changes f o r  th a t  day (Dixon and Massey, 1951) •

A f te r  each t r i a l  th e re  was a  1-m inute i n t e r t r i a l  i n t e r v a l  ( IT l)  

when no s ig n a l  was p re s e n te d . B a r r ie r  c ro s s in g s  d u rin g  th e  i n t e r t r i a l  

i n t e r v a l  ( i n t e r t r i a l  re sp o n se s)  were c o n tin u o u s ly  m o n ito red , and i f  

th e  f i s h  c ro ssed  th e  b a r r i e r  th r e e  o r more tim es d u rin g  th e  i n t e r t r i a l  

i n t e r v a l ,  th e  w a te r l e v e l  over th e  b a r r i e r  was low ered . This u s u a l ly  

se rv ed  to  low er th e  i n t e r t r i a l  re sp o n se s . I f  i n t e r t r i a l  c ro ss in g s  

were h ig h , re sp o n ses  d u rin g  th e  CS p e rio d  m ig h t, of c o u rse , have r e ­

s u l te d  from  th e  random c ro s s in g s  r a th e r  th a n  response to  th e  sound.

Thresholds were sometimes determ ined  w ith  i n t e r t r i a l  i n t e r v a l s  

t h a t  were randomly changed among 1 , 2 , 3 , h ,  and 5 m in u te s . I f  th e s e
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th re s h o ld s  were d i f f e r e n t  from  th o se  w ith  th e  1-m inute i n t e r t r i a l  

i n t e r v a l ,  th e  f i s h  p ro b ab ly  had developed a tem pora l sense  and were 

resp o n d in g  to  th e  1-m inute IT I r a th e r  th a n  th e  sound s tim u lu s . F ish  

were a l s o  te s te d  w ith  no sound i n  o rd e r  to  determ ine i f  th e  an im als 

were respond ing  t o  ex tran eo u s sounds t h a t  m ight have e x is te d  i n  th e  

system .

A fte r  d e te rm in in g  th e  th re sh o ld  a t  th e  t r a in in g  freq u en cy , th e  

t e s t i n g  was t r a n s f e r r e d  to  a n o th e r  freq u en cy  f o r  th re s h o ld  d e te rm in a­

t i o n ,  The f i s h  w ere g iven  one dayf s t r a in in g  w ith o u t sound a t te n u a ­

t i o n ,  T ra n s fe r  s te p s  o f 100 o r 200 Hz were i n i t i a l l y  u se d , b u t a f t e r  

th e  f i s h  had had ex p erien ce  a t  s e v e ra l  f re q u e n c ie s , t r a n s f e r s  in  

500-Hz s te p s  were u se d . The b l in d  cave f i s h  had no d i f f i c u l t y  i n  th e  

t r a n s f e r  o f  s tim u lu s  response  from  one freq u en cy  to  a n o th e r , b u t th e  

r i v e r  f i s h  t r a in e d  a t  500 Hz d id  n o t  respond  w e ll  to  f re q u e n c ie s  above 

3000 Hz, even when 100-Hz s te p s  were used  i n  th e  t r a n s f e r  from 2500 Hz, 

S e v e ra l  new an im als were g iven i n i t i a l  t r a in in g  a t  3000 Hz, and th e se  

an im als  t r a n s f e r r e d  t h e i r  re sp o n ses  to  f re q u e n c ie s  up to  7500 Hz, th e  

h ig h e s t  t e s t e d .  During th e  co u rse  o f  th e  s tu d y , s e v e ra l  f i s h  were r e ­

tu rn e d  to  p re v io u s ly  te s te d  f re q u e n c ie s  a f t e r  b e in g  t e s t e d  a t  o th e r  

f re q u e n c ie s , i n  o rd e r  to  de term ine i f  th re sh o ld s  were d i f f e r e n t  a f t e r  

a d d i t io n a l  e x p e rien ce  w ith  th e  avo idance p ro ced u re .

F requencies below 3000 Hz were s e le c te d  to  co rresp o n d  to  th e  

f re q u e n c ie s  used  i n  e a r l i e r  s tu d ie s  on o s ta r lo p h y s in e  f i s h e s  (E nger, 

1966 | Jacobs and T avolga, 1967; W eiss, 1967)* Q u a n ti ta t iv e  s tu d ie s  

above 3000 Hz have never been made; f re q u e n c ie s  above 3000 Hz were 

th e r e fo r e  s e le c te d  so  t h a t  th e y  were f a r  enough a p a r t  t o  p rev en t g e t -
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t i n g  th e  red u n d an t d a ta  t h a t  would accum ulate i f  th e  t e s t  to n e s  were 

to o  c lo se  to  one a n o th e r . The to n e s , however, were c lo se  enough to ­

g e th e r  to  show any tre n d s  I n  th e  audiogram .

A coustic  equipm ent

The s tim u lu s  was a  pure tone s in e  wave produced by a H ew le tt-  

Packard 200 CD o r  202 C s ig n a l  g e n e ra to r  and a m p lif ie d  by a -U aeln to sh  

75 aud io  a m p lif ie r  o r a  Dyna K it  35 W att aud io  a m p l i f ie r .  A tte n u a tio n  

in  th e  r iv e r  f i s h  s tu d y  was done u s in g  a H ew lett-P ackard  a t te n u a to r  s e t  

(model 350E>) and i n  th e  b l in d  f i s h  s tu d y  by an a t te n u a to r  b u i l t  in to  

th e  c o n tro l  a p p a ra tu s . A tte n u a tio n  s te p s  of 5 dB were used  i n  a l l  o f 

th e  th re sh o ld  d e-te rm in a tio n s.

The t e s t  s ig n a l  was p re se n te d  through  a  20,3-cm  lo u d sp eak er 

suspended 20 cm above th e  s u rfa c e  o f  th e  w ater i n  th e  s h u tt le b o x . The 

freq u en cy  resp o n se  o f th e  speak er a c c u ra te ly  fo llo w ed  th e  in p u t  s ig n a l  

over th e  range o f s t im u l i  u sed .

During t r a in in g  o f th e  b l in d  f i s h ,  th e  s h u ttle b o x  was p la ce d  

in to  a  c o n ta in e r_ th a t  low ered am bien t n o ise  l e v e l s  by about hO dB, 

T estin g  of th e  b l in d  and r i v e r  f i s h  was i n  an  a c o u s t ic  chamber (In d u s­

t r i a l  A coustics  C o rp o ra tio n ) t h a t  low ered am bient n o ise  by 60 dB when 

m easured w ith  a band p a ss  f i l t e r  s e t  f o r  wide band n o is e . The chamber 

was double w alled  and RF sh ie ld ed #  I t  r e s te d  on double d e f le c t io n  

r a i l i n g s  to  reduce low freq u en cy  p ick u p , and th e  f lo o r  o f th e  chamber 

was l in e d  w ith  a  5-cm th ic k  pad o f foam ru b b e r . The lo u d sp eak er was 

suspended i n  th e  a i r  from  th e  c e i l i n g  o f th e  chamber and was surrounded  

by  f ib e r - g l a s s  and sty ro foam  to  dampen backwaves and produce an  i n f i ­

n i t e  b a f f l e .  In  th e  r i v e r  f i s h  s tu d y , an in c a n d e sc e n t lamp was l e f t
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on in  th e  chamber s in c e  th e  f i s h  s to p p ed  responding  when p laced  in  

com plete d a rk n ess .

C o n tro l ap p a ra tu s

The s o l i d - s t a t e  c o n tro l  a p p a ra tu s  used in  th e  th re s h o ld  d e te r ­

m in a tio n s  has been d e sc r ib e d  in  d e t a i l  by Tavolga (1966) and only  a  

b r i e f  d e s c r ip t io n  i s  in c lu d e d  h e re .  The t r a in in g  o f b o th  k inds o f 

f i s h e s ,  and th e  ‘t e s t i n g  o f  th e  r i v e r  f i s h ,  was done by  u se  o f th e  A udio- 

Ic h th y o tro n  Me IV. T his i s  a sem i-au to m atic  a p p a ra tu s  c o n tr o l l in g  s ix  

ta n k s , any  one of which can be s e le c te d  by th e  ex p erim en to r fo r  a  t r i a l .  

The p r e s e n ta t io n  of th e  s ig n a l ,  tim in g  of th e  CS p e r io d ,  shocking , and 

m o n ito rin g  o f th e  b a r r i e r  c ro s s in g  were a l l  a u to m a tic a lly  c a r r ie d  o u t 

and re c o rd e d . A tte n u a to r  s e t t in g s  were done m anually  an d , du ring  th e  

t e s t i n g  o f th e  r iv e r  f i s h ,  one o f  th e  channels from th e  Mk IV was 

w ired  to  c o n tro l  th e  sh u tt le b o x  in s id e  th e  a c o u s tic  cham ber. I n t e r ­

t r i a l  re sp o n ses  from a l l  s ix  ta n k s  were co n tin u o u sly  m o n ito red .

T hreshold  d e te rm in a tio n s  d u r in g  th e  s tu d y  o f th e  b l in d  f i s h  

were done u s in g  th e  A u d io -Ic h th y o tro n  Me V, The Me V i s  a f u l l y  a u to ­

m atic  d ev ice  modeled a f t e r  the au d iom eter designed  by  von Bekesy 

( i 960) f o r  d e te rm in in g  a u d ito ry  th re s h o ld s  u s in g  th e  s ta i r c a s e  method. 

The Me V c o n tro ls  o n ly  one ta n k , b u t  i t  com plete ly  c o n tro ls  th re sh o ld  

d e te rm in a tio n s . I n t e r t r i a l  re sp o n s e s , la te n c y  o f re sp o n s e , and a t t e n ­

u a to r  s e t t i n g s  a re  rec o rd ed  on a  sev en -ch an n e l p r i n t e r .

The s ig n a l  from  th e  a u d io - o s c i l l a to r  was p u t i n t o  th e  c o n tro l  

a p p a ra tu s  and th e  s ig n a l  was tu rn e d  on by means o f a pho toconductive  

sw itch  w ith  a  r i s e  tim e o f  10 m il l is e c o n d s . This p re v e n te d  sound 

t r a n s ie n t s  from e n te r in g  th e  system  a t  th e  o n se t o f  th e  s ig n a l .



The u n c o n d itio n e d  s tim u lu s  (shock) was produced by  an  i n t e r n a l  

so u rce  i n  th e  Mk IV and by a  v a r ia b le  tra n s fo rm e r  (F is h e r  P o w e rs ta t 

model 136) a t ta c h e d  to  th e  Mk V, Shock p u ls in g  and d u ra t io n  w ere 

c o n t r o l le d  by  th e  c o n t r o l  a p p a ra tu s*  The v o lta g e  was m easured a t  th e  

s o u rc e ,  and no a t te m p ts  ware made to  d e te rm in e  th e  shock i n t e n s i t y  r e ­

c e iv e d  b y  th e  f i s h ,

Sound c a l i b r a t i o n

Sound c a l i b r a t i o n  i n  th e  a c o u s tic  chamber was dona by  p la c in g  

a  hydrophone (Chesapeake In s tru m e n t Company model SB 15^C) i n t o  th e  

w e l ls  o f  th e  t e s t  ta n k . The sound l e v e l  was m easured by  th e  hydrophone 

and a m p lif ie d  th ro u g h  a  t r a n s i s t o r i z e d  p r e - a m p l i f ie r  w ith  a f l a t  g a in  

o f  51 dB, The v o lta g e  to  th e  lo u d sp e a k e r  co rre sp o n d in g  t o  0 dB ( r e  1 jib) 

was m easured a t  each  f re q u e n c y  and th e  v o lta g e  to  th e  sp e a k e r  was s e t  

each  day  to  c o rre sp o n d  to  t h i s  l e v e l .  The ta n k  was r e - c a l i b r a t e d  sev­

e r a l  tim es  d u r in g  th e  co u rse  o f  th e  study* no s ig n i f i c a n t  changes were 

found i n  th e  v o lta g e  l e v e l s  needed  to  p roduce a  s ig n a l  o f 0 dB. Sound 

in p u t  and  o u tp u t w ere c o n tin u o u s ly  m o n ito red  on a  T e k tro n ix  502A 

o s c il lo s c o p e  to  in s u r e  s ig n a l  p u r i t y .  S ig n a l  i n t e n s i t y  v a r ie d  one o r 

two dB i n  d i f f e r e n t  p a r t s  o f  th e  s h u tt le b o x ,  b u t  th e  random movement 

o f  th e  f i s h  com pensated f o r  t h i s  v a r i a t io n  (T avolga and W odinsky, 1963).

Ambient n o is e  l e v e l s  w ere m easured u s in g  a  K rone-H ite  band 

p a ss  f i l t e r  (model 310AB) and a  G eneral R adio  sound l e v e l  m ete r (model 

1551 -C) s e t  a t  th e  recommended w e ig h tin g  netw ork  f o r  each  f re q u e n c y .



S t a t i s t i c a l  a n a ly s is  o f  d a ta

The th re sh o ld s  f o r  each freq u en cy  were c a lc u la te d  by  tak in g  

th e  mean o f  th e  in d iv id u a l  th re s h o ld s  a t  t h a t  freq u en cy . A S tu d e n tfs  

t - t e s t  was used to  compare th re sh o ld s  a t  th e  same f re q u e n c y  between 

th e  two k in d s  o f f i s h e s .  A n a ly s is  o f  v a r ia n c e  was u se d  i n  conqparing 

th re e  o r more a d ja c e n t th re s h o ld s  f o r  each  k in d . Com parisons between 

th e  two com plete aud iogram s, and between p o r tio n s  o f th e  two audiogram s, 

were done w ith  th e  Mann-Whitney U t e s t .

M orphological in v e s t ig a t io n s  -  g e n e ra l methods

The f i s h  used  i n  th e  h i s to lo g ic a l  and an a to m ica l in v e s t ig a t io n s  

were from  th e  same so u rces  a s  th e  an im als used  i n  th e  b e h a v io ra l s tu d ­

i e s .  I n  some in s ta n c e s ,  an im als t h a t  had been used  i n  th e  b e h av io ra l 

s tu d ie s  were p re se rv ed  and used  f o r  d i s s e c t io n .

H is to lo g ic a l  s e c t io n s  were p rep a red  w ith  D e la f ie ld 's  hemo- 

to x y l in  and E o sin  X a s  d e sc rib e d  by L i l l i e  (1965)» D e c a lc if ic a t io n  

was accom plished  i n  a  m o d ified  B o u in 's  s o lu t io n  f o r  a  minimum o f 7 

day s . The B o u in 's  s o lu t io n  c o n ta in e d  90-95$ fo rm ic a c id  in s te a d  o f 

a c e t ic  a c id ,  s in c e  fo rm ic a c id  i s  supposed to  p ro v id e  b e t t e r  d e c a lc i­

f i c a t i o n  (D r. A lb e r t S te n g e r , p e rso n a l com m unication). C ross and s a g i t ­

t a l  s e r i a l  s e c t io n s  a t  10 m icrons were made of whole an im als  a s  w e ll 

as  o f s e p a ra te  p re p a ra t io n s  o f  the  swim b la d d e r , W eberian o s s ic le s ,  

and in n e r  e a r .

A l iz a r in  p re p a ra t io n s ,  u s in g  an  enzym atic m ace ra tio n  procedure 

(T ay lo r , 19 6 7 ), were used  f o r  s tu d ie s  o f th e  g ro ss  s t r u c tu r e  o f the  

Weberian o s s ic le s  and in n e r  e a r .  D is se c tio n s  were made o f  specimens 

p re se rv ed  i n  10$ b u f fe re d  fo rm a lin .
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M easurements were made w ith  a  v e r n ie r  c a l i p e r  and a  Bausch and 

Lomb o p t i c a l  m icrom eter*



RESULTS

A u d ito ry  T hresho lds

B ehavior o f  th e  f i s h  d u rin g  t r a in in g  and ta s t in g  

The Mexican b l in d  cave f i s h  and th e  eyed r iv e r  f i s h  responded 

d i f f e r e n t l y  to  th e  avoidance t r a in in g .

Many v i s u a l ly  dependent sp e c ie s  o f  f i s h e s  le a rn  t o  respond to  

v is u a l  s t im u l i  much more r a p id ly  th an  to  a u d i to ry  s t im u l i  ( Ja c o b s , MS; 

Jacobs and Popper, 1968); th u s  A styanax m exicanus p ro b ab ly  le a rn e d  to  

escape by a s s o c ia t in g  th e  e a s i l y  seen b a r r i e r  w ith  shock te rm in a tio n . 

The b l in d  cave f i s h  had c o n s id e ra b ly  more d i f f i c u l t y  i n  le a rn in g  to  

escape s in c e  th e y  cou ld  n o t o r i e n t  to  th e  b a r r i e r .  They would only  

c ro ss  th e  h u rd le  i f  th e y  moved i n  the  c o r r e c t  d i r e c t io n  a s  a  random 

resp o n se  to  th e  shock . In  o rd e r  to  f a c i l i t a t e  escape t r a in i n g ,  th e  

f i s h  were pushed w ith  a p add le  toward o r  o v er th e  b a r r i e r ,  i f  they  

had n o t c ro sse d  a f t e r  r e c e iv in g  f iv e  shocks i n  a  g iven t r i a l .  A fte r  

ap p ro x im a te ly  7 d a y s , in  which a s s is ta n c e  was needed in  a b o u t 25$ o f 

th e  t r i a l s ,  th e  f i s h  le a rn e d  to  escape c o n s is te n t ly  a f t e r  re c e iv in g  

one o r two sh o ck s . During th e  i n t e r t r i a l  i n t e r v a l ,  t r a in e d  b lin d  f i s h  

would fa c e  th e  b a r r i e r  and rem ain  f a i r l y  s t i l l  in  th e  w a te r ,  whereas 

t r a in e d  r i v e r  f i s h  were a c t iv e  and did  n o t  appear to  show a  s p e c i f ic  

o r ie n ta t io n  re sp o n se .

A f te r  le a r n in g  to  e s c a p e , th e  b l in d  f i s h  s ta r t e d  to  develop 

th e  avo idance re sp o n se , and th e  avoidance la te n c y  (tim e betw een o n se t
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o f th e ' sound and c ro s s in g  of th e  b a r r i e r )  became v ery  s im i la r  to  th e  

avo idance la te n c y  o f th e  r iv e r  f i s h .  B ehavior o f th e  b l in d  f i s h  d u r­

in g  th e  avo idance p o r tio n  o f  th e  t r a in in g  was th e  same a s  th e  b e h a v io r  

o f o th e r  sp e c ie s  o f  f i s h e s  t r a in e d  i n  th e  same manner (Jacobs and 

Popper, 1968; Jacobs and Tavolga, 19&7. 19&8; Tavolga and Wodinsky,

1963, 1965).
The r iv e r  f i s h  le a rn e d  to  escape w ith in  th e  f i r s t  10 t r i a l s

in  th e  s h u tt le b o x  on th e  f i r s t  day of t r a in in g ,  b u t  th e y  seemed to

have co n s id e ra b le  t ro u b le  i n  re a c h in g  th e  avo idance c r i t e r i o n  even 

a f t e r  3 months o f t r a in in g .  During t r a in in g  t h e i r  avoidance resp o n ses  

were n o t c o n s is te n t  from  day to  day , and th e y  appeared  to  be e a s i ly  

d i s t r a c te d  by am bien t v is u a l  s t im u l i .  In  o rd e r  to  m inim ize such v i s ­

u a l  s t im u l i ,  th e  t r a in in g  was s h i f t e d  to  th e  c lo se d  a c o u s t ic  cham ber. 

New r i v e r  f i s h ,  and r i v e r  f i s h  u n s u c c e s s fu l ly  t r a in e d  i n  th e  open 

ta n k , reached  th e  90$  c r i t e r i o n  l e v e l  w ith in  two weeks a f t e r  b e in g  

p laced  in to  th e  c lo se d  chamber (N = 12)■ B lind  f i s h  to o k  4 weeks to  

le a r n  th e  avoidance problem .

More r i v e r  f i s h  th a n  cave f i s h  were used  f o r  th re s h o ld  d e te r ­

m in a tio n s  s in ce  th e  r i v e r  f i s h  had g r e a t  d i f f i c u l t y  i n  th e  t r a n s f e r

o f th e  avoidance resp o n se  from th e  t r a in in g  to n e , 500 Hz, to  o th e r

f re q u e n c ie s .  C onsequen tly , none o f th e  r i v e r  f i s h  co u ld  be used  a t  

a l l  o f  th e  f re q u e n c ie s  f o r  which d a ta  a re  r e p o r te d . The b l in d  f i s h  

had no d i f f i c u l t y  i n  response t r a n s f e r  and th e y  were u sed  a t  a l l  o f  

th e  t e s t  f r e q u e n c ie s .

The f i r s t  f o u r  r i v e r  f i s h  to  re a ch  c r i t e r i o n  i n  th e  a c o u s t ic  

chamber were t r a n s f e r r e d  to  400 Hz a t  which th re sh o ld s  were s u c c e ss -  

f r i l ly  o b ta in e d . The f i s h  were th e n  t r a n s f e r r e d  to  300 Hz b u t  th e y
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stopped  a v o id in g  or e sca p in g  a f t e r  one o r two days o f  t e s t i n g .  The 

f i s h  were t r a n s f e r r e d  back  to  500 Hz and s ta r t e d  a v o id in g  a g a in  a lm o st 

im m ediate ly . B lind  f i s h  were I n i t i a l l y  t r a n s f e r r e d  to  300 Hz and b e­

low  w ith o u t any  t r a n s f e r  problem s.

A ll o th e r  r i v e r  f i s h  were t r a n s f e r r e d  i n i t i a l l y  t o  f re q u e n c ie s  

above th e  t r a in in g  to n e  and no d i f f i c u l t y  was en co u n te red  u n t i l  th e  

f i s h  were t e s t e d  a t  2500 o r 3000 Hz. The f i s h  would n o t av o id  above 

50$  o f  th e  tim e a t  th e se  f re q u e n c ie s  even a f t e r  b e in g  t r a n s f e r r e d  in  

100-Hz s te p s  from  th e  h ig h e s t  freq u en cy  a t  which th e  f i s h  would respond 

and give th re s h o ld s .  I n  o rd e r  to  o b ta in  d a ta  above 2500 Hz, s e v e ra l  

new f i s h  were t r a in e d  a t  3000 Hz and th e se  an im als were s u c c e s s fu l ly  

t r a n s f e r r e d  up to  7500 Hz, T ra in in g  a t  3000 Hz to o k  no lo n g e r  th an  

t r a in in g  a t  500 Hz and th re sh o ld s  ta k en  on th e se  f i s h  a t  f re q u e n c ie s  

below  3000 Hz were th e  same a s  th e  th re sh o ld s  de term ined  w ith  th e  f i s h  

t r a in e d  a t  $00 Hz,

Data were o b ta in ed  a t  300 Hz and below by s h i f t i n g  th e  r iv e r  

f i s h  to  th e se  f re q u e n c ie s  a f t e r  th re s h o ld  d e te rm in a tio n s  a t  h ig h e r  

f re q u e n c ie s  had been made f o r  1 month o r  more. The f i s h  were t r a n s ­

f e r r e d  to  300 Hz in  500-Hz s te p s  from  h ig h e r f re q u e n c ie s .  There was 

no d i f f i c u l t y  o b ta in in g  d a ta  a t  th e  low f re q u e n c ie s  a f t e r  th e  f i s h  

had been t e s t e d  a t  s e v e ra l  h ig h e r  f re q u e n c ie s .

T hresho ld  d e te rm in a tio n s  -  R iv e r f i s h

A u d ito ry  th re sh o ld s  f o r  th e  r i v e r  f i s h  were determ ined  a t  17 

f re q u e n c ie s  from  50 to  7500 Hz. F requencies  below  50 Hz were n o t used  

in  e i t h e r  s tu d y  s in c e  th e  sp eak ers  d id  n o t rep roduce  low freq u en cy  

s ig n a ls  w ith o u t c o n s id e ra b le  d i s to r t i o n  and lo s s  o f  s ig n a l  s t a b i l i t y .



46

T hresho lds f o r  th e  r i v e r  f i s h  a re  shown i n  Table 1 and a re  

re p re se n te d  g ra p h ic a l ly  i n  F ig .  3• A t 50 Hz, th e  mean th re s h o ld  f o r  

fo u r  f i s h  was -1 4 .9  dBjib w ith  a  range o f  - 8 ,8  to  -2 8 ,0  dBpb, The 

th re sh o ld  a t  7500 Hz was + 2.8  dBpb and th e  lo w es t th re sh o ld  f o r  th e  

r iv e r  f i s h  was a t  1000 Hz where th e  th re sh o ld  was -4 0 ,5  dBpb.

. S t a t i s t i c a l  com parisons o f th e  r i v e r  f i s h  th re sh o ld s  a re  

shown i n  Table 2A. The th re s h o ld s  from  100 Hz ( -3 2 .7  dBpb) to  500 Hz 

(-3 0 ,6  dE^ib) v a r ie d  s ig n i f i c a n t ly  (P = 0 .0 0 5 ) , w h ile  th e  th re sh o ld s  

from 800 Hz to  1500 Hz v a r ie d  i n s i g n i f i c a n t ly  (P  = 0 ,1 ) ,  The 

th re sh o ld s  from 2000 to  3000 Hz were a l ik e  (P  -  0 .1 ) ,  b u t  th e re  was 

s ig n i f ic a n t  d if f e r e n c e  betw een th e  th re sh o ld s  from  4000 to  5200 Hz 

(P = 0 .0 5 ) .

The th re s h o ld  d e te rm in a tio n s  a t  1000 Hz f o r  th e  r i v e r  f i s h  

a re  shown i n  Table 3 ,  An a n a ly s is  o f  v a ria n c e  o f th e  th re sh o ld s  o f 

th e  fo u r  f i s h  t e s t e d  a t  1000 Hz showed t h a t  th e  mean th re sh o ld s  were 

a l l  s im i la r  to  one a n o th e r  (P = 0 .1 )  and s im i la r  r e s u l t s  w ere o b ta in ed  

a t  500 Hz (P = 0 ,1 ) ,  A com parison betw een a  s in g le  r i v e r  f i s h  and th e  

audiogram f o r  a l l  o f  th e  r i v e r  f i s h  was n o t  p o s s ib le  s in c e  a  s in g le  

anim al was n o t t e s t e d  a t  a l l  o f th e  f re q u e n c ie s .  I n s te a d ,  a  com posite 

audiogram i s  shown i n  F ig .  4A, The com posite i s  made up o f th e  

th re sh o ld s  f o r  th re e  r i v e r  f i s h t  R17 from 50 to  1500 Hz, R20 from 

2000 to  4500 Hz, and R26 from  5200 to  7500 Hz, The s im i l a r i t y  betw een 

th e  in d iv id u a l  th re sh o ld s  and th o se  f o r  a l l  o f  th e  an im als i s  a p p a re n t 

from F ig . 4A. The th re s h o ld s  among th e  th re e  f i s h  used  i n  th e  com posite 

d id  n o t v a ry  s ig n i f i c a n t l y  from  one a n o th e r  a t  th e  f re q u e n c ie s  where 

th e re  was o v e rlap  o f  th re s h o ld s  d e te rm in ed .

V
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TABLE 1 , A u d ito ry  th re sh o ld s  i n  th e  r i v e r  f i s h ,  A styanax mexicanus

Frequency Mean th re sh o ld  S tandard  Number o f Number o f
( in  Hz) ( in  dB r e  1 jib) d e v ia t io n  d e te rm in a tio n s  an im als

4

4

3 

if

5 

if 

if 

if 

if

5 

if

7 

3 

5

50 -1 4 .9 5
( - 8 .8  to  - 28 , 0 )*

6.41 14

100 —3 2 ,7  
( -2 7 .3  to  -37*8)

8 .88 12

200 -3 9 .1  
( -3 5 .5  to  -4 6 ,5 )

6 ,10 9

300 -3 1 .2  
(—21 ,0  to  —4 0 ,0 )

6.61 13

500 - 30 ,6  
( - 2 3 ,2  to  -4-3,8)

5 .85 16

800 -3 7 .0  
( -3 0 .5  to  -44-.5)

3 .75 12

1000 -4 0 .4 7  
( -3 2 ,1  to  -4 6 ,6 )

5.13 12

1500 -3 7 .1 3  
( -2 7 .7  to  -5 3 .3 )

7 .49 13

2000 -1 9 .8  
( -7 .9  to  -3 4 .0 )

8 .52 12

2500 -2 0 .3  
( -1 4 ,9  to  - 2 6 . 1 )

5.05 15

3000 - 23 .8  
( - 15 .8  to  -3 9 .0 )

6,10 12

3500 -3 2 .4  
( -1 8 .5  to  -4 2 .5 )

8 .58 18

ifOOO —22*9 
( - 1 7 .0  to  -2 8 .0 )

3 .29 8

if500 -2 9 .4  
( -1 5 .8  to  -4 2 .8 )

6 .98 11

co n tin u ed  on n e x t page



TABLE 1 . (co n tin u ed )

5200 

6400 

7500 

*range

—23 *9 
(-1 9 .1  to  -3 0 ,8 )

-1 0 .3  
( -8 .3  to  -14-.5 )

+2.82 
( -6 .8  to  +9.7)
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FIG. 3 . Graph o f  th e  a u d ito ry  th re s h o ld s  o f A styanax m exlcanus.

The o u te r  l i m i t s  on e i t h e r  s id e  o f th e  mean r e p re s e n t  

th e  s ta n d a rd  d e v ia t io n  and th e  in n e r  r e c ta n g le s  show

th e  range o f  th e  95 p e r  c e n t  con fid en ce  v a lu e s . The
/

f ig u re  i s  b ased  on d a ta  i n  Table 1 ,
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TABLE 2 . R e su lts  o f s t a t i s t i c a l  t e s t s  betw een a u d ito ry  
th re s h o ld s  a t  d i f f e r e n t  f re q u e n c ie s

B lin d  f i s hR iver f i s h

P =* P =*Frequency 
( in  Ha)

00 5
100100

100 ----200 -----

300 — 0.1 200
300—0.05

800 500 —0.005

8001000

— 0.11000
2000 -----

1500
2500

2000 ----3000

25003500 — —0.01

3000 —

—0.01
^500 —0 .0 5

5200 —
5200 —

♦ S tu d e n t 's  t - t e s t  u sed  f o r  t e s t i n g  s ig n if ic a n c e  betw een two 
f re q u e n c ie s  and a  one-way a n a ly s is  o f  v a r ia n c e  used f o r  
t e s t i n g  s ig n if ic a n c e  betw een th re e  o r more th re s h o ld s .
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TABUS 3 . D aily  th re s h o ld  d e te rm in a tio n s  f o r  a l l  r i v e r  f i s h  te s te d
a t  1000 Hz

F ish  # Date T hreshold
(dB re  1 ;ib)

R17 Feb. 3 f 1968 
March 1 , 1968 
March 9» 1968

-3 5 .0
-3 8 .0
-3 4 .8

-3 5 .9  Mean th re s h o ld

R15 March 2 , 1968 -3 9 .5
March 4 . 1968 -4 5 .0
March 5 . 1968 -4 6 ,6

-4 3 .7  Mean th re s h o ld

R12 March 8 , 1968 -4 5 .5
March 9 . 1968 -3 6 .8
March 11 , 1968 -3 2 .1

-3 8 .1  Mean th re s h o ld

R20 March 15. 1968 -4 1 .3
March 18 , 1968 -4 4 .8
March 19 , 1968 -4 6 .3

-4 4 .1  Kean th re s h o ld
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FIG. 4 , Graph o f  th e  a u d i to ry  th re sh o ld s  o f  th e  M exican b l in d  

cave f i s h ,  A styanax .jo rdan i u s in g  d a ta  p re se n te d  in  

Table 4 . The o u te r  l i m i t s  on e i t h e r  s id e  o f  th e  mean 

show th e  s ta n d a rd  d e v ia t io n s  and th e  in n e r  r e c ta n g le s  

r e p re s e n t  th e  range o f  th e  95 p u r c e n t  co n fidence  

v a lu e s . The s ta n d a rd  d e v ia t io n  and con fid en ce  l im i t s  

a t  4500, 5200 and 6400 Hz cou ld  n o t  be c a lc u la te d  

s in ce  th e r e  were n o t  enough th re s h o ld  d e te rm in a tio n s  

made a t  th e s e  p o in ts .
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A udito ry  th re s h o ld s  -  B lin d  cave f i s h

A ud ito ry  th re sh o ld s  f o r  th e  b l in d  cave f i s h  were determ ined  

a t  16 f re q u e n c ie s  from  50 t o  6400 Hz. Table 4  shows th e  th re s h o ld s ,  

s ta n d a rd  d e v ia t io n s ,  ra n g e , and number o f  d e te rm in a tio n s  a t  each 

fre q u e n c y . At 50 Hz, th e  mean th re sh o ld  was -1 9 .7  dB ( r e  1 31b) f o r  

10 d e te rm in a tio n s  on th re e  an im a ls . The th re sh o ld  a t  6400 Hz was 

+ 1.5  dBjxb f o r  one d e te rm in a tio n . The g r e a t e s t  a u d ito ry  s e n s i t i v i t y  

i n  th e  cave f i s h  was a t  1000 Hz a t  which th e  th re sh o ld  was -4 8 .2  dBpb 

w ith  a  range of -35*1 to  -5 6 .1  dBpb. The th re sh o ld s  a t  1000 Hz and

a t  800 Hz d id  n o t  d i f f e r  s i g n i f i c a n t l y  (P = 0 ,1 ) .

The a u d i to ry  th re s h o ld s  o f  th e  b l in d  cave f i s h  a re  re p re se n te d  

g r a p h ic a l ly  i n  F ig ,  5 . S t a t i s t i c a l  a n a ly se s  o f  th e  th re s h o ld s  were 

made t o  determ ine i f  th e  th re s h o ld s  a t  f re q u e n c ie s  c lo se  t o  one 

a n o th e r  were s t a t i s t i c a l l y  s im i la r .  Table 2B summarizes th e  com parisons 

o f th e  t - t e s t s  and an a ly se s  o f v a r ia n c e . The th re sh o ld s  a t  50 Hz 

( -1 9 .7  dBpb) and 100 Hz (-2 0 .1  dBpb) were s im i la r  (P = 0 .5 )  as  were

th e  th re sh o ld s  from  200 to  500 Hz (P  = 0 .3 )  and 4000 Hz to  5200 Hz

(P *= 0 .1 )  There was s ig n i f i c a n t  v a r i a t io n  i n  th e  th re sh o ld s  from 

2000 to  3500 Hz (P = 0 .0 1 ) .

The a u d i to ry  th re s h o ld s  d id  n o t v a ry  s ig n i f i c a n t ly  between 

in d iv id u a l  b l in d  f i s h .  Mean th re sh o ld s  were c a lc u la te d  f o r  in d iv id u a l  

f i s h  a t  500 Hz (T ab le  5) and th e  th re sh o ld s  were found t o  be in s ig n i ­

f i c a n t l y  d i f f e r e n t  from one a n o th e r  (P = 0 ,1 ) .  S im ila r  a n a ly s is  o f 

th e  d a ta  a t  1000 Hz a ls o  showed th e  s im i l a r i t y  betw een th e  mean 

th re s h o ld s  o f d i f f e r e n t  an im als  (P -  0 ,1 ) .
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TABUS 4 , A u d ito ry  th re sh o ld s  i n  th e  Mexican b l in d  cave f i s h ,
A styanax .jo rdan i

Frequency Mean th re s h o ld  S tan d a rd  Number of Number of
( in  Hz) ( in  dB r e  1 jib) d e v ia t io n  d e te rm in a tio n s  an im als

50 -1 9 .7  
( -1 5 .9  to  -2 6 ,3 )*

3 .3 1 10 3

100 -2 0 ,1  
( -1 2 ,8  to  -2 8 ,7 )

4 .4 5 12 3

200 -**2,3 
(-2 7 ,1  to  -5 8 .2 )

9 .3 3 16 3

300 —39.2  
( -2 8 .7  to  -4 6 .6 )

4 .9 3 12 3

500 -**2,1 
( -3 5 .9  to  -5 1 .2 )

3 .5 4 27 5

800 -**5» 5 
( -3 5 .8  to  -6 0 ,2 )

5 .7 6 21 4

1000 -**8,2 
( -3 5 .1  to  - 56 . 1 )

6 .5 5 19 5

1500 -3**,8 
( - 30 .2  to  -**3,7)

3 .8 2 16 4

2000 -2 1 .8  
(-1 4 .3  to  -3 0 .5 )

6 .1 8 14 4

2500 **25«9 
( -1 9 .5  to  - 3 6 . 1 )

5 .1 0 9 3

3000 —17*3 
( - 10.5  t o  -3 5 .8 )

7 .4 8 9 3

3500 -2 4 ,0  
( -1 5 .5  to  -3 0 .9 )

4 .9 0 8 3

4ooo -5 .7 6  
( -2 ,2  to  -8 ,8 )

2 .7 5 6 3

4500 - 2 ,2  
( -9 .2  to  + 6 ,5)

- 4 2

c o n tin u e d  on n e x t page
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TABUS 4 ,  (c o n tin u e d )

5200 - 9 .0  -  2 1
( —8 .1  to  “9 • 1)

6400 +1.5 -  1 1

♦range

/
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FIG. 5 . A. Com parisons betw een th e  a u d ito ry  th re s h o ld s  f o r

in d iv id u a l  r i v e r  f i s h  and th e  com posite th re s h o ld  

d a ta  f o r  a l l  o f  th e  r i v e r  f i s h .  D if f e r e n t  an im als 

were used  f o r  th e  th re s h o ld s  a t  d i f f e r e n t  p o in ts  

s in c e  no s in g le  r i v e r  f i s h  co u ld  be t e s t e d  a t  a l l  

f re q u e n c ie s  due to  b e h a v io ra l  problem s ( see t e x t ) . 

The a u d i to ry  th re sh o ld s  f o r  th e  th re e  f i s h  used  in  

th e  graph were v i r t u a l l y  i d e n t i c a l  when th e y  were 

determ ined  a t  th e  same freq u en cy ,

B. A u d ito ry  th re sh o ld s  f o r  th e  Mexican b l in d  cave f i s h  

A23 compared to  th e  com posite th re s h o ld s  f o r  a l l  

o f  th e  b l in d  cave f i s h .  A23 was t e s t e d  a t  a l l  

f r e q u e n c ie s ,  as  were s e v e ra l  o th e r  b l in d  cave f i s h .



L  FisBi

+ 10

-10 t -

IV^J
rrra

m
EA3

c=~3

20

- 3 0

- 4 0

- 3 0  —

psr?. — 4 0  £—

- 5 0

-o Composite Threshold D a t a — River F ish
-o R i v e r  F i s h  R  1 7  

R i v e r  F i s h  R 2 Q  

-o  R i v e r  F i s h  R 2 6

/

PJHsnisaei S M  Cave FisOi
o--------------- o C o m p o s i t e  T h r e s h o l d  B a t a — B l i n d f i s h  j0''°sv /

o 1 - o B i i n d f i s h  A  2 3  r  o

x a a B a w

5 0 100 200

1 1 1 I
5 0 0  1 0 0 0

. U\ NO

2000 5 0 0 0  8 0 0 0

F I S S § S S i»  ( in Hz



TABIE 5* D a ily  th re sh o ld  d e te rm in a tio n s  f o r  a l l  b l in d  cave f i s h
te s t e d  a t  500 Hz

F ish  # Date T hreshold
(dB r e  1 jib)

A7 Nov.
Nov.
Nov.
Nov,
Jan ,

10 ,
U ,
12,
13,

3 ,

1966
1966
1966
1966
1967

-3 9 .5  
—40 .8 
-4 2 .0  
-*JO.9 
-3 8 .9  

/

- to  .0  Mean th re s h o ld

Al6 Nov, 15, 1966 -3 8 ,4
Nov. 16 , 1966 - t o . 7
Nov. 17, 1966 -3 7 .8

-3 8 .9  Mean th re s h o ld

A18 Ja n . 15, 1967 -3 5 .8
Jan . 16, 1967 - t o . 3
Ja n . 17 , 1967 -4 5 .0
Jan , 18 , 1967 - to  .5
Ja n . 20 , 1967 to-7.5
Jan . 21 , 1967 - t o  .8
Ja n . 22, 1967 —4 0 ,8
Jan . 23 , 1967 —4 5 .8
Feb. 1967 -3 9 .1

-4 2 ,1  Mean th re s h o ld

A23 Ja n . 24, 1967 —40 .6
Jan . 25 , 1967 -3 9 .8
Ja n . 26 , 1967 -4 3 .0
Jan . 28 , 1967 -3 6 .5
Feb. 1 ^ , 1967 -3 8 .5

-39*7 Mean th re s h o ld

co n tin u ed  on n e x t page



TABIE 5* (co n tin u ed )

Jan . 26 f 196? -4 4 ,8
Feb. 2 , 196? -3 9 .8
Feb. 3 , 196? -4 5 .0
Feb. 196? -5 1 .2
Feb. 6 . 1967 -3 7 .1

-4 3 .6  Mean th re sh o ld
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The th re sh o ld s  f o r  b l in d  cave f i s h  number A23 a re  p l o t t e d ,  

a lo n g  w ith  th e  th re s h o ld s  f o r  a l l  o f  th e  b l in d  f i s h ,  in  F ig , 4B,

A23 was s e le c te d  a s  th e  r e p re s e n ta t iv e  anim al s in c e  i t  was t e s t e d  a t  

a l l  f re q u e n c ie s  used  i n  th e  s tu d y . I t  i s  c l e a r  from  F ig , 4B t h a t  th e  

th re sh o ld  d a ta  f o r  A23 a re  v e ry  s im i la r  to  th e  combined d a ta  f o r  a l l  

o f th e  b l in d  f i s h .

Audiogram com parisons

A com parison o f  th e  audiogram s o f th e  b l in d  f i s h  and r i v e r  

f i s h  was made u s in g  th e  Mann-Whitney U t e s t .  The d if f e r e n c e s  between 

th e  two com plete audiogram s (F ig , 6) were n o t s ig n i f i c a n t  (P = 0 ,1 ) ,  

Comparisons betw een in d iv id u a l  p o in ts  on th e  two audiogram s w ere made 

u s in g  th e  S tuden t*s t - t e s t ,  and s ig n i f i c a n t  v a r i a t io n  was found a t  

in d iv id u a l  f re q u e n c ie s  from  100 t o  1000 Hz and from  3000 to  6400 Hz,

The Mann-Whitney U t e s t  was used  to  compare th e  p o r tio n s  o f th e  two 

audiogram s from  50 to  1500 Hz and from  2000 to  6400 Hz; th e  d i f f e r e n ­

ces in d ic a te d  by  th e  t - t e s t  were shown to  be n o t  s ig n i f i c a n t  (P = 0 ,09? 

and P = 0 ,0 5 2 , r e s p e c t iv e ly )  when th e  segments o f  th e  audiogram  were 

co n s id e red  to g e th e r .

B eh a v io ra l c o n tro ls

T hresho lds a t  500 Hz were determ ined  f o r  s e v e ra l  b l in d  f i s h  

b o th  im m ediate ly  a f t e r  t r a in in g  and a f t e r  a  4-m onth p e r io d , d u rin g  

which tim e th e  f i s h  were t e s t e d  a t  a v a r ie ty  o f o th e r  f re q u e n c ie s .

The th re sh o ld s  f o r  th e  b l in d  f i s h  b e fo re  and a f t e r  th e  a d d i t io n a l  

avoidance e x p e rien ce  were compared i n  o rd e r to  determ ine w hether ex­

p e r ie n c e  i n  any way a f f e c te d  th e  a u d i to ry  th r e s h o ld s .  No d if f e r e n c e s
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FIG, 6 , A com parison betw een th e  a u d i to ry  th re s h o ld s  f o r  th e  

two sp e c ie s  o f  Astyanax and th e  am bient n o ise  l e v e ls  

i n  th e  a c o u s t ic  chamber. Bandwidth n o is e  l e v e l s  were 

determ ined  u s in g  a  band-pass f i l t e r  up to  2500 Hz, 

Above 2500 Hz th e  am bient n o is e  le v e ls  c o u ld  n o t be 

determ ined  due to  e l e c t r i c a l  n o ise  i n  th e  system . 

Spectrum  l e v e l s  o f  am bient n o is e  (n o ise  p e r  c y c le )  was 

c a lc u la te d  from  th e  bandw idth  n o ise  l e v e l .
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were found t h a t  cou ld  be a t t r i b u t e d  to  th e  a d d i t io n a l  e x p e r ie n c e ,

Buerkle (196?) found some evidence that larger codfish have 
lower auditory sensitivity at some frequencies than smaller ones,
H a rris  (l96h ) p re d ic te d  t h a t  a s  th e  swim b la d d e r  o f a  f i s h  e n la rg e s ,  

th e  re so n a n t freq u en cy  would become low er and t h i s  may a f f e c t  a u d i t io n .  

A ll  o f  th e  f i s h  u sed  in  th e  experim en ts d e sc rib e d  h e re  were o f s im i la r  

le n g th  so t h a t  no v a r ia t io n  i n  th re sh o ld  could  be a t t r i b u t e d  to  

d if f e r e n c e s  i n  s i z e .

The tem p era tu re  v a r ie d  i n  th e  home and t e s t  ta n k s  from  2 3 ,8  C 

to  2 6 ,8  C, There i s  some su g g e s tio n  i n  th e  l i t e r a t u r e  t h a t  f i s h  w i l l  

g ive  d i f f e r e n t  th re sh o ld s  a t  d i f f e r e n t  tem p era tu re s  (Dudok van H eel, 

1953; O f fu t t ,  1968, p e rso n a l com m unication). I n  o rd e r  to  determ ine 

w hether th e  a u d i to ry  th re sh o ld s  o f A styanax would v a ry  w ith in  th e  

3 -d eg ree  tem p era tu re  range u sed , r i v e r  f i s h  R15 was m ain ta in ed  and 

t e s t e d  a t  b o th  ends o f th e  range w ith  c a r e f u l ly  c o n tro l le d  tem pera­

tu r e s ,  Three d e te rm in a tio n s  were made a t  23 ,8  G and th re e  d e term in a­

t io n s  a t  26 .8  C, The mean th re sh o ld s  w ere -33*5 dBjib and -3 ^ ,5  dBjib, 

r e s p e c t iv e ly .  The v a r ia t io n  r e s u l t in g  from  tem p era tu re  was n o t s ig ­

n i f i c a n t .

No d if f e r e n c e s  were found in  th e  a u d ito ry  th re s h o ld s  o f male 

and fem ale f i s h .

Ambient n o ise  l e v e l s

Ambient n o ise  l e v e l s  i n  th e  a c o u s t ic  chamber were m easured, 

and th e  sound spectrum  le v e l  (n o ise  l e v e l  p e r  c y c le )  was c a lc u la te d .

The bandw idth n o ise  l e v e l  and spectrum  le v e l  o f  th e  am bient n o ise  i s  

shown i n  F ig , 6 f a lo n g  w ith  th e  th re s h o ld s  f o r  th e  r i v e r  and th e  b l in d
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cave f i s h .  Bandwidth n o ise  l e v e l s  had  to  be e x tr a p o la te d  from  th e  

v a lu e s  m easured above 3000 Hz s in c e  e l e c t r i c a l  n o is e  would have masked 

th e  am b ien t n o ise  l e v e l s  a t  th o se  f r e q u e n c ie s .  The n o ise  l e v e l  in  

th e  cham ber d e c re a se s  up to  3000 Hz and shou ld  be exp ec ted  t o  d ec rease  

even f u r t h e r  s in c e  th e  g r e a te r  p o r t i o n  o f th e  noi.se i n  the  la b o ra to ry  

c o n s is te d  o f lo w -freq u en cy  sounds produced  by  movement in  th e  la b o ra ­

to r y ,  s t r e e t  n o is e s ,  and  sounds from  th e  subway seven  f lo o r s  below .

Bandwidth n o is e  le v e ls  w ere o b ta in ed  b y  p la c in g  a  microphone 

in  th e  a c o u s t ic  cham ber and p a s s in g  th e  s ig n a l  th ro u g h  th e  band pass  

f i l t e r  and  in to  a  sound  le v e l  m e te r .  The h ig h  and low f i l t e r  s e t t in g s  

on th e  band pass  f i l t e r  were s e t  a t  th e  same fre q u e n c y , a llo w in g  a  

band o f  n o is e  to  p a s s  th rough  th e  f i l t e r  around  t h i s  c e n te r  freq u e n c y . 

The bandw idth  - f  th e  p assed  n o ise  was found b y  m u lt ip ly in g  th e  c e n te r  

freq u en c y  b y  1 ,30  and  0 .7 7 , s p e c i f i c a t io n s  s u p p lie d  w ith  th e  f i l t e r .  

The bandw id th  in c lu d e d  a l l  f r e q u e n c ie s  a t  w hich th e  n o ise  l e v e l  p e r 

cy c le  was w ith in  3 dB o f  th e  n o ise  l e v e l  a t  th e  c e n te r  fre q u e n c y . The 

n o ise  p a s se d  drops o f f  on e i t h e r  s id e  o f th e  c e n te r  fre q u en c y  i n  a 

norm al c u rv e . Once th e s e  3-dB down p o in ts  w ere p a s se d , th e  n o ise  

dropped o f f  a t  24 dB p e r  octave an d  i t  was so  m inim al t h a t  i t  cou ld  

be ig n o re d  i n  th e  c a lc u la t io n s .  The sound sp ec tru m  le v e l  was 

c a lc u la te d  by  c o n v e r tin g  th e  bandw id th  of p a s se d  n o ise  to  dB ( = 1 0  lo g  

bandw id th) and s u b tr a c t in g  t h i s  from  th e  bandw id th  n o ise  l e v e l  

(S c h a rf ,  1966).

The n o ise  l e v e l s  i n  th e  a c o u s t ic  chamber were a t  l e a s t  20 dB 

below  th e  th re s h o ld s  f o r  b o th  a n im a ls  and th e  spec trum  l e v e l  was 

over 30 dB below  th e  th re s h o ld  l e v e l s .



6?

The bandw idth n o is e  le v e l  was determ ined  s e v e ra l  tim es d u rin g  

the  co u rse  o f  th e se  s tu d ie s  and th e re  was no s ig n i f i c a n t  v a r ia t io n  

in  th e  bandw idth  n o ise  l e v e l s .

Morphology o f  th e  A ud ito ry  A pparatus

In n e r  e a r

Schemmel (1967) found  no d if f e r e n c e  betw een th e  in n e r  e a r s  o f 

A styanax m exicanus and A, a n tro b iu s  from  Cueva de l a  Pachon. No d i f ­

fe re n c e s  were found i n  th e  e a r s  o f th e  two forms o f A styanax used  i n  

the ex p erim en ts  d e sc rib e d  h e re .

The m ost v a r ia b le  p o r tio n s  o f th e  in n e r  e a r  were th e  o t o l i t h s .  

The la g e n a r  o t o l i t h ,  th e  a s te r i s c u s ,  e x h ib i te d  th e  g r e a t e s t  v a r ia t io n  

in  sh ap e , and th e  u t r i c u l a r  o t o l i t h ,  th e  l a p i l l u s ,  a l s o  showed some 

v a r i a t io n .  The a s te r i s c u s  and l a p i l l u s  a re  r e l a t i v e ly  f l a t ,  ovate 

c a lc a re o u s  c o n c e n tra tio n s  w ith  p i t t e d  ed g es . The l a t e r a l  su rfa c e s  o f 

both  s to n e s  a re  s l i g h t l y  convex and th e  d o rs a l  and v e n t r a l  m argins o f  

th e  l a p i l l u s  a re  somewhat f l a t t e n e d  (F ig ,' 7 ) ,  The d o r s a l  m argin o f  

the  a s t e r i s c u s  i s  f l a t  and has a V -shaped no tch  th a t  v a r ie d  in  dep th  

in  d i f f e r e n t  specimens (F ig .  8 ) ,  The v e n t r a l  m argin o f  s e v e ra l o f 

the  a s t e r i s c u s  specim ens had s e r r a te d  e d g e s . The i n t r a - s p e c i f i c  v a r i ­

a t io n  i n  th e  shape o f th e  o to l i th  was a s  g r e a t  as th e  i n t e r - s p e c i f i c  

v a r i a t io n .

In  o rd e r  to  de term ine  i f  th e re  was s ig n i f i c a n t  v a r ia t io n  i n  

the  l e n g th ,  d ep th , and w id th  o f th e  two o t o l i t h s ,  th e y  were removed 

from f iv e  b l in d  f i s h  and fo u r  r i v e r  f i s h  s ta in e d  in  A l iz a r in  re d , 

and m easured . A ll o f  th e  f i s h  were betw een 40 and 44- mm i n  s ta n d a rd  

le n g th . The a s te r i s c u s  had a  mean d ia m e te r  o f 1 ,10  mm i n  th e  b l in d
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FIG. ? ,  Drawings o f  th e  l a t e r a l  view  o f th e  l a p i l l u s ,  th e

u t r i c u l a r  o t o l i t h .  The th re e  r i v e r  f i s h  and th re e  b l in d  

f i s h  s to n es  a r e  r e p re s e n ta t iv e  o f th e  o t o l i t h s  found 

i n  a l l  o f  th e  f i s h .
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FIG, 8 , Drawings o f  th e  l a t e r a l  view  o f th e  la g e n a r  o t o l i t h s ,  

th e  a s t e r i s c u s ,  o f  th e  r i v e r  and b l in d  f i s h .  The 

o t o l i t h s  shown a re  r e p re s e n ta t iv e  o f a l l  of th e  s to n e s  

used  i n  th e  s tu d y .
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f i s h  and 1 .9  mm i n  th e  r iv e r  f i s h .  The d if f e re n c e  .was n o t s ig n i f i c a n t  

acco rd in g  to  the  S tu d e n t 's  t - t e s t  (P = 0 ,7 )*  The maximum w id th  o f 

th e  a s te r i s c u s  was 0 .9 7  mm in  th e  b l in d  f i s h  and 0 .9 ^  mm in  th e  r iv e r  

f i s h  (P  = 0 ,7 ) t and th e  mean dep th  o f the  two s to n e s  a ls o  v a r ie d  in ­

s ig n i f i c a n t ly  (P = 0 ,6 ) ,  S im ila r  measurements made o f th e  l a p i l l u s  

in d ic a te d  no in t e r - s p e c i f i c  v a r i a t io n  in  th e se  o t o l i t h s .

S e r ia l  s e c t io n s  of the  s a g i t t a  were examined s in c e  th e  bone 

i s  v e ry  sm all and d i f f i c u l t  to  d i s s e c t  ou t w ith o u t d e s tro y in g  i t .  The 

s a g i t t a  does n o t ap p ear to  v a ry  s ig n i f i c a n t ly  betw een th e  two f i s h  

and p r o je c t io n  in to  th e  endolymph (se e  F ig . 9) appears to  be o f th e  

same le n g th  in  th e  b l in d  and r i v e r  f i s h e s .  The co n n ec tio n  w ith  th e  

s a c c u la r  macula, upon which th e  s a g i t t a  l i e s ,  i s  th e  same i n  bo th  k inds 

o f f i s h e s ,  and no d if f e re n c e s  co u ld  be a s c e r ta in e d  in  th e  shape o f th e  

s a c c u lu s  i n  e i th e r  form . The r e la t io n s h ip  o f th e  s a g i t t a  to  th e  t r a n s ­

v e rse  c a n a l ,  th rough  which the  f l u i d  movements pass to  move th e  s a g i t t a ,  

are  th e  same in  b o th  f i s h e s .

Comparisons were made betw een th e  e a r  s t r u c tu r e s  o f m ales and 

fem ales to  determ ine i f  any s e x u a l d if fe re n c e  cou ld  be found . In  the  

e a r ,  a s  in  a l l  o f th e  o th e r  s t r u c tu r e s  t h a t  a re  d iscu ssed  below , no 

se x u a l d if fe re n c e s  were ap p a re n t.

Swim b la d d e r

Comparisons o f the  swim b la d d e r  were made u s in g  specim ens th a t  

had been  p rese rv ed  i n  fo rm alin  f o r  ap p rox im ate ly  b  months. The f iv e  

male and s ix  fem ale r iv e r  f i s h  were from 38 ,2  to  83 .5  rom in  s ta n d a rd  

le n g th .  The fo u r male and fo u r  fem ale b lin d  f i s h  were from 3 ^ .5  to  

57*5 nan in  s tan d a rd  le n g th . S in ce  th e  v a r ia t io n  i n  s tan d a rd  le n g th
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FIG. 9* A. Photograph o f a c r o s s - s e c t io n  o f th e  two s a c c u l i  o f 

r iv e r  f i s h  SR20, The two o t o l i t h s  a re  a t  s l i g h t l y  

d i f f e r e n t  l e v e l s  and th e y  a re  ly in g  on th e  sen so ry  

m acula. The photograph  shows th e  tra n s v e rs e  c an a l 

th a t  co n n ec ts  th e  two s a c c u l i  and a llow s th e  move­

ments o f  th e  endolym phatic f l u i d  in  one sac cu lu s  to  

be c a r r ie d  through  to  th e  o th e r .  (100 X ).

B, Enlargem ent o f  one o f  th e  s a c c u la r  o t o l i t h s  o f  r i v e r  

f i s h  R20 shown in  F ig ,  9A. The co n n ec tio n  between 

th e  s a g i t t a  and th e  sen so ry  macula a t  th e  edge of 

th e  o t o l i t h  can be s e e n , (h-30 X).

Sf s a g i t t a ;  W, wing o f  s a g i t t a ,  C, t r a n s v e r s e  c a n a l; 

Hf sen so ry  h a i r  c e l l s .
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was l a r g e ,  i t  was n o t  p o s s ib le  to  compare th e  a b s o lu te  v a lu e s  o f  th e  

v a r io u s  m easures t h a t  were made. In s te a d ., com parisons were made u s in g  

a  r a t i o  d e r iv e d  by  d iv id in g  th e  a b s o lu te  value  i n to  th e  s ta n d a rd  le n g th  

o f  th e  f i s h  o r  i n t o  th e  maximum d e p th  o f  th e  f i s h ,  w h ichever was appro­

p r i a t e  ,

A lthough th e  s ta n d a rd  le n g th s  v a r ie d  c o n s id e ra b ly ,  th e r e  i s  

l i t t l e  v a r i a t io n  i n  th e  i n t e r - s p e c i f i c  r a t i o  and t h i s  in d ic a te s  t h a t  

th e  growth r a t e  o f  th e  swim b la d d e r  i s  l i n e a r  w ith  r e s p e c t  to  th e  t o ­

t a l  growth r a t e  o f  th e  f i s h e s .

The r a t i o  o f th e  mean le n g th  o f  th e  a n t e r i o r  chamber o f  th e  

tw o-cham bered swim b la d d e r  i s  1 4 ,3  i n  th e  r iv e r  f i s h  and 13 .6  i n  th e  

b l in d  cave f i s h .  V a r ia t io n  i n  th e  le n g th  (P = 0 ,6 ) ,  maximum d e p th  

(P = 0 ,3 ) ,  and maximum w id th  (P  = 0 .4 )  o f  th e  a n t e r i o r  chamber i s  n o t 

s i g n i f i c a n t .  S im ila r  m easurem ents w ere made on th e  p o s te r io r  cham ber, 

a l th o u g h  i t  i s  p ro b a b ly  n o t  in v o lv e d  i n  a u d it io n  (A lex an d e r, 1966), 

and th e r e  were i n s i g n i f i c a n t  d i f f e r e n c e s  between th e  two s p e c ie s .

The shape o f  th e  swim b la d d e r  i s  th e  same i n  b o th  s p e c ie s  and

th e  co n n e c tio n  t o  th e  W eberian o s s i c l e s  (see  below ) i s  i d e n t i c a l  i n  

th e  two fo rm s. H is to lo g ic a l  ex a m in a tio n  was n o t  e x te n s iv e ly  u n d e r­

ta k e n  s in c e  th e  c e l l u l a r  s t r u c tu r e  o f  th e  swim b la d d e r  does n o t  ap p ear 

to  have a  s ig n i f i c a n t  e f f e c t  on i t s  a u d i to ry  r o le  (A lex an d er, 1 9 6 6 ).

W eberian o s s ic le s

The in v e s t ig a t io n s  o f  th e  W eberian a p p a ra tu s  were l im i te d  to  

th e  s t r u c tu r e s  t h a t  a c tu a l ly  p la y  a  r o le  i n  t r a n s m is s io n  o f a c o u s t ic  

e n e rg y  (F ig ,  1 ) ,  The f i r s t  fo u r  v e r te b ra e  a re  g e n e r a l ly  in c lu d e d  in  

d is c u s s io n s  o f th e  W eberian a p p a ra tu s  (see  N elson, 1949; N ia z i ,  1967;



W eitzm an, 1 9 6 2 ), b u t  s in c e  th e y  have no r o le  i n  e n e rg y  t r a n s m is s io n , 

o n ly  th e  a re a s  o f  a c tu a l  c o n ta c t  w ith  th e  f u n c t io n a l  o s s i c l e s  WBre 

exam ined e x te n s iv e ly .  C u rso ry  ex am in a tio n  o f  th e  f i r s t  fo u r  v e r te b ra e  

d id  n o t  show any  s i g n i f i c a n t  d i f f e r e n c e s  betw een th e  b l in d  cave f i s h  

and th e  r iv e r  f i s h .  Some a u th o rs  c o n s id e r  th e  f i r s t  o s s ic le  to  be 

th e  c la u s tru m  (W eitzm an, 1 9 6 2 ), b u t  s in c e  i t  p la y s  no r o le  i n  a u d i t io n  

(A lex an d e r, 1966j G rass^ , 1958) i t  i s  n o t  in c lu d e d  i n  t h i s  d is c u s s io n .

S e v e ra l i n t e r - s p e c i f i c  d i f f e r e n c e s  were found  i n  th e  W eberian 

o s s i c l e s .  A l i z a r in - s t a in e d  f i s h ,  40 to  44 mm i n  s ta n d a rd  le n g th ,  were 

u se d  f o r  g ro ss  e x am in a tio n s  o f  th e  o s s i c l e s  and o f  th e  two a n t e r io r  

l ig a m e n ts .  S e r i a l  s e c t io n s  o f  f i s h ,  35 to  40 mm i n  s ta n d a rd  le n g th ,  

w ere used  in  th e  in v e s t ig a t io n s  o f th e  c o n n e c t io n s .o f  th e  o s s ic le s  to  

th e  v e r te b r a l  column and o f  th e  co n n ec tio n s  o f th e  swim b la d d e r  to  

th e  o s s i c l e s .  D is se c tio n s  o f  p re se rv e d  m a te r ia ls  were a l s o  u sed  f o r  

g ro ss  a n a ly s is  o f  th e  s t r u c tu r e  o f  th e  o s s i c l e s .  The in v e s t ig a t io n s  

w ere u s u a l ly  made on m a te r ia l  from th e  l e f t  s id e  o f  th e  f i s h ,  and com­

p a r is o n s  w ith  th e  s t r u c tu r e s  from  th e  r i g h t  s id e  re v e a le d  l i t t l e  i n t r a ­

an im a l v a r i a t i o n ,

Scaphium

The m ost a n t e r i o r  o s s ic le  a c t i v e l y  in v o lv ed  i n  en erg y  t r a n s ­

d u c t io n  i s  th e  scaphium . T h is  o v a l bone has a  s t r a i g h t  p o s te r io r  

m arg in  made up o f  d o r s a l  and  v e n t r a l  p ro c e ss e s  one above th e  o th e r  

( F ig ,  1 0 ) , L igam ent 4 , w hich co n n ec ts  th e  scaphium  to  th e  second 

o s s i c l e  (F ig , 1 1 ) ,  i n s e r t s  j u s t  v e n t r a l  to  th e  c e n te r  o f  th e  convex

l a t e r a l  s id e  o f  th e  bone. The concave m ed ia l s id e  o f  th e  scaphium
! .

com prises  th e  l a t e r a l ,  v e n t r a l ,  and p o s te r io r  w a l ls  o f  th e  a tr iu m
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FIG. 10 , Drawing of th e  scaphium o f th re e  b l in d  f i s h  (A ,) and

th re e  r i v e r  f i s h  ( B ,) ,  The ascen d in g  arm of th e  scaphium 

of th e  b l in d  f i s h  i s  s h o r te r  th a n  i n  th e  r i v e r  f i s h  b u t 

a l l  o f  th e  o th e r  c h a r a c t e r i s t i c s  o f th e  bones a re  of 

o f eq u a l p ro p o rtio n s  i n  b o th  s p e c ie s ,  Af ascend ing  

p ro c e ss ; K, i n s e r t i o n  of lig am en t h-; Rf a r t i c u l a t i n g  

p ro c e s s .



0 . 5 m m



0.5m m
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FIG. 11, Photograph o f a f r o n t a l  s e c t io n  o f  th e  scaphium o f 

r i v e r  f i s h  SR29. The photograph shows th e  s in u s  

im par and th e  co n n ec tiv e  t i s s u e  t h a t  c lo se s  i t  o f f  

and p re v e n ts  th e  lo s s  of p e r ily m p h a tic  f lu id .

C, c a r t i la g in o u s  base  o f scaphium; Mt muscle 

from  scaphium to  d o rs a l  m uscu la tu re  o f th e  f i s h ;

0 , co n n ec tiv e  t i s s u e  c lo s in g  o f f  s in u s  im par;

S t scaphium ; V, v e r te b ra  1; Y, s in u s  im par,

(100 X).
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s in u s  im par. The s in u s  im par i s  f i l l e d  w ith  p e r ily m p h a tic  f l u i d  and 

th e  volume o f th e  s in u s  changes as th e  scaphium moves in  and o u t i n  

response  t o  movement t r a n s m it te d  to  i t  from th e  o th e r  o s s ic le s  

(C h ran ilo v , 1929)*

The scaphium i s  su p p o rted  on i t s  d o r s a l , v e n t r a l ,  and a n te r io r  *• 

edges by  a  con tinuous s h e e t  o f  co n n ec tiv e  t i s s u e  t h a t  ho lds th e  scaphium 

t o  th e  body m usculature and keeps i t  from  moving to o  f a r  l a t e r a l l y  

(F ig , 1 1 ) . The co n n ec tiv e  t i s s u e  a ls o  s e a ls  th e  s in u s  im par and 

p re v e n ts  l o s s  o f th e  perilym ph when th e  volume o f  th e  s in u s  changes.

The scaphium co n n ec ts  w ith  th e  centrum  o f th e  f i r s t  v e r te b ra  

th rough  th e  v e n tr a l  a r t i c u l a t i n g  p ro cess  on th e  p o s te r io r  m argin  o f 

th e  bone* The t i p  o f  th e  a r t i c u l a t i n g  p ro c e ss  f i t s  in to  a  p i t  on th e  

d o r s o - l a t e r a l  s id e  o f  th e  centrum , th e  co n n ec tio n  c o n s is t in g  o f  a 

c a r t i la g in o u s  a re a  w ith in  th e  centrum  (F ig . 1 1 ) ,

There i s  c o n s id e ra b le  i n t e r - s p e c i f i c  o v e r la p  in  th e  v a r io u s  

c h a r a c t e r i s t i c s  o f th e  scaphium  and i t s  le n g th ,  w id th , and d ep th  do 

n o t d i f f e r  s ig n i f i c a n t ly  betw een th e  two s p e c ie s .  One c h a r a c t e r i s t i c ,  

however, th e  le n g th  o f th e  ascen d in g  p ro c e ss , v a r ie s  s ig n i f i c a n t ly  

betw een th e  two form s (F ig , 8 ) .

The ascend ing  p ro c e ss  i n  th e  r i v e r  f i s h  i s  lo n g e r  th a n  i n  th e  

b l in d  cave f i s h  (Table 6A ). Q u a n tita t iv e  com parisons were made s in c e  

th e  d if f e r e n c e  between th e  le n g th s  o f  th e  b o n es , w h ile  c l e a r ly  p re s e n t ,  

was sm a ll. The mean le n g th  o f  th e  ascen d in g  p ro c e ss  was 0.196 mm in  

th e  b l in d  f i s h  (N = *0 and 0 .253  mm i n  th e  r i v e r  f i s h  (N = *0 . The 

d if f e re n c e  i s  s t a t i s t i c a l l y  s ig n i f i c a n t  (P  = 0 .0 5 ) .  The to p  o f th e  

ascend ing  p ro ce ss  i n  th e  r i v e r  f i s h  i s  0 , 17^  mm above th e  h ig h e s t  

p o in t  o f  th e  scaphium b u t  i t  i s  0,079  mm below  th e  to p  o f th e  scaphium
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TAB IE 6 , S t a t i s t i c a l  a n a ly s is  o f m orpho log ica l d if f e re n c e s  betw een
th e  two sp e c ie s  o f Astyanax

B lin d  cave f i s h  R iver f i s h

A. Length o f ascen d in g  BA1 
arm of th e  scaphium BA3

BA4
BA9

0.253 mm 
0,170 
0,182 
0.182

RA4
RA5
RAH
RA15

0.248 mm 
0,225 
0.253 
0 ,284

Mean
S tan d ard  d e v ia t io n

0.196
0.372

T = 2.478 
P = 0 .05

0.253
0.024

B. Length o f  d i s t a l  arm BA2 0.542 mm RA4 0,480 mm
o f in te rc a la r iu ra  BA3 0.592 RA5 0,446

BA4 0.558 RAH 0.454
BA9 0.515 RA15 0.464

Mean 0,552 0.461
S tan d ard  d e v ia t io n 0.032 0.146

T = 5 .164
P = 0,001

C. Length o f  BA2 0.589 mm RA4 0,662 mm
in te rc a la r in m  BA3 0.677 RA5 0.624

BA4 0,688 RA11 0.648
BA9 0,646 RA15 0.580

Mean 0.650 0.629
S tan d ard  d e v ia tio n 0 ,044 0.036

T = 0,753
P = Not s ig n i f i c a n t

D. Length o f  ascen d in g  BA2 0.250 mm RA4 0,345 mm
arm o f in te rc a la r iu m  BA3 0,254 RA5 0.294

BA4 0.293 RA11 0.366
BA9 0.267 RA15 0.275

Mean 0*266
S tan d a rd  d e v ia t io n  0.019

T = 2*309 
P = 0*05

0.320
0.043
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i n  th e  b l in d  f i s h  (P = 0 , 0 2 ) ,  These d i f f e r e n c e s  were f i r s t  n o tic e d  

and compared q u a n t i t a t i v e ly  i n  th e  a l i z a r i n  p r e p a ra t io n s  b u t  th e  d i f ­

f e r e n c e s  were c o rro b o ra te d  i n  ex am in a tio n  o f  more th a n  20 o th e r  d i s ­

s e c t io n s  o f f i s h  from  30 to  83 ram i n  s ta n d a rd  le n g th .

The a sc en d in g  arm i s  lo c a te d  in  a s h e a th  o f c o n n e c tiv e  t i s s u e  

b u t  no t i s s u e  i n s e r t s  on th e  p ro c e s s ,  A t h i n  m uscle i n s e r t s  on th e  

scaphium , j u s t  d o r s a l  to  th e  i n s e r t i o n  o f lig a m e n t k  ( F ig ,  1 1 ) , The 

o r ig in  o f th e  m u scles  seems t o  be  w ith in  th e  body m u sc u la tu re , j u s t  

l a t e r a l  to  th e  m id lin e  o f th e  f i s h  and 5 mm below  th e  d o r s a l  m argin 

o f  th e  f i s h .

In te rc a la r iu m

The in te r c a la r iu m  i s  th e  second a c t iv e  bone i n  th e  o s s ic le  

c h a in .  I t  i s  shaped l ik e  a  fo rk e d  s t i c k  ( F ig .  12) w ith  th e  fo rk  of 

th e  s t i c k  p o in t in g  m e d ia lly . The lo n g  a x i s ,  o r  manubrium incudus 

( N ia z i ,  1967), i s  a lm o st p e rp e n d ic u la r  to  th e  v e r te b r a l  colum n. The 

a r t i c u l a t i n g  arm o f th e  fo rk  form s a  p ro x im al c o n tin u a tio n  o f  the  

manubrium in cu d u s and a r t i c u l a t e s  w ith  th e  d o r s o la t e r a l  p i t  on th e  

cen tru m  o f th e  second v e r te b r a .  The c o n n e c tio n  betw een th e  i n t e r ­

c a la r iu m  and th e  centrum  i s  c a r t i la g in o u s  and v e ry  s im i la r  to  th e  con­

n e c t io n  betw een th e  scaphium  and f i r s t  v e r te b r a  (F ig ,  1 3 ) . The base  

o f  th e  d o r s a l  a scen d in g  arm i s  a lo n g  th e  manubrium in c u d u s . No muscle 

o r  lig a m e n t i n s e r t s  on th e  arm , b u t  N ia z i (19&7) has r e p o r te d  t h a t  

t h e r e  i s  c o n n e c tiv e  t i s s u e  betw een  th e  a sc en d in g  p ro c e ss  and th e  t h i r d  

n e u r a l  p e d ic le  i n  s e v e ra l  s p e c ie s  o f B arbus.

Ligam ent k  has i t s  o r ig i n  on th e  a n t e r i o r  s id e  o f  th e  d i s t a l  

t i p  o f  th e  in te r c a la r iu m  and lig a m e n t 3» from  th e  t r i p u s ,  i n s e r t s  on
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FIG. 12 , Drawings o f th e  i n t e r c a l a r i a  o f  two b l in d  cave 

f i s h  and two r iv e r  f i s h .  The in te rc a la r iu m  in  

A styanax roexicanus i s  curved on two p lan es  

(see  t e x t )  w hile th e  bone i s  o n ly  curved on 

one p la n e , i f  a t  a l l ,  i n  th e  b l in d  cave f i s h .

The ascen d in g  arm o f  th e  in te rc a la r iu m  i s  lo n g e r  

in  th e  r i v e r  f i s h  th a n  i t  i s  i n  th e  b l in d  f i s h ,  

A, ascen d in g  arm; R( a r t i c u l a t i n g  arm.

I



RA5
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FIG. 13* Photographs of c ro s s - s e c t io n s  o f th e  c a r t i la g in o u s  

con n ec tio n  between th e  i n t e r c a l a r i a  and second 

v e r te b ra e  i n  r iv e r  f i s h  SR28 (A) and b lin d  cave f i s h  

SB41 (B ) . The co n n ec tio n s  are  v e ry  s im i la r  to  th e  

one betw een th e  scaphium  and f i r s t  v e r te b ra  shown 

in  F ig . 1 1 . I ,  i n t e r c a l a r i a j  V, second v e r te b ra .  

(^30 X ).
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th e  p o s te r io r  s id e  o f th e  p rox im al t i p  (P ig . 1 4 ) ,

The base o f th e  ascen d in g  arm of th e  r iv e r  f i s h  in te rc a la r iu m  

i s  c lo s e r  to  th e  c e n te r  o f  th e  manubrium th an  i t  i s  i n  th e  b l in d  cave 

f i s h  ( Table 6B ). There was no o v e rlap  betw een th e  two sp e c ie s  and 

q u a n t i ta t iv e  com parisons showed th e  d if f e re n c e  to  be s i g n i f i c a n t .  The 

mean le n g th  o f th e  in te rc a la r iu m  (T ab le  6C) was 0 ,650 mm i n  th e  b l in d  

f i s h  (N = 4) and 0 .629  mm i n  th e  r i v e r  f i s h  (N = 4 ) ,  The d if f e re n c e  

betw een th e  le n g th  o f  th e  bones was ncrt“ s ig n i f i e a n t  (P = 0 , 5 ) ,  b u t 

th e  d is ta n c e  from th e  d i s t a l  end o f th e  in te rc a la r iu m  to  th e  base  of 

th e  ascend ing  arm (T able 6b) was s ig n i f i c a n t l y  d i f f e r e n t  i n  th e  two 

s p e c ie s  (P = 0 ,0 0 1 ) . The ascen d in g  arm was 0 .552 mm from  th e  d i s t a l  

end o f  th e  in te rc a la r iu m  in  th e  b l in d  f i s h  and 0 ,h 6 l mm in  th e  r i v e r  

f i s h .  The ascend ing  arm (T able 6D) was 0,266 ram lo n g  i n  th e  b l in d  f i s h  

and 0.320 mm lo n g  i n  th e  r iv e r  f i s h  (P = 0 .0 5 ) .

The main a x is  o f th e  in te rc a la r iu m  i s  curved i n  a l l  o f  th e  

r i v e r  f i s h  and in  s e v e ra l  o f  th e  b l in d  cave f i s h  b u t  th e  e x te n t  of 

th e  c u rv a tu re  d i f f e r s  i n  th e  two fo rm s. The in te rc a la r iu m  in  th e  b l in d  

f i s h  i s  s t r a i g h t ,  o r  curved s l i g h t l y ,  w ith  th e  d i s t a l  t i p  s l i g h t l y  

more a n te r io r  th a n  th e  p rox im al t i p  when th e  bone was p e rp e n d ic u la r  

to  th e  v e r te b ra l  column. The in te rc a la r iu m  in  th e  r i v e r  f i s h  i s  s tro n g ly  

curved h o r iz o n ta l ly  a s  w e ll a s  v e r t i c a l l y .  This r e s u l t s  in  th e  d i s t a l  

t i p  o f th e  in te rc a la r iu m  i n  th e  r i v e r  f i s h  b e in g  b o th  a n te r io r  and 

v e n t r a l  to  th e  p rox im al t i p  o f th e  manubrium. I n  e f f e c t ,  th e  i n t e r ­

ca la riu m  o f th e  r i v e r  f i s h  resem bles an incom plete  s p i r a l .  These d i f ­

fe re n c e s  were c o rro b o ra te d  in  d is s e c t io n s  o f fo rm a lin -p re se rv e d  m a te r ia l ,  

a s  were th o se  concern ing  th e  scaphium .
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FIG. 14. Photograph of a f r o n t a l  s e c t io n  o f an  in te rc a la r iu m  

of M exican b lin d  cave f i s h  SB32, The in s e r t io n s  o f 

lig am en ts  3 and 4  on th e  in te rc a la r iu m  a re  shown in  

th e  p ho tog raph . F, lig am en t 4 ; I ,  in te rc a la r iu m ; 

L, lig a m e n t 3; S» scaphium . (430 X ),
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The an g le  betw een th e  ascend ing  and a r t i c u l a t i n g  arm of the  

in te rc a la r iu m  v a r ie s  c o n s id e ra b ly  in  d i f f e r e n t  specim ens, b u t  th e re  

i s  e x te n s iv e  o v e r la p  i n  th e  v a r ia t io n  betw een th e  two s p e c ie s .  One 

in te rc a la r iu m  may have an ascend ing  p ro c e ss  o r ie n te d  a t  45 degrees 

w ith  th e  a r t i c u l a t i n g  p ro cess  and in  a n o th e r  f i s h  th e  two arms may 

be a lm o st p e rp e n d ic u la r  to  each  o th e r  (F ig ,  1 2 ),

Tripus

The th i r d  and l a r g e s t  o s s ic le  in v o lv ed  in  a c o u s t ic  tra n sm iss io n  

i s  th e  t r i p u s .  As i n  th e  o th e r  o s s i c l e s ,  th e re  i s  some v a r ia t io n  in  

th e  shape of th e  t r i p u s  between d i f f e r e n t  specimens b u t  none of th e  

d if f e r e n c e s  i s  s i g n i f i c a n t  (F ig ,  15).

Ligament 3 a r i s e s  on th e  a n te r io r  a r t i c u la t i n g  p ro cess  o f th e  

t r i p u s ,  and th e  p o s te r io r  e x te n s io n  o f th e  bone i s  in  th e  form of a 

tra n s fo rm a to r  p ro c e ss  t h a t  connects w ith  th e  tu n ic a  e x te rn a  o f th e  

a n t e r io r  chamber o f th e  swim b la d d e r .

The m edial s id e  o f th e  t r ip u s  i s  concave and th e  v e n t r o la te r a l  

m argin i s  convex. The t r ip u s  a r t i c u l a t e s  w ith  th e  v e n t r o la te r a l  s id e  

o f  th e  t h i r d  centrum  through a c a r t i la g in o u s  a r t i c u la t i n g  su rfa c e  on 

th e  dorsom edial s id e  o f th e  bone. This a r t i c u l a t i o n  i s  lo n g e r  th an  

th e  a r t i c u la t i o n s  betw een th e  o th e r  o s s ic le s  and t h e i r  re s p e c t iv e  c e n t r a .  

The a r t i c u l a t i o n  i s  t h i n  enough to  a c t  a s  a  sp rin g  f o r  th e  a n te r io r -  

p o s te r io r  movement o f th e  bone w hile  keep ing  i t  from moving in  any 

o th e r  d i r e c t io n .

The tra n s fo rm a to r  i s  a  long  t h i n  e x te n s io n  of th e  p o s te r io r  

end o f th e  t r ip u s  t h a t  cu rves 180° and ends under th e  centrum  of th e
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FIG, 15* Drawings o f th e  t r ip u s  o f  two b l in d  cave f i s h  (A .)

and two r i v e r  f i s h  ( B . ) , The draw ings were p rep ared  

from  a l i z a r i n  p r e p a ra t io n s  and th e  t r a n s f o r m  to r  

p ro ce ss  cou ld  on ly  be r e ta in e d  in  th e  r iv e r  f i s h  

p r e p a ra t io n s .  The tra n s fo rm a to r  p ro c e ss  in  b o th  

sp e c ie s  has th e  sane ap p earan ce . Gt tra n s fo rm a to r  

p ro c e ss ; Lf p o in t  o f  i n s e r t i o n  of lig am en t 3 on th e  

t r i p u s ;  Tt body of t r i p u s .



1 m m



95

1m m

R A 5

H A  11



96

fo u r th  v e r te b r a .  The tu n ic a  e x te rn a , from  th e  s l i t  on th e  a n te r io -  

m edial m argin of th e  swim b la d d e r , i n s e r t s  a lo n g  th e  p o s te r io r  m argin 

o f th e  t ra n s fo rm a to r , co v erin g  abou t 130° of i t s  s u r fa c e .  Ligam ent 1 

a r i s e s  on th e  v e n t r o - l a t e r a l  s id e  o f  th e  os suspensorium  and i n s e r t s  

over 100° o f  th e  a n te r io r  s id e  o f th e  t ra n s fo rm a to r . Ligam ent 2 

i n s e r t s  on th e  m edial s id e  o f th e  tra n s fo rm a to r  p ro c e ss , j u s t  

p o s te r io r  to  th e  end o f th e  body o f th e  t r ip u s  and th e  a n te r io r  end 

o f th e  t ra n s fo rm a to r , This lig am en t a r i s e s  on th e  m edial s id e  o f th e  

base o f th e  fo u r th  p le u ra l  r i b .

The os suspensorium  i s  a  m edial e x te n s io n  o f  th e  base o f  th e  

fo u r th  p le u r a l  r i b .  I t  i s  a sm a ll, f l a t  bone th a t  l i e s  j u s t  under 

th e  v e r te b r a l  column and i t s  p o s te r io r  end s lo p es  v e n t r a l ly  ab o u t 

25° from th e  h o r iz o n ta l .  The os i s  a s e p a ra te  bone from  th e  b a s a l  

p o r tio n  o f th e  r i b  b u t i t  i s  f irm ly  fu sed  w ith  th e  r i b  and, 

co n seq u en tly , th e  os i s  an  immobile fu lc ru m  f o r  th e  tra n s fo rm a to r  

p ro c e s s ,

/'
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DISCUSSION

Comparisons o f H earing i n  th e  Two S p ec ies  o f A styanax

There a re  s e v e ra l  f a c to r s  t h a t  m ust be c o n s id e re d  when d e te r ­

m ining w hether th e  a u d ito ry  th re sh o ld s  d i f f e r  s ig n i f i c a n t ly  betw een 

th e  two sp e c ie s  o f A styanax. Some v a r ia t io n  i s  to  be expected  s in c e  

th e  co n cep t o f  a  th re s h o ld  i s  based  upon th e  p r o b a b i l i ty  o f s ig n a l  

d e te c t io n  by an organism  (G reen and Sw ets, 1966). The th re sh o ld  i s  

on ly  a  s t a t i s t i c a l  v a lu e  and i t  i s  co n s id e red  to  be th e  p o in t  a t  

which 'the anim al responds to  a s ig n a l  50$ of th e  tim e (Dixon and 

Massey, 1951). The v a r i a t io n  i n  th e  th re sh o ld s  can  be caused by  

many f a c t o r s ,  in c lu d in g  th e  h e a l th  o f th e  an im al, th e  s h i f t in g  from  

one tan k  to  a n o th e r , and p ro b ab ly  i t s  s t a t e  o f  'hunger* a t  th e  tim e 

of t e s t i n g .  Although a tte m p ts  were made to  t e s t  each  anim al a t  th e  

same tim e o f day and u nder c o n s ta n t c o n d it io n s , u n c o n tro lla b le  

f a c to r s  undoub ted ly  a c te d  to  produce v a r ia t io n  i n  th e  th re s h o ld s .

Comparisons o f  th e  audiogram s o f th e  two f i s h e s  freq u en cy  by 

freq u en cy  do n o t t e l l  us ab o u t th e  t o t a l  tre n d  o f th e  th re sh o ld s  o f 

th e  an im a ls . One com parison of th e  a u d i to ry  th re sh o ld s_ a ±  a l l  

f re q u e n c ie s ,  tak en  to g e th e r ,  i s  th e  Mann-Whitney U t e s t ,  a  rank  sum 

t e s t  f o r  n o n -p aram etric  s t a t i s t i c s ,  The Mann-Whitney U t e s t  in d ic a te d  

th a t  th e  d if f e re n c e s  betw een th e  two audiograms were n o t s ig n i f i c a n t

and t h a t  th e  v a r ia t io n  was random. The reaso n s f o r  th e  s t a t i s t i c a l
/

in s ig n if ic a n c e  i s  c l e a r  from  a c o n s id e ra t io n  o f th e  two audiogram s 

(F ig . 6 ) .  I f  th e  th re s h o ld  cu rves were c o n s is te n t ly  d i f f e r e n t ,  th e
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r e l a t io n s h ip  betw een th e  two audiogram s shou ld  rem ain r e l a t i v e l y  

c o n s ta n t and , a t  m ost, a  s in g le  c ro s s in g  o f th e  two cu rv es  m ight be 

e x p ec ted . I n  th e  case  o f th e  audiogram s f o r  th e  two sp e c ie s  o f 

A styanax, th e  o v e rlap  occurs th re e  t im e s , in d ic a t in g  randomness in  

th e  v a r i a t io n .

A lthough th e re  were on ly  a sm a ll number o f an im als used  in  

th e  ex p e rim en ts , th e  th re sh o ld  p o in ts  a re  v a l id  and c o n s is te n t .  

V a r ia t io n  was n o t s ig n i f i c a n t  in  th e  in d iv id u a l  th re s h o ld  d e term in a­

t io n s  f o r  each anim al and among d i f f e r e n t  an im als o f a  s in g le  s p e c ie s .  

S tan d ard  d e v ia t io n s  were u s u a lly  l e s s  th an  5 dB, which was th e  s iz e  

o f  th e  s te p s  used  i n  th e  s ta i r c a s e  method o f th re sh o ld  d e te rm in a tio n s , 

P re c is e  d e te rm in a tio n s  o f  th e  th re sh o ld  were n o t made, b u t i t  has been 

found (Jaco b s and T avolga, 196?) t h a t  u s in g  2-dB s te p s  gave s ta n d a rd  

d e v ia t io n s  i n  th e  o rd e r  o f  2 dB and th re sh o ld s  i d e n t i c a l  to  th o se  

de term in ed  w ith  5-dB s te p s .

M orpholog ical Comparison o f  the  W eberian O ss ic le s

The m orpho log ical v a r ia t io n  found i n  th e  W eberian o s s ic le s  

may p ro v id e  some in s ig h t  in to  th e  way th e  bones c a r ry  a c o u s tic  

in fo rm a tio n  betw een th e  swim b la d d e r  and  th e  in n e r  e a r .  A lthough th e  

v a r i a t io n  i n  th e  o s s ic le s  i s  n o t r e f l e c t e d  i n  th e  th re sh o ld s  f o r  pure 

to n e  s in e  waves used  i n  th e se  ex p erim en ts , th e  v a r i a t io n  may a f f e c t  

th e  more complex s ig n a ls  t h a t  im pinge upon th e  swim b la d d e r .

Some m orpho log ical d if f e r e n c e s  i n  th e  W eberian o s s ic le s  o f 

th e  two form s a re  s t a t i s t i c a l l y  s ig n i f i c a n t  w h ile  o th e rs  v a ry  as  

much i n t r a - s p e c i f i c a l l y  a s  i n t e r - s p e c i f i c a l l y . The m orpho log ical 

d i f f e r e n c e s  i n  th e  o s s ic le s  may a l t e r  th e  c e n te r s  o f g r a v i ty  o f th e
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bones and th e re b y  a f f e c t  th e  way in  which th e  W eberian o s s ic le s  

respond  to  a  s ig n a l*  The sh o r te n in g  o f  th e  arm of th e  scaphium o f 

th e  M exican b l in d  cave f i s h  may s h i f t  th e  w eigh t o f th e  bone forw ard  

and th u s  p u t  more o f  a  s t r a i n  on th e  a r t i c u l a t i o n  w ith  th e  v e r te b ra .  

The ascen d in g  p ro ce ss  l i e s  i n  a sh ea th  o f co n n ec tiv e  t i s s u e  which may 

h e lp  su p p o rt th e  w eig h t o f th e  bone, and a  sh o rten ed  p ro c e ss  in  th e  

b l in d  f i s h  would p ro v id e  l e s s  su p p o rt to  th e  bone.

S im ila r ly ,  th e  ascen d in g  arm o f th e  in te rc a la r iu m  in  th e  r iv e r  

f i s h  i s  l a r g e r  and more c e n t r a l l y  lo c a te d  a long  th e  m ajor a x is  o f  th e  

bone th a n  i n  th e  b l in d  f i s h .  The s h i f t  i n  p o s i t io n  may a f f e c t  th e  

b a la n c e  o f th e  bone s in c e  th e  d i s t a l  t i p  would be l i g h t e r  i n  th e  b l in d  

f i s h  th an  i n  th e  r i v e r  f i s h .  The e f f e c t iv e  w eight o f  th e  ascend ing  

arm would a l s o  be d i f f e r e n t  i n  th e  two sp e c ie s  s in c e  th e  d is ta n c e  

from  th e  fu lc rum  i s  n o t th e  same in  th e  two s p e c ie s .

M orphological v a r ia t io n  and th e  response  o f th e  W eberian 
o s s ic le s  i n  energy  tra n sd u c tio n

The i n t r a -  and in t e r - s p e c i f i c  v a r ia t io n  o f th e  W eberian 

o s s ic le s  I n d ic a te s  t h a t  th e  resp o n se  o f  th e  o s s ic le s  to  an  a c o u s tic  

s ig n a l  may v a ry  from  in d iv id u a l  to  in d iv id u a l .  This v a r i a t io n  would 

mean t h a t  two f i s h  do n o t have p r e c i s e ly  th e  same s ig n a l  a r r iv in g  a t  

t h e i r  c e n t r a l  nervous system s, even though th e  s ig n a l  im ping ing  upon 

t h e i r  swim b la d d e rs  i s  th e  same f o r  bo th  an im als .

There i s  ev idence t h a t  th e  W eberian o s s i c l e s ,  l i k e  the  m iddle 

e a r  bones o f  mammals (von Bekesy, i 960) a re  damped. A damped system  

i s  one t h a t  w i l l  respond  w ith  co n s id e ra b le  accu racy  and w ith  l i t t l e  

a t te n u a t io n  to  s ig n a ls  a c o n s id e ra b le  d is ta n c e  from th e  re so n a n t
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frequency  o f  th e  s t r u c tu r e .  The s t r u c tu r e  w i l l  respond  q u ic k ly  to  

th e  o n se t o f  a  s ig n a l (De V rie s , 1950), s to p  resp o n d in g  as soon a s  

th e  s ig n a l  s to p s ,  and fo llo w  th e  s ig n a l  a c c u ra te ly  u n t i l  i t  i s  

c o n s id e ra b ly  d i f f e r e n t  from  th e  re so n a n t freq u en cy .

The W eberian o s s i c l e s  a re  f i r m ly  a tta c h e d  to  th e  v e r te b ra e  

by c a r t i la g in o u s  co n n ec tiv e  t i s s u e  and  th e y  a re  su rrounded  by v a r io u s  

t i s s u e s  in c lu d in g  body m uscu latu re  (A lexander, 1962) which could  

produce dam ping. The h ig h ly  damped so u rce  f o r  s ig n a l  in p u t to  th e  

o s s ic le s ,  th e  swim b la d d e r  (A lexander, 1966j T avolga, 1964), would 

a ls o  c o n t r ib u te  to  c r e a t in g  a  ra p id  resp o n se  by th e  Weberian o s s ic le s  

s in ce  th e  o s s ic le s  can n o t respond , and  would be impeded from resp o n d in g , 

i f  th e  swim b la d d e r  were n o t  resp o n d in g  to  a s ig n a l  ( see below ). ■

There i s  a l s o  some ex p e rim en ta l ev idence th a t  th e  o s s ic le s  a re  h ig h ly  

damped (De V r ie s ,  1950, Furukawa and I s h i i ,  196?a, b ) , Furukawa 

and I s h i i  (1967b) found t h a t  th e  re sp o n se  to  a s ig n a l  in  th e  in n e r  

e a r  o f th e  g o ld f is h  i s  v e ry  ra p id ,  in d ic a t in g  t h a t  th e re  i s  l i t t l e ,  

i f  any, l a g  i n  response betw een th e  swim b la d d e r and in n e r  e a r .

A lthough th e re  i s  ev idence t h a t  th e  W eberian o s s ic le s  a re  

damped, s e v e ra l  f a c to r s  in d ic a te  t h a t  th e  damping i s  n o t too  g r e a t .

The m iddle e a r  bones o f mammals a re  v ery  p r e c i s e ly  ba lan ced  

and i f  th e  b a lan ce  i s  d is tu rb e d ,  th e  a c o u s tic  tra n sm iss io n  may be 

a l te r e d  (von Bekesy, I9 6 0 , p . 102), The bones a re  c o n s tru c te d  i n  a 

manner w hich l e t s  them re v o lv e  around t h e i r  own c e n te r s  o f g ra v i ty  

and th e y  a re  e f f e c t iv e ly  f r e e  f lo a t in g  in s te a d  o f  dependent upon 

o th e r  s t r u c tu r e s  f o r  t h e i r  su p p o rt. The few m uscles t h a t  a re  

a s s o c ia te d  w ith  th e  m iddle e a r  bones can be removed w ith o u t d is tu rb in g



th e  norm al response  o f  th e  bones (von Bek6sy , i 960 , p .  10 2 ), The 

wide v a r i a t io n  in  th e  s t r u c tu r e  o f th e  Weberian o s s i c l e s  su g g ests  

t h a t  th e y  a re  n o t p r e c i s e ly  b a la n c e d .

A nother p o te n t i a l  source  f o r  a l t e r a t io n  o f th e  s ig n a l  c o n te n t 

by  th e  o s s ic le s  i s  th e  p resen ce  o f  v a r io u s  lig am en ts  and m uscles 

a s s o c ia te d  w ith  th e  W eberian o s s i c l e s .  Von Bektssy ( i 960 , p . 11^) 

b e lie v e d  t h a t  th e  m uscles and lig a m e n ts  a s so c ia te d  w ith  th e  mammalian 

in n e r  e a r  cou ld  produce harm onics and in tro d u c e  them i n t o  the  sound 

b e in g  c a r r ie d  th rough  th e  o s s i c l e s .  To p rev en t t h i s ,  th e y  a re  en cased  

in  bony c a p s u le s . The m uscles and lig am e n ts  a s s o c ia te d  w ith  th e  

W eberian o s s ic le s  may n o t  be a so u rce  f o r  harm onics b u t  th ey  could  

p ro v id e  some s ig n a l  d i s t o r t i o n  by  v ib r a t in g  in d e p e n d e n tly  as th e  

o s s ic le s  move i n  resp o n se  to  s t im u la t io n  from th e  swim b la d d e r . I f  

th e  o s s ic le s  were n o t f irm ly  a t ta c h e d  to  the v e r te b ra e  i n  a manner 

th a t  o n ly  p e rm its  them to  move i n  one d i r e c t io n ,  th e  v ib ra t io n s  p ro ­

duced by th e  lig am en ts  cou ld  a l t e r  t h e i r  p a th  o f movement and a f f e c t  

th e  energy  c a r r ie d  to  th e  in n e r  e a r .

I f  th e  o s s ic le s  a re  n o t h ig h ly  damped, th e  s ig n a l  response  

o f th e  o s s ic le s  would be r e l a t i v e l y  crude  and th e  r a p id  changes 

o c c u rr in g  i n  f i s h  sounds (T avolga, 19&5) m ight n o t be fo llo w ed .

Enger (1963) and Furukawa and I s h i i  ( 1967a , b) have p re se n te d  ev idence 

t h a t  th e  h a i r  c e l l s  o f  th e  in n e r  e a r  o f  f i s h  w i l l  a c c u r a te ly  fo llo w  

a sound up to  ab o u t 1000 Hz, T his su g g ests  th a t  th e  swim b lad d e rs  

and o s s i c l e s  a re  ab le  t o  fo llo w  a  s ig n a l  up to  a t  l e a s t  1000 Hz b u t  

i t  i s  n o t  p o s s ib le  to  p r e d ic t  th e  ty p e  o f response i n  th e se  s t r u c tu r e s  

to  h ig h e r  f re q u e n c ie s  th a n  t h i s .
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This su g g e s ts  th a t  below  a c e r ta in  freq u en cy  th e  o s s ic le s  a re  

h ig h ly  dainped and above th a t  freq u en cy  some o f  th e  damping i s  l o s t .  

Above an undeterm ined freq u en cy , th e  W eberian o s s ic le s  m y  fo llo w  

an incom ing s ig n a l  d i f f e r e n t ly  th a n  w ith  a 1 to  1 s ig n a l- re sp o n se  

r a t i o .  The o s s ic le s  may la g  b eh in d  th e  swim b la d d e r  resp o n se  a t  

th e  h ig h e r  f re q u e n c ie s  and th u s  in a c c u ra te ly  fo llo w  th e  incom ing 

s ig n a l .  The lig am en ts  a s s o c ia te d  w ith  th e  o ssic le -sw im  b la d d e r  

co n n ec tio n s  a re  e l a s t i c  (A lexander, 1962) and t h i s  e l a s t i c i t y  would 

a c t  a s  an  in te r f a c e  between th e  swim b la d d e r  and o s s ic le s  a llo w in g  

them t o  respond a t  d i f f e r e n t  f re q u e n c ie s .

As th e  freq u en cy  o f th e  a c o u s tic  s ig n a l  i s  r a i s e d ,  th e  

resp o n se  of th e  W eberian o s s ic le s  may v a ry . I f  th e  response  v a r ie d  

f o r  ev ery  d i f f e r e n t  s ig n a l ,  th e  o s s ic le s  would prov ide  an  a l t e r n a te  

method f o r  s ig n a l  fo llo w in g . I t  i s  more l i k e l y  t h a t  a s  th e  s ig n a l  

freq u en cy  r i s e s  th e re  i s  a group o f f re q u e n c ie s  t h a t  a l l  cause a 

s im i la r  response  i n  th e  o s s i c l e s .  As an exam ple, th e  o s s ic le s  may 

respond  in  th e  same way to  s ig n a ls  a t  2500 and 3000 Ha, I f  a l l  o f 

th e  f re q u e n c ie s  were o f th e  same a c o u s tic  en erg y , th e  o s s ic le s  would 

respond  in  a  s im i la r  way to  a l l  o f  th e  s ig n a l s ,  and the  o u tp u t from 

th e  o s s ic le s  to  th e  in n e r  e a r  would be th e  same. C onsequently , a l l  

o f th e  pure to n e  th re sh o ld s  f o r  t h i s  group o f  f re q u e n c ie s  would be 

app ro x im ate ly  th e  same, assum ing th a t  a l l  o f  th e  h a i r  c e l l s  o f  the  

sen so ry  macula o f  th e  in n e r  e a r  respond to  an incom ing s ig n a l  above 

1000 Hz. There i s  no o p p o r tu n ity  f o r  v a r io u s  ’p la c e s ' on th e  sensory  

m acula (van B e rg e ijk , 1967b) and d i f f e r e n t  f re q u e n c ie s  p ro b ab ly  do 

n o t s tim u la te  d i f f e r e n t  groups o f  sen so ry  c e l l s  as in  th e  co ch lea  of
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t e r r e s t r i a l  v e r t e b r a te s  (von Bektssy, i 960) .  I f  th e  i n t e n s i t y  o f  th e  

s tim u lu s  in p u t  to  th e  in n e r  e a r  changes f o r  each  group o f  th r e s h o ld s ,  

a s  would be ex p ec ted  i n  th e  h y p o th e s iz e d  re sp o n se  m echanism, th e  

th re s h o ld s  o f  th e  se n so ry  c e l l s  would p la y  an  i n s i g n i f i c a n t  r o le  in  

th re s h o ld  d e te rm in a tio n s ,  and th e  a c tu a l  th re s h o ld  would be determ ined  

by th e  re sp o n se  o f  th e  W eberian o s s i c l e s  to  th e  incom ing s ig n a l .  Von 

Bekesy (19^0 , p . 103) has  found  t h a t  as  th e  fre q u e n c y  i s  r a i s e d ,  

w ith  th e  a c o u s t ic  en e rg y  o f  th e  s ig n a l  to  th e  tympanum k e p t  c o n s ta n t ,  

th e  d isp lac e m e n t o u tp u t  from  th e  m iddle e a r  bones d ro p s . I f  a  

s im i la r  mechanism were fu n c t io n in g  i n  th e  W eberian o s s i c l e s ,  an 

a t te n u a t io n  would be e x p ec ted  a s  th e  o s s i c l e s  respond  a t  h ig h e r  

f r e q u e n c ie s .  Thus, two d i f f e r e n t  s ig n a ls  co u ld  have th e  same energy  

a s  th e y  im pinge upon th e  swim b la d d e r ,  b u t  th e  en e rg y  t h a t  reach ed  

th e  in n e r  e a r  would be d i f f e r e n t .  T h is would acco u n t f o r  d i f f e r e n t  

a u d i to ry  th re s h o ld s  f o r  th e  two s ig n a ls  even though th e  same h a i r  

c e l l s  had responded  to  b o th  s ig n a l s .

E f f e c t s  o f  o s s ic le  v a r i a t io n  on sound d e te c t io n  i n  f i s h e s

The d i f f e r e n c e  i n  th e  a u d i to ry  c a p a c i ty  o f A styanax and th e  

g o ld f i s h ,  C a ra s s iu s  a u r a tu s , may be e x p la in e d  by  a  change betw een a  

damped and non-damped re sp o n se  by th e  W eberian o s s i c l e s  and , i n  tu r n ,  

th e  v a r i a t io n  i n  th e  th re s h o ld s  betw een th e s e  two s p e c ie s  may in d ic a te  

th e  p o in t  a t  which th e  damping i s  l o s t .  Com parisons u s in g  th e  Mann- 

W hitney U t e s t  betw een  th e  a b s o lu te  th re s h o ld s  o f  A styanax  .io rdan i 

and C a ra s s iu s  a u r a tu s ,  as  d e te rm in ed  by Jaco b s  and Tavolga (19& 7), 

show t hat  th e  a u d i to ry  th re s h o ld s  f o r  th e  two s p e c ie s  a re  a lm o st 

i d e n t i c a l  a t  a l l  f re q u e n c ie s  up t o  1500 Hz (P = 0 .5 )*  Above 1500 Hz,
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th e  th re sh o ld s  f o r  th e  g o ld f is h  in c re a s e  r a p id ly  and th e  an im al can  

o n ly  h e a r  s ig n a ls  up to  3000 Hz, Above 1500 Hz, th e  th re sh o ld s  f o r  

th e  Mexican b l in d  cave f i s h ,  and a ls o  f o r  th e  r i v e r  f i s h ,  s t i l l  rem ain  

r e l a t i v e l y  low . There a re  no m ajor d if f e re n c e s  betw een th e  in n e r  

e a r s  and swim b la d d e rs  o f th e  c h a ra c id s  and c y p r in id s  (A lexander,

1 9 6 2 ), b u t  A lexander has found t h a t  th e  co n n ec tio n  o f th e  t r i p u s  to  

th e  v e r te b ra  i s  th ic k e r  i n  th e  c y p r in id s  th an  in  th e  c h a ra c id s .

There may be a d d i t io n a l  d if f e r e n c e s  t h a t  would be found i n  a d e ta i le d  

com parison o f  th e  W eberian o s s ic le s  o f th e  g o ld f is h  and A styanax . and 

th e  d if f e re n c e  i n  a u d ito ry  th re sh o ld s  above 1500 Hz may be r e l a t e d  

to  th e  d if f e r e n c e  i n  th e  W eberian o s s ic l e s .

I f  th e  v a r ia t io n  i n  th e  s t r u c tu r e  o f th e  o s s ic le s  a f f e c t s  th e  

way th e  bones respond to  a  s tim u lu s , a s p e c ts  o f  b io lo g ic a l  s ig n a ls  

may be changed d u rin g  tra n s d u c tio n  by  th e  b o n es . I n  a d d i t io n ,  th e  

o s s ic le s  and t h e i r  lig am en ts  may s e t  up harm onics and d i s t o r t  th e  

s ig n a ls  to  some e x te n t .  The sounds produced by n o n -o s ta r io p h y s in e  

f i s h e s  a re  composed of complex a l t e r n a t io n s  i n  freq u en cy  and  i n t e n s i t y  

components (F is h ,  195**; G r i f f in ,  1950» 1955; M oulton, 1963; TaVolga, 

I 965 ; Winn, 196*4-, 1967), The sounds produced by th e  few s p e c ie s  o f 

o s ta r io p h y s in e s  t h a t  have been  in v e s t ig a te d  a re  e q u a lly  a s  complex as  

th e  sounds produced by th e  n o n -o s ta r io p h y s in e s  (M oulton, 1963;

N elson , 1965; Tavolga, 1962). However, th e  v a r ia t io n s  i n  th e  o s s i c l e s ,  

d isc u sse d  above, cou ld  mean t h a t  th e  o s ta r io p h y s in e s  do n o t  make use 

o f  many o f  th e  changes i n  th e  s ig n a l  s in c e  th e y  would be l o s t  i n  th e  

t r a n s d u c tio n  p ro c e s s . T his would be e s p e c ia l ly  t ru e  i f  th e  s ig n a ls  

were composed o f r a p id ly  changing h ig h  freq u en cy  com ponents, The
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sounds produced by  th e  ch a ra c id  f i s h  G landulocauda in e g u a l i s  c o n s is t  

o f  r a p id ly  re p e a tin g  p u ls e s  w ith  th e  m ajor p o r tio n  o f  th e  a c o u s tic  

en erg y  between 2000 and 4000 Hz (N elson , 1965)* P u ls in g  o f th e  

s ig n a l  o f  G landulocauda would compensate f o r  p o o rly  damped o s s ic l e s .  

Whereas p u lse s  may be easy  f o r  th e  Weberian o s s ic le s  to  

tra n sd u c e  w ith  l i t t l e  d i s to r t i o n ,  th e  sounds produced by  th e  m arine 

c a t f i s h ,  G ale ich th y s  f e l i s ,  i s  a co n tin u o u s sound w ith  th e  m ajor 

p o r t io n  o f th e  a c o u s tic  energy  below  1000 Hz (T avolga, I960 , 1962). 

U n ti l  c o n s id e ra b ly  more d a ta  a re  a v a i la b le  about sound p ro d u c tio n  i n  

o s ta r io p h y s in e s , i t  s h a l l  be d i f f i c u l t  to  determ ine w hether th e  

W eberian o s s ic le s  have any s ig n i f i c a n t  r o le  in  a l t e r a t i o n  o f sounds 

d e te c te d  by  th e se  f i s h .  The W eberian o s s ic le s  may a c t  a s  a  s ig n a l  

f i l t e r  i n  o s ta r io p h y s in e s  t h a t  produce complex h igh  freq u en cy  to n e s . 

Many o th e r  o s ta r io p h y s in e s , such  a s  A styanax. may n o t be 

sound p ro d u cers  and th e  b e h a v io ra l s ig n if ic a n c e  o f th e  wide a u d ito ry  

c a p a c ity  and th e  developm ent and m ain tenance of th e  W eberian o s s ic le s  

to  a id  a u d it io n  i s  unknown. I t  would be  of c o n s id e ra b le  i n t e r e s t  to  

in v e s t ig a te  th e  a c tu a l  e f f e c t s  on th e  W eberian o s s ic le s  o f pure to n es  

and , more s ig n i f i c a n t ly ,  a c tu a l  sounds produced by f i s h e s .  The 

n e c e s s i ty  and e x te n t  o f damping would p rov ide  a  good d e a l o f in fo rm a- 

t io n  ab o u t th e  use  t h a t  f i s h e s  make o f  th e  v a rio u s  s ig n a ls  making up 

a  complex to n e . I t  i s  p o s s ib le  t h a t  a  co n s id e ra b le  p o r t io n  o f  th e  

s ig n a l  i s  produced because  o f the  n a tu re  o f th e  sound-producing  

s t r u c tu r e ,  b u t  th e  p o r tio n s  o f th e  s ig n a l  t h a t  a re  a c tu a l ly  o f  s ig n i ­

f ic a n c e  to  th e  f i s h  may be  l im ite d .
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Movement o f th e  W eberian o s s ic le s

The co n n ec tiv e  t i s s u e  between th e  scaphium and th e  s in u s  im par, 

a lo n g  w ith  s e v e ra l  o th e r  m orpho log ical f e a tu r e s  o f th e  Weberian 

o s s i c l e s ,  may h e lp  e x p la in  th e  movements o f th e  o s s i c l e s  in  response  

to  a  s ig n a l .  I t  i s  r e l a t i v e l y  easy  to  e x p la in  how th e  o s s ic le s  move 

p o s te r io r ly  i n  response  to  swim b la d d e r com pression b u t  a n te r io r  

m otion o f  th e  o s s ic le s  has n ev e r  been s a t i s f a c t o r i l y  e x p la in e d .

When th e  swim b la d d e r  i s  com pressed, the o s s i c l e s  a re  p u lle d  

p o s te r io r ly  and when th e  swim b lad d er expands, th e  o s s i c l e s  move 

forw ards (C h ran ilo v , 1929). V entrad movement o f th e  p o s te r io r  

p o r t io n  o f  th e  t r ip u s  i s  accom plished b y  a  d i r e c t  co n n ec tio n  o f th e  

t r i p u s  to  th e  tu n ic a  e x te r n a .  The t r i p u s  r o ta te s  on th e  co nnection  

to  th e  centrum  o f th e  t h i r d  v e r te b ra .  The in te rc a la r iu m  and th e  

scaphium move p o s te r io r ly  when the  t r i p u s  p u l ls  them through 

lig am en ts  3 and When th e  o s s ic le s  a re  in  th e  p o s te r io r  p o s i t io n  

and th e  swim b la d d e r  expands, th e  t r i p u s  changes p o s i t io n  b u t th e  

scaphium and in te rc a la r iu m  do n o t move forw ard  s o le ly  through  th e  

movement o f  th e  t r i p u s .  As th e  t r ip u s  changes p o s i t io n ,  lig am en t 3 

r e la x e s  b u t  i t  p ro v id es  no m otive fo rc e  to  th e  o th e r  two o s s ic le s  as  

i t  had when i t  p u lle d  them p o s te r io r ly .  Unless th e re  was som ething 

p u l l in g  th e  o s s ic le s  a n t e r i o r l y ,  th ey  would s ta y  i n  th e  p o s te r io r  

p o s i t io n  and th u s  o i ly  respond  to  th e  f i r s t  r a r e f r a c t io n  o f an 

incom ing s ig n a l  and th en  no lo n g e r  resp o n d  to  th e  sound .

There a re  s e v e ra l  mechanisms t h a t  could h e lp  th e  o s s ic le s  

r e tu r n  to  th e  a n te r io r  p o s i t io n .  The co n n ectio n s o f  a l l  th re e  o f  th e  

o s s ic le s  to  th e  v e r te b ra e  a c t  a s  s p r in g s  upon which th e  o s s ic le s
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p la c e  te n s io n  •when th e y  a re  p u lle d  p o s t e r i o r ly  i n  resp o n se  to  

com pression  o f  th e  swim b la d d e r .  I f  one assum es t h a t  th e  o s s i c l e s  

a r e  i n  a  norm al r e s t i n g  p o s i t io n  when th e y  a re  i n  th e  a n t e r io r  p o s i t io n ,  

th e n ,  when th e  te n s io n  on lig a m e n t 3 i s  r e l i e v e d ,  th e  th in  c a r t i l a ­

g in o u s co n n ec tio n s  w ould r e tu r n  to  th e  norm al r e s t i n g  p o s i t io n  and 

move th e  o s s ic le s  fo rw ard  a g a in .  I f  th e  o s s i c l e s  were n o t  h ig h ly  

damped, a s  d is c u s s e d  i n  th e  p re v io u s  s e c t io n ,  th e y  would s e t  up a  

v ib r a to r y  p a t t e r n  due to  th e  s p r in g - l ik e  b e h a v io r  o f  th e  c o n n ec tio n s  

t o  th e  v e r te b ra e .

A nother mechanism t h a t  may h e lp  r e tu r n  th e  o s s ic le s  t o  th e  

a n t e r i o r  p o s i t io n  i s  th e  c o n n e c tiv e  t i s s u e  t h a t  su rrounds th e  scaphium  

and w hich ap p ea rs  to  h e lp  r e t a i n  th e  p e r ily m p h a tic  f l u i d s  w ith in  th e  

s in u s  im p ar. T his co n n e c tio n  i s  analogous to  th e  co n n ec tio n  betw een 

th e  s ta p e s  and o v a l window i n  th e  mammalian in n e r  e a r  (von B ekesy, 

i 9 6 0 , p ,  1 0 3 ), Von Bekesy (I9 6 0 ) has  re p o r te d  t h a t  th e  mammalian 

c o n n e c tiv e  t i s s u e  su rro u n d s  th e  s ta p e s  and p re v e n ts  th e  endolym phatic  

f l u i d  from  flo w in g  o u t o f  th e  o v a l window. Von Bekesy d id  n o t  

b e l ie v e  t h a t  t h i s  c o n n e c tio n  p lay ed  any s i g n i f i c a n t  r o le  i n  

mammailian a u d i t io n .  The c o n n e c tiv e  t i s s u e  may be e l a s t i c  enough 

i n  A styanax to  p e rm it  th e  o s s ic le s  to  move p o s te r i o r ly  in  re sp o n se  

to  th e  swim b la d d e r  co m p ressio n . When lig a m e n t 3 i s  r e la x e d , th e  

c o n n e c tiv e  t i s s u e  w i l l  p u l l  th e  o s s i c l e s  a n t e r i o r l y .

The t i s s u e  t h a t  was found  to  su rro u n d  th e  scaphium may have 

a  t h i r d  f u n c t io n .  I f  th e  f i s h  were s u b je c te d  t o  a  v e ry  in te n s e  s ig n a l ,  

th e  swim b la d d e r  would expand more th a n  u s u a l  and  th e  s ig n a l  t r a n s ­

m it te d  th ro u g h  th e  o s s i c l e s  would be v e ry  i n t e n s e ,  A s tro n g  s ig n a l
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cbu ld  damage th e  in n e r  e a r  o f th e  f i s h .  In  mammals th e re  a r e  se v e ra l 

m uscles a s s o c ia te d  w ith  th e  m iddle e a r  bones t h a t  can a l t e r  t h e i r  

response to  a  s ig n a l  and p re v e n t a  s tro n g  s ig n a l  from harm ing the  

in n e r  e a r  (von Bekesy, i 960) • The co n n ec tiv e  t i s s u e  around th e  

scaphium may p ro v id e  a s im i la r  fu n c tio n  f o r  th e  W eberian o s s ic le s  and 

th e  in n e r  e a r  o f  f i s h e s ,  A la r g e  p o s te r io r  movement o f th e  o s s ic le s  

would be l im i te d  by  th e  d is ta n c e  th e  co n n ec tiv e  t i s s u e  a llo w s  th e  

scaphium to  move. I n  a  s ig n a l  o f  f o r m a l 1 in t e n s i t y ,  th e  o s s ic le s  

would n o t move a g r e a te r  d is ta n c e  p o s te r io r ly  th an  the  e x te n t  o f the  

e l a s t i c i t y  o f th e  co n n ec tiv e  t i s s u e .  In  an  abnorm ally  lo u d  s ig n a l ,  

th e  o s s ic le s  w ould be stopped b e fo re  going to o  f a r  and p o s s ib ly  

damaging th e  e a r .  I f  th e  lig am en ts  co n n ec tin g  th e  o s s ic le s  a re  

e l a s t i c  enough, th e y  w i l l  absorb  th e  excess  m otion of th e  swim 

b lad d e r and a llo w  th e  swim b la d d e r  i t s e l f  to  respond to  th e  f u l l  

m agnitude o f th e  sound. I f  th e  lig am en ts  a re  n o t  e l a s t i c  enough, th e  

swim b la d d e r  would be impeded i n  some complex way th a t  w ould depend 

upon th e  l i n e s  o f te n s io n  on th e  swim b la d d e r  by the  co n n e c tio n  of 

th e  tu n ic a  e x te rn a  t o  th e  tra n s fo rm a to r  p ro c e s s .  The tra n s fo rm a to r  

p ro cess  i s  v e ry  t h i n  and i t  to o  may p rov ide  some a b s o rp tio n  o f 

e x c e s s iv e ly  la r g e  sounds when th e  s ig n a l  i s  to o  s tro n g .

S ig n if ic a n c e  o f  Sounds to  th e  Mexican B lind  Cave F ish

We do n o t  a t  p re s e n t  know what u se  th e  Mexican b l in d  cave f i s h  

mate o f t h e i r  e x te n s iv e  a u d ito ry  c a p a c ity  i n  t h e i r  n a tu r a l  env ironm ent, 

B reder (19^2) and B ridges (19^*0) d id  n o t m ention  any so u rce  of h igh 

frequency  (above 500 Hz) sounds i n  La Cueva C hic a t h a t  would be of 

s ig n if ic a n c e  to  th e  b l in d  f i s h  and  th e  am bient n o ise  i n  th e  caves has
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n ev e r b een  d esc rib ed *  The p redom inan t sounds i n  th e  caves a re  

p ro b a b ly  p roduced  by  th e  movement o f th e  w a te r  o v e r w a te r f a l l s  and 

ro ck s  betw een  th e  d i f f e r e n t  p o o ls  i n  La Cueva Cfaica, and  th e s e  sounds 

w ould have m ost o f  t h e i r  a c o u s t ic  en e rg y  below  1000 Hz (Wenz, 1964).

O th er a q u a tic  organism s i n  th e  cav es  may produce sounds b u t  

th e r e  have b een  no in v e s t ig a t io n s  o f  th e s e  o rg an ism s, and  i t  i s  

q u e s tio n a b le  w hether th e  sounds would be o f  s ig n i f ic a n c e  t o  A. .jo rdan i 

s in c e  th e s e  o th e r  k in d s  o f organism s a re  n o t  known to  i n t e r a c t  w ith  

th e  f i s h .  Two s p e c ie s  o f  c r a y f i s h  a re  found  i n  th e  p o o ls  (B red er,

1942), They may produce a  b ro ad -b an d  sound when th e y  c lo s e  t h e i r  la r g e  

c h e lip e d s  (F r in g s ,  1964; T avolga, 1965) b u t  c r a y f i s h  a re  n o t  known to  

produce an y  o th e r  sounds (D u m o rtie r, 1963)* The o th e r  s m a lle r  

a q u a tic  o rgan ism s i n  th e  caves do n o t  p roduce s i g n i f i c a n t  p re s s u re  

en e rg y  b u t ,  a s  s h a l l  be seen  i n  th e  n e x t  s e c t io n ,  th e y  may produce 

d isp la ce m e n t en erg y  t h a t  i s  s i g n i f i c a n t  to  th e  M exican b l in d  cave f i s h .

The o n ly  o th e r  b io lo g ic a l ly  p roduced  sounds t h a t  may be w ith in  

th e  a u d i to ry  ran g e  o f  th e  b l in d  cave f i s h  would be produced  by  th e  

b a ts  in h a b i t in g  th e  c a v e s . B ats  a r e  known t o  produce sounds o th e r  

th a n  e c h o lo c a tin g  sounds and th e s e  sounds a re  f r e q u e n t ly  below  

7000 Hz (M ohres, 19 6 6 ). I f  th e  low  fre q u e n c y  sounds were o f s u f f i c i e n t  

en erg y  i n  th e  w a te r ,  th e y  would be a u d ib le  to  th e  f i s h .  The s ig n i ­

f ic a n c e  o f  th e  sounds o f  t h i s  s o r t  t o  th e  f i s h  i s  unknown, and B reder 

(1942) d id  n o t  b e l ie v e  t h a t  th e  f i s h  se rv e d  a s  fo o d  f o r  th e  b a t s .  I f  

th e  b a ts  d id  u se  th e  f i s h  a s  fo o d , th e  e c h o lo c a tin g  sounds u sed  to  

d e te c t  th e  r ip p l e s  on th e  w a te r  p roduced  b y  th e  f i s h  would be w e ll 

beyond th e  a u d i to ry  ran g e  o f  th e  f i s h  (S u th e r s ,  1 9 6 7 ), T h e re fo re , i t
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is unlikely that low frequency sounds produced by the bats would 
provide warning to the fish.

Sounds below 7000 Hss produced by th e  b a ts  o r  o th e r  organism s 

e n te r in g  th e  cave may be d e te c ta b le  i n  th e  w a te r .  I f  th e  sounds were 

produced on th e  ground, th e y  would be c a r r ie d  to  th e  w a te r  through 

th e  s u b s t r a te .  Sounds produced i n  a i r  a re  a t te n u a te d  by  ap p rox im ate ly  

ho dB when th e y  e n te r  a  la rg e  body o f  w ate r (A lb e rs , 1965 ) ,  b u t 

P a rv u le scu  (196**, 1967a ,  b ) has su g g ested  t h a t  a  sm all body of w a te r , 

such a s  i n  th e  sh u t t i e  box used  i n  th e  b e h a v io ra l  experim en ts o r th e  

sm all p o o ls  i n  La Cueva C hiea, would respond  d i f f e r e n t l y  to  a ir -b o rn e  

sounds th a n  would a  la r g e  body o f  w a te r .

Astyanax roexicanus, the ancestral form of the Mexican blind 
cave fish (Breder, 19^3a, 19531 Hubbs and Innes, 1936* Kosswig, 1965; 
Sadoglu, 1957* 1967), has as wide an auditory sensitivity as its 
blind derivative. The natural history of the river fish is not known, 
and the significance of sounds to these animals can only be guessed 
at. There are ambient sounds present in the rivers in which the fish 
are found, but it is unlikely that the fish evolved an extensive 
auditory capacity to deal with ambient sounds. It is possible that 
there are other organisms in the same environment in which the river 
fish are found that produce sounds of significance to the river fish. 
Even this is pure speculation, however, since there have been no 
investigations of sounds in the rivers of tropical climates.

I t  has been suggested  t h a t  A. jo rd a n i  and th e  o th e r  sp ec ie s  

o f Mexican b l in d  cave f i s h  have e n te re d  th e  caves and become cave 

o b l ig a te s  o n ly  r e c e n t ly  (Kosswig, 1965; P o u lso n , 1963a, b ) , This
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cou ld  e x p la in  why th e y  do n o t e x h ib i t  th e  h y p ertro p h y  o r d eg e n e ra tio n  

o f  n o n -sen so ry  s t r u c tu r e s  t h a t  a re  found in  o th e r  cave f i s h e s  

(P o u lso n , 1963a, b j V andel, 1965)*

Low freq u en cy  sound d e te c t io n  by th e  Mexican b l in d  cave f i s h

R iv er f i s h  m ain ta in ed  on a  normal p h o to cy c le  o b ta in  food 

th ro u g h  u se  o f  v is u a l  s t im u l i  (B red e r, 1 9 ^3 a). P rey  d e te c t io n  in  

f i s h e s  i s  a l s o  p o s s ib le  through u se  o f  th e  l a t e r a l  l in e  (Schw artz , 

1967* Schw artz and H a s le r ,  1966) s in c e  moving o b je c ts  produce low 

freq u en cy  w a te r d isp lace m e n ts  t h a t  co n tin u e  f o r  a s u b s ta n t i a l  d is ta n c e  

from  th e  so u rce  (van B e rg e ijk , 1964-, 1967a; H a r r is  and van B e rg e ijk , 

1962), I f  any p o r tio n  o f  th e  a u d i to ry  system  o f  A, jo rd a n i  were to  

be h y p e r tro p h ie d , i t  would p ro b ab ly  be th e  l a t e r a l  l in e  o r  f r e e  

n eu ro m asts . Sehennael (1 9 6 7 ), however, found no d if fe re n c e  between 

th e  l a t e r a l  l in e s  o f A, mexicanus and A. a n tro b iu s  and i n  th e  p a t te r n  

o f f r e e  neurom asts on t h e i r  b o d ie s . Kenneth R. John (IS )  a l s o  found 

t h a t  th e  p a t te r n  of f r e e  neurom asts was th e  same in  b o th  s p e c ie s ,  b u t 

he a l s o  determ ined  t h a t  th e  number o f n eu rom asts , in  any a re a  where 

th e y  were p re s e n t ,  was g re a te r  i n  th e  b l in d  f i s h  than  i n  th e  r iv e r  

f i s h .  An in c re a se  i n  th e  number o f neurom asts in n e rv a tin g  th e  same 

l a t e r a l  l i n e  neuron would in c re a se  th e  p r o b a b i l i ty  o f d e te c t io n  of 

low freq u en cy  sounds, A g re a te r  number o f r e c e p to rs  would a ls o  help  

th e  neuron  reach  i t s  f i r i n g  th re s h o ld  a t  a  low er sound i n t e n s i t y  s in c e  

th e re  would be s tim u lu s  summation.

Low frequency  w ate r d isp lacem en t would be produced by the  

m ajor food  sources o f th e  Mexican b l in d  cave f i s h .  The nematodes 

making up th e  b u lk  o f  th e  d i e t  o f  th e  b l in d  f i s h  (B red er, 19^2) move
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i n  th e  w a te r ,  and th e  movement s e t s  up th e  w a te r  d isp la ce m e n t which 

would be d e te c ta b le  b y  a  b l in d  f i s h .  A lthough th e  Mexican b l in d  cave 

f i s h  i n  a n  aquarium  f in d  fo o d  p red o m in an tly  b y  d e te c t in g  ch em ica ls  

o r  r a p id  movements o f  o th e r  f i s h  around  th e  fo o d , th e  ch em ica l s t im u l i  

a re  n o t  p r e s e n t  i n  th e  w a te r  o f  th e  caves s in c e  any odor p ro d u ced  by  

nem atodes would p ro b a b ly  be masked b y  th e  o d o r o f th e  b a t  d ro p p in g s  

c o v e rin g  th e  w a te r .

Com parisons betw een A styanax and o th e r  cave f i s h

The com parison o f  th e  two form s o f  A styanax  su g g e s ts  t h a t  

p re s s u re  d e te c t io n  i n  o th e r  cave f i s h e s  may n o t  d i f f e r  g r e a t ly  from 

p re s s u re  d e te c t io n  i n  t h e i r  e p ig ea n  a n c e s to r  s to c k .  The o n ly  re a so n  

th e re  may be a change i n  th e  a u d i to ry  c a p a c i ty  o f th e  cave form  i s  

t h a t  th e  e a r  has become h y p e r tro p h ie d  f o r  a  re a so n  n o t d i r e c t l y  

a s s o c ia te d  w ith  h e a r in g ,  Poulson (1963a) fo u n d  t h a t  the  in n e r  e a r  

o f s e v e r a l  sp e c ie s  o f cave am blyopsids was l a r g e r  th an  th e  e a r  o f  

ep ig ean  r e l a t i v e s ,  and  he b e l ie v e d  t h a t  an e n la rg e d  e a r  w ould h e lp  

th e  f i s h  m a in ta in  e q u il ib r iu m  i n  th e  absence o f  e y e s . E nlargem ent 

o r o th e r  changes have n o t  been  re p o r te d  in  th e  e a r s  o f  any  o th e r  cave 

f i s h e s  a lth o u g h  m ost o f  th e  32 cave form s have n o t  been in v e s t ig a te d .  

H ypertrophy  o f  th e  e a r s  o f  eaves f i s h e s  may n o t  occur i f  th e  e a r s  o f 

th e  e p ig e a n  a n c e s to rs  were s u f f i c i e n t l y  la rg e  to  p ro v id e  th e  b l in d  

cave d e r iv a t iv e s  w ith  th e  e q u il ib r iu m  in fo rm a tio n  n e c e s sa ry  to  

com pensate f o r  eye l o s s .  L ik ew ise , th e  e a r  o f  th e  b l in d  f i s h  may n o t  

d e g e n e ra te  i f  i t  i s  su p p ly in g  th e  n e c e s sa ry  e q u il ib r iu m  in fo rm a tio n  

to  th e  f i s h .

The a c o u s tic  c o n d it io n s  p r e s e n t  i n  La Cueva C hica a r e  a l s o
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p ro b ab ly  p re s e n t  i n  th e  o th e r  caves i n  which b l in d  f i s h  a re  found .

H euts (1951) d e sc rib ed  th e  caves i n  which Caecobarbus g e e r t s i  was 

found and he re p o r te d  t h a t  th e re  was l e s s  food i n  th e se  caves th an  

i n  th e  Mexican e a v e s . This would in d ic a te  t h a t  th e re  was even l e s s  

an im al l i f e  in  th e se  ca v e s , o th e r  th a n  th e  b l in d  f i s h ,  th a n  i n  La 

Cueva C hica and so  a t  l e a s t  one o th e r  sp e c ie s  b e s id e s  A styanax 

p ro b ab ly  does n o t have any  p r e d a to r s .  Cave p o p u la tio n s  a re  u s u a l ly  

sp a rs e  and o n ly  a  few  s p e c ie s ,  eyed o r  e y e le s s ,  in h a b i t  one cave 

(B a r r ,  196?)■ This would make th e  l ik e l ih o o d  o f  p re d a tio n , 

e s p e c ia l ly  by a  sound producing  organ ism , r a th e r  u n l ik e ly .

The most l i k e l y  source o f a c o u s t ic  s t im u la t io n  f o r  cave 

f i s h e s  i s  i n  th e  form  o f d isp lacem en t energ y . S e v e ra l s p e c ie s  o f 

f i s h  b e s id e s  A styanax have an h y p e rtro p h ie d  s e r i e s  o f d isp lacem en t 

d e te c to r s  (H euts, 1951J P oulson , 1963a, b j W alte rs  and W a lte rs , 1965). 

The ty p es  o f  s t im u l i  p re s e n t  in  th e  caves a re  l i k e l y  to  be low  f r e ­

quency, as  has been d isc u sse d  f o r  th e  Mexican cave f i s h ,  and  an 

h y p e r tro p h ie d  system  f o r  d e te c t in g  th e se  s t im u l i  would a id  th e  f i s h  

i n  f in d in g  food and d e te c t in g  o b je c ts  in  th e  w a te r .

S ig n if ic a n c e  o f  Ambient Sounds EUring T hreshold  D eterm inations

The p resen ce  o f am bient sounds d u rin g  th e  d e te rm in a tio n  o f 

a u d i to ry  th re sh o ld s  i n  f is h e s  may a f f e c t  th e  th re s h o ld  l e v e l  (B u erk le , 

1968; Tavolga, 1 9 6 ?). Tavolga (1967) p re se n te d  ev idence t h a t  can be 

i n t e r p r e te d  to  in d ic a te  t h a t ,  i n  some s p e c ie s ,  two s im u ltan eo u s ly  

p re se n te d  sounds w i l l  i n t e r f e r e  w ith  each o th e r  and p o s s ib ly  a l t e r  

th e  th re s h o ld  f o r  th e se  sounds, B uerkle (1968) showed t h a t  background 

n o is e  w ith  freq u en cy  c h a r a c t e r i s t i c s  s im i la r  to  th o se  of th e  t e s t  s ig n a l
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can r a i s e  th e  a p p a re n t th re sh o ld  o f  th e  f i s h  by a  s ig n i f i c a n t  amount. 

S ince background sounds can a l t e r  th e  th re s h o ld  o f f i s h ,  th e  am bient 

n o ise  l e v e l s  and th e  sound spectrum  le v e l  have been p re se n te d  a long 

w ith  th e  th re s h o ld  d e te rm in a tio n s  f o r  A styanax (F ig ,  6 ) .

I t  i s  u n c le a r  w hether th e  s ig n i f i c a n t  f a c to r  a f f e c t in g  th e  

th re s h o ld  would be th e  t o t a l  n o ise  l e v e l  o r  th e  n o ise  en erg y  per 

c y c le .  The s ig n if ic a n c e  o f e i t h e r  measure o f th e  am bient sound le v e l  

would depend upon th e  a u d ito ry  mechanism o f th e  f i s h  and , more

s p e c i f i c a l l y ,  th e  way t h a t  th e  in n e r  e a r  o f  th e  f i s h  f u n c t io n s .

The s ig n if ic a n c e  o f background sounds d u rin g  th re s h o ld  

d e te rm in a tio n s  has been  dem onstra ted  by s tu d ie s  on h e a r in g  i n  mammals. 

D if fe re n t  f re q u e n c ie s  s tim u la t in g  th e  mammalian in n e r  e a r  s tim u la te  

d i f f e r e n t  p o r t io n s  o f  th e  cach lea  depending upon th e  w avelength  o f

th e  s ig n a l .  When two s ig n a ls  have 'p l a c e s ' on th e  co ch lea  t h a t  a re

c lo se  to  each  o th e r ,  th e  s ig n a ls  can  in t e r f e r e  w ith  one a n o th e r  and 

th e  o b se rv e r  may respond  a s  i f  h e a r in g  on ly  a  s in g le  s ig n a l ,  o r the  

th re s h o ld  o f  b o th  s ig n a ls  may be c o n s id e ra b ly  r a i s e d  (S c h a rf , 1966) .  

This in te r f e r e n c e  i s  known as  'masking* and i t  o n ly  occurs when th e  

s ig n a ls  a re  w ith in  th e  same ' c r i t i c a l  b a n d '.  When one o f  th e  s ig n a ls  

moves o u ts id e  th e  c r i t i c a l  band around th e  o th e r ,  th e y  w i l l  be 

h eard  s e p a ra te ly  (S c h a rf ,  1966), The w idth o f  th e  c r i t i c a l  band 

v a r ie s  w ith  d i f f e r e n t  f re q u e n c ie s  b u t  th e  bands seem to  be r e la te d  

t o  th e  p la c e s  on th e  coch lea  which d i f f e r e n t  f re q u e n c ie s  s tim u la te  

(S c h a rf , 1966).

The a b i l i t y  to  make freq u en cy  d is c r im in a tio n s  i s  p a r t i a l l y  

based  upon th e  e x is te n c e  o f p la c e s  on th e  c o c h le a . I f  two d i f f e r e n t
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p la c e s  a r e  s t im u la te d ,  th e  organism  can  d is c r im in a te  betw een th e  

s ig n a ls  (von Bekesy, i 960 ) ,  F is h e s  do n o t  have a  c o ch lea  and  th e re  

i s  no s t r u c tu r e  t h a t  p ro v id e s  an  an a to m ic a l b a s i s  f o r  a  p la c e  th e o ry  

i n  f i s h  (v an  B e rg e ijk , 1967b ) ,  b u t  f i s h  can p erfo rm  fre q u e n c y  — 

d is c r im in a t io n  (D ijk g ra a f  and V e rh e ije n , 1950! S t e t t e r ,  1929*

S t i p e t i c ,  1 9 3 9 )f and  Jacobs and Tavolga (1968) have shown t h a t  th e  

g o ld f is h  c o u ld  d is c r im in a te  to n e s  a s  c lo se  to  each  o th e r  a s  3$ .

I f  a  c r i t i c a l  band  mechanism i s  p r e s e n t  i n  f i s h ,  am b ien t 

sounds c o u ld  p la y  a  r o l e  i n  m asking th e  a b s o lu te  th r e s h o ld .  I t  I s  

a l s o  p o s s ib le  t h a t  w h ile  s p e c i f ic  m asking i s  n o t  p r e s e n t ,  th e  p resen ce  

o f  n o ise  i n  th e  env ironm ent a t  any  fre q u en cy  can  i n t e r f e r e  w ith ,  and 

mask, th e  a b s o lu te  th r e s h o ld .  R ecen t ev idence  in d ic a te s  t h a t  some 

s o r t  o f  m asking may o cc u r  i n  f i s h e s  (P . Cahn, p e rs o n a l  com m unication; 

T avolga , 1967, p e rso n a l com m unication). T his would mean t h a t  am bien t 

sounds a t  and around th e  c r i t i c a l  band  would have to  be k e p t v e ry  

low  i n  o rd e r  t o  p re v e n t m asking,
i

B uerk le  (1968) showed t h a t  th e  th re s h o ld s  o f  th e  c o d f is h  

co u ld  be r a i s e d  by  h a v in g  a  background n o ise  t h a t  was 20 dB low er 

th a n  th e  s tim u lu s  i n t e n s i t y .  He r a i s e d  th e  l e v e l  o f  th e  background 

n o ise  and s im u lta n e o u s ly  r a i s e d  th e  th re s h o ld s  o f  th e  f i s h .  I f  th e  

f i s h  had  a  mechanism s im i la r  to  th e  c r i t i c a l  b an d , th e n  th e  s ig n i ­

f i c a n t  background n o is e  would be i n  a  band a ro u n d  th e  c e n te r  f req u e n c y .
%

I f  a  mechanism s im i la r  t o  th e  c r i t i c a l  band does n o t  e x i s t  i n  f i s h e s ,  

th e  th re s h o ld s  o f th e  f i s h  would be masked b y  any  sound i n  th e  

en v iro n m en t. W hereas, i f  a  c r i t i c a l  band i s  p r e s e n t ,  o n ly  am bient 

sounds w ith  freq u en cy  com ponents c lo s e  to  th e  f re q u e n c y  o f  th e  t e s t
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s ig n a l  would do th e  m asking. I t  i s  n e c e ssa ry  to  keep th e  sound 

le v e ls  as  low  a s  p o s s ib le  d u rin g  t e s t i n g  i n  o rd e r  to  p re v e n t any 

in te r f e r e n c e  w ith  th e  th re s h o ld  d e te rm in a tio n , Both th e  bandw idth 

n o ise  l e v e l  and th e  sound spectrum  l e v e l  o f th e  sound a re  p re se n te d  

i n  F ig ,  6 b u t  th e  s ig n i f i c a n t  m easure i s  n o t  known. The bandw idth 

n o ise  l e v e l  and th e  sound spectrum  le v e l  a re  20 dB o r more below 

th e  th re sh o ld s  a t  a l l  p o in ts  and i t  i s  u n l ik e ly  t h a t  th e  am bient 

n o ise  had any e f f e c t  on th e  m easurem ents o f  th e  a b so lu te  th re sh o ld s  

o f th e  f i s h ,

N ature o f th e  S tim u li  R epresen ted  i n  th e  Audiograms

I t  i s  s t i l l  n e c e ssa ry  to  de term ine th e  type o f s tim u lu s  to  

which A styanax was resp o n d in g  d u rin g  th re sh o ld  d e te rm in a tio n s , 

P a rv u le seu  (19&4-, 1967a, b ) has determ ined  t h a t  a sm all body o f w a te r 

in  a  c lo se d  a re a  s tim u la te d  by  a  sp eak er i n  th e  a i r  w i l l  have a  pure 

p re s su re  f i e l d  (F ig ,  2 ) .  The sound p re s s u re  l e v e l  m easured in s id e  

th e  sh u tt le b o x  w ith  a  hydrophone and o u ts id e  th e  3 h u ttle b o x  w ith  a 

sound l e v e l  m eter were i d e n t i c a l ,  in d ic a t in g  t h a t  th e  sound s tim u lu s  

was n o t a t te n u a te d  by th e  a i r -w a te r  in t e r f a c e  which no rm ally  d is tu rb s  

sound e n te r in g  w a te r when th e  w a te r i s  a  f r e e  f i e l d  (P a rv u le seu ,

196*0, Cahn e t  a l  ( 1967) have found t h a t  th e  speed o f sound in  a  sm all 

body o f w a te r i s  much c lo s e r  to  th e  speed  o f  sound i n  a i r  th an  th e  

speed o f  sound i n  a  la rg e  body o f w a te r .  These f in d in g s  in d ic a te  

t h a t  th e  sound s tim u lu s  above 400 Hz t h a t  m ost p ro b ab ly  a f f e c t s  th e  

f i s h  i n  th e  avoidance c o n d itio n in g  a p p a ra tu s  i s  m ain ly  a p re s su re  

f i e l d .  There i s  some ev idence t h a t  a t  300 Hz and below  th e re  i s  a  ^  

s tro n g  d isp lacem en t s tim u lu s  p re s e n t  ( se e  below) b u t  th e  th re sh o ld s
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f o r  500 Ha and above a re  p ro b ab ly  e n t i r e ly  p re s su re  s t im u l i .  From 

th e  appearance o f  th e  th re sh o ld s  a t  300 Hz and below , th e se  th re sh o ld s  

a re  a l s o  p re s su re  th re s h o ld s ,  Tavolga and Wodinsky (1963) found 

double th re sh o ld s  i n  some o f  th e  sp e c ie s  th e y  worked w ith  and th e  

d isp lacem en t th re s h o ld s  a t  th e  low f re q u e n c ie s ,  p lo t t e d  on a  p re s su re  

s c a le ,  were below  th e  l e v e l s  f o r  th e  p re s su re  th re s h o ld s .  A lthough 

th e  s e n s i t i v i t y  t o  p re s s u re  s t im u l i  in  A styanax i s  c o n s id e ra b ly  

g r e a te r  th a n  th e  p re s s u re  s e n s i t i v i t y  o f non-os t a r  io p h y sin e  s , i t  i s  

l i k e l y  t h a t  th e  th re s h o ld  p o in ts  f o r  d isp lacem en t s t im u l i ,  i f  p r e s e n t ,  

would be d i f f e r e n t  from th e  p o in ts  shown f o r  th e  two sp e c ie s  o f 

A styanax,  The p o in ts  p lo t te d  f o r  300 Hz and below fo llo w  th e  g e n e ra l 

shape o f  th e  r e s t  o f  th e  audiogram  and , in  th e  b l in d  f i s h ,  th e  

th re s h o ld s  a t  200 Hz and 300 Hz a re  i n s ig n i f i c a n t ly  d i f f e r e n t  from 

th e  th re s h o ld  a t  500 Hz,

B ehavior o f th e  F ish i Response to  D if fe re n t  S tim u li

t The two sp ec ie s , o f  A styanax behaved d i f f e r e n t l y  to  th e  t r a n s ­

f e r s  o f  t e s t  f re q u e n c ie s  and th e  b e h a v io ra l d if f e re n c e  may have been 

r e l a t e d  to  how th e  s p e c ie s  p e rc e iv e d  th e  a c o u s t ic a l  s t im u l i .  I n i t i a l  

t r a in in g  o f  A styanax .jo rdan i and A, mexicanus was a t  500 Hz and , 

a f t e r  th e  f i s h  were w e ll  t r a in e d ,  th e  f i s h  were t r a n s f e r r e d  to  o th e r  

f re q u e n c ie s  to  determ ine th e  a u d ito ry  th re s h o ld s .  The Mexican b l in d  

cave f i s h  co u ld  e a s i l y  t r a n s f e r  to  o th e r  f re q u e n c ie s  b u t  th e  r i v e r  

f i s h  had d i f f i c u l t y  t r a n s f e r r in g  to  300 Hz and 3000 Hz, The b l in d  

f i s h  a re  no rm ally  o r ie n te d  to  a c o u s t ic a l  s t im u li  w h ile  th e  r iv e r  

f i s h  a re  v i s u a l ly  o r ie n te d  and th e y  may have had d i f f i c u l t y  o r ie n t in g  

t o  d i f f e r e n t  s t im u l i .  The break-dow n o f th e  r i v e r  f i s h  b e h a v io r  a t
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300 Hz p ro b ab ly  o ccu rred  because th e  f i s h  were t r a in e d  to  respond t o  

the p re s s u re  s tim u lu s  p re se n t a t  500 Hz and they  d id  n o t  t r a n s f e r  t o  

the  predom inant d isp lacem en t s tim u lu s  p re s e n t  a t  300 Hz and below.

The 3000 Hz s tim u lu s  may a lso  be q u a l i t a t i v e ly  d i f f e r e n t  from the 

500 Hz s ig n a l .  The b l in d  cave f i s h  may norm ally  e q u a te  p ressu re  and 

d isp lacem en t o r th e y  may d e te c t  and le a r n  to  respond t o  bo th  s t im u li  

a t  500 Hz. The d isp lacem en t s tim u lu s  a t  500 Hz i s  c o n s id e ra b ly  

weaker th a n  th e  p re s s u re  s tim u lu s  and th e  r iv e r  f i s h ,  hav ing  fewer 

d isp lacem en t d e te c to r s  th an  th e  b l in d  f i s h ,  may n o t have d e tec ted  i t .

Tavolga and Wodinsky (1963) found evidence f o r  two d i f f e r e n t  

low freq u e n c y  th re sh o ld  curves f o r  s e v e ra l  sp ec ies  o f  m arine f i s h e s .

On some days th e  th re sh o ld s  were c o n s id e ra b ly  h ig h e r  th a n  on o th er 

days and th e y  th e o r iz e d  t h a t  th e  f i s h  were respond ing  t o  p ressure  

and d isp lacem en t s t im u l i  d u rin g  d i f f e r e n t  t e s t s .  Cahn e t  a l  (1967) 

re p o rte d  a u d ito ry  th re sh o ld s  f o r  Haemulon sc iu ru s  u s in g  a  technique 

th a t  i s o l a t e s  th e  p re s s u re  and d isp lacem en t s tim u li  and  l e t s  

th re sh o ld s  be determ ined  f o r  each of th e  two forms o f  a c o u s tic  

energ y . They were a b le  to  confirm  th e  e x is te n c e  of d o u b le  th re sh o ld s  

in  th e  g ru n t and th e y  showed th a t  th e  s h i f t  th a t  T avolga and Wodinsky 

(1963) had re p o rte d  was from a p re s s u re  response to  one of d isp la c e ­

m ent.

When the  r i v e r  f i s h  were t r a n s f e r r e d  to  300 Hz, they  

i n i t i a l l y  responded to  th e  p re s s u re  p o r tio n  of th e  s tim u lu s , b u t a f t e r  

s e v e ra l  t r i a l s  o r s e v e ra l  days th e y  may have a lso  begun responding 

to  th e  s tro n g  d isp lace m e n t. The r i v e r  f i s h  tend to  s to p  responding 

when th e r e  i s  any s o r t  o f  change i n  th e  s tim u lu s , and  th e  presence
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of a  s tro n g  d isp lacem en t en erg y  would have been a  s u f f i c i e n t  s tim u lu s  

to  cause t h i s  d is ju n c t io n  i n  t h e i r  b e h a v io r .

The f a c t  t h a t  th e  cu rv es  fo llo w  th e  h ig h e r  freq u en cy  p re s su re  

th re sh o ld s  f o r  b o th  sp e c ie s  a l s o  in d ic a te s  t h a t  th e  th re sh o ld s  below 

300 Hz a re  p ro b ab ly  re sp o n se s  to  p re s su re  s t im u l i .  I n  th e  s tu d y  by 

Tavolga and Wodinsky ( 1963)1 th e  d isp lacem en t th re sh o ld s  were 

c o n s id e ra b ly  low er th an  th e  p re s su re  th re s h o ld s  when th e  two d i f f e r e n t  

th re sh o ld s  were p lo t te d  on a  s c a le  f o r  p re s su re  th re s h o ld s .  The 

p re ssu re  s e n s i t i v i t y  o f A styanax i s  low er th an  any o f th e  sp e c ie s  

s tu d ie d  b y  Tavolga and W odinsky; th e r e f o r e ,  com parisons may be in v a l id .  

The t r a n s f e r  d i f f i c u l t y  en coun tered  w ith  th e  r iv e r  f i s h  a t  

f re q u e n c ie s  between 2500 and 3000 Hz may have r e s u l te d  from e i t h e r  

a  change i n  perce iv ed  s t im u l i  a t  2500 to  3000 Hz o r  th e  i n a b i l i t y  of 

th e  f i s h  to  t r a n s f e r  t h e i r  response  from  th e  t r a in in g  freq u en cy  to  

c e r ta in  o th e r  f re q u e n c ie s . The p o s s i b i l i t y  o f  a  change i n  p e rce iv ed  

s tim u lus a t  3000 Hz has a lr e a d y  been d isc u s s e d . The W eberian 

o s s ic le s  may have had a freq u en cy  response  below  300 Hz w h ile  above 

3000 Hz th e  o s s ic le s  may have responded to  s ig n a ls  a t  l e s s  th a n  a 

1 to  1 r a t i o ,  and th i s  may have confused  th e  f i s h .  I t  i s  a l s o  p o s s ib le  

t h a t  th e  re sp o n se  of th e  in n e r  e a r  h a i r  c e l l s  s h i f t e d  from a 

freq u en cy  t o  an  i n t e n s i t y  re sp o n se , and t h i s  confused  th e  f i s h ,

Kimble (1951 * p* 3 ^ )  d isc u sse d  s tim u lu s  g e n e ra l iz a t io n  in  

mammals and  he showed t h a t  a s  th e  s tim u lu s  becomes l e s s  and l e s s  l ik e  

the  t r a in in g  s tim u lu s , th e  a n im a l 's  response  g e ts  p o o re r. The 

in v e s t ig a t io n s  o f A styanax were n o t t r e a te d  a s  a  problem  i n  s tim u lu s  

g e n e ra l iz a t io n ,  b u t i f  th e  break-down a t  3000 Hz was a  r e s u l t  o f  a
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l a c k  of s tim u lu s  g e n e ra l iz a t io n ,  i t  may be th e  f i r s t  tim e such a 

phenomenon has been  en co u n tered  w ith  f i s h .  The f a c t  t h a t  th e  f i s h  

avo ided  betw een 25 and 50$ o f  th e  tim e a t  3000 Hz, b u t  n ev er improved 

beyond t h i s ,  su g g e s ts  t h a t  th e  d i f f i c u l t y  h e re  m ight have been  

a s s o c ia te d  w ith  g e n e ra l iz a t io n .

The b l in d  f i s h  had no d i f f i c u l t y  betw een 2500 and 3000 Hz, 

and  t h i s  in d ic a te s  t h a t  th e  b l in d  f i s h  and th e  r iv e r  f i s h  had le a rn e d  

t o  respond to  d i f f e r e n t  a s p e c ts  o f  th e  s t im u l i .  The b l in d  f i s h  may 

have le a rn e d  t o  respond  to  ’sound* s t im u li  i n  g e n e ra l ,  w h ile  th e  r iv e r  

f i s h  may have le a rn e d  to  a  500 Hz s ig n a l  o r  th e  s p e c i f ic  q u a l i t a t iv e  

com position  o f  th e  500 Hz to n e . This su g g es ts  an  improved method 

f o r  t r a in in g  f i s h  f o r  th re s h o ld  d e te rm in a tio n s . R ather th a n  t r a i n  

a  f i s h  i n i t i a l l y  to  a  s in g le  freq u en cy , i t  sh o u ld  be t r a in e d  to  a

v a r i e ty  o f d i f f e r e n t  s ig n a ls  so t h a t  i t  le a r n s  to  respond t o  'sound*

and n o t to  a  s p e c i f ic  s ig n a l  o r  s p e c i f ic  s ig n a l  c o n te n t.  A lthough 

t h i s  method may n o t make t r a in in g  f a s t e r ,  i t  may make s tim u lu s  

t r a n s f e r  e a s i e r ,  and r e t r a in in g  d u rin g  t e s t i n g  would no lo n g e r  be 

n e c e s sa ry .

F ish  t r a in e d  a t  3000 Hz had no d i f f i c u l t y  in  s tim u lu s  t r a n s f e r  

to  low f re q u e n c ie s ;  t h i s  may have r e s u l te d  from  th e  t r a in in g  a t  a

c e n t r a l  fre q u en cy  i n  th e  f i s h ' s  d e te c ta b le  ra n g e .

Once th e  r iv e r  f i s h  had re c e iv e d  t r a in in g  a t  h ig h e r  fre q u e n c ie s  

(up to  2500 H z), th ey  had no d i f f i c u l t y  s h i f t i n g  to  300 Hz and below. 

T his may in d ic a te  t h a t  th e y  were so o v e r tra in e d  to  th e  p re s s u re  

s tim u lu s  t h a t  th e  d isp lacem en t s tim u lu s  was e f f e c t iv e ly  'i g n o r e d '.

A t- s e v e ra l  p o in ts  d u rin g  t e s t i n g  o f th e  Mexican b l in d  cave
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f i s h  below  300 Hz, th e r e  were in d ic a t io n s  t h a t  th e  f i s h  were s h i f t i n g  

from  one m odality  to  a n o th e r .  During th e  co arse  o f a  d a y 's  th re s h o ld  

d e te rm in a tio n s , th e  th re s h o ld  would sudden ly  drop a f t e r  10 or 15 

changes o r s te p s .  T his d id  n o t occur c o n s is te n t ly  s in c e  i t  was 

ob se rv ed  only  ab o u t a  h a l f  dozen tim e s  a t  s e v e ra l  f re q u e n c ie s .

Behavior i n  th e  sh u ttle b o x

The sh u tt le b o x  used  in  avo idance t r a in in g  was o r ig in a l ly  

d e s ig n e d  and used  w ith  v i s u a l ly  o r ie n te d  an im als (Behrend and 

B itte rm a n , 19621 Tavolga and Wodinsky, 1963) .  S e v e ra l a sp e c ts  o f  th e  

ta n k  he lped  v i s u a l ly  o r ie n te d  f i s h  l e a r n  to  c ro ss  th e  b a r r i e r  b u t  

th e  b l in d  f i s h  had to  make use  o f o th e r  cues th a t  th e y  could p e rc e iv e .  

The b a r r i e r  was p a in te d  i n  c o n tr a s t in g  c o lo rs  to  th e  r e s t  o f th e  

ta n k  i n  th e  s tu d ie s  b y  Tavolga and Wodinsky (1963. 1965) and Jacobs 

and  Tavolga ( 1967, 19 6 8 ). There was a  beam of v i s i b l e  l i g h t  above 

th e  b a r r i e r  t h a t  e x c i te d  th e  p h o to c e ll  i n  th e se  in v e s t ig a t io n s .  The 

l i g h t  may have h e lped  th e  f i s h  to  o r ie n t  to  th e  b a r r i e r ,  A styanax 

m exicanus r a p id ly  le a rn e d  to  c ro ss  th e  b a r r i e r  in  re sp o n se  to  

a lm o s t any v is u a l  c u e . The p h o to c e ll  l i g h t  and th e  b a r r i e r  c o lo r  

p ro v id e d  a con tinuous cue t h a t  th e  f i s h  p ro b ab ly  le a rn e d  to  d i s c r i ­

m in a te  from th e  r e s t  o f  th e  ta n k . W hether f i s h  w i l l  l e a r n  the  i n i t i a l  

e scap e  response any  d i f f e r e n t l y  w ith  and w ith o u t such  cues i s  n o t  

known because th e  same sp e c ie s  o f f i s h  has never been  te s te d  under 

th e s e  two c o n d itio n s . G o ld fish  and A styanax m exicanus, t ra in e d  w ith  

th e  two cues p r e s e n t ,  le a rn e d  th e  escape  response more r a p id ly  th a n  

th e  p in f i s h ,  Lagodcn rhomboids s , t r a in e d  i n  a  b la c k  ta n k  w ith  i n f r a ­

r e d  l i g h t  to  e x c i te  th e  p h o to c e ll  (Jaco b s  and Popper, 1968).
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Presum ably th e  p i n f i s h  co u ld  n o t  see th e  l i g h t  s in c e  i t  was o u ts id e  

th e  v i s u a l  ran g e  o f  f i s h  (W. N, T avolga, p e r s o n a l  com m unication,• Y ager, 

1967)• E s c a p e - tra in e d  p in f i s h  and g o ld f is h  le a rn e d  th e  sound 

avo idance problem  i n  a b o u t th e  same amount o f  tim e , b u t  th e  escape 

resp o n se  took  s e v e r a l  days f o r  th e  p in f i s h  to  l e a r n  and  o n ly  s e v e ra l  

t r i a l s  f o r  th e  g o ld f is h  and A styanax* WhUe t h i s  i s  n o t  c l e a r - c u t  

e v id e n c e , i t  does seem to  in d ic a te  t h a t  s p e c i f i c  h ig h l ig h t in g  o f th e  

b a r r i e r  would a id  a  f i s h  to  l e a r n  a p o r t io n  o f  th e  escap e  re sp o n se . 

B lin d  cave f i s h e s  can n o t use  th e  v i s u a l  cues b u i l t  i n to  th e  

s h u tt le b o x  to  l e a r n  to  make th e  escape re sp o n s e . C on seq u en tly , i t  

ta k e s  a c o n s id e ra b le  amount o f  tim e f o r  th e  b l in d  f i s h  to  le a r n  to  

e s c a p e . Once th e y  have le a rn e d  th e  escap e  re sp o n se , th e  la te n c y  o f  

re sp o n se  i s  th e  same as  t h a t  o f  th e  eyed r i v e r  f i s h ,  and t h e i r  

avo idance re sp o n se  a l s o  has th e  same la te n c y  a s  t h a t  o f  th e  r i v e r  

f i s h .  I t  i s  p o s s ib le  t h a t  a  b l in d  f i s h  l e a r n s  th e  shape o f  th e  t e s t  

ta n k  and o r ie n t s  i t s e l f  i n  th e  c o r r e c t  d i r e c t i o n ,  o r  keeps t r a c k  o f 

i t s  o r ie n ta t io n  and tu rn s  tow ards the  b a r r i e r  whenever th e  s tim u lu s  

s t a r t s .  D uring p re l im in a ry  experim en ts  on h e a r in g  i n  th e  Mexican 

b l in d  cave f i s h ,  th e y  w ere t e s t e d  i n  open ta n k s  and co u ld  be o b serv ed  

c lo s e ly .  The b l in d  f i s h  swam slow ly  o r to o k  up p o s i t io n s  in  th e  ta n k  

and rem ained th e r e  u n t i l  th e  s tim u lu s  s t a r t e d .  The f i s h  th en  swam

d i r e c t l y  over th e  b a r r i e r .  The f i s h  s e le c te d  th e  same p o s i t io n
\

c o n s is t e n t ly  and k e p t r e tu r n in g  to  i t  d u r in g  th e  i n t e r t r i a l  i n t e r v a l .  

Even when th e  f i s h  d id  n o t  rem ain  i n  one p o s i t i o n ,  th e y  o f te n  

c ro sse d  th e  b a r r i e r  r a p id ly  when th e  s tim u lu s  s t a r t e d ,

John (1957) found t h a t  b o th  th e  Mexican cave f i s h  and b l in d e d
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r iv e r  f i s h  avoided noxious s t im u l i .  When th e  s tim u lu s  was removed 

from th e  ta n k , th e  f i s h  s t i l l  made th e  avoidance response  i n  the  

g en era l a re a  where th e  noxious s tim u lu s  had b een . I t  appeared  th a t  

th e  f i s h  le a rn e d  th e  g e n e ra l a re a  o f th e  s tim u lu s  and th en  r e l i e d  on 

senso ry  in fo rm a tio n  to  determ ine i t s  p re c is e  lo c a t io n .

The b lin d  cave f i s h  may le a r n  th e  g e n e ra l p o s i t io n  of the  

b a r r i e r  i n  th e  s h u tt le b o x . I f  th e  f i s h  can  keep t r a c k  o f t h e i r  

p o s i t io n  r e l a t i v e  to  th e  h u rd le , th e y  would o n ly  have to  swim in  th e  

c o r re c t  d i r e c t io n  to  e v e n tu a lly  c ro ss  th e  b a r r i e r .  I f  th e  f i s h  

remained m o tio n less  d u rin g  th e  i n t e r t r i a l  i n t e r v a l ,  th ey  would then  

have no d i f f i c u l t y ,  o r ie n t in g  to  th e  b a r r i e r .  When th e  f i s h  move 

around, th e y  can o b ta in  a d d i t io n a l  o r ie n ta t io n  in fo rm a tio n  through 

th e i r  l a t e r a l  l in e s  and f r e e  neurom asts which w i l l  respond d i f f e r e n t ly  

to  the h u rd le  and th e  o th e r  w a lls  o f  th e  ta n k . The w a ll o f  th e  

b a r r i e r  i s  s loped  w hile  th e  o th e r  w a lls  o f th e  ta n k  a re  p e rp e n d ic u la r  

to  th e  bottom  of th e  ta n k  (F ig . 2 ) ,  D ijk g ra a f  (1963) found th a t  

a s  f i s h  swim th ey  push w ater ahead o f th em se lv es . I f  th e re  i s  an 

o b je c t  i n  th e  p a th  o f th e  f i s h ,  th e  w a te r r e f l e c t i o n s  a re  d e te c te d  

by the l a t e r a l  l i n e  c an a ls  and f r e e  neurom asts on th e  head of the  

f i s h .  W alte rs  and L iu (1967) observed  t h a t  A styanax jo rd a n i  d e te c ts  

such w a te r d isp lac e m e n ts . This p ro b ab ly  p lay ed  a  ro le  in  th e  s tim u lu s  

d e te c t io n  d iscu ssed  by John (1957)» The r e f l e c te d  d isp lacem en t in  

th e  sh u tt le b o x  d i f f e r s  f o r  th e  b a r r i e r  and th e  w a lls  o f th e  ta n k . I f  

th e  f i s h  were swimming d i r e c t ly  tow ards a w a ll  o f  th e  ta n k , a l l  of 

th e  sen so ry  c e l l s  e q u id is ta n t  from  th e  w a ll would be s tim u la te d  w ith  

th e  same amount o f  en e rg y . A ll c e l l s  r e c e iv in g  th e  same in t e n s i t y
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s tim u lu s  would be on th e  same v e r t i c a l  p la n e . I f  th e  f i s h  were 

swimming tow ards th e  s lo p ed  h u rd le , th e  c e l l s  on th e  to p  o f th e  head 

o f th e  f i s h  would be f a r t h e r  from th e  b a r r i e r  th an  the c e l l s  on th e  

v e n t r a l  s u rfa c e  o f  th e  h ead . I f  th e  in fo rm a tio n  in t e r p r e t a t i o n  

system  i s  n o t v e ry  s o p h is t ic a te d ,  i t  would ta k e  th e  f i s h  a  lo n g  time 

to  le a r n  to  d isc r im in a te  betw een th e  sloped  and angled  w a l l .

A more s o p h is t ic a te d  c a p a c ity  to  i n t e r p r e t  th i s  type o f d a ta  

would mean th a t  th e  f i s h  cou ld  d is c r im in a te  betw een sm all a n g le s  on 

v e r t i c a l  and h o r iz o n ta l  p la n e s .  The f i s h  would a ls o  be a b le  to  d i s c r i ­

m inate between h o r iz o n ta l  and v e r t i c a l  s u rfa c e s  i f  th ey  cou ld  keep 

t r a c k  o f t h e i r  body p o s i t io n .  A h ig h ly  in te g ra te d  re c e p to r  system  

would l e t  th e  f i s h  d is c r im in a te  betw een m u lti-a n g le d  o b je c ts  where 

each  neurom ast o r  sm all group of neurom asts would re c e iv e  d i f f e r e n t  

i n t e n s i t y  s t im u l i .

Comparisons o f and Techniques f o r  O btain ing  T hresholds f o r  A styanax
and O ther S p ec ies  o f F ish

A styanax mexicanus was a b le  to  hear sounds up to  7500 Hz and 

A, .jo rdan i up to  6400 Hz. I t  i s  l i k e l y  t h a t  th e  Mexican b l in d  cave 

f i s h  would have heard  s ig n a ls  a t  l e a s t  as h igh  a s  7500 Hz and th a t  

b o th  sp e c ie s  can p ro b ab ly  d e te c t  pure tones up to  8000 o r 9000 Hz.

The th re sh o ld  a t  th e  h ig h e s t  freq u en cy  used i n  th e  r iv e r  f i s h  s tu d y  

was +2.8 dI3pb. I n  c o n t r a s t ,  o th e r  ex perim en to rs  have u s u a l ly  ended 

t h e i r  th re sh o ld  d e te rm in a tio n s  when th e  th re sh o ld  o f th e  f i s h  was 

+30 dBpb (E nger, 19^6f Jacobs and Tavolga, 1967* W eiss, 1967)* I t  

was n o t p o s s ib le  to  determ ine th re sh o ld s  a t  i n t e n s i t i e s  h ig h e r  than  

th e  th re sh o ld  a t  7500 Hz, I n  o rd e r  to  o b ta in  a th re s h o ld , th e  s t a r t i n g  

i n t e n s i t y  b e fo re  a t te n u a t io n  m ust be a t  l e a s t  20 dB above th e  th re sh o ld
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l e v e l .  A t th e se  h ig h  fre q u e n c ie s  and i n t e n s i t i e s ,  th e  lo u d sp eak er 

used d id  n o t  a c c u r a te ly  reproduce pu re  to n e s .

E a r l i e r  s tu d ie s  w ith  o th e r  o s ta r io p h y s in e s  have in d ic a te d  

th a t  th e  h ig h e s t  freq u en cy  t h a t  d i f f e r e n t  s p e c ie s  cou ld  h ea r v a r ie d  

c o n s id e ra b ly . The h ig h e s t  f re q u e n c ie s  were 6000 Hz in  th e  c y p r in id  

Phoxinus l a e v is  (von F r is c h ,  1938a* von F r is c h  and S t e t t e r ,  1932; 

S t e t t e r ,  1929), 6960 Hz i n  th e  c h a ra c id s  Hyphessobrycon flam m eus, 

Hemmigrammus c a u d o v i t ta tu s , and P y rrh u lin a  rach o v ian a  (von B o u t te v i l l e , 

1935)1 870 to  1035 Hz i n  th e  gymnotid E le c tro p h o ru s  e l e c t r i c u s  (von 

B o u t te v i l le ,  1935), and more th a n  10,000 Hz i n  th e  s i l u r id  I c t a lu r u s  

nebu losus (Autrum and Poggendorf, 1951; Poggendorf, 1952),

The h ig h e s t  f re q u e n c ie s  d e te c ta b le  by n o n -o s ta r io p h y s in e s  

were 2068 Hz in  P o e c i l ia  r e t i c u la tu s  (F a rk as , 1936), 2500 Hz in  

Mugil cep h a lu s  (M aliu k in a , i 960) ,  488 to  650 Hz i n  A ngu illa  a n g u i l la

( D ie s s e lh o rs t ,  1938), 2637 to  *4699 Hz i n  th e  a n a b a n tid  Macropodus
/

o p e rc u la r is  (S c h n e id e r, 1941), up to  800 Hz i n  s e v e ra l  sp e c ie s  o f  

Grobius (Q ijk g ra a f , 1952), 2800 Hz i n  H o locen trus a sc e n s io n u s , and 

1200 Hz i n  Haemulon s c iu ru s  (Tavolga and Wodinsky, 1963, 1965)*

G en e ra lly , th e  minimum a u d ito ry  th re s h o ld s  f o r  bo th  o s ta r io -  

physines and non-os ta r io p h y s in e s  a re  found betw een 200 and 1500 Hz 

(T avolga, 1965), b u t  th e  th re sh o ld s  i n  th e  o s ta r io p h y s in e s  a re  

c o n s id e ra b ly  low er th a n  i n  f i s h  w ith o u t W eberian o s s ic le s ,  None of 

th e  e a r ly  s tu d ie s  on h e a rin g  i n  f i s h  has d i f f e r e n t i a t e d  between 

p re s s u re  and d isp lacem en t th re s h o ld s .  I n  many o f  th e  e a r ly  e x p e r i­

m ents, th e  sound so u rc e , o f te n  a tu n in g  f o rk ,  was p laced  d i r e c t l y  on 

th e  ta n k  (P a rk e r and van Heussen, 1917) a^d th e  tan k s  were made o f
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g la s s  o r  o th e r  m a te r ia l  t h a t  responded to  a c o u s t ic a l  s t im u l i  and s e t  

up d isp lacem en t waves t h a t  may have been in d ependen t o f th e  s tim u la t in g  

p re ssu re  en erg y  (P a rv u le seu , 1964), I n  such u n c o n tro lle d  a c o u s t ic a l  

s i t u a t io n s ,  th e  f i s h  tan k s  may have a c te d  l i k e  th e  swim b la d d e r  o f 

f i s h e s  and s e t  up n e a r - f ie ld  d isp lace m e n ts  t h a t  s tim u la te d  th e  f i s h .

More r e c e n t  experim en ts have made use  o f  p r e c is io n  au d io  

o s c i l l a t o r s ,  hydrophones, sound m easuring equipm ent, e t c . ,  and y e t  

th e re  a re  s t i l l  d is c re p a n c ie s  betw een th e  r e s u l t s  from  d i f f e r e n t  

l a b o r a to r ie s  when th e  same sp e c ie s  o f f i s h  i s  u sed . For example, 

d i f f e r e n t  w orkers have o b ta in ed  d i f f e r e n t  r e s u l t s  w ith  th e  common 

g o ld f is h ,  C a ra s s iu s  a u r a tu s . How v a l id  th e n  a re  th e  d a ta  o b ta in ed  f o r  

th e  two sp e c ie s  o f A styanax a s  compared w ith  o th e r  th re s h o ld s  and, 

under o th e r  c o n d it io n s ,  would th e se  th re sh o ld s  be  any d i f f e r e n t  from 

th o se  a lre a d y  ob ta ined?

Enger (1966), Jacobs and Tavolga (1 9 6 ? ), and W eiss (196?) 

found t h a t  th e  g o ld f is h  can h e a r  sounds up to  3000 Hz, The th re sh o ld s  

found by Jacobs and Tavolga (1967), however, were s ig n i f i c a n t ly  low er 

th a n  th e  o th e r s .  Using a  sp eak er i n  th e  a i r ,  Enger (1966) found 

th re sh o ld s  t h a t  were s l i g h t l y  h ig h e r  th an  th o se  found by  Jacobs and 

Tavolga, and Weiss (1 9 6 ? ), u s in g  a  s h u ttle b o x  whose ends were made up 

by th e  lo u d sp e a k e rs , found th re sh o ld s  t h a t  were a lm o st c o n s is te n t ly  

20 dB above th o se  i n  th e  d e te rm in a tio n s  by  Jacobs and T avolga. Enger 

(1968) su g g ested  th a t  th e  p re s su re  th re sh o ld s  found by Jacobs and 

Tavolga were low er th a n  h i s  d e te rm in a tio n s  (E nger, 1966) because 

Jacobs and Tavolga were a b le  to  produce b e t t e r  p re ssu re  s t im u l i  th an  

he co u ld , W eiss used avoidance c o n d it io n in g , b u t  he d id  n o t  p re se n t
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shock a f t e r  t r a in in g  whenever th e  f i s h  d id  n o t a v o id  th e  sound. He 

contended t h a t  shock d u rin g  t e s t i n g  would give th e  f i s h  "n e u ro se s" , 

Wodinsky (p e rs o n a l com m unication) has r e c e n t ly  determ ined  t h a t  f i s h  

t e s t e d  w ith o u t shock w i l l  c o n s is te n t ly  e x h ib i t  h ig h e r  th re sh o ld s  th a n  

f i s h  t e s te d  w ith  shock, th e  d if fe re n c e  b e in g  ab o u t 15 to  20 dB,

Cahn e t  a l  (196?) worked w ith  th e  g ru n t, Haemulon s c iu r u s , 

and th ey  used  a  new a c o u s t ic  a p p a ra tu s  i n  which th e y  were a b le  to  

i s o l a t e  p re s s u re  and d isp lacem en t s t im u l i  from each  o th e r  and th u s  

t e s t  th e  f i s h  i n  r e l a t i v e l y  pure p re s su re  o r d isp lacem en t f i e l d s .

The th re sh o ld s  th e y  o b ta in ed  were a lm o st i d e n t i c a l  to  th e  th re sh o ld s  

f o r  the  g ru n t determ ined  by  Tavolga and Wodinsky (1963), a lth o u g h  

Tavolga and Wodinsky used  an  u n d efin ed  s tim u lu s  produced by  a sm all 

underw ater s p e a k e r .

The tech n iq u e  used  f o r  th e  in v e s t ig a t io n s  o f h e a r in g  in  

A styanax was v e ry  s im i la r  t o  th e  one used  by Jacobs and Tavolga 

(1967, 1968), The m ajor d if f e r e n c e  betw een th e  Jacobs and Tavolga 

( 1967 , 1968) s tu d ie s  and th o se  o f Tavolga and Wodinsky (1963) was t h a t  

Jacobs and Tavolga used  a  sp eak e r i n  a i r ,  which i s  supposed to  produce 

a  pure f a r - f i e l d  (P a rv u le se u , 196*0, w h ile  Tavolga and Wodinsky ( I 963) 

used  an u n d erw ate r sp eak er which produces an undefined  s tim u lu s .

A f te r  com paring th e  th re sh o ld s  o b ta in e d  under d i f f e r e n t  

a c o u s t ic a l  c o n d it io n s ,  i t  can  be concluded t h a t  th e  th re sh o ld s  p re se n te d  

f o r  th e  two sp e c ie s  o f A styanax a re  r e l i a b l e  a s  a b so lu te  th re s h o ld s .

The a b so lu te  th re s h o ld ,  as  determ ined  i n  th e se  ex p e rim en ts , i s  th e  

minimum s ig n a l  to  which th e  f i s h  responds $0$ o f th e  tim e . I t  i s  

p o s s ib le  t h a t  th e  a u d ito ry  system  o f th e  f i s h  d e te c ts  low er i n t e n s i t y
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s t im u l i ,  b u t  t h i s  may be f i l t e r e d  o u t  i n  the  p e r ip h e ra l  o r  c e n t r a l  

nervous system  and th e  anim al would n o t ,  th e r e f o r e ,  respond to  i t .

The p resen ce  o f shock p ro v id e s  a  s tim u lu s  to  w hich th e  f i s h  can 

respond a s  lo n g  as  i t  can  d e te c t  th e  s ig n a l .  A lthough o b se rv a tio n s  

were n o t made o f th e  b eh av io r o f  th e  f i s h  d u rin g  th re sh o ld  d e te rm i­

n a tio n s , th e y  p robab ly  maximize t h e i r  chances o f  d e te c t in g  th e  

s ig n a l a t  i t s  lo w est i n t e n s i t i e s ,  Tavolga (p e rs o n a l communication) 

found t h a t  f i s h  t r a in e d  to  a  v is u a l  s tim u lu s  w i l l  tak e  up a p o s i t io n  

fa c in g  th e  p la c e  a t  w hich th e  s tim u lu s  w i l l  be p re se n te d  and ,

C, S , Johnson (p e rso n a l com m unication) observed  t h a t  th e  b o t t le n o s e  

p o rp o ise , T u rsiops t r u n c a tu s , w a ited  f o r  the o n s e t  o f  th e  c o n d itio n e d  

s tim u lu s  i n  th e  a re a  o f  th e  t e s t  ta n k  where th e  s tiu ra lu s  was th e  

lo u d e s t ,  W odinsky's f in d in g s  t h a t  th e  p resence o f  shock d u rin g  

t e s t in g  a l s o  r e s u l t s  i n  a  low er th re s h o ld  su p p o rts  th e  c o n te n tio n  

th a t  th e  f i s h  a re  respond ing  to  th e  minimum p o s s ib le  th re sh o ld  i n  

th e  avo idance c o n d itio n in g  a p p a ra tu s .

I t  would be o f  c o n s id e ra b le  i n t e r e s t  t o  determ ine w hether the  

a u d ito ry  th re sh o ld s  o b ta in ed  w ith  avoidance c o n d itio n in g  tech n iq u es  

would be s im i la r  to  th re sh o ld s  o b ta in e d  u s in g  o th e r  t e s t in g  m ethods. 

Only one com parative th re s h o ld  s tu d y  has been re p o r te d  i n - th e  

l i t e r a t u r e ,  D alton (1968) de term ined  th a t  th e  a u d ito ry  th re s h o ld s  of 

s e v e ra l  s p e c ie s  o f  monkeys were lo w er when an o p e ra n t tech n iq u e  was 

u sed  to  t e s t  th e  an im al and h ig h e r  when evoked c o r t i c a l  re sp o n se s  

were u se d . T hresholds u s in g  a  g a lv a n ic  sk in  re sp o n se  were betw een the  

o th e r  tw o.

The d a ta  on th e  a u d ito ry  c a p a c i ty  f o r  A styanax adds to  our 

knowledge o f  th e  a u d i to ry  c a p a c ity  o f  th e  o s ta r io p h y s in e s  by  in d ic a t in g
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t h a t  th e  c h a ra c id s  may indeed have a  b ro ad er freq u en cy  resp o n se  than  

any o th e r  f i s h .  B efore g e n e ra l iz a t io n s  can be made, i t  w i l l  be 

n e c e ssa ry  to  d e te rm in e  th e  a u d ito ry  c a p a c ity , under w e ll-d e f in e d  

a c o u s t ic a l  s i t u a t i o n s ,  f o r  o th e r  o s ta r io p h y s in e s .  The an im als  

s e le c te d  f o r  s tu d y  should  be f i s h e s  w ith  well-known n a tu ra l  

h i s t o r i e s .  A lthough th e  few sp e c ie s  o f c h a ra c id s  t h a t  have been 

in v e s t ig a te d  a l l  have th e  same range of a u d i to ry  d e te c t io n ,  th e re  i s  

c o n s id e ra b le  s t r u c t u r a l  and e c o lo g ic a l  d iv e r s i t y  w ith in  t h i s  la rg e  

fa m ily  (Weitzman, 1962) and t h i s  m ust be k e p t in  mind whenever 

g e n e ra l iz a t io n s  a re  made abou t t h e i r  h e a r in g  c a p a c ity .

G eneral D iscu ssio n  and C onclusions

A s u b s ta n t i a l  p o r tio n  o f th e  a u d ito ry  c a p a c ity  o f many bony 

f i s h e s  depends upon th e  mechanism by which sound i s  t ra n s m itte d  from 

th e  swim b la d d e r  to  th e  in n e r  e a r .  The W eberian o s s ic le s  a re  

analogous i n  many ways to  th e  m iddle e a r  bones o f mammals (Weber,

1820) and a lth o u g h  th e  energy  tra n s d u c tio n  by th e  o s s ic le s  i s  

p ro b ab ly  v e ry  c ru d e , e s p e c ia l ly  above 1500 Hz, th e y  c o n s is t  o f  c e r ta in  

s t r u c tu r e s  t h a t  p ro b ab ly  fu n c tio n  i n  ways analogous to  th e  middle 

e a r  bon es . The s ig n a ls  passed  by th e  W eberian o s s ic le s  a re  p o s s ib ly  

o n ly  a sm all p o r t io n  of th e  t o t a l  a c o u s tic  energy  im pinging upon th e  

swim b la d d e r . A c tu a l a c o u s tic  th re sh o ld s  to  pure  tone s in e  waves 

may be r e p re s e n ta t iv e  o f th e  l im i ta t io n s  o f  th e  h a i r  c e l l s  o f  the  

in n e r  e a r ,  th e  c h a r a c t e r i s t i c s  o f th e  c e n t r a l  nervous system , and 

th e  fu n c tio n in g  o f th e  swim b la d d e r . A nother, p re v io u s ly  overlooked , 

f a c to r  t h a t  may have a s ig n i f i c a n t  r o le  i n  d e te rm in in g  what a f i s h  

can and canno t h e a r  i s  th e  W eberian o s s ic l e s .  Because of th e
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v a rio u s  l im i ta t io n s  im posed upon th e  o s s ic le s  by t h e i r  c o n s tru c t io n , 

th ey  may e lim in a te  c o n s id e ra b le  p o r tio n s  o f th e  a c o u s t ic  energy t h a t  

im pinges on th e  f i s h .  This f i l t e r i n g  p ro cess  may be im p o rtan t to  

th e  f i s h  s in c e  i t  would im m ediately  e l im in a te  some p o r tio n s  of 

s ig n a ls  t h a t  a re  p r e s e n t  due to  th e  n a tu re  o f th e  sound producing  

a p p a ra tu s . By f i l t e r i n g  th e  incom ing s ig n a ls ,  th e  W eberian o s s ic le s  

may be enhancing  th e  c a p a c ity  o f f i s h  to  d is c r im in a te  s ig n a ls  by 

in c re a s in g  th e  p e rc e iv e d  d if fe re n c e s  betw een th e  sounds.

The a u d ito ry  c a p a c ity  o f  th e  Mexican b l in d  cave f i s h  in d ic a te s  

th a t  cave f i s h e s  a re  n o t  n e c e s s a r i ly  equipped w ith  e i t h e r  an 

h y p e rtro p h ie d  o r d eg en era ted  a u d i to ry  system . I t  i s  n e ce ssa ry , in  

in v e s t ig a t io n s  of cave organism s, to  lo o k  f o r  o th e r  th a n  th e  most 

obvious re a so n s  f o r  th e  m aintenance o f  a  s t r u c tu r e  t h a t  seems n o t to  

be used  b y  th e  an im al. I t  i s  a ls o  p o s s ib le  t h a t  th e  in t e r r e l a t io n s h ip s  

betw een th e  e a r  and o th e r  s t r u c tu r e s  t h a t  s t a r t  to  develop  e a r ly  i n  

th e  developm ental p ro c e ss  o f th e  f i s h  a re  so complex th a t  a  gene 

th a t  would a l t e r  th e  e a r  o f th e  f i s h  would d i s a s te r o u s ly  a l t e r  o th e r  

organ system s of th e  f i s h .

The s im i l a r i t y  betw een th e  a u d i to ry  c a p a c ity  o f Astyanax 

m exicanus and th e  M exican b l in d  cave f i s h  fu rth e rm o re  p o in ts  up th e  

u s e fu ln e s s  o f an im als i n  which com parisons betw een two c lo s e ly  - 

r e la te d  sp e c ie s  a re  p o s s ib le .

There a re  o th e r  q u e s tio n s  ab o u t a u d it io n  i n  f i s h  th a t  may be 

answered by  f u r th e r  u se  o f th e  two sp e c ie s  o f A styanax . Comparisons 

of low freq u en cy  a u d i t io n  i n  f i s h  t r a in e d  in  d isp lacem en t d e te c t io n ,  

u s in g  m ethods s im i la r  to  th o se  d e sc rib e d  by Cahn and h e r  c o lle a g u e s
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(Cahn e t  a l t 196?) and Banner (19& 7)» would h e lp  c l a r i f y  th e  s ig n i ­

f ic a n c e  o f  th e  h y p e r tro p h ie d  system  o f f r e e  neurom asts found in  th e  

b l in d  cave f i s h .  T ra in ed  f i s h  t e s t e d  b e fo re  and a f t e r  d e s tr u c t io n  o f 

a l l  o r  p o r tio n s  o f th e  d isp lacem en t d e te c to r s  would p ro v id e  in fo rm a tio n  

abou t th e  a u d ito ry  f u n c t io n  of s p e c i f i c  re c e p to rs  to  d i f f e r e n t  s t im u l i .

Pure tone th re s h o ld s  i n  f i s h  have been e x te n s iv e ly  s tu d ie d  

(se e  in tro d u c t io n  and d isc u s s io n )  b u t  l i t t l e  work has been  done u s in g  

o th e r  ty p es  o f sound s t im u l i .  S p e c i f ic a l ly ,  in v e s t ig a t io n s  u sin g  

sound p u ls e s  and c l i c k s  could  p ro v id e  im p o rtan t d a ta  on th e  c a p a b i l i t i e s  

o f th e  a u d ito ry  system  o f  f i s h .  In fo rm a tio n  ab o u t th e  ty p es  and 

d u ra tio n  o f p u lse s  t h a t  f i s h  can d is c r im in a te  betw een would g ive some 

in d ic a t io n  of th e  method of s ig n a l  a n a ly s is  perform ed by  th e  W eberian 

o s s i c l e s .  T hresholds f o r  pure tone  and broad-band p u ls e s  should  be 

d i f f e r e n t  from th e  p u re  tone th re s h o ld s  i t  th e  a u d i to ry  system  of th e  

f i s h  u s e s  s ig n a l  change r a th e r  th a n  a con tinuous s ig n a l  f o r  the  m ajor 

p o r t io n  of i t s  a c o u s t ic  in fo rm a tio n .

The work o f Furukawa and I s h i i  (1967a, b ) has suggested  a 

method f o r  d e te rm in in g  th e  e f f e c t s  o f  th e  W eberian o s s ic le s  on th e  

d e te c t io n  o f p re s s u re  s t im u l i .  R ecordings made i n  th e  saccu lu s  b o th  

b e fo re  and a f t e r  rem oval o f p o r tio n s  o f th e  W eberian o s s i c l e s ,  o r 

e x p e rim en ta l i n h ib i t io n  of th e  o s s i c l e s ,  would h e lp  c l a r i f y  th e  

r e l a t io n s h ip  th ey  h o ld  to  s ig n a l  in p u t  and s ig n a ls  d e te c te d  i n  th e  

in n e r  e a r .  I f  a  s u i ta b le  tech n iq u e  can  be developed f o r  exposing  th e  

o s s ic le s  w h ile  th e  f i s h  i s  s t i l l  k e p t a l i v e ,  th e  resp o n se  o f th e  

o s s ic le s  to  d i f f e r e n t  ty p es  o f s t im u l i  could  be observed u s in g  te c h ­

n iq u es  s im i la r  to  th o se  developed by  von Bekesy (I960) i n  h is  s tu d ie s
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o f th e  in n e r  e a r  o f  mammals.

An e x te n s iv e  amount o f  work s t i l l  rem ains t o  be done on 

h e a r in g  i n  f i s h .  A lthough e x t r a p o la t io n s  to  f i s h  a u d i t io n  can be 

made from  th e  work on mammals b y  such p eo p le  as von Bek^sy ( i 960) 

and h is  many c o lle a g u e s , th e re  a re  many a sp e c ts  o f th e  f i s h  a u d ito ry  

system  t h a t  a re  enough u n lik e  th e  mammalian system  to  w a rra n t f u r t h e r  

in v e s t ig a t io n s .  T his ty p e  o f  d a ta  may n o t  on ly  h e lp  to  e lu c id a te  

th e  n a tu re  o f  f i s h  a u d it io n  b u t  i t  may y e t  c l a r i f y  q u e s tio n s  ab o u t 

mammalian a u d i t io n  t h a t  would b e s t  be s tu d ie d  in  a  r e l a t i v e l y  

's im p le r*  system .



SUMMARY

Using avoidance c o n d itio n in g  te c h n iq u e s , com parisons betw een th e  

a u d ito ry  c a p a c i ty  o f  A styanax m exicanus and i t s  b l in d  cave 

d e r iv a t iv e ,  th e  Mexican b l in d  cave f i s h ,  were made.

Astyanax m exicanus, th e  r i v e r  f i s h ,  can  h e a r  pure tone  s in e  

waves from  50 to  7500 Ha, and th re sh o ld s  were de term ined  f o r  

A* .jordani from  50 to  6400 Ha, The audiogram s f o r  th e  two 

sp ec ie s  were i n s ig n i f i c a n t l y  d i f f e r e n t  a s  shown by th e  Mann- 

W hitney U t e s t .

Evidence has  been  p re se n te d  t h a t  th e  th re sh o ld s  measured were 

f o r  p re s su re  s t im u l i  r a th e r  th an  f o r  d isp lace m en t.

The a u d ito ry  th re sh o ld s  f o r  b o th  sp e c ie s  were lo w e s t from 

200 to  1500 Hz w ith  th e  minimum th re sh o ld  a t  1000 Hz.

The b eh av io r o f  th e  two s p e c ie s  i n  th e  t r a in in g  ap p a ra tu s  was 

s t r i k in g ly  d i f f e r e n t .  The b l in d  f i s h  had d i f f i c u l t y  le a rn in g  

th e  escape resp o n se  b u t  once t h i s  was le a rn e d , th e  f i s h  

responded q u ic k ly  to  th e  sound s tim u lu s . The r i v e r  f i s h  le a rn e d  

to  escape q u ic k ly  b u t  th e y  had d i f f i c u l t y  le a rn in g  to  avo id  th e  

shock s in c e  th e y  were e a s i l y  d i s t r a c te d  by  am bient v is u a l  

s tim u li*  T ra in in g  of th e  r i v e r  f i s h  was s h i f t e d  to  an i s o la te d  

a c o u s tic  chamber to  p re v e n t am bient v i s u a l  s t im u l i .

The r iv e r  f i s h  le a rn e d  to  respond  to  th e  sound s tim u lu s  in  

2 weeks o f  t r a in in g  w h ile  th e  b l in d  f i s h  needed 4- weeks.



The b l in d  f i s h  had no d i f f i c u l t y  i n  t r a n s f e r r in g  th e  response  

from one s ig n a l  to  a sound a t  a n o th e r  fre q u en cy . The r i v e r  f i s h  

had c o n s id e ra b le  d i f f i c u l t y  t r a n s f e r r in g  from  500 to  300 Hz 

and from  2500 to  3000 Hz.

I t  i s  su g g e s te d  t h a t  in  f u tu r e  b e h a v io ra l s tu d ie s  o f t h i s  ty p e , 

th e  f i s h  be  t r a in e d  a t  a d i f f e r e n t  freq u en cy  d u rin g  each t r a in in g  

p e r io d  so  t h a t  th e  f i s h  would l e a r n  to  respond  to  'sound* 

r a th e r  th a n  to  a s in g le  f re q u e n c y .

Comparisons o f th e  W eberian o s s ic le s  betw een th e  two forms 

re v e a le d  s e v e ra l  s ig n i f i c a n t  d i f f e r e n c e s .

The a scen d in g  arm o f the  scaphiura was lo n g e r  i n  th e  r iv e r  f i s h  

than  i n  th e  cave f i s h  and th e  ascen d in g  arm o f th e  in te rc a la r iu m  

was more c e n t r a l l y  lo c a te d  on th e  bone in  th e  r i v e r  f i s h  th an  

in  th e  cave f i s h .

The o th e r  c h a r a c te r i s t i c s  o f th e  W eberian o s s ic le s  v a r ie d  

c o n s id e ra b ly  i n  th e  two sp e c ie s  b u t ,  ex cep t th e  c h a r a c t e r i s t i c s  

r e f e r r e d  to  i n  10, th e  v a r i a t io n  was as g r e a t  betw een th e  sp e c ie s  

as i t  was w ith in  each s p e c ie s .

There i s  ev idence th a t  th e  W eberian o s s ic le s  a re  damped b u t  t h a t  

v a rio u s  m orpho log ical c h a r a c t e r i s t i c s  l i m i t  th e  damping so t h a t  

th e  o s s i c l e s  do n o t fo llow  th e  s ig n a l  to  th e  swim b la d d e r  w ith  

com plete accu racy .

I t  i s  su g g ested  t h a t  th e  W eberian o s s ic le s  respond w ith  a 

fo llo w in g  resp o n se  below 1500 Hz b u t w ith  a  g e n e ra liz e d  

resp o n se  above 1500 Hz.

A p re v io u s ly  u n rep o rted  c o n n e c tio n  was found  between th e  m argin



o f  th e  scaphium and th e  t i s s u e  around th e  s in u s  a tr iu m  im par. 

This co n n ec tio n  i s  th o u g h t to  p re v e n t th e  p e r ily m p h a tic  f l u i d  

from flo w in g  o u t o f  th e  s in u s  im par when th e  scaphium moves 

p o s te r io r ly .

The co n n ec tiv e  t i s s u e  betw een th e  scaphium and th e  s in u s  im par 

may h e lp  move th e  o s s ic le s  a n t e r io r ly  a f t e r  th e y  have been  

p u lle d  p o s te r io r ly  by th e  com pression o f th e  swim b la d d e r .

This t i s s u e  may a ls o  p re v e n t th e  o s s ic le s  from moving to o  f a r  

p o s te r io r ly  i n  response  to  a v e ry  s tro n g  p re ssu re  s tim u lu s  and 

th u s  h e lp  t o  p r o te c t  th e  f i s h ' s  in n e r  e a r  from s t im u la t io n  

t h a t  co u ld  damage i t .
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