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Abstract  
Recent and fossil otolitfis from 25 different fishes have been 

studied for their amino acid content and for their Cla/C 1~ and 
01s/O la distribution in the carbonate fraction. The selection 
includes specimens from a wide phylogenetic range a~ well a~ 
from various freshwater and marine habitats. All otoliths are 
composed of aragonite, and their total organic matter r~nges 
from 0.2 to 10~o. The organic matter is a protein (MW :> 
t50,000), which is characterized by a high abundance of acidic 
amino acids. In compaxison to molluscs that exhibit a wide 
variety of different minerulized tissues which axe species 
specific, the p r o t e ~ u s  matter of all otoliths is chemically 
rather nnifom. The high abundance of oxygen-rich amino 
acids accounts for the ease of mineralization of the organic 
~umc~late. Namely, oxygen supplied by carbox~l groups is 

for the coordination of Ca ++ ions, resulting in the forma- 
tion of metal ion coordination polyhedra. Carbonate groups 
linked via hydrogen bridges to the template will exchange their 
oxygen with that of the metal polyhedra to stabilize the 
structure; Ca++O~ polyhedra are the consequence. Subsequent 
nucleation and crystal growth will lead to aragonite. Oxygen 
and carbon isotope data indicate that the aragonite is formed 
close to isotopic equilibrium with the sea. This is surprising, 
because seawater has no direct access to the inner ear where 
the otolith originates. Isotope data may serve a threefold 
purpose: (i) to determine the mean water temperature where 
the fish rived, (2) to distinguish between freshwater and marine 
fish in ancient deposits, and (3) to reveal information on 
migratory tendencies of fish. 

Introduction 

Collagen and  phospha te s  are  the  p r inc ipa l  con- 
s t i tuen t s  of  v e r t e b r a t e  bones,  scales, and  tee th .  The 
s t ruc tu ra l  in te r re la t ionsh ip  be tween  the  organic and  
inorganic  phase  suggests  t h a t  col lagen acts  as a tem-  
p la te  in the  nuc lea t ion  of  apa t i t e  c rys ta ls  ( G L ] ~ ,  
t960). I n  add i t i on  to bones, scales, and  tee th ,  fishes 
depos i t  o to l i ths  in  the i r  inner  ear  (Figs. t and  2). 
These are smal l  ca rbona te  stones,  weighing a few 
mi l l igrams to grams,  which morpholog ica l ly  and  size- 
wise axe species specific (SA_~z-Ec~v~nR~% i949). 
L i t t l e  is known,  however ,  r egard ing  the i r  mode  of  
fo rmat ion ,  chemical  na tu re ,  and  physiologica l  func- 
t ion.  

As p a r t  of  a p rog ram on origin and  evolu t ion  of  
minera l ized  ~SmleS, we coliectext a series of  25 o te l i ths  
of  fishes of  wide phylogene t ic  range f rom f reshwater  
and  mar ine  hab i t a t s .  One fossil o to l i th  of Miocene age 
(ca. 25 mil l ion years)  was inc luded  in the  select ion in 
o rder  to  s t u d y  d iagenet ic  effects. 

The  p resen t  work  is p r inc ipa l ly  concerned wi th  
(a) minera l i za t ion  processes lea4ing to otol i ths ,  
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(b) phylogene t ie  impl ica t ions  in t e rms  of  evolu- 
t i o n a r y  t rends,  and  

(c) the  possible physiological  significance of  otol i ths  
per  se. 

Neurocranium (bone) 

. ~ ' i o r  vertical Posterior verl'icol 

S~tta 

Fig. 1. Diagraznmatic drawing of the skull of bony fishes with 
special reference to the location of otoliths in the inner oar 

Stromateus Cubiceps 

Centrolophus 
5 mm 

Fig. 2. Drawings of three representative otolitfis 
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A wide array of analytical tools was employed 
including X-ray  diffraction analysis, optical micros- 
copy, electron microscopy, various chromatographic 
techniques for the identification of organic mat ter  
contained in otoliths, and stable isotope mass spectrom- 
etry. 

Results 

X-ray diffraction data indicate tha t  all specimens 
are monomlneralic and composed of arago~ite. This is 

also true for the Miocene teleost o~ohth. This contrasts 
the observation of DEV~EVX (1967) who reports only 
calcite from a number  of ~ h t h s  from the Australian 
region and from fossil deposits. Yet, his specimens are 
related at  the family level to some of the Atlantic 
otolith samples reported here. 

Thin sections parallel and perpendicular to the 
lenticular faces (Figs. 3 and 4) reveal dark brown 
bands tha t  run approximately parallel to the outer 
surface of the otolith. They represent growth rings of 

]fig. 3. Otolith thin-section of Rocc~ lineatu8 approximately parallel to the lenticular faces 

Fig. 4. 0tolith thin-section o f / ~ c u s  lineatus approximately parallel to the lenticular faces 
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apparently organic material. The aragonite crystals 
are oriented with their c axis perpendicular to the bands 
or their projected surfaces, respectively. They run 
from the center to the margin of the otolith without 
being physically interrupted by the band pattern. As 

Omt observed in fish scales. This feature is commonly 
interpreted to represent annual or seasonal growth 
rings which allow the age dating of fish. 

A set of electron micrographs delineates in detail 
the fabric of the otoliths. Rather striking is (a) the 

Fig. 5. E]ectronmicrogreph of otolithofAplodinotuzgrunnien~ Fig. 7. Eloctronmicrograph of otolith of R(~uz lineatus 
(platinum-carbon replica) (platinum-carbon replica) 

Fig. 6. Eloctronmicrogruph of otolith of Roccus lineatus 
(platinum-carbon replica) 

a general rule, the spacing of the concentric rings that  
can be resolved by optical microscopy widens towards 
the margin. In addition, the frequency of bands is less 
for larger oto[iths when compared to the smaller 
varietTies. A band pattern of this kind is analogous to 

Fig. 8. Electronmicrogruph of otolith of Aplodinotuz grur~niens 
(platinum-carbon replica) 

intergrowth of aragonite fibrils giving rise to a zig-zag 
pa~ern  (Fig. 5), and (b) the twinning of individual 
crystals (Fig. 6). In both pic~tres the incremental 
growth along the c axis is well documented. As a con- 
servative estimate, 3 to 5 growth interruptions per 
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Table 1. Distribution o] amino acid 

OH-PRO ASP TH~ SER OLU PRO GLY ALA 

Marine 

Melanoqramus aegl~finus 33 125 74 
(Tadus ca~r/as 48 122 68 
Psenopsis obseura 27 t68 76 
Ceratoscopdus maderensia 30 17t 77 
Merluccius bilinearis 28 151 58 
CentroloThws niger 49 170 49 
Prionotus cretans 21 125 72 
Pr/onotue evo/ans 29 146 64 
Peprilue triacanthu8 22 173 49 
Stenotomus vers/co/or 11 181 59 
Hyperoglyphe byth/tes t 9 167 67 
Pomatomus sa/t~rix 19 144 68 
Cub/ceps sp. 67 186 42 
Roc, o~ lineatus 18 131 66 
Ser /~ /~  v/o/acea 35 185 54 
Osmerus mordax 45 112 44 
StromaSeus stellatus 34 1 90 52 
Pomolobus pseudoharengus 22 t84 49 
Pampus argenteus 23 172 69 
Sahedoph//ua pemarco 26 175 62 
At/emma redndus 37 1 81 48 
Nomvus gronow/ 25 169 47 

Mean: 32 162 60 

Freshwater 

Aplodinotusgrunniens 9 223 82 
Lotamacu/osa 7 133 63 

Mean: 8 178 73 

Fossil (marine) 

Teleost - -  22 6 

5t 132 99 141 87 
68 115 101 143 83 

106 150 29 95 90 
92 149 49 126 100 
27 192 48 130 96 
40 159 56 132 104 
82 159 56 137 81 
49 170 47 144 111 
25 165 33 110 104 
24 202 39 106 104 
97 167 36 I24 103 

117 137 57 129 94 
36 170 96 85 78 

114 t34 52 144 88 
27 161 53 164 106 
43 157 74 196 95 
35 182 47 124 94 
36 191 32 111 117 
95 151 37 125 84 
72 173 46 115 91 
30 182 42 124 89 
31 220 40 115 86 
60 168 53 126 94 

87 169 45 98 81 
97 174 94 116 88 
92 t72 70 107 85 

11 213 t09 51 303 

Fig. 9. Electronmierograph of otolith of Aplodinotus grunnums 
showing the surface structure of the mineralized tissue (plati- 

num-carbon replica) 

micron are observed for Aplodinotus (Fig. 5), whereas 
i0  to 15 in te r rup t ions  per micron occur with Roccus 
(Fig. 6). The Aplodinotus otoli th is about three t imes 
the size of t ha t  of Roccus ; the same relat ions exist for 
the individual  aragonite  needles which measure 
between 2 and  4 mm for Aplodinotus. In turn, each 
aragonite crystal  is composed of abou t  5,000 to t0,000 
indiv idual  growth segments. 

Bands  t ransverse  to c as well as the twinn ing  of 
aragonite  can be recognized in  Fig. 7. These bands  
have the appearance of sutures, bu t  they  do not  
interfere with the orientocIgrowth of the aingle crystals. 
The bands  are spaced a few microns apart ,  a nd  the 
general posit ion of the micrograph is close to the center 
of the otolith. As can be judge([ from the shadow 
pat-tern (Fig. 8), a section perpendicular  to c exposes 
the surface of the bands.  The bands  mus t  represent  
ra ther  t h in  films because the s t ruc tura l  pa t t e rn  of the 
arago~ite needles can still be recognized benea th  the 
outer r im of the upper  band  which is flapped over. 
Also note  the v i r tua l  disappearance of the lower b a n d  
when approaching the margin  of the picture due to the 
less favorable breaking and  separat ion of the aragonite  
btmd]es dur ing the prepara t ion  of the  specimen. 
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in otol#hs (in residues per 1000) 

109 

CYS VAL MET ILEU LEU TYR PIlE LYS HIS ARG Total % 

Marine 

12 77 1 24 91 tr. 17 18 7 13 0.25 
13 87 1 19 79 tr. 15 19 7 13 0.29 
19 71 1 37 85 IX. 7 18 7 t4 0.46 
t9 68 1 18 45 Ix. 10 19 9 t9 0.48 
14 92 1 32 97 IX. 13 11 4 7 0.53 
16 70 1 30 76 IX. 7 24 7 11 0,71 
34 76 1 33 77 1 11 19 5 9 0.64 
32 67 1 27 66 Ix. 16 18 4 9 0.84 
28 76 1 36 78 ~. 6 52 15 28 0.86 
32 76 1 32 76 Ix. 20 t9 6 13 0.88 
15 68 1 29 66 Ix. 9 14 6 12 0.91 
13 72 t 32 69 3 8 t9 7 14 t.03 
15 69 I 33 62 tr. 8 25 9 19 1.04 
1t 56 1 29 67 2 7 43 18 19 1.19 
t9 43 1 28 68 Ix. 15 24 6 13 1.28 
10 49 1 28 67 IX. 14 29 12 23 1.38 
t5 68 1 31 67 Ix. 17 22 6 14 t.65 
25 82 1 32 66 Ix. 8 22 8 16 t.76 
16 64 I 36 68 1 12 22 9 t8 1.84 
12 62 I 36 70 tw. I4 21 6 t7 3.22 
12 67 1 38 95 tr. 1t 20 8 15 4.3q 
13 78 I 45 79 ~. 2t 13 4 t4 10.14 
t9 69 1 30 71 1 12 22 8 15 

Freshwater 

9 46 1 29 48 3 13 25 t2 22 0.32 
33 65 tr. 15 57 t 12 29 4 t4 0.59 
21 56 1 22 53 2 13 27 8 18 

Fossil (marine) 

t00 134 - -  19 34 - -  - -  n.d. n.d. rod. 0.,081 

The following two electron mierographs  (Figs. 9 
and 10) show the  surface of  the  organic t empla t e  in 
grea t  detail .  Again  the aragoni te  strucVure shines 
th rough  the  organic film (Fig. 9; lower r ight  Corner) 
and the growth  pa t t e rn  of  the  organic ma t r ix  be- 
comes evident .  The fibrous mater ia l  is or iented in a 
kind of cor rugated  pa t t e rn  wi th  well defined lineages 
and the ind iv idual  chai~s are organized in a helical 
fashion. A t  cer ta in  intervals ,  the  chains are twis ted  to 
such an ex ten t  t h a t  lumps  or knots  of " a p p a r e n t l y  
t ang led"  fibers appear  about0 .1  t o 0 . 3 ~ a p a r t .  The cross 
section of  an individual  fiber which measures  about  
100 A shows an in terna l  s t ruc ture ;  the  resolut ion of  
this p i c ~ r e ,  however ,  is not  sufficient to pe rmi t  a 
~_rSher e labora t ion  as to the na tu re  of  this s~uc tu re .  
~fagnifications up to 750,000 t imes  have  been made  
which reveal  u l t ra  stTuc~u~res at  the 20 A level (in prep- 
ara~ion). 

The organic t empla t e  in otol i ths  is a pro te in  wi th  
a molecular  weight  grea ter  t h a n  150,000 as ascer ta ined 
by  molecular  sieve techniques .  A urea/hydroxylam~ne 
t r e a t m e n t  (D~oE~s et  al., 1967a) will degrade the  
proteins  to uni ts  of  70,000 to 80,000 MW. The amino 
acid analysis, following a technique  by  D n o ~ x s  et  al. 

Fig. 10. Elecixonmicrograph of otolith of Aplodinvt~ grun- 
n/eus, The protein chains are coiled in a systematic fashion and 
some structural details of the individual chains are revealed 

(platinum-carbon replica) 
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Table 2. Phyloyenetic relationship ~ and analytical data on stable isoh~pe dis~rib~ion and total organic matter 

C a l c u l a t e d  

t e m p e r a t u r e  
~C TM % o r g a n i c  ~ 0  ~8 (~ 

D i v i s i o n  I 3 I  

t 
D i v i s i o n  I 

Ac~uthop~fl 

P e r c f f o n n e e  

Stromateoldei 

8 r  

P e r c o l d e i  

Paracanthop~gfl 

Ario~mldae 

N o m e l d a ~  

S t ~ o m a t e i c l a e  

C e n t r o l o p h i d a e  

S c i a e n l d a e  

8 p a x i d a e  

P o m a t o m i d a e  

8 e m m l d a e  [ 

M e x l n c c i i d a e  

M y c t o p h o i d e i  
P r o t a c a n t h o p t e r y g i i  

l i ~ l m o n o l d e i  

C l u p e o m o r p h a  C l u p e e l d e l  

A r / o m m a  - -  5 .5  4 .81  + 0 .8  14  (17)  b 

. 2 / o m r  - -  4.6  10 .14  - -  0 .1  17  

- - C u b i c ~ s  - -  4 .5  1 . 0 4  0 .0  1 6 ( 1 1 )  

P a m p u s  - -  4 .0  1 . 84  -t- 0 . 2  16  

P v p r / / ~  - -  4 .6  0 . 8 6  - -  1 .1  21  

- - S t r o m a t c u a  -- 0 .8  1.65 q- 0 .9  13  

P s c n o p s / ~  - -  0 .9  0 . 4 6  + 1 .1  12  (11)  

S ~  - -  0 .6  1 . 28  + 1 .0  13  

Sckcdophi~u.e - -  3 .6  3 . 22  - - 0 . 1  17 

Cvn t ro /ophu$  - -  3 .2  0 .71  + 1 .3  11 

- - H y p e r o g / y p h ~  - -  1 .2  0 . 91  - -  0 .2  17  

.Aplodirm~u.s ( F W )  - -  13 ,1  0 . 3 2  - -  8 .1  n . d .  

S t v n o t v m u a  - -  4 .9  0 . 88  - -  1 .8  2 4  

Poma / . omus  1 .03  

R o v c u s  - -  4 .4  1 .19  - -  4 .4  n . d .  

Cvn~roprlstes - -  0 .8  n . d .  + 0 .1  16 

P r / o n o / u s  - -  0 .2  0 . 8 4  - -  0 .2  17  

Mcrlucci~ - -  0 .8  0 . 53  + 1 .4  11 

M e / a n o g r a m u ~  q- 0 .5  0 . 2 5  q- 1 .5  8 

L o t a  ( F W )  - -  11 .0  0 .59  - -  9 .6  n . d .  

- -  G a d u $  -t- 0 .3  0 . 29  q- 1 .9  9 

C r  -- 4.1  0 .48  + 2 .0  9 

0~meu, u s  - -  2 .5  1 . 38  - -  1.5 23  

P o m o / o b u s  1 .76  

�9 a f t e r  G P . ~ V W O O D  e t  a1 . ,1966,  b W a t e r  t e m p a r a t n m  a t  t i m e  o f  c o l l e c t i 0 n .  

(i967b), is rather uniform for all otoliths i n v e s t i g a ~  
(Table i), and the arca/hydroxylamine treated @ac- 
tion has an identical amino acid distribution as the 
undegraded material. I t  is concluded that  we are 
dealing with a new type of fibrous protein which has 
not been previons]y described. This protein is charac- 
terized by the high abundance of aspartic and glutamic 
acids, the presence of cystine and hydroxyproline and 
a low content in aromatic and basic amino acids. The 
total  yield in organic matter  fluctuates strongly 
among otogths from different species with a range 
between 0.2 and t0% of the total. I f  weight is use4 as 
a measure of size and thickness of otofiths ( S ~ z -  
E c t ~ v ] ~ ,  t949), the specimens that  contain the 
highest amount of organic matter  are generally the 
smallest or thinnest. 

The distribdtion of carbon and oxygen isotopes in 
the carbonate material is ~imilax to that  commonly 
observed in marine and freshwater she]] materials, for 
instance, in molluscs, foraminifera, and cocooliths. 
The data (Table 2) are reported in terms of per rail 
deviation relative to the PDB standard (CR~o, i957) : 

~C18 = ( 1 ~  g l ) .  1,000 

where R = Cla/C 12 ratio in the sample, and Rstandard : 

Cla/C 1~ ratio in the standard, dO is is defined similarly 
in terms of O~S/016 ratios. 

The most interesting aspect of the isotope data are 
the ~C la values which show a certain environmental 
(freshwater versus marine) and phylogenetie trend. 
In any event, however, most of the carbon laid down 
as carbonate has been derive4 from sea-water or fresh- 
water bicarbonate an4 noV-as  was initially expected 
on biological gronnda--from respiratory CO S. Anal- 
ogously, the oxygen in the carbonate is deposited in 
isotopic equilibrium with its surrounding enviromnent 
which in ~ r n  permits the calculation of the average 
water temperature at which the fish lived, as has 
already been stated by D ~ m E u x  (i967). 

Discussion and conclusions 

In contrast to invertebrates with their species- 
specific shell organie matrix ( D ~ o ~ s  et al., i967b), 
fishes secrete a distinct but  uniform protein for the 
otolith formation. In  this way they follow the same 
conservative pattern set by collagen with respect to 
bone, scale, or dentine deposition. Nevertheless, a 
certain spread in the concentration of amino acids can 
be recognized (Table l) which loartieularly concerns 
hydroxyproline, proline, serine, and the acidic amino 
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acids.  However ,  these  va r i a t ions  can be considered 
minor  in view of  the  wide phy logene t ie  and  environ-  
m e n t a l  range  of  the  o to l i th  specimens s tud ied  (Fig. i l ) .  
This  charac te r i s t i c  is somewha t  comparab le  to  col lagen 
where  the  amino  ac id  d i s t r i bu t ion  also varies within 
cer ta in  l imi ts  among  species of  wide phy logene t ic  range  
(Table 3). 

I n  s u m m a r y ,  the  h igh-molecu la r -weigh t  f ibrous 
p ro t e in  ( >  t50,000 ~ )  in o toh ths  is not affected a t  
t he  molecular  level b y  env i ronmen ta l  or  phylogene t ie  
events .  I t  is un i fo rm in composi t ion  a n d  s t r u c t u r a l l y  
well-defined.  To emphas ize  i ts  f i lnc t ional  and  ~ r u c -  
t u r a l  significance in the  fo rma t ion  of  otol i ths ,  the  
t e r m  otol in  is p roposed  for th is  prote in .  

Chemical ly ,  o to l in  resembles  ke ra t in  in  the  re la t ive  
abundances  of  threonine ,  glycine,  val ine,  meth ionine ,  
the  leueines, lysine a n d  his t idine.  The presence of  
eys t ine  under l ines  th is  re la t iouship .  I t  shares  wi th  
collagen the  presence of  hyd roxyp ro l i ne ,  t he  low 
abundance  of  a roma t i c  amino  acids,  and  a b o u t  the  
same level  in alanine,  serine, lysine and  his t idine.  The  
low con ten t  in bas ic  amino  acids, in pa r t i cu l a r  arginine,  
is no tewor thy .  Ac tua l ly ,  the  smal l  a m o u n t  in bas ic  
amino  acids  is a general  f ea tu re  of  all  f ibrous proteins. 

This t y p e  of  re la t ionsh ip  m a y  suggest  t h a t  a l l  
f ibrous pro te ins  have  a common ancestor .  To tes t  th is  
a ssumpt ion ,  all  eodon ass ignments  for an  i nd iv idua l  
amino  ac id  were given equal  weight .  To find common  
denomina to r s  for the  var ious  f ibrous prote ins ,  a com- 
p u t e r  p rog ram was worked  ou t  ( S r ~ c ~  and  DnGsdcs, 
1969). The  solut ion invo lved  codon-an t i codon  rela-  
t ionships  and  the  base  subs t i t u t ion  one a t  a t ime.  F o r  
example ,  the  subs t i t u t ion  of  C= codons in the  g lycine  
t r ip le t s  (i.e. guan ine  vs. adenine)  will resu l t  in the  
fo rma t ion  of  the  aspar t i e  ac id  (GAU and  GAC) and  

g lu tamic  acid  (GAA and  GAG) codon ass ignments .  
In te res t ing ly ,  the  sum of  g lu tamio  acid, aspaxt ie  acid  
a n d  glycine  is a b o u t  the  same for otol in  and  collagen. 
I f  we t ake  the  an t icodons  of  glyeine,  the  ass ignments  
r ead  prol ine ; the  an t icodous  for  aspar t i c  and  g lu tamie  

ACANTHOPTERYGII 

PARACANTHOPTERYGII 

PHOLIDOPHOROID 
HOLOSTEANS 

Fig. 11. Phylogenetic relationships among species studied in the 
present report. (After G ~ w w o o D  et M., 1966) 

Table 3. Geor~tric means o/amino acid in mineralized and unmineralized tissues (in residues per 1000) 

Otolin Dentine 
Pisces Elasmo- Pisces Reptilia Mammalia Collagen 

branchii 
(25)- (9) (4) (7) (I0) (5) 

Unmineralized tissues 
Keratin Fibrinogen El~stin Resitin 

(5) (5) (3) (3) 

OH-PRO 30 65 72 82 94 82 
ASP 162 84 75 60 62 49 
THR 57 21 27 23 20 21 
SER 44 50 55 50 41 44 
GLU 170 60 80 84 81 74 
PRO 50 t01 104 123 t24 120 
G L Y  125 354 330 325 324 325 
ALA 96 112 i06 109 105 t t3  
CYS (haft) 17 2 0.3 0.3 0.3 - -  
VAL 70 27 20 18 20 20 
MET 0.3 3 4 1 I 6 
I-LEU 30 20 10 t2 9 t2 
LEU 73 25 24 24 27 26 
TYR <1 1 2 l 2 3 
PHE 12 5 8 t0  9 14 
Ot~-LYS - -  5 8 5 7 7 
LYS  20 14 18 t7 17 25 
ILLS 7 3 5 2 2 5 
ARG 14 35 40 49 45 48 

- -  - -  t 8  - -  

65 33 17 101 
58 15 13 31 

t03 131 11 80 
l i t  18 46 48 

75 7 t29 79 
84 292 158 383 
54 281 151 107 

t14 - -  - -  - -  
68 24 159 28 
0A - -  2 - -  

34 t2 36 t7 
74 13 99 23 
25 46 34 27 
28 5 77 26 

23 7 12 6 
6 3 2 9 

59 24 20 35 

�9 Number of analyses. 
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acids will yield 4 of the leucine triplets. Glyeino and 
proline ( +  hydxoxyproline), and the acidic amino acids 
and leueine appear to go along in both collagen and 
otolin. There are, of course, many thousands of differ- 
ent solutions conceivable ; yet  the computer program 
will select the most probable ones and discriminate 
against the others. 

The actual mineralization of otolin is a dual process: 
In  the first place, metal ions become coordinated 

to oxygens displayed at  the m~face of otolin. Like 
hydrogen bonds, these metal ion bridges give the 
protein a higher bioerysta]]ographieal order by form- 
ing metal ion coordination polyhedra ( M ~ , r ~ i  and 
D~m~s ,  t968). The high abundance of oxygen func- 
tions will promote the formation of Ca++09 polyhedra. 
Bicarbonate can be linked via hydrogen bridges to a 
number of amino acids. 

In the second place, oxygen substitution at  the 
polyhedra will r place, allowing the oxygens of the 
bicarbonate to participate in the pelyhedra structure. 
This will result in a more stable conformation and 
nucleation is initiated. Inasmuch as Ca++O~ poly- 
hedra and not Ca++O 6 polyhedra are present, aragonite 
and not calcite will be the mineral form. 

The incremental growth pattern of the aragonite 
(Figs. 5 and 6) could be explained if we assume that  
nucleation ~ites of calcite (C~++Os) sporadically inter- 
fere with aragonite growth. No indication for the 
presence even of tracos of calcite can be found on the 
X-ray diagrams. The observation of MORRIS and 
Ki'J.,,rim~L,~ (1967) concerning the presence of sodium 
in oteliths in concentrations of about 2 mole percent 
relative to ealcium ( =  I00) is rather significant. At 
this scale, isomorphous substitution of sodium for 
calcium in aragonite is rather unlikely. MORRIS and 
K , . m , ~ A ~  (t967) ~entatively suggesSed the presence 
of minerals such as shortite Na2Ca2(COa) a or pirssonite 
Na,Caz(COa) ~ �9 2 H,O. Both minerals are orthorhombic, 
as is aragonite. Wedge-shaped crystals are the typical 
habihm of shortite. 

X-ray diffraction analysis shows no reflections at  
the proper spacings for shortite and pirssonite except 
for peaks that  coincide with aragonlte. However, to be 
detectext by this technique, mineral concentrations 
of a few percent are required. Inasmuch as sodium 
does not proxy for calcium in the. aragonite lattice at 
the level found in otoliths, it can only be acceunted 
for as a ~race mineral unless we assume that  sodium 
occupies coordination sites within the organic matter  
causing the formation of oxygen coordination poly- 
hedra. In both instances sodium ions wil] interfere 
with the growth of aragonite, and epitaxial growth of 
the type observed in some of the electronmicrographs 
is the consequence. We suspect that,  in some way, 
the Ca/Na ratio of otoliths is related to the number of 
wedges in the aragonlte crystals, the total organlo 
matter,  and the weight and size of the otolith. 

The interpretation of the stable isotope d~ta 
requires a reassessment of the biological record. The 

inner ear of sharks is open to the sea whereas the inner 
ear of bony fishes forms a closed membranous Iaby- 
rinth filled with endolymph (Fig. t). Yet, the carbon 
isotope pattern of the aragonites in marine otoliths 
clearly indicates that  most, if not all, carbon is directly 
derived from sea-water bicarbonate. Respiratory COt 
has a ~C i3 near tha t  of most marine organisms ( - -  15 to 
- -  20 per mil). We thus have to assume that  seawater 
can enter freely, or via permeable membranes, the 
inner ear canals and deposit ealcium carbonate in the 
form of otollths. In  those instances where the 3C i3 
values axe slightly negative, for instance, in Ar/omma 
or Nomeuz, small contributions of respiratory CO~ 
might be anticipated. I t  is interesting to note (Table 2) 
tha t  certain phylogenetie trends become apparent. All 
marine Paracanthopterygii  have 3C ia values like sea- 
water bicarbonate. In c en t r a l ,  the highly aAvanced 
marine Aeanthopterygii have a range in 3C ia between 
- -  4 and - -  5 per raft. The most likely explanation for 
the phylogenetie differences in 3Crs is probably related 
t~ the more effective passage of sea-water bicarbonate 
into the inner ear of the Paracanthopterygii  in compari- 
son to the highly evolved Aeanthopterygii. As a 
consequence, contributious from respiratory CO S may 
play a more important role in the case of the Acanthop- 
terygii. Perhaps the larger size of Paracanthopterygii  
otolitks and their low organic ma~ter content is a 
reflection of this phenomenon. The freshwater forms are 
depleted in Crs by about l0 per rail which corresponds 
exactly to the mean difference in ~C ~a between fresh- 
water and marine dissolve~ carbonate. 

The oxygen in marine otoliths is deposited in 
isotopic equilibrium with the sea. This allows the 
determination of the water temperature at  which the 
fish lived. There is good agreement between the calcu- 
lated isotopic temperature and the water temperaVare 
at the time the fish was collected. Analogously, fresh- 
water otoliths are deposited in isotopic equilibrium 
with river or lake waters which commonly are about 
10 per mil depleted in O rs relative to the ocean. This 
feature may be used to determine migratory tendencies 
of fish. For instance, in the present set of samples 
Osmerus and Roccu~ are known to enter freshwater 
habitats. Their 30 is values (Table 2) are slightly Iower 
than one would expect if they had deposited their 
otoliths exclusively in a marine environment; but  
more 4at~ are required to substantiate this relation- 
ship. 

Questions on the physiological function of otoliths 
have recently been touched upon by ~OR~IS and 
KITTL~mA~ (1967). The fact tha t  otoliths exhibit 
piezoelectric properties suggested to them that  here, 
in theory, a mechanism for depth perception or fre- 
quency analysis of sound waves is conceivable. The 
Parophrys otollth oscillates from as low as I to 15,000 
cycle/see. ~ultierystailine structures, such as bones, 
show piezoelectric effects (S~AMOS et al., i963); so do 
soft biological tissues (S~AMOS and LAv~]~, i967). 
Among the piezoelectrio minerals tha t  respond to 
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hydros ta t ic  pressure and compression and torsion are 
shorti te and pirssonite (GLEBE and S c n _ ~ E ,  t925). 

I n  conclusion, the epitaxial  relationships between 
organic mat te r  and mineral]  and the wedge-shaped 
pa t t e rn  of  the axagonite crystal]  in otoliths suggest 
t h a t  this fabric functions as a piezoelectric body  and 
t h a t  this p roper ty  is used by  fishes in the manner  
suggested b y  Memo,s and KXTTL~M~ (1967). 

IMagenesis leaves a significant imprint on the 
orga~c matter of otoliths. The marine teleost otolith 
of Miocene age is morphologically similar to Gadus and 
Melanogramus. The total organic matter in the Miocene 
specimen, however, is only about a thirdto a fourth that 
of its suggeste~ recent counterpart. Best preserved 
among the amino acids are ala~ne, cystine, proline, 
valine and glutamic acid, whereas aspartie acid, serine, 
threonine and hydroxyproline have suffered the 
greatest losses (Table i). This phenomenon is a result 
of the structural organization of oto]Jn which contains 
a stable core of selected amino acids among which 
alanine and  cystine are the  mos t  outs tanding members.  
The band  pa t te rn  and  the  orientat ion of  the aragonite 
fib~l] is still intact .  The stable isotope dis t r ibut ion 
( ~ 0  is ~-- ~- 2.5 and ~C TM -~ ~- 0.4 per mil) is preserved, 
indiea~q_ng t h a t  the fish lived a t  water  tempera tures  of  
a round 7 ~ 

S u m m a r y  

1. Otoliths are mineralogically composed of  arag- 
onite. The aragonite fibKis are arranged with their  
long axis roughly  perpendicular  to the outer  margin of  
the otoliths. Bands  of  organic mat te r  intersect  the 
aragonite fibml] t ransverse to  c; the spacing of  the 
bands narrows towards  the center of  the otoliths. 

2. The interrelationship between organic and in- 
organic mat te r  indicates t h a t  the axagonite is formed 
by  epitaxial growth  on a protein matrix.  ]~etal ions 
become coordinated to the oxygen functions displayed 
on the organic tissue, resulting in the format ion of  
metal  ion coordinat ion polyhedra,  and bicarbonate  
becomes linked via hydrogen  bridges to amino acids. 
Subsequent  exchange of  bicarbonate  oxygen for metal  
ion polyhedra  oxygen will stabilize the s t ructure  and 
introduce the  nucleat ion of mineral  seeds. I n a s m u c h  
as Ca++0 0 polyhedra  are involved, the  mineral  form 
will be aragonite. 

3. The mineralized tissue is a fibrous protein with 
a molecular weight  exceeding 150,000. The amino acid 
composit ion is biochemically unique and no t  affected 
by  phylogenet ic  and  environmenta l  events.  The te rm 
otolin is proposed for this new kind of  protein. 

4. The var iat ion of  tota l  organic ma t t e r  and the 
stable isotope dis tr ibut ion in the  aragoni te  can be 

used as phylogenetic  and environmental  criteria to 
distinguish, for example, beWveen freshwater  and 
marine species, to  determine migra tory  tendencies, 
or to  measure the mean temperahl re  a t  which the fish 
lived. 

5. The composit ional  var ia t ion of  otoliths in com- 
binat-ion with their ultrastTucVo_re suggests t h a t  oto- 
h ths  m a y  funct ion as piezoelectric bodies for therecord-  
ing of  depth  and sound. 
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