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THE LlWlTATlONS OF FISH TRACKING SYSTEMS: 
ACOUSTIC AND SATELLITE TECHNIQUES 

I.G. R l e d e l  

I NTROWCT I ON 

The purpose of t h i s  paper i s  t o  consider t h e  I i m i t a t i o n s  of t r a c k i n g  
techno logy  a s  appl  l e d  t o  t h e  problem o f  t u n a  m i g r a t i o n s .  A number of 
w o r k e r s  have success fu l  l y  t r a c k e d  t u n a s  u s i n g  a c o u s t i c  t r a n s m i t t e r s  
at tached t o  ind i v idua l  f i sh .  T h i s  has p r o v i d e d  much d e t a i l e d  b e h a v i o r a l  
I n f o r m a t i o n ,  b u t  long- te rm t r a c k i n g  beyond a day or two has  p roved  
d i f f i c u l t  (Hunter  e t  a l .  1986). The I i m i t a t i o n s  of a c o u s t i c  t r a c k i n g  
technology w l l  I be assessed i n  t h e  f i r s t  p a r t  of t h i s  paper. I n  t h e  second 
p a r t  t he  possi b i l  ity o f  us ing  sa te l  I i t e  l oca tab le  r a d i o  tags  i s  discussed. 
Basic  i n fo rma t ion  has been col I ated t o  enabl e t h e  non-engineer t o  i n t e r p r e t  
spec i f  i c a t i o n s  of q u i  pment. 

ACOUSTIC TRACKING 

The normal bas ic  t r a c k i n g  system cons is ts  of a t r a n s m i t t e r  on t h e  f i s h  
wh ich  em i t s  pul ses wh ich  can be d e t e c t e d  by a d i  r e c t i o n a l  hydrophone 
mounted on a ship. The b e a r i n g  o f  t h e  f i s h  r e l a t i v e  t o  t h e  s h i p  can be 
determ I ned and an  a p p r o x i  mate  e s t  I mate of range 1 s o b t a i  ned f rom s i  gnal 
l e v e l .  U s i n g  such a system i t  i s  p o s s i b l e  f o r  a s h i p  t o  fo l low a f i s h  
cont inual  ly. Primary considerat ions regard ing  t h e  t r a n s m i t t e r  are: 

1. range Over which t h e  s ignal  can be detected 
2. s i z e  
3 .  l i f e  of t h e  ba t te r i es .  

These a r e  de te rm ined  by t h e  f o l  low i n g  e n g i n e e r i n g  s p e c i f  i c a t i o n s  o f  t h e  
transmi t t e r  : 

1. source leve l  
2. frequency and range 
3 .  pul se r a t e  and pul se I ength 
4. ba t te ry  s i z e  and chemistry 
5. t r a n s m i t t e r  s i z e  
6. t r a c k i  ng performance 
7. sate l  I i t e  t rack ing.  

'Department of Zoo1 ogy, Un ive rs i t y  of Aberdeen, Ti I lydrone Avenue, Aberdeen 
AB9 ZTN, SCOTLAND 

'This review was presented du r ing  a technica l  workshop on e x i s t i n g  and new 
technologies t h a t  could be employed t o  measure tuna movements. The workshop 
was one of a s e r i e s  of t h r e e  on t u n a  movements h e l d  i n  1985 wh ich  were  
J o i n t l y  sponsored by the  Inter-American Tropica l  Tuna Commission and t h e  
Southwest F i she r ies  Center of t h e  U.S. National Marine F i she r ies  Service. 
For f u r t h e r  d e t a i l s  regard ing  t h e  workshops see Hunter e t  a l  1986. 
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Source Level 

I n  underwater acoustics t h e  source leve l  of a t r a n s m i t t e r  i s  usua l ly  
measured i n  t e r m s  of p r e s s u r e  d e t e c t e d  by a hydrophone a t  a s t a n d a r d  
d i s t a n c e  ( 1  m) from t h e  source  ( F i g u r e  11, e.g. 1 Newton/m* a t  1 m = 1 
Pascal  (Pa) a t  1 m. Normal l y  t h i s  i s  exp ressed  i n  dec l  b e l s  (dB), a r a t i o  
r e 1  a t i v e  t o  a s t a n d a r d  r e f e r e n c e  pressure, The c u r r e n t  i n t e r n a t i o n a l  
standard for underwafer acoust ics  i s  a re ference pressure of 1 pPa. Thus 
Source Level (SL): 

SL = 20 log10 (p/po) (1)  

When po = 1 pPa Thus a m a n u f a c t u r e r  m l g h t  
spec i fy  t h e  ou tpu t  source leve l  of t h e  t r a n s m i t t e r  as: 120 dB r e  1 p a  a t  1 
m. Some manufacturers s t i  I I use 1 pbar as t h e  reference pressure. 1 pbar 
= 0.1 Pa; t o  c o n v e r t  from Db r e  1 ubar t o  Db r e  1 pPa add 100 ( F i g u r e  1). 

and p = 1 Pa, t h e n  SL = 120 dB. 
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F igu re  1. Source l e v e l s  and power  o u t p u t s  o f  u n d e r w a t e r  a c o u s t i c  
transm 1 t t e r s .  
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The d e c i b e l  n o t a t i o n  i s  v e r y  c o n v e n i e n t  s i n c e  a l l  c a l c u l a t i o n s  
r e g a r d i n g  s i g n a l  l e v e l s ,  a t t e n u a t i o n ,  e tc .  can be c a r r i e d  o u t  by s i m p l e  
a d d i t i o n  or  subtraction. Some manufacturers, however, s t i l  I spec i fy  t h e i r  
equipment  o u t p u t  power i n  wa t t s .  T h i s  has t h e  advantage of b e i n g  
unam b i  guous, avoi d i  ng t h e  confusion a r  i s i  ng i n deci bel no ta t i on  resul  ti ng 
from use of d i f f e r e n t  re ference pressures. To conver t  from w a t t s  acous t ic  
power output (PI t o  source leve l  dB r e  1 pPa a t  1 m, t h e  f o l  low ing  equat ion 
should be used: 

SL = 170.77 + 10 IOgloP 

Given a t r a n s m i t t e r  o f  known source level, it i s  poss ib le  t o  p r e d i c t  
t h e  range a t  which it can be detected. With a good-qual i t y  hydrophone and 
r e c e i v i n g  system t h e  p r a c t i c a l  I i m i t  o c c u r s  when t h e  s i g n a l  cannot  be 
d is t ingu ished above ambient sea noise, i.e. a signal-to-noise r a t i o  o f  0 dB 
( S t a s k o  a n d  P i n c o c k  1977) .  A s s u m i n g  t h e  s i g n a l  i s  e m i t t e d  
omnid i rec t iona l  ly, t h e  power generated spreads o u t  sphertcal ly, leading t o  
a fa1 I of f  i n  power w i t h  range i n  accordance w i t h  t h e  inverse square law. 
The dB t ransmiss ion  loss (TL) due t o  spherical spreading i s :  

where r = range i n  meters. Since l o g  2 i s  approximately 0 3  t h a t  g ives a 6 
dB l o s s  f o r  every  d o u b l i n g  i n  range o r  20 dB f o r  every  decade increase.  
The 6 dB r u l e  of thumb i s  q u i t e  a c c u r a t e  a t  s h o r t  ranges. As range 
increases, however, t ransmiss ion  loss due t o  absorpt ion i n  seawater becomes 
s i g n i f i c a n t  and Equation 3 must be modif led as fo l l ows :  

TL = 20 l o g l o r  + ar  10'3 ( 4) 

where u= absorpt ion c o e f f i c i e n t  i n  dB per km. 
t o  a l l o w  for t h e  f a c t  t h a t  range (r) Is i n  m e t e r s  and n Is i n  dB per  km. 
The absorpt ion coef f  i c i e n t  v a r i e s  w i t h  temperature, sal i n i  ty, pressure and 
frequency. An impor tant  cons idera t ion  from t h e  po in t  of view of acoust ic  
t r a n s m i t t e r  des ign  i s  t h a t  a b s o r p t i o n  i s  p r o p o r t i o n a l  t o  t h e  square o f  
f req uency . 

The low3 term i s  requ i red  

Frequency and Range 

F i g u r e  2 shows t h e  r e l a t i o n s h i p  between a b s o r p t i o n  c o e f f i c i e n t  and 
frequency. I n  seawater the re  a r e  impor tant  i o n i c  r e l a x a t i o n  e f f e c t s  which 
l e a d  t o  d i s c o n t i n u i t i e s  i n  t h e  b a s i c  square  law r e l a t l o n s h l p .  F i g u r e 3  
shows t h e  ca I CUI a t e d  t r a n s m  i s s i  on I osses a t  d i  f f e r e n t  f req uenci  es as a 
f u n c t i o n  o f  range. Up t o  100 m, l o s s  f o l l o w s  t h e  20 dB r u l e ;  b u t  up t o  
1000 m, a b s o r p t i o n  l o s s e s  become s i g n i f i c a n t ,  e s p e c i a l l y  a t  h i g h  
f req uenci es. 

From t h e  p o i n t  o f  view of ga in ing  maximum range w i t h  minimum power 
r e q u i r e m e n t  t h e  l o w e s t  p o s s i b l e  f requency  shou ld  be used. I n  t h e  
t r a n s m i t t e r  t h e  signal i s  usual l y  generated by a hol low cy1 i n d r i c a l  p i e z e  
ceramic transducer. Greatest e f f i c i e n c y  i s  achieved if t h i s  i s  d r iven  a t  
i t s  resonant frequency. The resonant frequency decreases w i t h  increase i n 
diameter. A popular s i z e  i s  12.5 mm (1/2 inch) diameter which resonates a t  
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Figure 2. The relat ionship between absorption coef f ic ient  and temperature. 
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Figure 3. Transmission loss w i t h  range a t  d i f f e r e n t  frequencies. 

about  75 kHz and 25.4 mm ( 1  i nch )  which resona tes  a t  40 kHz. F i g u r e  4 
shows t h e  r e l a t i o n s h i p  between f requency  and t r a n s d u c e r  d iameter .  The 
choice of frequency the re fo re  immediately begins t o  def ine t h e  s i z e  of t h e  
t r a n s m i t t e r .  Normal l y  t h e  t r a n s m i t t e r  Is a cy1 i n d e r  J u s t  b i g  enough t o  
enclose t h e  transducer and b a t t e r i e s  a r e  chosen o f  a diameter t o  match t h e  
transducer. 

Below 20 kHz t h e  diameter i s  t o o  la rge  t o  be ser ious ly  considered for 
f i s h  tags. I n  genera l  f r e q u e n c i e s  between 30  kHz and 80 kHz a r e  used, 
although I n  f reshwater  w i t h  lower absorpt ion coeff i c i e n t s  220 kHz has been 
successful l y  used i n  very smal I t r a n s m i t t e r s  (Young e t  al.  1972). Mi tson 
and Storeton-West (1971) used a 300 kHz t r a n s m i t t e r  for t r a c k i n g  p l a i c e  a t  
sea. Th is  was a transponding f i s h  tagy and t h e  frequency was determined by 
t h e  work ing frequency of t h e  sector-scanning sonar w i t h  which it was used. 
The work ing range of t h i s  system was n o t  more than about 500 m. 

I t  i s  poss ib le  t o  take  advantage of low absorpt ion c h a r a c t e r i s t i c s  a t  
low frequencies i n  smai I t r a n s m i t t e r s  by runn ing  a smal I transducer below 
r e s o n a n t  frequency. T h i s  i s  genera l  l y  i n e f f  i c i e n t y  and o n l y  low source  
l e v e l s  can be achieved. C o n s i d e r a t i o n  perhaps shou ld  be g i v e n  t o  
a l  t e r n a t i v e  t r a n s m i t t e r  geomet r i esy  g e t t i n g  away from t h e  long cy1 inder 
w i t h  t h e  transducer a l  lgned coaxia l  Iy. 
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F igure  4. Transmi t te r  transducer diameter (hol I ow resonant PZT cy I i nder) 
i n  r e l a t i o n  t o  frequency. 

S u c c e s s f u l  t r a c k i n g  depends o n  a good d i r e c t l o n a l  r e c e i v i n g  
hydrophone. The s i z e  o f  t h e  hydrophone r e q u i r e d  a l s o  i n c r e a s e s  w i t h  
decrease i n  frequency. F igure  4 g ives  t h e  dimensions of a bas ic  c i r c u l a r  
p i s t o n  r e c e i v i n g  e l e m e n t  w i t h  a d i r e c t i v i t y  i n d e x  o f  20 dB ( U r i c k  1967). 
L a r g e r  d i  amete rs  g i v e  improved d i  r e c t i v  l t y ,  b u t  t h e  sl ope of t h e  
r e l a t l o n s h i p  remains the  same. I t  can be seen t h a t  above 40 kHz it i s  easy 
t o  bu i I d compact I i ghtw e i  gh t  hydrophones o f  appropr I a te  performance, but 
below 20 ki-lz hydrophones become I arge and unw le1 dy, necess i ta t l ng  specia l  
mountings--preferably permanently f i t t e d  t o  t h e  hul I of a s h i p - a n d  w i t h  
hydraul i c  servo controls. Bel ow 10 kHz s t e e r a b l  e d l  r e c t i o n a l  hydrophone 
techno logy  r e a l l y  b reaks  down, and l o c a t i o n  w o u l d  be c a r r i e d  o u t  by 
measurement of t ime  delays i n  some s o r t  of spaced r e c e i v i n g  array. 

A t h i r d  cons idera t ion  i n  choice of frequency i s  t h e  In te r fe rence from 
a n i m a l s  and whether  t h e  a c o u s t i c  s i g n a l  w l l l  be d e t e c t e d  by animals ,  
i n c l u d i n g  t h e  f i s h  t o  wh ich  t h e  t r a n s m i t t e r  i s  a t tached.  Many f i s h  can 
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detec t  and produce sounds a t  up t o  10 k H t  b u t  most f i s h  sounds a re  a t  low 
f r e q u e n c i e s  (Hawkins and U r q u h a r t  1983). The usual  f i s h  t r a c k i n g  
f r e q u e n c i e s  o f  30 t o  100 kHz a r e  u n l i k e l y  t o  a f f e c t  f i s h e s .  Mar ine  
mammal SI however, can produce sounds a t  up t o  100 kHz. I have I ls tened t o  
porpoises i n  t h e  Bay of Panama apparently t r y i n g  t o  communicate w i t h  a 75 
I<Hz t r a n s m i t t e r  bel ng used t o  t r a c k  a sea snake. Unfor tunate ly  t h e r e  i s  no 
useful acous t i c  frequency band i n  the  sea which i s  not u t i l i z e d  by marine 
mammal s. 

The d e t e c t e d  I eve1 (DL) o f  t h e  s i g n a l  I s  de te rm ined  by t h e  source  
leve l  and the  t ransmiss ion  loss: 

The d e t e c t i o n  t h r e s h o l d  a t  e x t r e m e  range  o c c u r s  when DL i s  equal t o  t h e  
n o i s e  l e v e l  (NL). Thus i n f o r m a t i o n  on amb ien t  n o i s e  l e v e l s  i n  t h e  sea i s  
requ i red  t o  p r e d i c t  range. F igure  5 shows t y p i c a l  noi se 1 eve1 s a t  t h e  sea 
sur face i n  deep-sea cond i t ions  (Ur ick 1967; Clay and Medwin 1977) for t h e  
frequencies of in te res t .  Above 50 kHz no ise  i s  dominated by thermal no ise  
w h i  ch I ncreases  w 1 t h  f requency  a t  6 dB p e r  octave. Bel ow t h  i s f requency  
sea-surface noise, which decreases a t  about 6 dB per octavey i s  dominant. 
T h i  s I ncreases  I n accordance w i t h  w I n d  speed and sea s t a t e  as  I nd i  cated. 
Heavy r a i n  can generate up t o  80 dB below 30 kHz Ship noise can add about 
30  dB and genera l  l y  f o l l o w s  t h e  -6 dB s l o p e  i n  re1  a t l o n  t o  f requency.  I n  
c o a s t a l  r e g i o n s  n o i s e  l e v e l s  wou ld  t y p i c a l  l y  be  10 dB above t h e  l e v e l s  
indicated. There i s  a c lea r  minimum I n  t h e  noise spectrum I n  t h e  50 - 100 
kHz band. 

The noise leve l  detected by a rece iver  depends on t h e  bandw l d t h  over 
which it detec ts  incoming energy. Data i n  F igure  5 are g iven i n  terms of 
spectrum level/Hz ( S R ) .  The noise leve l  detected I s  given by: 

NL = SPL + 10 lOg1oW (6 )  

where W = bandwidth i n  Hz, e.g. for 1 kHz bandwidth: 

O m n i d i r e c t i o n a l  hydrophones d e t e c t  n o i s e  f r o m  a l  I around, and 
the re fo re  r e q u i r e  a higher s ignal  leve l  than a d i r e c t i o n a l  hydrophone i n  
t h e  same envi ronment .  T h i s  d i f f e r e n c e  Is usual  l y  expressed a s  t h e  
d i r e c t i v i t y  index, D I ,  w h i c h  Is measured i n  dB and can be r e g a r d e d  as  t h e  
hydrophone gain. The best d i rec t i ona l  hydrophones have a d i r e c t i v i t y  index 
of about 30 dB. Detect ion th resho ld  depends on numerous factors ,  i nc lud ing  
opt imum bandw l d t h s  and p u l s e  l e n g t h y  as we1 I as hydrophone design. As a 
f i r s t  approx imat ion for a t y p i c a l  r e c e i v i n g  set, equating no ise  leve l  and 
s ignal  leve l  g ives a good es t imate  of maximum range. On t h i s  bas is  maximum 
range  a t  d i f f e r e n t  sou rce  l e v e l s  f o r  4 d i f f e r e n t  f r e q u e n c i e s  i s  shown i n  
F i  g u r e  6. 

F i g u r e  6 shows t h a t  low f r e q u e n c i e s  a r e  b e s t  f o r  t r a c k i n g  a t  l o n g  
r a n g e s .  However ,  a l s o  a p p a r e n t  i s  t h e  f a c t  t h a t  h i g h - f r e q u e n c y  
t r a n s m i t t e r s  a r e  s i g n i f  i c a n t l y  b e t t e r  a t  sho r t  ranges. Th is  i s  because a t  
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FIgure 6. P r e d i c t e d  r a n g e s  o f  d i f f e r e n t  t r a n s m i t t e r s  a t  d i f f e r e n t  
f r eq uenc i 8s. 

high frequencies t h e r e  Is l ess  noise and a t  sho r t  ranges absorpt ion loss i s  
n o t  s i g n i f i c a n t  ( F i g u r e  3).  T h i s  g i v e s  r i s e  to an e f f e c t  t h a t  i s  n o t  
w ide ly  appreciated: i f  two t r a n s m i t t e r s  of equal source level a re  t e s t e d  
c l o s e  t o  t h e  s h i p  t h e  l a r g e r ,  low- f requency  t r a n s m i t t e r  w i l l  be more 
d i f f  l c u l  t t o  de tec t .  The b e n e f i t s  of low f requency  t r a n s m i t t e r s  become 
apparent on ly  a t  long  ranges. No a l  lowance has been made for sh ip  noise, 
b u t  un l  ess  a v e r y  good hydrophone 1 n s t a l  I a t i o n  1 s used w i t h  a good 
a c o u s t i c a l l y  t r a n s p a r e n t  dome mounted on  t h e  r i g h t  p a r t  of t h e  h u l l ,  
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performance o f  t h e  low-frequency devices 'can be disappoint ing. A t  ranges 
of l e s s  t h a n  1000 m t h e r e  i s  p r o b a b l y  no g r e a t  b e n e f i t  t o  be g a i n e d  from 
use of frequencies below 50 kHz. 

Pulse Rate and Pulse Length 

To be t rackab le  a pu lse  r a t e  of about 1 M i s  necessary. A high pu lse  
r a t e  l eads  t o  e x c e s s i v e  power consumption, b u t  a p u l s e  r a t e  of much l e s s  
than 1 Hz makes mob i le  t r a c k i n g  d i f f i c u l t .  Pulse length  I s  t y p i c a l l y  se t  
a t  10 ms, g i v  I n g  a du ty  c y c l  e of 1% a t  1 Hz. S h o r t e r  pul se I eng ths  can be 
used, but usual l y  a higher source I eve1 i s  necessary t o  ensure detection. 

Battery Size and Chemistry 

I n  recen t  years I i t h i u m  b a t t e r i e s  have r e s u l t e d  I n  major advances i n  
energy densi ty  from 100 Wh/kg for zinc-carbon t o  over 200 Wh/kg for I i th ium 
cel  Is. Many d i f f e r e n t  e l e c t r o l y t e s  are used, lead ing  t o  a wide choice o f  
I i th ium cel Is. Examples a r e  I i th ium manganese dioxide, 210 Wh/kg a t  2.7V 
(Durace l  I ) ,  and I i t h i u m  t h i o n y l  c h l o r i d e ,  350 Wh/kg a t  3.5V (SAFT). 
C o n s t r u c t i o n  of t h e  c e l l  can a l s o  l e a d  t o  d i f f e r i n g a b i l  l t i e s  t o  s u s t a i n  
h i g h  c u r r e n t s ,  e t c .  ( A t t e w e l  I 1985). No m a j o r  f u r t h e r  advance i n  energy 
densi ty  can be expected for primary cel I ba t te ry  systems; t h e r e  w I1 I be an 
evo lu t i on  of I i t h ium systems t o  meet d i f f e r e n t  spec l f  i c a t j o n s  for d i f f e r e n t  
appl i c a t i  ons. 

F i g u r e  7 g i v e s  t h e  energy r e q u i r e d  a t  d i f f e r e n t  source  l e v e l s  and 
t r a n s m i t t e r  I i f e  t i m e s  a t  a 1% d u t y  cyc le .  Any q u i e s c e n t  c u r r e n t  i s  
i g n o r e d  and e f f  i c i e n c y  of c o n v e r s i o n  of e l e c t r i c a l  t o  a c o u s t i c  power i s  
assumed t o  be 17%. A s c a l e  of b a t t e r y  s i z e s  assuming 220 Wh/kg energy 
densi ty  I s  inserted. There a r e  l i a b l e  t o  be n o n - l i n e a r i t i e s  I n  practice, 
e s p e c i a l  l y  i n  t h e  smal I e r  s izes.  Cas ing  t a k e s  up a I a r g e r  p r o p o r t i o n  of  
t h e  w e i g h t  i n  a smal I b a t t e r y ,  and smal I b a t t e r i e s  cannot  del i v e r  h i g h  
cu r ren ts  e a s i l y  even i f  the  theo re t i ca l  energy densi ty  i s  avai lable. 

Transm i Iter S I ze 

Figure  8 g ives i n fo rma t ion  on t r a n s m i t t e r  dimensions i n  r e l a t i o n  t o  
I i f e  and source level. Th i s  i s  intended t o  g i v e  some i n d i c a t i o n  of what t o  
expect when request ing  a given performance. There can be w ide  v a r i a t i o n  
b e t w e e n  d i f f e r e n t  m a n u f a c t u r e r s  and, p a r t i c u l a r l y  h igh - f requency  
t r a n s m i t t e r s  ( 7 5  kHz) can be smal I e r  t h a n  i n d i c a t e d .  The cu rves  p r e d i c t  
q u i t e  w e l l  t h e  s i z e  of l a r g e  t r a n s m i t t e r s  b u t  i n  s m a l l  t r a n s m i t t e r s  
v a r i a t i o n s  i n  package design can lead t o  vas t  d i f fe rences  I n  ove ra l l  s ize.  
Given an e x i s t i n g  t r a n s m i t t e r  t h e  curves i n d i c a t e  q u i t e  we l l  t h e  r a t e  of 
increase I n  s i z e  w i t h  l i fe. The cha r t  can on ly  be used t o  i n d i c a t e  trends. 

Real I s t i c  f ish t r a n s m i t t e r s  do not  achieve source l e v e l s  I n  excess o f  
170 dB. C a v i t a t i o n  p rob lems  I i m i t  t h e  maximum power i t  i s  p o s s i b l e  t o  
r a d i a t e  from a smal I t ransducer ;  f o r  example, for  a 1 cm area, 166 dB i s  
t h e  I i m i t .  Maximum e f f i c i e n c y  i s  best  achieved we l l  below the  c a v i t a t i o n  
I i m i t .  A major source of v a r i a t i o n  i s  I i k e l y  t o  be t r a n s m i t t e r  e f f i c i ency ;  
i f  o s c i l l a t o r s  are c a r e f u l l y  tuned t o  t h e  resonant frequency o f  i nd i v idua l  
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t r ansducers  g rea t  improvement i n  e f f  ic lency can be achieved. I n  se r ies  
product ion t h i s  i s  not usua l ly  poss ib le  and t r a n s m i t t e r  frequency i s  se t  t o  
a s t a n d a r d  c r y s t a l  f r e q u e n c y  d i s r e g a r d 1  n g  I n d i v l d u a l  t r a n s d u c e r  
c h a r a c t e r i s t i c s .  The re  w 1 1  I 8  t h e r e f o r e ,  be s i g n i f i c a n t  i n d i v i d u a l  
var  I a t i  on I n transm i t t e r  ef f i c i  enci es. 
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Tracki ng Perf omance 

To ensui . good t r a c k i n g  performance the  system should be designed t o  
prov ide good feedback on f i s h  l o c a t i o n  t o  enable commands t o  be issued for 
maneuver ing  o f  t h e  ship. D e t e c t i o n  o f  b e a r i n g  i s  u s u a l l y  n o t  a problem. 
I t  i s, however, easy t o  l o o s e  c o n t a c t  w i t h  t h e  f i s h  a s  i t  moves rad1  a1 l y  
away from t n e  sh ip.  A I - m  f i s h  mov ing  a t  5 body l e n g t h s  per  second can 
escape t o  1000 m i n  200 seconds ( 3 3  minutes), so an immediate response i s  
necessary from the  sh ip t o  keep i n  touch. 

Range I s  usua l  l y  d e t e c t e d  by change i n  s i g n a l  s t r e n g t h  as t h e  f i s h  
moves away. F i g u r e  9 shows t h i s  e f f e c t  a t  t w o  f a v o r e d  t r a c k i n g  
frequencies, us ing the  data from F igure  3 p l o t t e d  on a l i n e a r  range scale. 
I f  it i s  assumed t h a t  a 10-dB change i s  r e q u i r e d  f o r  d e t e c t i o n  a t  400 m, 
t h e n  a 50 m change I n  r a n g e  i s  r e q u i r e d  a t  7 5  kHz. A t  30 kHz much l a r g e r  
changes a r e  necessary. Whi I e t h e  I ow-frequency t r a n s m i t t e r  can be detected 
a t  3000 m, i t i s  d i f f i c u l t  t o  i n t e r p r e t  wha t  i s  g o i n g  on. The f i s h  can 
move out  o f  range w i thou t  t h e  operator be ing aware of t h e  facf. u n t i l  it i s  
-too l a t e  or it can disappear I n t o  shadow zones created by the  thermocl i ne. 

For s m a l l  f i s h  t h e  3 0  kHz t r a n s m i t t e r  i s  p r o b a b l y  too la rge .  I n  
1 arger  f I sh t he re  are b e n e f i t s  t o  be gai ned i n  terms of range, but  t r a c k i n g  
may remain d i f f i c u l t .  Consideration should, therefore, be given t o  us ing 
t r a n s p o n d i n g  sys tems w h i c h  wou ld  g i v e  r a n g e  and b e a r i n g  i n f o r m a t i o n .  
Greer-Walker e t  al. (1971) were a b l e  t o  t r a c k  p l a i c e  a t  sea w i t h  a work ing 
range of o n l y  a few hundred m e t e r s  u s i n g  t ransponder  f i s h  t a g s  i n  
con junc t ion  w i t h  a sector scanning sonar p rov id ing  an instantaneous v i sua l  
d i s p l  ay o f  f i s h  l o c a t i o n  r e l a t i v e  t o  t h e  ship. A t r a n s p o n d l n g  sys tem 
w o r k i n g  a t  3 0  kHz would g i v e  t h e  benef I t s  o f  l o n g  range  b u t  w i t h  v a s t l y  
improved range reso l  ution. More extended t r a c k i n g  may then be possi bl  e. 

A s e r i o u s  I I m  it t o  I ong-term a c o u s t i c  t r a c k 1  ng Is crew f a t i  Que. To 
a c h i e v e  more t h a n  a few days c o n t i n u o u s  t r a c k i n g  r e q u i r e s  immense 
ded ica t ion  and perseverance on t h e  p a r t  of t h e  ship's crew. 

Satel I i t e  Tracking 

Pr iede (1984) f i r s t  successfu l ly  t racked a f i s h  by sa te l  I i t e  us ing t h e  
ARGOS data col l e c t i o n  and loca t i on  system c a r r i e d  on board NOAA sate! I i tes.  
The s p e c i e s  chosen, t h e  bask i  ng  sha rk  ( C e t o r h  I nus m i m u s ) ,  i s  i d e a l  f o r  
s a t e l l i t e  t r a c k i n g  s ince  it has t h e  h a b i t  o f  basking near the  sea sur face 
for long per iods o f  time, and a t  an a d u l t  length of over 7 m i s  capable of 
c a r r y i n g  vbzp I arge t r a n s m i t t e r  packages. Locat ions were obta ined whenever 
t h e  animal was on o r  near t h e  sea surface. An ARGOS t r a n s m i t t e r  was b u i l t  
i n t o  7 k inyant  package towed by t h e  animal. Eventual l y  t h i s  package broke 
loose and c o v t i n u o u s  l o c a t i o n s  by ARGOS (12 per  day a t  l a t i t u d e  57'") 
i nd i ca fed  ?he l a s t  known l o c a t i o n  o f  t h e  animal. 

The ques t ion  immediately a r i ses  as t o  whether t h i s  technology can be 
adapted  t o  bu 1 I d a t t p~p -up t r  t a g  f o r  t u n a s  w h i  ch wou ld  b reak  l o o s e  a f t e r  a 
predetermined t i m e  i n t e r v a l  t o  g i ve  a s i n g l e  location. Implementation of 
such a pop-up t a g  u s i n g  c o n v e n t i o n a l  VHF r a d i o  l o c a t i o n  I s  d iscussed by 
Ne1 son and M c K i  bben (1 981 1. 
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The p r i n c i p l e s  of s a t e l l  i t e  l o c a t i o n  systems a r e  discussed f u l l y  by 
P r l e d e  (1983, 1985) and success depends c r i t i c a l  l y  on  a v e r y  s t a b l e  
t r a n s m i t t e r  o s c l  I I a t o r  f requency.  Rad ia ted  power i s  about  2 W w I t h  a 
minimum message length of 360 ms emi t ted  approximately every 60 seconds 
Dur ing one sate l  I l t e  overpass a t  l eas t  4 messages spread over 420 s must be 
received by the  s a t e l l i t e  receiver. Studies on animal t r a c k i n g  i n  t h e  past  
have been hampered by poor t r a n s m i t t e r  performance lead ing  t o  up1 inks but 
subsequent r e j e c t i o n  of messages f o r  l oca t i on  ca l cu la t i ons  due t o  excessive 
f requency  d r i f t ,  etc. I t  I s  poss ib le ,  however, w i t h  c a r e f u l  des ign  t o  
match and exceed t h e  m i  nimum per fo rmance c h a r a c t e r i s t i c s  demanded by 
Serv 1 ce ARGOS. 

TX 

S i n c e  t h e  s u c c e s s f u l  t r a c k  o f  a sha rk ,  work i n  A b e r d e e n  h a s  
concentrated on r e a l  l z i n g  small ARGOS t r a n s m i t t e r s  for use on b l r d s  (French 
1984, 1986). The smal les t  ARGOS c e r t i f i e d  t r a n s m i t t e r  50 f a r  has a volume 
of 85 cm3 for t r a n s m i t t e r  components and 33 cm3 for  b a t t e r i e s  w i t h  8 days 
I ife. Th is  i s  conf igured i n  a f l a t  d i sc  100 mm I n  diameter for attachment 
t o  a bird. If t h i s  were reconf igured  I n  a c y l i n d r i c a l  package it would be 
t h e  s i z e  i nd i ca ted  i n  F igure  10. 

battery 

ARGOS TRANSMITTER 

Figure 10. P r o b a b l e  s i z e  of a towed s a t e l  I I t e  l o c a t a b l e  r a d i o  t a g  u s i n g  
ex i  s t i n g  techno1 ogy. 

Gradual s i z e  reduc t ions  can be expected given s i g n i f  i can t  investment 
I n  M i  n I-ARGOS PTT technology. Twepo i  n t  sate l  I I t e  t r a c k i n g  of t h e  I arger 
tunas seems f easi b l  e i n  t h e  foreseeabl e future. 
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