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ABSTRACT 

i n  s i t u  t a r g e t  s t r e n g t h s  of  s i x  f i s h e s  were determined with a  s p l i t -  -- 
beam echo sounder dar ing  c r u i s e ~  about  Lofoten i n  March 1984 and t h e  
Shet land  I s l ands  i n  J u l y  1984. The spec i e s  and l eng ths ,  mean and s tandard 
dev ia t ion ,  a r e  t h e  following: cod (Gadus morhua), 82111 cm, s a i t h e  
(Pol lachius  v i r e n s ) ,  5 7 i 6  cm; Norway pout  (T r i sop te rus  e smark i ) ,  1 8 *  2  
and 1 5 1 1  cm; he r r ing  (Clupea harengus) ,  281 2  cm; r e d f i s h  o r  ocean perch 
(Sebastes  mar inus) ,  20 I 9  cm; and g r e a t e r  s i l v e r  smel t  (Argentina s i l u s ) ,  
371 4  cm. Ext rac t ion  of unbiased mean t a r g e t  s t r e n q t h s  by a  method of 
t h re sho ld  compensation i s  descr ibed .  

RESUME: I n - s i t u  determinat ion d ' i ndex  de r e f l e x i o n  obtenue avec ~ r n  sondeur 
v e r t i c a l  a f a i s c e a u  scind6 

Determination d ' index de r e f l ex ion  i n - s i t u  grace 2 un sondeur v e r t i c a l  
3 f a i s c e a u  scind6 au cours de campagnes e f f ec tuees  au tour  des Lofoten en 
mars 1984 e t  des  i l e s  Shet land en j u i l l e t  1984. Les especes e t u d i e e s  avec 
l e u r  t a i l l e  moyenne/ecart type s o n t  l e s  su ivan te s :  morue (Gadus morhua),  
82 111 cm; l i e u  n o i r  (Pol lachius  v i r e n s ) ,  5 7 f  6 cm; tacaud norvegien 
(Tr i sop te rus  esmarki) 181  2 e t  1 5 I 1  cm; hareng (Clupea ha rengus ) ,  28*  2 
cm; sebas t e  (Sebastes  mar inus) ,  LO I 9  cm; e t  grande a rgen t ine  ( ~ r g e n t i n a  -- 
s i l u s ) ,  3 7 k 4  cm. 

INTRODUCTION 

The need f o r  knowledge of  f i s h  t a r g e t  s t r e n q t h s  i s  wel l  known 
(Midttun 1984) .  I n  s i t u  measurements a r e  p a r t i c u l a r l y  valuable  f o r  -- 
r ep re sen t ing  t h e  acous t i c  s c a t t e r i n g  p r o p e r t i e s  of f i s h  under t h e  a c t u a l  
condi t ions  of t h e i r  surveying.  Such d a t a  acqui re  a  g r e a t e r  s i g n i f i c a n c e  
when used t o  determine t h e  l eng th  dependence of  t a r g e t  s t r e n g t h ,  a s  t h e  
r e s u l t i n g  r e l a t i o n  can then be used on f i s h  of d i f f e r e n t  l eng ths  than 



o r i g i n a l l y  observed and a l s o ,  under c e r t a i n  circumstances, on f i s h  of  
d i f f e r e n t  species .  

Development of the  f i r s t  commercial split-beam echo sounder, by 
SIMRAD, was thus welcomed f o r  i t s  evident  usefulness i n  determining i n  
s i t u  t a r g e t  s t rengths .  By providing a means of d i r e c t  measurement, the  
split-beam technique avoids many of the  problems i n t r i n s i c  t o  i n d i r e c t  
methods (Ehrenberg 1983). I t  is add i t iona l ly  super ior  i n  p r i n c i p l e ,  i £  
no t  i n  p rac t i ce  too,  t o  the  only o the r  d i r e c t  -- i n  s i t u  method, t h a t  of  
dual beams (Ehrenberg 1974, 1979).  

The simple purpose of t h i s  paper i s  t o  p resen t  some r e s u l t s  from 
the  f i r s t  appl ica t ions  of the  new sprit-beam echo sounder. This was, i n  
f a c t ,  the  f i r s t  model of the  ES380 system, which was s p e c i a l l y  adapted 
f o r  research use (Foote, Kristensen and S o l l i  1984). However, while the  
bas ic  s ing le - f i sh  echo da ta  were easy t o  ga ther ,  the  presence of both 
weak- and strong-signal  thresholds ,  or  c u t o f f s ,  i n  the  prseassing 
complicated the  ana lys i s .  I t  is  hoped t h a t  desc r ip t ion  here of the  
method of threshold compensation w i l l  a i d  o the r  cu r ren t  o r  p o t e n t i a l  users  
of the  new split-beam echo sounder - o r  o ther  thresho1d.-affected systems 
o r  techniques f o r  t h a t  matter  - i f  only by urging caution i n  the  
i n t e r p r e t a t i o n  of os tens ib ly  unambiguous data .  

MATERIALS 

The primary mate r i a l s  c o n s i s t  of the  acoust ic  and b io log ica l  da ta  
co l l ec ted  on a number of species  during c r u i s e s  with R/V G.O. SARS about 
Lofoten i n  March 1984 and the  Shetland Is lands  i n  Ju ly  1984. The form of 
the  acous t i c  da ta  gathered with the  SIMRAD ES380 split-beam echo sounder 
has already been described i n  d e t a i l  (Foote, Kristensen and S o l l i  1984).  
In b r i e f ,  each s ing le - f i sh  echo is  charac ter ized  by th ree  da ta :  the  ping 
number, echo range t o  the  nea res t  decimeter,  and t a r g e t  s t r eng th .  Each of 
these  numbers i s  recorded f o r  each resolved s ingle- f fsh  echo. The t a r g e t  
s t r eng th  is expressed a s  one of 80 t a r g e t  s t r eng th  c l a s s e s  evenly spaced ( 
over the  range from -50 t o  -20 dB, hence with 0.375 dB reso lu t ion .  The 
split-beam echo sounder, with 38 kHz operat ing frequency, was ca l ib ra ted  
with the  60 mm copper sphere (Foote e t  a l .  1981, Foote 1982) a t  l e a s t  
once during each c ru i se .  

The acoust ic  da ta  a r e  valuable only when accompanied by good b io log ica l  
da ta  on r a t h e r  pure f i s h  aggregations. For present  purposes, the  p u r i t y  
i s  s u f f i c i e n t  f o r  unambiguous assignment of the  acoust ic  da ta  t o  t h e  
responsible f i s h e s  i n  e i t h e r  of two s i t u a t i o n s :  a c l e a r l y  dominant s i n g l e  
species ,  o r  two spec ies  of d i s t i n c t  length groups. Thus, of the  11 da ta  
s e r i e s  with split-beam echo sounder measurements of f i s h  during the  March 
Lofoten c r u i s e ,  only f i v e  a r e  usable f o r  determining mean t a r g e t  s t rengths .  
Of the  14 data  s e r i e s  during the  Ju ly  Shetland Is lands  c r u i s e ,  only four 
a r e  usable,  and of the  seven s e r i e s  during the  March and Apri l  c r u i s e  t o  
survey blue whiting (Micromesistius poutassou) west of the  B r i t i s h  I s l e s ,  
none i s  considered usable because of  suspected problems with species and 
length  s e l e c t i v i t y  of the  t rawl ing gear .  



Table  1. B i o l o g i c a l  d a t a  accompanying i n  $ i t u  t a r g e t  s t r e n g t h  measurements  made d u r i n g  two 1984 c r u i s e s .  

Assumed l e n g t h  d i s t r i b u t i o n  
i n  s i m u l a t i o n s  

T r u n c a t i o n  
No. specimens F i s h  l e n g t h  (cm) N(mean,s.d.) l i m i t s  

Data Survey  
s e r i e s  d a t e  F i s h  Caught  S i z e d  Mean S.D. Min. Max. Mean S.D. Min. Max. 

1 
12/3 Norway p o u t  223 223 17.6 1 .6  1 0  2 1  17.6 1.6 14.4 20.8 

S a i t h e  52 52  59.7 4.9 4 8  6 9  57.2 6 . 0  45.2 69.2 

2 13 /3  C a i t h e  1863  7 3  57.2 6 .0  45 9 1  57.2 6 .0  45.2 69.2 

liedfis11 
3 

92 92 19 .7  8.7 9 43 19.7 8.7 11.0 37.1 
S a i t h e  1 5  1 5  56.3 5 . 1  46 6 5  57.2 6.0 45.2 69.2 

7 1 5 / 3  Cod 1 3  1 3  81.7 10.6 60 9 8  81.6 11.4 58.8 104.4 

8 15 /3  G r .  s. smelt.  1813 1813  37.2 4.4 25 50 37.2 4.4 28.4 46.0 

11 18/3  Cod [ ~ n s p e c .  953 81.6 11.4 50 105+] 81.6 11.4 58.8 104.4 

1 5  25/7 Her r ing  165  165  28.8 2.0 24 34 28.5 2.0 24.5 32.5 

2 5 29/7 H e r r i n g  22 22 28.0 2.7 25 34 28.5 2.0 24.5 32.5 

26 30/7 Norway p o u t  2250 1 0 7  14 .8  1.1 12  19  14 .8  1.1 12.6 17 .0  

A summary of the  b io log ica l  da ta  i s  presented i n  Table 1. I n  every 
case except one the  length  d i s t r i b u t i o n  i s  apparently normal. I t  i s  
assumed t o  be normal i n  modeling t h e  threshold e f f e c t ,  with mean and 
standard devia t ion  genera l ly  equal t o  t h e  corresponding sample values,  and 
with t runcat ion  a t  two standard devia t ions  from the  mean. In  the  
exceptional  case,  t h a t  of r e d f i s h ,  the  d i s t r i b u t i o n  was r a t h e r  elongated, 
and i s  charac ter ized  by a normal d i s t r i b u t i o n  truncated a t  one standard 
devia t ion  below the  mean and two standard devia t ions  above the  mean. 

A l l  of the  length da ta  i n  the  t a b l e  were determined d i r e c t l y  from 
catches obtained during simultaneous measurement with the  split-beam echo 
sounder except f o r  those of cod on 18 March. Because these  measurements 
were made i n  an a rea  of in tens ive ,  commercial cod f i s h i n g ,  t rawling was 
impossible. Recourse was the re fo re  had t o  Danish-seine catch da ta  
co l l ec ted  a t  Svolvær and Henningsvar over the  period 8-14 March. The 
s i m i l a r i t y  of these  da ta  with those determined by trawling by R/v G.O. 
SARS on 15 March i s  noted. 

Because of  the  smallness of t h e  he r r ing  ca tches  shown i n  Table 1, 
the  parameters of  the  assumed length  d i s t r i b u t i o n  were determined on t h e  
bas ic  of f i v e  catches.  These included those taken during da ta  s e r i e s  15 
and 25 and the  o the r  th ree  catches from the  same per iod  and a rea .  

When trawling during the  March Lofoten c r u i s e ,  a bottom t rawl ,  t h e  
co-called shrimp t r awl ,  was used f o r  a l 1  repor ted  catches except t h a t  of 
cod on 15 March, f o r  which the  pe lagfc  t rawl  was used. For the  repor ted  
catches from the  J u l y  Shetland Is lands  c r u i s e ,  t h e  pe lagic  t rawl was used. 

The acoust ic  da ta  a r e  s w a r i z e d  through the  histograms of i n  s i t u  
t a r g e t  s t r eng ths  i n  Fig. 1. Additional da ta  i n  the  form of ping number 
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Fig. 1. 'Farget s t rength  hist.ograms of t en  da ta  s e t s  derived with the  
split-beam echo sounder. See Tables 1 and 2 f o r  f u r t h e r  d e t a i . 1 ~ .  



and depth, which a r e  a t tached t o  each respect ive  t a r g e t  s t r eng th  datum, 
a r e  neglected here .  Thus, according t o  Fig.  7 i n  Foote, Kristensen and 
S o l l i ' s  paper (1984), some of the  measurements included i n  t h e  histograms 
der ive  from t h e  same f i s h ,  observed repeatedly during passage of the  
vesse l  and echo sounder beam. Such mul t ip le  observations,  which may 
involve from about 15% o r  l e s s  t o  more than 50% of the  t o t a l  number of 
s ing le - f i sh  d a t a ,  a r e  no t  expected t o  b i a s  the  r e s u l t s ,  although 
reference t o  the  o r i g i n a l  da ta  and recomputation could decide the  matter  
i f  necessary. 

Some circumstances of the  acous t i c  da ta  c o l l e c t i o n  a r e  given i n  
Table 2.  Both the  depth range and boa t  speed r e f e r  t o  the  analyzed da ta .  
The depth i s  a c t u a l l y  the  sum of t h e  depth of hull-mounted transducer,  
which i s  about 5 m ,  and the  t a r g e t  range. Howevex, s ince  t a r g e t s  a r e  
accepted by t h e  ES380 system only i f  ly ing  within 4.94 deg of  the  acous t i c  
a x i s ,  t h e  depth est imate i s  only neg l ig ib ly  biased.  

Often fewer da ta  were analyzed than were ava i l ab le .  Reasons f o r  t h i s  
included the  d e s i r e  t o  maintain a homogeneous da ta  s e t ,  a s ,  f o r  example, 
by l i m i t i n g  t h e  vesse l  speed t o  a narrow range, o r  by l imi t ing  the  f i s h  
echoes t o  a narrower depth range than was a c t u a l l y  employed during the  
observations.  

Table 2. Conditions of acoustic data collection. 

Measuring time 
Starting position 

No. single-fish ~ e p t h  range Boat speed 
data (m) (knots) 

Data Period 
series Date Hour (min) Lat. (ON) Long. (O) Total Analyzed   in. Max. Meaii S.D. 

METHODS 

Two bas ic  problems must be addressed i n  analyzing t h e  da ta  presented 
i n  Fig. 1. I n  t h e  case of those da ta  cons is t ing  of mixed spec ies ,  namely 
da ta  s e r i e s  1 and 3, the  t a r g e t  s t r eng th  data  i n  Figs.  l a  and c must be 
assigned t o  the  individual  f i s h e s .  The so lu t ion  t o  t h i s  problem i s  
r e f e r r e d  t o  below a s  t h e  method of "separat ion".  The second problem, t h a t  
of e x t r a c t i n g  the  mean t a r g e t  s t r eng th ,  is common t o  a l l  da ta  s e t s .  This 



would be t r i v i a l  indeed i f  the  da ta  were unaffected by thresholding,  bu t  
t h i s  i s  pa ten t ly  not  the  case.  Consideration of the  range i n  f i s h  s i z e s  
and l i k e l y  corresponding t a r g e t  s t rengths  (Nakken and Olsen 1977, F00te 
and Nakken 1978) suggests t h a t  the  t a r g e t  s t r eng ths  of the  l a r g e s t  cod 
have no t  been represented because of the  upper threshold ,  o r  c u t o f f ,  of 
-20 dB. Similar ly ,  the  t a r g e t  s t r eng ths  of f i s h  s h o r t e r  than 30 cm of ten  
l i e  well  below the  lower threshold  of  -50 dB. Thus t h e  e f f e c t  of  
thresholding must be considered i n  computing mean t a r g e t  s t r eng ths  from 
t h e  split-beam measurements i f ,  f o r  example, it i s  intended t o  use these  
i n  typ ica l  echo in tegra t ion  work. The reason i s  simply t h a t  s tandard 
echo i n t e g r a t o r s  r e g i s t e r  f i s h  echoes over a  much g r e a t e r  dynamic range 
than the  30 dB of f i n a l  r e g i s t r a t i o n  i n  the  SIMRAD split-beam system. 

Separat ion of composite t a r g e t  s t r eng th  histograms 

This appl ies  t o  the  da ta  of s e r i e s  1 and 3. It i s  apparent from 
Table 1 t h a t  the  s a i t h e  length d i s t r i b u t i o n s  resemble t h a t  of s e r i e s  2 .  
In  f a c t ,  the  geographical a reas  of the  th ree  s e r i e s  a r e  e s s e n t i a l l y  t h e  
same, being the  f i s h i n g  banks w e s t  of Lofoten, where s a i t h e  spa-dn i n  the  
spr ing .  Thus the  r e l a t i v e  cont r ibnt ion  of t h e  s a i t h e  t o  the  composite 
t a r g e t  s t r eng th  histograms of  Figs.  l a  and c  a r e  known. Because the  
second species  of the two da ta  s e r i e s ,  Norway pout and redf i sh ,  
~ e s p e c t i v e l y ,  a r e  smaller  than the  s a i t h e ,  the  g r e a t e s t  t a r g e t  s t r eng ths  
of the  l a r g e s t  Norway pout and redf i sh ,  w i l l  undoubtedly be s u b s t a n t i a l l y  
less than the  q r e a t e s t  t a r g e t  s t r eng ths  of the  l a r g e s t  s a i t h e  (Nakken and 
Olsen 1977).  

The d i f ference  i n  peak t a r g e t  s t r eng ths  of  the  severa l  f i s h e s  can be 
est imated by reference t o  Nakken and Olsen's  t a r g e t  s t r eng th  da ta .  The 
appropr ia te  equations share the  common form 

where TSmax i s  the  maximum dorsa l  aspect  t a r g e t  s t r eng th  i n  u n i t s  of 
decibels ,  R i s  the  f i s h  length  i n  centimeters ,  and the  c o e f f i c i e n t s  m and 
b  a r e  determined by a  least-mean-squares regress ion  ana lys i s .  For s a i t h e  
the  r e s u l t  i s  

TS = 23.4 log R - 65.1 
max 

o r ,  xequiring t h a t  m=20, 

TS = 20 109 R - 60.2 
max 

I f  a  nominal length of 70 cm i s  used f o r  the  l a r g e s t  s a i t h e  i n  each of  da ta  
s e r i e s  1 and 3 ,  then the  maximum dorsa l  aspect  t a r g e t  s t r eng th  i s  expected 
t o  be about -23 o r  -22 dB. This agrees exact ly  with t h e  observations i n  
Figs.  l a  and c .  

Norway pout was no t  measured by Nakken and Olsen. I t  i s  a  gadoid, 



hence f o r  present  purposes might be represented a s  having a  t a r g e t  s t r eng th  
roughly comparable t o  t h a t  of  o the r  gadoids of s i m i l a r  length.  For want of 
a  c l o s e r  k inship ,  the  maximum t a r g e t  s t r eng th  r e l a t i o n  f o r  Norway pout is  
based on the  combined cod, s a i t h e  and pollack data  of Nakken and Olsen. I t  
is  

TSmax 
= 24.5 log R - 67.1 

o r ,  requi r ing  m=20, 

TS = 20 log R - 60.5 
max 

Thus f o r  the  l a r g e s t  observed Norway pout ,  with R=21 cm, the  maximum 
t a r g e t  s t r eng th  i s  expected t o  be about -35 o r  -34 dB. 

Redfish was a l s o  omitted by Nakken and Olsen i n  t h e i r  ~neasurements. 
Were the  gadoid da ta  appropr ia te ,  although r e d f i s h  i s  not  a  gadoid, a  
maxilnum t a r g e t  s t r e n g t h  of about -28  o r  -27 dB could be expected from the  
l a r g e s t  caught specimen of 43 cm. However, comparison of the  t a r g e t  
s t r eng th  histagrams of Figs. l b  and c  suggests  a  poss ib le  g r e a t e s t  
r e d f i s h  t a r g e t  s t r eng th  of -30.5 dB. 

Separation of the  s a i t h e  cont r ibut ion  from the  composite histograms 
i n  Figs.  l a  and c  i s  accomplished by a t t r i b u t i n g  a l l  da ta  above the  l i k e l y  
g r e a t e s t  t a r g e t  s t r eng th  of  the  second f i s h e s  t o  s a i t h e .  The number of 
represented s a i t h e  da ta  above t h i s  cutoff  represents  the  same f r a c t i o n  of 
the  e n t i r e  s a i t h e  d i s t r i b u t i o n  a s  does the  comparable p a r t  of the  pure- 
s a i t h e  t a r g e t  s t r eng th  histogram i n  Fig. lb .  The pure-sai the histogram 
can thus  be sca led  absolute ly ,  and the  p a r t  below t h e  cu to f f s  i n  Figs.  l a  
and c  can be subt rac ted  d i r e c t l y  from the  composite histogram. The r e s u l t  
of applying t h i s  procedure t o  the  composite da ta  i n  Figs .  l a  and c  i s  
shown i n  Figs.  2a and b ,  respect ive ly .  

a ra I I 

a .  Ser.  1 remainder - 
Norway pout 

b .  Ser.  3  remainder 

-SP1 -40 -30 -20 -50 -40 -30 -20 

TS (DB) TS (DB1 

Fig. 2.  Target s t r eng th  histograms derived from Figs. l a  and c  by 
removal of the  s a i t h e  cont r ibut ions .  



Threshold coinpensation 

The e f f e c t  o f  thesholding by t h e  split-beam echo sounder a t  -50 and 
-20 di3 i s  es t imated  by comparing t h e  pure-species  t a r g e t  s t r e n g t h  his tograms 
of  F igs .  l b ,  d - j ,  and 2 wi th  t a r g e t  s t r e n g t h  his toyrams s imulated f o r  
comparable spec i e s  from Nakken and Ol sen ' s  d a t a ,  b u t  without  imposi t ion o f  
th resholds .  The empir ica l  d i s t r i b u t i o n  i s  then  extended by appending t h e  
t a i l s  o f  t h e  s imulated histogram: those  p a r t s  l y i n g  below about  -50 dB and 
above -20 dB, while  t h e  o r i g i n a l  empi r i ca l  his togram i s  s c a l e d  down i n  
propor t ion  t o  t h e  c e n t r a l  p a r t  of t h e  s imula ted  histogram, namely t h a t  
l y i n g  between t h e  two th re sho lds .  

The t a r g e t  s t r e n g t h  s imula t ion  d a t a  were der ived  d i r e c t l y  from Nakken 
and Olsen 's  d a t a .  To form a uniform b a s i s  having the  same l eng th  d i s t r i b u t i o n  
a s  t h e  observed, only those  t a r g e t  s txength  func t ions  were used wi th  f i s h  
l eng ths  l y i n g  wi th in  t h e  t runca t ion  l i m i t s  shown i n  Table 1. The measured ( 
t a r g e t  s t r e n g t h  func t ions  were then s c a l e d  bo th  i n  magnitude and angle  t o  
s imula te  a s e r i e s  of f i s h  spanning t h e  length  range. Targe t  s t r e n g t h  va lues  
l o s t  by con t r ac t ion  of t h e  o r i g i n a l  func t ions  were rep laced  by va lues  
der ived  from t h e  very  approximate r e l a t i o n  TSmi,=30 log  R - 100, where R is  
t h e  s imulated f i s h  length  i n  cent imeters .  Computed t a r g e t  s t r e n g t h  
histograms f o r  each of t hese  were subsequent ly compounded according t o  a 
t runca ted  normal d i s t r i b u t i o n  having t h e  mean and s tandard  dev ia t ion  given 
i n  t h e  same t a b l e .  

Representa t ion  of t h e  s e v e r a l  f i s h e s  i n  t h e  s imula t ion  was one-to-one 
f o r  cod, s a i t h e  and he r r ing .  For both  Norway pout  and t h e  non-gadoid b u t  
physocl i s tous  r e d f i s h ,  Nakken and Olsen ' s  combined d a t a  f o r  cod, s a i t h e  
and pol lack  were used. The non-clupeoid, phyostomous g r e a t e r  s i l v e r  smelt  
was r ep re sen ted  i n i t i a l l y  by he r r ing ,  b u t  t h e  app l i cab le  d a t a  were s o  few 
t h a t  t h e  s imula t ion  was repea ted  on t h e  b a s l s  o f  t h e  gadoid d a t a ,  and t h e  
sepa ra t e  r e s u l t s  were averaged. 

I n  a t t a c h i n g  t h e  lower t a i l  of t h e  s imula ted  histogram t o  the  s p l i t -  
beam histogram, e i t h e r  -50, -48.5 o r  -47 dE was used a s  t h e  at tachment  1 

p o i n t .  The e x a c t  choice was made t o  opt imize t h e  agreement of  t h e  two 
histograms. Three h ighe r  c u t o f f s ,  -45.5, -44 and -42.5 dB, were a l s o  examined 
b u t  were c l e a r l y  excess ive  a s  t h e  agreement was much poorer .  

Another i n g r e d i e n t  f o r  s imu la t ing  t h e  t a r g e t  s t r e n g t h  d i s t r i b u t i o n  
i s  knowledge of  t h e  f i s h  behaviour a s  expressed through t h e  tilt angle  
d i s t r i b u t i o n .  Notwithstanding a f e v e r i s h  i n t e r e s t  i n  t h e  s u b j e c t  (Foote 
1980a, Foote and Ona 1985) ,  and rumours of  development of  a t ransponding 
t i l t -angle-measuring t a g ,  tilt angle  d i s t z i b u t i o n s  have been determined a t  
s e a  f o r  on ly  t h r e e  spec i e s  (Olsen 1971, Carscadden and Mi l l e r  1980, 
Buerkle 19831. Given t h e  s e n s i t i v i t y  of t h e  tilt angle  d i s t r i b u t i o n  t o  
behaviour ,  f o r  example, d i r e c t e d  h o r i z o n t a l  swimming versus  feeding ve r sus  
d iv ing ,  t h i s  i s  c l e a r l y  unknown f o r  t h e  observed fiski. 

The s t a t e  of n e a r l y  t o t a l  ignorance of  f i s h  behaviour was remedied 
by assuming a range of  behaviour modes, performing t h e  descr ibed  
computations f o r  each, and averaging t h e  r e s u l t s  over  t h e  e n t i r e  s e t .  A 
s i n g l e  assumption was made about t h e  behaviour: t h a t  it was n o t  extreme. 
This  hypothesis  was t h e o r e t i c a l l y  sus t a ined ,  i n  f a c t ,  f o r  s imulated t a r g e t  



s t r eng th  d i s t r i b u t i o n s  f o r  mean tilt angles g r e a t e r  than 10 deg from t h e  
hor izonta l  genera l ly  lack o r  underrepresent the  l a r g e s t  observed t a r g e t  
s t r eng ths .  Therefore, i f  t he  t a r g e t  s t r eng th  measurements of Nakken and 
Olsen (1977) and t h e i r  a p p l i c a b i l i t y  (Foote 1983) can be bel ieved,  then 
s t rong avoidance reac t ions  with diving (Olsen 1979, 1981) a r e  simply 
incompatible with the  observations.  

The non-extreme behaviour modes were charac ter ized  by normal 
d i s t r i b u t i o n s  i n  tilt angle with means of -10, -5, 0 ,  5 and 10 deg and 
standard devia t ions  of 5, 10 and 15 deg. In averaging t h e  t a r g e t  s t r eng ths  
with r e spec t  t o  the  normal d i s t r i b u t i o n s ,  the  e f f e c t  of perspect ive  
(Foote 1980b) was incorporated by increas ing t h e  f i r s t  two standard 
devia t ions  t o  5.5 and 10.2 deg, r e spec t ive ly ,  while leaving the  t h i r d  
unchanged. These values were determined f o r  a  c i r c u l a r  beam p a t t e r n  whose 
edge i s  5 deg from the  acous t i c  a x i s  assuming an equally l i k e l y  
p robab i l i ty  of occurrence anywhexe i n  the  hor izon ta l  plane (Foote 1985). 

Computation of t h e  mean t a r g e t  s t r eng th  TS f o r  a  p a r t i c u l a r  behaviour 
mode was accomplished i n  the  i n t e n s i t y  domain. Thus 

- - ' TS = 10 log - 
47r I 

where the  average backscat ter ing c ross  sec t ion  o i s  determined from t h e  
s e t  of p r o b a b i l i t i e s  {hi, i = 1 , 2  , . . . , n )  descr ib ing the  extended empirical  
histogram according t o  

where ai i s  the  average backscat ter ing  c ross  sec t ion  f o r  t h e  p a r t i c u l a r  
t a r g e t  s t r eng th  i n t e r v a l .  I f  t h i s  extends from TSi t o  TSi+l, then 

Computation of the  mean t a r g e t  s t r eng th  TS* with r e spec t  t o  a l 1  15 
inves t iga ted  non-extreme behaviour modes i s  a l s o  e f f e c t e d  i n  the  i n t e n s i t y  
domain. The sample va r i a t ion  i n  t h i s  mean value was est imated by computing 
the  standard devia t ions  Au* of t h e  averaged average backscat ter ing  c ross  
sec t ion  o*, and then computing 

o* I Ao* 
TS* = 10 log  

f 4n 

RESULTS 

Threshold-cornpensated mean i n  s i t u  t a r g e t  s t r eng ths  derived with the  
new split-beam echo sounder a r e  shown i n  Table 3 .  The standard devia t ions  
i n  t a r g e t  s t r eng th  r e f l e c t  uncer ta in ty  over t h e  exact  behaviour mode, o r  
tilt angle d i s t r i b u t i o n ,  assumed i n  the  course of  complementing the  



Table 3. Threshold-compensated mean i n  s i t u  t a r g e t  s t r eng th s  der ived  wi th  t he  SIMRAD ES380 s p l i t -  
beam echo sounder. 

Boat speed Targe t  c t r eng th  bzo Data 
F i sh  Length (cm) Depth (m) (knots )  No. da ta  (dB) (dB) s e r i e s  

Cod 8 1 . 6 I 1 1 . 4  7 0 - 1 6 5  2 . 7 5 0 . 2  4400 -28.7 I 0.8 -66.9 7 

Cod 81.6 I 11.4 85 - 160 11.3 I 0.4 9600 - 2 9 . 0 1 0 . 8  -67.2 I l a  

Cod 8 1 . 6 I 1 1 . 4  8 5 - 1 6 0  3 . 3 1 0 . 3  9000 -28.5 I 0.7 -66.7 l l b  

S a i t h e  57.2 1 6 . 0  105 - 130 2.9 I 0.2 3000 -30.3 I 0.0 -65.5 2 

Norway pout  17.6 I 1.6 105 - 240 3.9 I 2.6 9800 - 4 2 . 0 1 0 . 8  -66.9 1 

Norwaypout 1 4 . 8 I 1 . 1  8 5 - 1 1 5  4 . 2 i 3 . 7  4201 -44.7 I 1.0 -68.1 26 

Herring 28.5 I 2.0 65 - 95 7.1 I 2.9 6545 -43.3 I 0.4 -72.4 1 5  

Herring 28.5 I 2.0 1 5  - 45 5.5 I 3.8 2687 -42.5 I 0.4 -71.6 25 

o r i g i n a l ,  gene ra l ly  t runca ted  d a t a  s e t s .  The s tandard  dev ia t ion  was 
computed a s  t he  a r i t h m e t i c  mean o f  TS* and TS!, which incu r red  no e r r o r  
because of  t h e  s i m i l a r  smallness  of t h e  excursions from t h e  mean TS*. 
For comparison purposes t h e  q u a n t i t y  

bZo = TS* - 20 l og  R , ( 8 )  

where R i s  t h e  mean f i s h  l eng th ,  i s  incl-uded. 

The mean t a r g e t  s t r e n g t h  de r ived  by equal  weighting of t h e  t h r e e  
cod da t a  i s  -28.9 a. I f  t h i s  i s  used toge the r  wi th  t h e  t a b u l a t e d  d a t a  
f o r  t h e  o t h e r  gadoids,  then t h e  r e s u l t  of r eg re s s ing  t a r g e t  s t r e n g t h  on 
t h e  logari thm of mean f i s h  l eng th  R is  i 

TSgadoidc = 21.9 log  R - 69.7 

which ob ta ins  wi th  a  s tandard  e r r o r  of  1.0 dB. I f  t h e  length  dependence 
i s  cons t ra ined  t o  be 20 l o g  R, then  

. - 

TSgadoids 
= 20 log  R - 66.8 

wi th  s tandard  e r r o r  o f  1.1 dE3. I n  case  each of  t h e  t a b u l a t e d  cod d a t a  i s  
weighted equa l ly  with each o f  the o t h e r  t h r e e  gadoid d a t a ,  then t h e  
r e s u l t i n q  equat ions  a r e  TS=21.1 log  - 68.7 and TS=20 log  R - 66.9, 
which o b t a i n  wi th  t h e  r e spec t ive  s tandard  e r r o r s  o f  0.9 and 1 .0  dE3. 

If t h e  ma t t e r  of t h e  depth dependence of t h e  he r r ing  d a t a  i s  ignoxed, 
and t h e  two t a r g e t  s t r e n g t h s  a r e  accorded equal  weight ,  then t h e  average 
t a r g e t  s t re i ig th  of  28.5  cm h e r r i n g  i s  -42.9 dB. I f  t h i s  s i n g l e  datum i s  



' a l lowed t o  determine t h e  c o e f f i c i e n t  b  i n  t he  equat ion  ==20 log  R + b ,  
then  

DISCUSSION 

The aim of  t h i s  paper  has  been a  simple p re sen ta t ion  of -- i n  s i t u  
t a r g e t  s t r e n g t h s ,  der ived  wi th  t h e  new split-beam echo sounder,  f o r  
a p p l i c a t i o n  i n  echo i n t e g r a t i o n .  However, t h e  d i f f e r e n c e  i n  threshold ing  
p r a c t i c e s  between t h e  split-beam system and t y p i c a l  echo i n t e g r a t o r s  i s  
s u b s t a n t i a l :  echo i n t e g r a t o r s  t y p i c a l l y  r e g i s t e r  f a r  weaker s i g n a l s  than  
those  corresponding t o  t h e  lower,  -50 dB th re sho ld  of  t h e  split-beam 
system, and s a t u r a t i o n  occurs  a t  t y p i c a l  d e t e c t i o n  ranges only f o r  much 
s t r o n g e r  s i g n a l s  than  those  corresponding t o  t he  upper,  -20 dB th re sho ld  
o r  c u t o f f  o f  t h e  split-beam system. Thus a  c a r e f u l  examination of t he  
threshold ing  has been necessary.  

Compensation f o r  t h e  th re sho ld  e f f e c t s  has  been achieved through a 
combined comparison and e x t r a p o l a t i o n  procedure based on s imulated t a r g e t  
s t r e n g t h  d i s t r i b u t i o n s .  These depend on t h e  v a l i d i t y  o f  t h e  b a s i s  t a r g e t  
s t r e n g t h  d a t a ,  presumed e s t a b l i s h e d  ( ~ o o t e  1983) ,  and knowledge of  t h e  f i s h  
behaviour a s  expressed through t h e  t f L t  angle  d i s t r i b u t i o n .  Given n e a r l y  
cornplete ignorance of t he  p a r t i c u l a r  behaviour p a t t e r n s ,  a  range of  non- 
extreme behaviour modes has been assumed. Averaging of  t h e  r e spec t ive  
mean t a r g e t  s t r e n g t h s  has revea led  a  r a t h e r  low va r i ance ,  wi th  no s t anda rd  
dev ia t ion  exceeding 1.0 dB according t o  Table 3. This  i s  f o r t u n a t e ,  f a r  
i n d i c a t i n g  a  b a s i c  i n s e n s i t i v i t y  of  threshold-compensated i n  s i t u  t a r g e t  -- 
s t r e n g t h s  t o  t h e  p a r t i c u l a r  behaviour mode, which i s  both  unknown and 
d i f f i c u l t  t o  know. 

There is ,  however, c l e a r  support  f o r  t h e  exc lus ion  o f  extreme 
behaviour p a t t e r n s  from the a n a l y s i s  of  each d a t a  s e r i e s  here .  I t  i s  t h e  
absence of r e l a t i v e l y  l a r g e  t a r g e t  s t r e n g t h s  i n  t h e  s imulated d i s t r i b u t i o n s .  
I f  t h e  mean tilt angle  were, f o r  i n s t ance ,  t o  d e v i a t e  from t h e  h o r i z o n t a l  
by more than about  10 deg, then it would be d i f f i c u l t ,  i £  no t  impossible ,  
t o  exp la in  the  l a r g e  t a r g e t  s t r e n g t h s  t h a t  were observed. I n  a  word, t h e  
p r e s e n t  a n a l y s i s  i n d i c a t e s  t h a t  f i s h  de t ec t ed  wi th in  t h e  acous t i c  beam 
were no t  s e r i o u s l y  a f f e c t e d  by t h e  passage of t h e  v e s s e l .  I t  i s  important  
t o  no te  t h a t  most of t h e  d a t a  were c o l l e c t e d  a t  moderate speeds. I n  t h e  
case  of cod, however, d a t a  were c o l l e c t e d  a t  each of s e v e r a l  d i s t i n c t  speeds ,  
vary ing  from l e s s  than  3 knots  t o  more than  11 knots ,  y e t  n e i t h e r  sys temat ic  
nor s i g n i f i c a n t  d i f f e r e n c e s  i n  t a r g e t  s t r e n g t h  were found. 

J u s t i f i c a t i o n  f o r  t h e  th re sho ld  compensation i s  provided by a  
comparison of  t h e  compensated mean t a r g e t  s t r e n g t h s  wi th  t h e  corresponding 
mean t a r g e t  s t r e n g t h s  computed d i r e c t l y  from the  uncompensated split-beam 
d a t a .  Only i n  t h e  case  o f  s a i t h e  a r e  t h e  e s t ima te s  i d e n t i c a l ,  which 
i n d i c a t e s  t h a t  t h e  observed t a r g e t  s t r e n g t h  d i s t r i b u t i o n  f o r  s a i t h e  i s  
expected t o  l i e  wholly w i th in  t h e  acceptance range of t h e  echo sounder. 
For t h e  o t h e r  f i s h e s ,  t h e  e f f e c t  of  compensation, a s  based s o l e l y  on t h e  
mean v a l u e s ,  v a r i e s  from -1.8 t o  1 .8  dB. 



While prepar ing  the  split-beam d a t a  f o r  averaging,  two i n s t a n c e s  of  
mixed-species d a t a  were encountered. In  each o f  t h e s e ,  t h e  d i s t r i b u t i o n  
form o f  t h e  component wi th  t h e  l a r g e r  t a r g e t  s t r e n g t h s ,  namely s a i t h e ,  
was we l l  known. This  allowed s u b t r a c t i o n  of t h e  e n t i r e  l a r g e - f i s h  
con t r ibu t ion ,  l eav ing  t h e  smal l - f i sh  d i s t r i b u t i o n  a s  t h e  remainder f o r  
f u r t h e r  a n a l y s i s .  A degree of  j u s t i f i c a t i o n  f o r  t h i s  procedure l i e s  i n  
t h e  f i n a l  r e s u l t s :  t h e  t a r g e t  s t r e n g t h s  o f  t h e  Norway pout  of 17.6 cm 
mean l eng th  and the  r e d f i s h  a r e  i n  l i n e  wi th  o t h e r  p h y s o c l i s t  -- i n  s i t u  
t a r g e t  s t r e n g t h s ,  both a s  determined i n  t h i s  s tudy  and a s  determined 
elsewhere. Exemplary, independently der ived  t a r g e t  s t r e n g t h  d a t a  a r e  
provided by a  s e r i e s  of rneasurements of wal leye pol lock  (Theragra 
chalcogramma) wi th  t h e  dual-beam echo sounder (Traynor and Ehrenberg 1979, 
Ehrenberg e t  a l .  1981, Ehrenberg 1983, Txaynor and Williamson 1983, 
Traynor 1984).  

It i s  tempting t o  compare the  p r e s e n t  r e s u l t s  with o t h e r  i n  s i t u  -- / 
da ta  i n  sys temat ic  fash ion ,  b u t  t h i s  exceeds t h e  scope of t h i s  work. i 

Two o t h e r  comparisons ought ,  however, t o  be made be fo re  pass ing .  

(1) Gadoid t a r g e t  s t r e n g t h .  The r e l a t i o n  der ived  on t h e  s o l e  
b a s i s  of 13  pol lack  swimbladders and 2 s a i t h e  swimbladders, and assumption 
of cod behaviour a s  descr ibed  by Olsen (1971),  i s  (Foote 1985) 

which i s  t o  be compared with Eq. (9b) .  

( 2 )  Herring t a r g e t  s t r eng th .  The r e l a t i o n  recommended by the  1983 
Planning Group on ICES-Coordinated Herring and Spra t  Acoustic Surveys 
(Anon. 1983) i s  

which i s  t o  be compared with Eq. ( 1 0 ) .  

Much more remains t o  be done wi th  t h e  d a t a  analyzed here .  Three 
examples of  s t u d i e s  f o r  f u t u r e  prosecut ion  inc lude  t h e  fol lowing:  
(1) determinat ion o f  t h e  depth dependence o f  t h e  h e r r i n g  t a r g e t  s t r e n g t h ,  
(2) compensation f o r  t h re sho ld ing  on t h e  b a s i s  o f  d a t a  s imulated from 
swimbladder morphometries, and (3 )  i n v e s t i g a t i o n  of  avoidance r e a c t i o n s  
through a  s t a t i s t i c a l  a n a l y s i s  of echo t r a c e  l eng ths  (Midttun 1984, 
Aksland 1985).  Another s tudy  which could be p r o f i t a b l y  undertaken i n  t h e  
f u t u r e ,  were b e t t e r  behavioural  d a t a  forthcoming i n  t h e  i n t e r i m ,  i s  a  
refinement of  t h e  p r e s e n t  t a r g e t  s t r e n g t h  va lues  based on more c e r t a i n  
s p e c i f i c a t i o n  of  t he  app l i cab le  k i l t  angle  d i s t r i b u t i o n s .  

It i s  i n t e r e s t i n g  r e t r o s p e c t i v e  of t h e  i n t r o d u c t i o n  of  t h e  spl i t -beam 
echo sounder one year  ago (Foote,  Kr is tensen  and S o l l i  1984) t o  no te  t h a t  t h e  
p o t e n t i a l  of t h e  instrument  i s  being r e a l i z e d .  However, it i s  exceedingly 
important  t oo  t o  ca11 t h e  a t t e n t i o n  o f  c u r r e n t  and f u t u r e  u s e r s  o f  t h e  
equipment t o  t h e  hazards of ignor ing  t h e  t h r e s h o l d s ,  t h e  S c y l l a  of  -20 dB, 
t h e  Charybdis o f  -50 'dB. 
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