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ABSTRACT 

Simple relationships expressing dependence of the sampling 

relative error in biomass estimate (by means of a survey) on sta-

tistical characteristics of fish concentration density field under 

examination and on parameters of survey itself, have been derived 

with the help mathematical statistics. As for hydroacoustic 

survey, anisotropy index, correlation radius along the transects 

and variation coefficient serve as field characteristics on which 

the error depends, and direction of survey with respect to the 
■-4 

H axis of the correlation ellipse and frequency of transects serve 
a 

 

rev)  as survey parameters. Dependencies offered are applicable to 

surveys over large regions and can be used in practise both for a 
z 
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41 	 posteriori estimation of the error made when evaluating biomass 

o 
z 

cn assessment, and for survey planning on the basis of a priori 

information about statistical characteristics of concentration 

 

e?.  density field. They might make a basis for the procedure of survey 

operative control. 
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Estimate of fishing objects biomass is the main result of a 

0  hydroacoustic or a trawl survey. Since estimates of such a kind 
a 

cause a certain effect on making decisions which very often have a 

considerable economic and ecological meaning, it is necessary to 

supply them with confidence intervals indicating the limits of 

possible errors with desired probability. Thus, it is important to 

find out on which survey parameters and statistical characte-

ristics of fishing objects concentration field the error of the 

obtained biomass estimate might depend and how this dependence can 

be expressed ma thematically with account for the probability 

nature of the estimate in question. 
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If such a dependence has been revealed, it would be possible 

to solve an inverse (and quite important from the practical point 

of view) problem of determining parameters of optimal survey 

allowing to estimate biomass, the error of which does not exceed 

the defined level with desired probability. 

This paper is devoted to all these problems. 

2. BASIC RELATIONSHIPS 

Let us at first confine to the easiest and most widespread 

method of estimating biomass B in a region under consideration: 

B = ,(SS, where S is the region area, and is the average surface 

density of concentrations in the region, evaluated using materials 

obtained through an 'instant' rather short in time) 

survey. The error in acoustic survey data can be regarded as an 

additive one (distributed normally), so the arithmetic mean 

should be used as the average density. The error structure of the 

data of a trawl survey is usually more complicated, and therefore 

an appropriate transformation of the data should be performed 

first, then the arithmetic mean must be calculated, and finally, 

the mean must be transformed inversly. 

If not to consider the measurement errors (which can be 

assumed as known) one should regard relative error 5 of the 

estimate B as a sampling relative error of the estimate of the 

average density 17. As for hydroacoustic survey, neither B, nor 5 

do depend on integration interval (if using an echointegrator). 

Thus, in this context echo-surveys can be considered similarly to 

trawl surveys, assuming that the information obtained from a sur-

vey of any of these types corresponds to knots of a regular rect-

angular grid covering the region under examination, with the steps 

n and h , along coordinate axes X and y, connected with the direc-

tion of a survey (fig. 1); for short, these points will be called 

knots). The difference between them lies in types of the error in 

the initial data (additive or,say, multiplicative) and in the fact 

that for a trawl survey usually n h (i.e. the steps are close 

in their orders of magnitudes), while in the case of an echo 

survey one of the steps (further on h), corresponding to the 

distance covering by a vessel between two successive echo pulses, 

is much less than the other one (h ) which represents the distance 

between transects: h x h . For simplicity of the exposition we 

shall assume, that in the case of a trawl survey the necessary 

transformation is already made and O represents the transformed 

density (nevertheless, we shall call it density). 

Usually fishing objects concentration density fields have a 

typical patch-like structure. Certain patches have irregular 

shapes and are located in disorder (they can gather to create a 

big aggregation or drift apart at distances considerable exceeding 

their own sizes); density within one patch, as well as its shape 

are subject to random perturbations. Thus, when speaking about an 
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"instant" survey over a large region (macro-scale survey), one can 

(to the first approximation) consider the density p as a 

stationary homogeneous random field (if the field is not 

. homogeneous in the whole region, the latter can be divided into 

homogeneous' strata). 

2.1. Isotropic fields 

Let us first assume that the field ox,y) is an isotropic 

one. This assumption is usually valid for fields in open ocean 

regions: far from shelves, jet currents, equator and other physio-

geographical phenomena which can give rise to the existing 

specified directions. Homogeneous isotropic field p has got one 

and the same variance D, for all its points, and its normalized 
autocorrelation function A, characterizing statistical interdepen-

dency of p values in any two points, depends itself only upon the 
distance r between them: A = A(r). In the general case, correlati-

on radius R, the minimum distance at which correlation between 

density values becomes negligible, depends on direction. But for 

an isotropic field R = const, so all  points in which density 

correlates with the density in a fixed point, are in fact concen-

trated within the circle of radius R (correlation circle) with its 
centre in the fixed point. 

We shall need two more values besides R to characterize the 
the function A: 

1  2 R wf A(r)d,zdy =H2  —2  f rA(r)dr, 

1 R 
U = 	Y A(r)dr 
2 	R 0 

(2) 

These values are the integral average values of A over correlation 
circle W and correlation radius respectively. Finally, we shall 

assume values h , h and R to be small enough as compared to the y 
region sizes: in reality, it is exactly the situation. This will 

allow us to consider all knots as - equal in rights - , neglecting 

differences between internal points and those belonging to the 

boundary strip. 

Accordirig  to  a relation,  well  known  in  mathematical 

statistics, the variance D- of the estimate of the average 
N 

density, p = J,/N, calculated for all N knots (N is the total 
1.=' 

number of knots), is presented by the sum 

1  N 

	

= F 	K 	(3) P 	N 2  
where1

(j  r 
= 1:1021(r

(j 
 ) are correlation moments of the field p for 

the t-th and j-th knots, r t., is the distance between these knots. 

Regular surveys (transects are parallel to each other, steps 

are constant). One can replace N by S/B h in. (3) (the relative x 



h are). Taking into account the "equality in rights" of all 

error of this approximation is as less as smaller the steps hx and 
knots 

one can fix an internal knot with any number, 1, e.g. Then, using 

the fact that the field p is an isotropic one, the formula (3) can 
be rewritten in a different form: 

D, 
= -= hx  h 	A(r ). 	(A) 

	

s v i. , 	(A 

Stations of a trawl survey are usually installed far-between, 

thus, one can write for the orders of magnitudes of the steps: 

hx  > R, ha  > R. In this case An i )=1 (as r ii  = 0), and for t  j 
all values of A(r) are practically equal to zero, so from (4) we 
obtain: 

	

D-
P 
 = D

P 
 h by  /S. 	(5) 

This relationship, written in the form DT = D /N, is well-known 

and often'used when processing independent experimental data (see, 

for example, Venttsel, 1962). 

In the other limiting case winch seems to be rarely realized 

in  practice  and  which,  however,  is  very  important  for 

understanding the main results of the paper, when  hx 	R 	and 

N 
by 	

R, the expression h by  Y A(r ), being a part of (4), can be
tf

replaced with high accuracy by the integral of A over correlation 
circle. In other words, using (1), the equality (4) can be 

rewritten in the form: 

	

195 = 1ta 1 DpR- /S. 	(6) 

Hydroacoustic 	survey 	occupies 
 

an  intermediate  position 

between the two abovedescribed cases: now  h 	R, 	h > R, and 
v - 

thus, density in the'{-th knot correlates only with the density in 

knots located on the same transect at a distance no more than ft is. 
N 

That is why, when replacing expression S  A(r ij )/2 by the inte- 

- ,16-1 
gral of A over correlation radius, we obtain out of (1) and (4): 

	

= 2a2D04y /S.  (7) 

In practical calculations for large N the estimate of the 

average density '..can be regarded as a random value distributed 

according to a normal law. Thus, its absolute error E depends on 

the confidence probability p and 0- = VD- which is a standard 

error of 0: 

 

= t p0 i)  (8) 

In (8) f p  =  1 (P) and 4-1 (p) is the Laplace's inverse function 

of a defined confidence probability p; tables of values of  can 

be found in any book on mathematical statistics. 

Thus, passing from E to the relative error 6 =  pH  from 15) - 
(8) we obtain the following relationships:  

for hx  > R, h > R (trawl survey) 

	

6 = I pv Vh hTor  (5) 



for h
x 
 = R, h « R ('superfrequents survey) 

= i nt)VR/VS.--, 
 (10) 

for h « R, h > R (hydroacoustic survey) 

O = t nevVR4 /5 , (11) 

where  b = 1/11.a.,  C = VTT and  V = 0,14O is the variation 

coefficient of the density field p. Note that, if correlation 

properties of fields under examination are similar (i.e. when 

reduced-to normalized argument, r/R, their correlation functions 

coincide), than b and C are universal constants. 
From (9) - (10) it is clear that the minimum possible error 

is practically made in the case of steps (n and 4,  for a trawl 
survey or h - for a hydroacoustic one) of the order of R (or some 
less); 'superfrequent' survey is inefficient because in this case 

(expression (10)) the error does not depend on h
x 

and h , i.e. 

because of correlation between data it does not decrease with the 

increase of the number of knots. 

Expressions (9) -(11) represent desired dependencies of 

biomass estimate error upon survey parameters and isotropic field 

statistical characteristics. Consequently, resolving equality (9) 

relative to A h , and (II) - relative to h , we can obtain a x a  a 
mathematical basis for survey optimal planning. Thus, if it is 

necessary to assess the stock size in a certain region of the open 

ocean with the help of a hydroacoustic survey with such accuracy 

that relative error should not exceed the level a with the 

probability p, and if a priori estimate of V is accurate enough, 

-then distance between transects, h , is to be taken from the 

following condition: 

h , fL1' s 
v 	it c 	) R 
	 (12) 

	

Irregular surveys. The relationships obtained can  be "easily 

generalized to the case of irregular surveys, when distances 

between stations and transects are not constant (e.g., random) but 

the orders of magnitudes of the distances satisfy to the mentioned 

inequalities, relating them with the correlation radius. In such a 

case, (10) stays valid; for trawl surveys instead of (9) one has 

the well-known equality = ipt1/1/7; and for hydroacoustic surveys 

(not only with parallel transects) the relationships (11) and (12) 

should be replaced by = t nCV VT71 and P (inCV/Al 2P, where 

L is the total length of the survey trajectory (i.e. the sum of 

the lengths of the transects). It is 'convenient sometimes to use 

somewhat different form of the two latter relationships: 

C = I,cv VR/I x  /a  and  tr 	(t
p 
 sV/A)"ii/i ,  where  i

x 	
is  the 

average length of transects and if is the number of transects. 
a 

2 . 2.Anisotropic fields 

Up to now we have been considering isotropic density fields. 



6 

However, quite simple geometric considerations allow one to apply 

results obtained to anisotropic fields in which one can specify 

two perpendicular directions in such a way that along one of them 

the correlation radius is maximum, while along the other one it is 

minimum. Such a situation occurs, for example, when survey is 

being carried out in shelf waters where the medium and, 

correspondingly, the concentration characteristics change 

insignificantly along the shelf, and change considerably in 

perpendicular direction. In this case, the correlation circle gets 

deformed and becomes an ellipse, large and small radii shall be 

denoted as R and R . 

It is clear that now the error  can depend upon the 

anisotropy index k = Rm  /Rn  '5: 1 and the survey direction, 

which we shall define as the angle a between axis 31  and the large 

axis of the correlation ellipse. Let us introduce the symbols 

Rx = R /✓ stn2a + cosaa 	and  R - 	/640.2a  + s tnda  for 
correlation radii in directions of I- and y- axis, as well as 

H x  = Rmilm/R9  and  H = RmRa/Rx  for the half-sizes of a 
rectangle with sides being parallel to the axis I and y and 

embracing this ellipse (fig 1). Similarly to the abovedescribed, 

we obtain three variants of a survey: h > H and h > H , then, 
x  Y - 9 

h « H and h 	 x and finally, hx  H and  > H . The relati- 
x x  Y 

onship (9) stays valid, the constants b and C stay the same, R 
in (10) is replaced by VR-lic 	For a regular hydroacoustic 

survey (the third variant) we have instead of (11) and (12): 

6 = Let). VRT-77 hv Hinncv) 2S/R , while for an irregular 
hydroacoustic survey with parallel transects S = tpCV VRx  /1 xfla , 
Ny 	( t ACv/a) 2R /1 X . 

V 	
Thus, when estimating the accuracy of 

biomass assessment, one has to know the correlation radius only 

along transects. Since it depend on H and a, the error S,  and the 

allowed distance between transects, h ,(or the number of transects, 
N Y ) also depend on these parameters. For example, when h is given, 

the minimum error can be obtained if a = 90 0 ; correspondingly, the 

maximum distahce between tracks providing for desired accuracy 

with a defined probability, can be achieved when a = sog. 

3. DISCUSSION 

One can generalize the approach developed for non-homogeneous 

fields which can be expanded into sum of a deterministic component 

(to short, we shell call it a trend) and a homogeneous random 

component (noise). However, such a generalization demands more 

complex mathematical constructions, since, formally, in this case, 

the sampling error, that has already been discussed here, is 

connected only with the random component, and, consequently, does 

not characterize the whole error in biomass assessment completely 

enough. If, for example, the noise were small as compared with the 

trend, the first place would be occupied by the error caused by 

the approximate method of assessing biomass (by substituting a 



finite sum for double integral of trend,  in this case). 

Fortunately, as it has been already mentioned, in practice (at 

least for large regions) there usually takes place an inverse 

relation between the deterministic and random components. 

Results of numerical experiments with a computer model 

developed by Kizner et all.(1982) on simulating surveys of various 

isotropic fields of one and the same geometrical mean size 

/ = VS" = COTtSt and one and the same step along transects 

h r cone (Kalikhman et al., 1986, fig 2) allow us to realize 

that the dependencies derived here are quite universal. 

A survey carried out using a  discrete model Can be 

interpreted as hydroacoustic or trawl survey with frequent 

stations along transects: from the abovesaid it must be clear that 

it depends on correlation properties of fields being simulated. 

Nevertheless, in an any case, if the error oin biomass assessment 

obeys the relationship (9) or (11),then the values C = o/v Vh /l, 
corresponding to each experiment, should be proportional to t o  

with a coefficient of proportion constant for every field (since 

S and hr  are constant). (Empirical probability p is the ratio 

R c ht of the number rk of experiments in which t does not exceed 

the given level, and the total number of experiments.) 

Checkup with the help of these data show that it is true 

(see fig. 2 and 3). Moreover, from the fig. 2 it is clear that the 

relationship F = 0.15t o  is satisfied with food accuracy (in the 

fig. 3 the plots of the function h // = (C10.15t0) -  for fj = 0.5 

and (3 = 80% and 95% are given). Thus, the coefficient of 

proportion is actually one and the same for all simulated fields, 

despite the fact that they have different (in some cases rather 

significant) trends. 

Analogous checking shows that similar relashionships (practi-

cally the same ones) are .valid for some other more complicated 

methods of estimating total biomass (such as local and weighted 

averaging). 

4. CONCLUSION 

Results presented here can be used in practise both for a 

Posteriori estimation of the relative error in biomass assessment 
by means of survey data and for survey optimal planning, i.e. for 

determining its parameters by already known estimates of field 

statistical characteristics, allowed error and desired confluence 

Probability. In the case of planning, if there are not enough a 

Priory data this kind, one can use the method of operative 

control, when all the necessary field characteristics are being 

obtained and gradually checked in the course of the survey itself. 

According to them, on the basis of the relationships offered, the 

survey parameters are determined and step-by-step become more and 

more accurate, and the survey is gradually being transformed into 

an optimal regime. However, one should take into account the fact 



that if this process takes to long and the survey is transformed 

into the optimal regime,to late (or does not have time at all to 

get transformed into it), then the biomass assessment error might 

torn out to be higher than that desired for given confidence 

probability. 
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