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INTRODUCTION 
The methods described in this paper were developed 

to enable personnel of the Department of Fish and 
Game to estimate the population numbers of the Pa- 
cific sardine. The basic data required are the results 
of research surveys, e.g., those described in Radovich 
(1952), and standard age frequency data from the 
commercial fishery. A major prerequisite is that the 
species in question be vulnerable to the survey tech- 
nique one year prior to the time it is recruited to the 
fishery. The technique has been presented orally to 
several research groups subsequent to its development 
in 1952, and the interest generated was the stimulus 
for the present brief report. 

Originally, the symbols used for  mortality and sur- 
vival rates and for rates of exploitation were the same 
as those of Ricker (1948). However, since then, 
Ricker (1958) revised his symbols and, in addition, an 
international standard terminology for fishery dynam- 
ics has been proposed (Holt et al., 1959). Because 
most fisheries biologists on the west coast of North 
America are familiar with nicker’s notation, I have 
used his revised notation (Ricker, 1958) whenever 
practicable. For those who prefer the standard ter- 
minology of Iiolt et al. (1959), I have placed a glos- 
sary of the terms I have used a t  the end of this paper 
and have compared them with the other two systems 
(Table 4).  

REASON FOR SURVEYS 
The size or availability of a population of pelagic 

fish is most difficult, if not impossible, to determine 
from catch data alone when the species is not distrib- 
uted uniformly throughout its range, when the propor- 
tion of fish in different parts of its range varies greatly 
in different years, and when a fishery exists in only a 
small part of the species’ range. Under these condi- 
tions, it is necessary to extend sampling f o r  popula- 
tion density estimates beyond the range of the fishery 
to include the whole range of the fish. 

METHOD 
In most types of fish surveys designed t o  estimate 

relative abundance or population size, the statistic 
most readily obtained is the average catch-per-Pffort 
of the sampling gear used. The average catch-per- 
effort value from a given region is a relative density 
value and can be expressed as 

wnere 
c, = catch by sarnpling gear, 

E = sampling effort, 

and 
D = relative density. 

This relative density value applies only to  the 
region covered and sampled during the survey. One 
may think of this density value as being directly pro- 
portional to numbers of fish per square mile. 

I f  D were the true density, represented by numbers 
of fish per square mile, the product of D and the area 
in square miles would be the total population size. 
However, in this case the product of the relative 
density D and the area (of the region sampled) is 
proportional to the true density and may be regarded 
as relative abundance when compared to similar val- 
ues for other areas o r  to values of the same area a t  
different times. This may be expressed as 

DA = R 

where 

A = area, 

and 

R = relative abundance. 

The relative abundance of a greater region is simply 
the sum of the relative abundances of the smaller 
regions. The relative abundance of the population is 
the sum of the relative abundances of all regions 
making up  the range of the fish. 

The relative abundance of the total populatioii a t  a 
given time, t ,  divided into the relative abundance one 
year later, t+l, excluding additions to the population 
between the time intervals, gives the annual survival 
rate of the same combined year-classes, or  

Rt+  1 
Rt 

- = s  

where 

s = annual survival rate. 

Within any given area, if the area is constant, the 
relative densities a t  two given times are proportional 
to relative abundance, and the survival rate is the 
ratio of the density a t  t + l  to the density a t  t ,  or 
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The survival rate thus calculated is some fraction 
that is less than unity, and the total mortality rate 
equals the difference between the survival rate and 
unity, or 

a =  1 - s  

where 

a = total annual mortality rate from all causes. 
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The following relationships and definitions are after 
Ricker (op .  c i t . ) :  

a = m f n  - mn 

where 

m = annual fishing mortality rate if no natural 

n = annual natural mortality rate if no fishing 
mortality occurred, 

mortality occurred, 

and 

a = total annual mortality rate. 

By transposition of the above equation 

a - n  m = --- 1 - n  

In  addition, Ricker (op.  cit.) gives the following rela- 
tionships: 

a = u + v ,  

i = p + q ,  

and 

or 

aP u = T  
z 

where 

u = rate of exploitation (fishing mortality rate 

v = expectation of natural death (natural mor- 

p = instantaneous rate of fishing mortality 

q = instantaneous rate of natural mortality 

when natural mortality occurs), 

tality rate when there is fishing mortality), 

( p  = - 1 0 g a  - m>>, 

( 4  = - logdl - n)) ,  

and 

i = instantaneous rate of total mortality 
(i = - loge(l - a ) ) .  

The rate of exploitation ZL is the fraction of the total 
popnlatioii W that is actually caught, or 

C 
N 

u = -- 

where 

C = commercial catch in numbers. 

A HYPOTHETICAL EXAMPLE 
Let us assume two hypothetical populations, as 

shown in Figure 1, in which the range of a fish pop- 
ulation is divided into three regions: A, B, and C. 
I n  each situation the entire range of the population 
is surveyed, yielding 2,000 fish per standard-effort- 

FIGURE 1. Two hypothetical fish populations, each divided into three 
regions: A, B and C. The population on the left is  associated with 
an offshore bank; the one on the right i s  distributed along the coast. 
The method described in  the text i s  applicable to either situation. 

unit in region A, broken down by ages as 1,000 two- 
year-olds, 500 three-year-olds, 300 four-year-olds, 150 
five-year-olds, and 50 six-year-olds. Region B yielded 
400 twos, 200 threes, 125 fours, 75 fives and 25 sixes, 
for a total of 825 fish per unit of effort. Region C 
yielded 100 twos, 50 threes, and 20 fours and older, 
for  a 170 fish total. The data may be summarized as 
in Table 1. 

Let us assume that region A encompassed 300 square 
miles of habitat for the species being considered, re- 
gion B encompassed 650 square miles, and region C, 
325 square miles. Since catch-per-effort values of 
Table 1 are relative densities, when multiplied by 
square miles they become relative abundance values 
(DA=R) . Thus, a comparable table of relative abun- 
dance may be constructed (Table 2 ) .  

TABLE 1 
Hypothetical Catch-per-effort from Survey by Age 

~- 
I I I I 

Fours 
Region Threes and Older Total 
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Region 
-_ 

A _...__._..._._ 

B _..__..___..__ 

c ._..._._.__.__ 

Total (x) .___.__.___ 

Fours 
TWOS Threes and Older Total (y) 

300,000 150,000 150,000 600,000 

260,000 130,000 144,250 534,250 

32,500 16,250 li.500 55,250 

592,500 296,250 300,750 1,189,500 

TABLE 3 

Relative Abundance by Age (Hypothetical Example) 

I I I I 

Year 1 Twos I Threes I a z % e r  1 Total 

I I I I 
1st (Total (x) from 

Table 2) _..__.._. 1 592,500 1 296,250 1 300,750 1 1,189,500 

2nd ___..._..._..__! 473,000 1 362,000 1 240,000 I 1,255,000 
- 

survey is repeated a t  the same time in the same man- 
ner during the next year ; the results are as indicated 
in Table 3. We can then calculate the survival rate of 
fish between ages two and three as follows: 

362,000 
592,500 

The annual survival rate of fish older than age two is 

240,000 
296,250 + 300,750 

or 

The survival rates thus calculated are 0.611 between 
ages two and three, and 0.402 for the older fish. Since 
a = l-s, the total annual mortality rate for fish be- 
tween ages two and three is a = 1 - 0.611 = 0.389, 
and for  fish older than two years is a = 1 - 0.402 
= 0.598. 

If for  some reason (gear selection, fish habits, or 
other factors) the fish are not available to the fishery 
before they are three years old, and provided that we 
can assume the natural mortality rate between ages 
two and three represents the annual natural mortality 
rate of older fish, 

then 

n = 0.389 

and 

a = 0.598, 

and since 

a - n  
1 - n ’  ??L = ____ 

then 

0.598 - 0.389 0.209 - -  - na = - 1 - 0.389 0.611 

or 

m = 0.342. 

From nicker’s tables (1958), i = 0.91125 corre- 
sponds to n = 0.598, and since p bears the same rela- 
tionship to m as i does to a, one can find a p value cor- 
responding to wa = 0.342 by locating 0.342 on the a 
column and reading p = 0.4185 from the i column. 
The rate of exploitation of ZL is then calculated as 
follows : 

- (0.598) (0.4185) - 
0.91125 ’ 

or 

u = 0.2746, 

and since 

r c  = -  
U 

the population can be calculated if the catch data 
(numbers of fish taken by the commercial catch) are 
available. If, for example, the catch was 500,000 fish 
in the season between surveys, then 

C 500,000 N = - = -  
U 0.2746 

or 

N = 1,820,000 fish that were three years old and 
older. The total population of fish three years old and 
older would be 1,820,000 (or 1.82 million) a t  the be- 
ginning of the first year. The total population a t  t of 
fish two years old and older, N2+, bears the same rela- 
tionship to the population of fish three years old and 
older, N3+, as the relative abundance of fish two and 
older, R2+, does to the relative abundance of fish three 
and older, R3+, o r  a t  t 
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By combining the equations 

or 

The population in the first year t ,  including two-year- 
old fish, Nz+, would then be 

- (1,189,500) (1,820,000) 
Nz+ - 296,250 + 300,750 

or 

Nz+ - - 3,626,281 
or 3.63 million fish are past their second year of life. 
The population of age two and older fish in the second 
year, t+1, may be calculated by the equation 

Rt 
- (Rt + 1) ( N t )  N t + l  - 

where 

Nt = total population in the first year (Nz+ at t )  , 
N t + l  - - total population in the second year, 
Rt = total relative abundance in the first year, 

Rt + 1 = total relative abundance in the second 
and 

year. 
Substituting into the equation we get 

(1,255,000) (3,626,281) 
1,189,500 N t + l  = 

and 

- 3.83 million fish two years old and older 
Nt + - in the population a t  time t + 1. 

ALTERNATE METHOD 

An alternate formula for calculating population size 
more directly, by using common logarithms, can be 
derived in the following manner: 

since 

s = e-i = e- ( P +  9 )  

the survival rate of younger fish that  are not vulnerable 
to  the fishery s, can be expressed as 

s, = e-q a 

It then follows that  

q = - log, s, 

and 

p = log, sz/ - log, s . 

C N = -  
U 

and 

ap 
i u =  

and substituting for i, a and p ,  we get 

or 

Finally, since the natural or Xapierian logarithm of 
a number is equal to that number’s common logarithm 
times a constant, we may substitute the equivalent 
common logarithms and their constants into the equa- 
tion. The constants cancel out and we end up  with 

C(log,fl s) N =  
(s - 1) log10 (s,/T . 

I n  the hypothetical exaniplr given previously, the 
survival rate for the younger (non-vulnerable) fish 
was 0.611, and for the older (vulnerable) fish, it was 
0.402. By substituting these values, and the value for 
the number of fish in the catch (500,000), into the 
formula, we may solve for the population size directly : 

500,000 loglo ____ 0.402 
0.611 ’ 

N =  
(0.402 - 1) loglo (-) 0.402 

We need only to substitute the values fo r  the com- 
mon logarithms and coniplete the calculations to find 

N = 1.82  million fish, 

which is the same value we previously obtained, for 
the population size at the beginning of the first year. 

ASSUMPTIONS 
The accuracy of this method in approximating a 

real population is dependent upon the degree t o  which 
the equations describe actual phenomena. A perfect 
fit of this method into a real situation implies that a 
number of assumptions will be met. Following are 
some of the more apparent ones: 

The entire population is an  entity that will not 
change by niovement out of or into the range of 
the survey, i . e .  the surwy encompasses the range 
of the population. 
Natnral niortality is distributed evenly through- 
out the year. 
Fishing mortality is distributed evenly through- 
out the year. This condition may not be met in an 
actual fishery. However, if the “fishing year” is 
adjusted so that the fishing period is in the mid- 
dle of that year, the error will be minimized. 
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4. The survey randomly samples the popnlation and 
its catch-per-effort is proportional to the true 
population density. 

5. The observed natural niortality rate of the youiig 
fish is approximately the same for older fish in the 8. Catch figures are reliable and the conversion 

6. Other mortality caused by fishing, in addition to 

7. Age reading is accurate. 
the amount landed, is negligible. 

population. from weight to iimnbers is valid. 

TABLE 4 

GLOSSARY OF SYMBOLS AND DEFINITIONS 
Compared with those of Ricker (1958) and Holt et a\. (1959) 

Symbols 
IJsrd Definition Holt et al. (1959) Rickrr (1958) _______ 

__- Catch by sampling gear 
Sampling effort ____ ____ ______ 

Bc 
2E Rc,!ative density (D = -2) D 

Arca sampled or covercd by survey 
Relative abundance in area covered (R = DA, 
Time (a subscript indicating a specific time)- 
Annual fishing mortality raGif  no natural __ 

mortality occurred (m = 1 - e - P )  
Annual natural mortality rate if no fishing 

mortality occurred (n = 1 - e - 9 )  

Annual rate of exploitation (fishing mortality 
rate when natural imortality occurs; 

- - ~ _ _ _ _ - _ _ _ _ _ _  
____ _____ 

-_ -~~ 

- 

u = ap / i )  

L 

m m 

n 

U F 
z E; (1 - S )  ~ ; U 

unconditional fishing 
mortalitv rat? 

Annual expect)atZn of natural death (natural 
mortality rate when there is fishing 

D 

mortality; v = q / i )  unconditional natural 

-_ mortality rate 
(1 - S) ;  1 - e - 

______________ -__ 
Total annual mortality rate from all causes 

(a = 1 - s; a = u + v; 
a = m + n - mn) _- - 

Instantaneous rate of fishing mortality 

Instantaneous rate of natural mortality 

Instantaneous rate of total mortality 

( P  _____ = - loge (1 - m> ) - 

( 4  = - log, (1 - n) 1 

(i = - log, (I - a ) ;  i = p + q) 

-_______________ 

_________ - 
Annual survival rate (s = e - %) 

U a 

___- __- 
F ;  fishing mortality 

M ;  natural mortality 
coefficient 

coefficient ____-______- 

Z ;  - dN/Ndt  = F + M ;  
total mortality 

codficient, 
S ;  e -  z; 

__I__ ____ 

fraction surviving 

P P 

i i 

S s 

Annual survival rate for fish which are not 
vrt vnlnerehle to  t,hP fisherv 

- Total catch by the fishery in numbers 
Xumber of fish in the population 
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