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ABSTRACT

This is a report on a method of estimating age-
dependent changes in rates of natural mortality and
the age- and season-dependent changes in rates of
availability of the Pacific sardine. It includes estimates
of the virtual average catch curve and relative year class
strengths and deviations of individual curves from these
estimates. The calculations are carried out with each of
three sets of data: total California catch, catch per unit
of effort in central California, and catch per unit of
effort in southern California.

-The average catch curve allows an estimate to be
made of the increase in the natural mortality rate
during fully recruited ages. The deviations of individual
curves are assumed to represent the annual changes in

A fisherman’s income depends on the size and
behavior of stocks of fish entering his fishing
grounds as well as on the efficiency of his gear. A
fishery  biologist must predict the size of the fish
stocks available to the commercial fisheries.
Taylor’s 2 multiple regression equation, based on
temperature and salinity in the year of spawning
and on body length at the end of the first year of
life, predicts the virtual stock size of a Pacific
sardine year class. Availability of this fish, how-
ever, varies from season to season (Widrig, 1954),
thus complicating the problem of prediction. To
be useful to the fishermen, therefore, forecasts are
needed for particular seasons and they must be
based on yearly changes in availability in addition
to year-class strength.

Widrig (1954) used relative rate of availability
of the Pacific sardine to estimate population sizes
and Yamanaka ? developed a method for estimat-
ing the absolute value of the rate. Both authors
started from the formula:

Z=M—log {re~"*+4(1—r)} (1)

1 This manuscript was prepared during the author's visit at the Bureau
of Commercial Fisheries Biological Laboratory, La Jolla, Calif., November
1959 to October 1960.

2 Taylor, Clyde C. Some factors associated with year class size of the Pacific
sardine. Bureau of Commercial Fisheries Biological Lahoratory, La Jolia,
Calif. (Manuscript).
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rate of availability of each year class under a certain
condition. The deviations of different age groups in the
same years are compared to give a general idea of age-
dependent change in the rate of availability in a year,
Availability is also examined in regard to ocean tem-
peratures preceding the fishing season.

A detailed model is proposed to estimate parameters
relevant to the sardine population on the basis of the
above examination as well as on the basis of earlier
estimates of rates of natural mortality and availability.
Consideration of the detailed model indicates the
necessity for several sources of information to establish
methods for predicting the sardine catch.

where Z and M denote instantaneous coefficients

of total and natural mortalities as defined by Holt,
Gulland, Taylor, and Kurita (1959). Other sym-
bols are defined as: f=amount of effort, @=effi-
ciency of unit effort, and r=rate of availability.

Widrig (1954) and Yamanaka ® assumed that
the rates of natural mortality and availability are
constant for four age groups (III- to VI-year-old
fish). Introducing age-dependent changes in these
rates into the calculations complicates the prob-
lem. Because the above authors did not do so, it is
necessary to check the assumptions of equation
(1) from another point of view.

In this paper I am interested in three matters.
First I determine, through a simple examination
of the catch data, if there is evidence of age-
dependent changes in natural mortality and in
availability. I also compare the various estimates
of availability and their relation to an environ-
mental factor, ocean temperature. Then I present
a method to estimate the parameters on more
probable assumptions resulting from these
examinations.

GENERAL STATEMENT
In the first examination of the age data, I made
3 Yamanaka, Ichiro. Some notes on the natural mortality and availability
of the California sardine. Nankai Regional Fisheries Research Laboratory,
Kochi, Japan (Manuseript).
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no attempt to estimate the absolute value of rate of
availability, but rather I estimated the fluctuations
in it as related to season and age. Strictly speaking,
availability should be divided into two categories:
(a) accessibility, the fish stock (in terms of
" numbers) accessible within the range of the
fishermen and (b) vulnerability, which depends
on factors involving gear efficiency. Measuring
vulnerability in the commercial catch requires
more than the examination of age composition
and the amount of effort. I comment on this
problem later. In the absence of information to
separate availability into its components, their
separate effects are disregarded here and included
in the changes in availability and mortality.
Two basie assumptions are requisite for the first
study of the relation of fluctuations to season and
age: first, that the total mortality coefficient
fluctuates randomly around a mean; and second,
that the rate of availability fluctuates around a
logarithmic mean. Even though no fishery may
satisfy these assumptions, they may be accepted
for a first approximation when age and year class
are significant sources of variation in catch com-
pared to the interaction that is a measure of total
effects of changes in rates of mortality and
availability as well as survey errors. In other
words, changes in mortality and availability are
regarded as less important in determining the
catch than age and year-class strength when the
latter two are significant sources of variations.

FORMULATIONS

Without exception the number of the ith year
class caught in the year when they were jth age,
(', is expressed as:

j—1 j-1

Cij=Nto'rij'EU'JH -Si;=Ni, 11y Eyy JH S

a=0 a={p

: (2)
where: S;;=annual rate of survival of the ith
year class at jth age, E,;=rate of exploitation for
the available part of the ith year class at jth
age, Ip=youngest age in maturing spawning
products, N;,=initial stock size of the ith year
class, N';,=stock size of the ith year class at
the beginning of the year when they weretp year (s)

old.
Under conditions assumed above, it holds that

log C;=log N'a—i: Z,+log ry+-log E;  (3)

where, log C;=logarithmic average of all catches
of jth age fish over year classes, log N,=log-
arithmic average of recruitment stock sizes over
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year classes, Z,=average mortality coeflicient
at ath age over year classes, log »;=logarithmic
average of availability rates at jth age over year
classes, log E;=logarithmic average of exploitation
rates at jth age over year classes
and _ .
log C;=log N,’,—ail) Z,+log ry+log Eyyy  (37)
and then
log ¢y —log C)=—2,
+(log rypi—log r,)+(log Ejy—log E;)  (4)

If jth age fish migrate with fish older by 1
vear, formula (4) approaches —Z, for data avail-
able over a period of years, if there is no trend
in the rates of exploitation and availability, or if
the number of years is large. Thus, the logarithmic
means of several ages of fish give a ‘‘standard
virtual catch curve” for a given period under the
above conditions. The standard curve becomes
more reliable in estimates of —Z; as the period
under consideration becomes longer and the catch
curve of each year class becomes more stable.

Year-class means of log (';;, log €, are

log Cy=log Niy— 3 kZi+log ri+log E, (5)
a=lp

where k,=(t,—a+1)/(t,—t,+1), and t,=the old-
est age in question. The last two terms are the
year-class means of the logarithms of rates of
availability and exploitation, respectively.

These means may not give a good estimate of
yvear-class strength in the sardine because its life
span is too short to allow changes in rates of
availability and exploitation to cancel each other.
It may be regarded, however, as a measure of the
mean available stock size of each year class when
the year class is found to be a significant source
of variation.

Since the logarithmic mean of catches is

|4}

log ('=log N;—>3 k.Z,+log r+log E  (6)

a=t,

we can construct an “expected catch,” E (log C.)),
when Z,,=Z, is common for the entire year class
and r,,=r;, and E,,=E, are common for all the
age groups of any year class.

E (log C,;)=log (', +log C;—log C
=log N;,— {(§ Z,
a=tp
j—1 {4}
+]_E‘ kaztu_zt kaza)}

+(log r.+log r;—log r)
+(log E+log E,—log E) (7)
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Therefore,

A”=10g Oij_E (log 0”)
=1 rJ=1 b [N
= E Z:a—(? Za+§ kuzia_'azﬂ; kaza)}

=tp
+ {log r,,—(log r+log r;~log )} + {log E;
—(log E\+log E;—log E)}  (8)

Among the variables in formula (8), we can deter-
mine combined effects of yearly changes in
mortality coefficients and availability rate. Be-
cause T,A;;=0, the deviations of the same year
class should be negatively correlated when the
changes in rates of availability and exploitation
are less important than change in mortality
coefficients in determining the catch curves. On
the other hand, significant positive correlation
between deviations of any two age groups taken
in the same seasons indicates that deviations in
availability and exploitation are important.

A similar meaning attaches to any measure that
is proportional to the available stock size, such as
catch per unit of effort; here the change in rate of
exploitation is disregarded. It should be noted
that the deviations are affected by the year-class
average of logarithms of availability and are not,
then, a measure of relative availability on the
same base.

TOTAL CALIFORNIA CATCH

Age composition of the California sardine has
been reported for 26 seasons, 1932-33 through
1957-58 by Eckles (1954), Wolf (1961), Felin and
Phillips (1948), Mosher, Felin, and Phillips (1949),
Felin, Phillips, and Daugherty (1949), Felin,
Daugherty, and Pinkas (1950, 1951), Felin, Anas,
Daugherty, and Pinkas (1952), Felin, MacGregor,
Daugherty, and Miller (1953, 1954, 1955), Felin,
Wolf, Daugherty, and Millér (1958),  Wolf,
MacGregor, Daugherty, and Miller (1958), and
Daugherty and Wolf (1960). When catch is
plotted against age on a semilog scale for each year
class, the catch curves are fairly smooth for fish
older than age II of most year classes, but are
very irregular for some year classes—especially
those spawned in 1947 through 1949 (fig. 1).
These irregular curves may be due to changes in
availability and exploitation. The catch curves of
some year classes indicate moderate irregularity.
For instance, year classes 1930 through 1933
might have been highly available in the 1936-37
season.

ANALYSIS OF CATCH CURVE OF PACIFIC SARDINE
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Figure 1.—Catch curves of Pacific sardine, year classes
1926 through 1954. Vertical scale equals log of millions
of fish; distance between zero points for each year class
equals 1.0 (i.e., 10,000,000 fish).
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The age- and year-class mean of log C';; for the
22 year classes from 1930 to 1951 are, nevertheless,
regarded as sufficiently significant to give a reliable
standard catch curve and estimates of year-class
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strength of the available stocks. Analysis of
variance of the means of logarithms of the total
sardine catch in California for the year classes
1930 through 1951 gives the following:

Degrees of Mean
freedom Isquare

Source of variation

4 *6. 1756
21 *1.3825
84 . 2851

*Significant at a probability of less than 0.1 percent.

The average catches by age indicate that sardines
are not fully recruited until age IIT (table 1). The
increase in the mortality coefficient, even after
age I1I, may be attributed partly to incomplete
recruitment after this age and partly to an increase
in natural mortality.

TaBLE 1.—Mean sardine calch (ln), lolal morlality
coefficients, and change in mortalily by age for the year
classes 1930-51 and 1930-44 in California

Mean catclhi (In) Mortality Zin—2Z;
Age (j) coefficient (Z;)
1930-51 1930-44  1830-51  1930-44  1930-51 1030-44
Millions  Milllons
of fish of fish
Im....... 310.0 B46.7 i il eimieie eeeiaeaa
—0.00 0,11
) 8§ SR 340.9 579.9 0.72 0. 60
.63 7
IV ... 176. 5 284.0 .32 .28
95 1.00
Voo 65. 1 104.9 .M .23
119 1.23
VI....... 18.8 .

Because of incomplete records, the expected
. catches of eight year classes, 1926—29 and 1951-57,
are constructed through their mean catches and
a standard catch curve, so that I,A;; reduced to
zero. When these additional classes are included,
the deviations of logarithmic catches of any two
age groups in the same season are positively
correlated with each other, where the effects of
environment and fishing intensity might be ex-
pected to be commeon for all the age groups. The
correlation coefficient is higher for combinations
of adjacent age groups (fig. 2). On the other hand,
correlation coefficients between 'deviations in two
ages from the same year classes range from
—0.690 to 0.307. This variability indicates that
change in survival rate is less important than
change in availability and exploitation.
From these observations in regard to assump-
tions given in the last two paragraphs of the
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Ficure 2.—Correlation coecfficients between index of
virtual availability of two age groups, based on the
total catch in California, 1932-33 through 1957-58
seasons.

preceding section (on formulations), it may be
assumed that the year-class-dependent change in
total mortality coefficients is smaller than the
seasonal changes in both availability and exploita-
tion and that the migratory pattern differs from
age to age but is similar for adjacent ages. The
multiple correlation of deviations of age groups
III to V in the same season was calculated to be
as high as 0.815. These three age groups furnished
the greater part of the period under discussion.
It is well known that the migratory pattern of
the Japanese sardine and its fishing grounds are
affected by changes in oceanographic conditions
(Sako, 1939; Shimomura, 1954). Because sufficient
information about the environment of the fishing
grounds in California waters was lacking, I
correlated the temperature anomaly at the pier
of the Scripps Institution of Oceanography for
July through September (just before the fishing
season) with annual mean deviations in the catch
of the three major age groups for 26 seasons
(fig. 3). The correlation coefficient was 0.599,
slightly over the 1-percent level of significance.
Clark and Daugherty (1950) reported the catch
per unit of effort and total effort of the purse
seiners in California waters as well as at each of
the three major ports, San Francisco, Monterey,
and San Pedro, for the seasons 1932-33 through
1948-49. To eliminate the effects of improvement
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Figure 3.—Relation bctween temperature anomaly at
pier of the Scripps Institution of Oceanography and
virtual availability of sardines in California, 1932-33
through 1957-58 seasons. Numcrals denote the fishing
season, e.g., 32 indicates the season of 1932-33.

in the efficiency of individual boats, they adjusted
the catch per unit of effort using as base year the
1932-33 season at each port. The same authors
(1952) reported the data for the 1949-50 and 1950—
51 seasons in all California waters, as well as at
Monterey and San Pedro, and Clark (1956)
published the data for the four seasons 1951-52
through 1954-55 in southern California. In the
latter two works the authors chose the 1941-42
season as the new base year (Clark and Daugherty,
1950) to fit recent developments in the fishery.

Because fishing effort should be expressed on
the same base year, I converted the catch per
unit of effort in the whole fishing season to the
value based on that of the 1941-42 season. Since
the fishing grounds off California are divided into
two regions of almost equal area, the north off
San Francisco and Monterey and the south off
San Pedro (Widrig, 1954), the total effective effort
is calculated by dividing the total California
catch by the sum of catches per unit effort in the
two regions. The deviations of catch showed a
significant multiple correlation coefficient of 0.594
with the temperature anomaly and the amount of
fishing effort. Partial correlation coefficients were
0.293 for fishing effort and 0.585 for temperature
anomalies.

ANATLYSIS OF CATCH CURVE OF PACIFIC SARDINE

CATCH PER UNIT OF EFFORT

Because fishing effort appeared to show a
positive correlation with the deviatian of catch
from the expected value, I repeated the above
calculations for total catch, using the catch per
unit of effort. Present evidence indicates that the
stock exploited in the waters off central California
is mainly composed of fish spawned in the waters
off southern California (northern subpopulation),
whereas the stock in southern California includes
fish spawned off central Baja California (southern
subpopulation) as well as fish from the northern
subpopulation (Felin, 1954; Marr, 1960). The
effort data are not given after the 195152 season
for central California where the fishery practically
disappeared by 1954. Catch per unit of effort at
San Francisco, Monterey, and San Pedro indicates
that the available stocks off the two northern
ports are correlated with a significant coefficient
of 0.810 but that the stock off San Pedro is not
correlated with either San Francisco (0.314) or
Monterey (0.398) during the 19 seasons from
1932-33 to 1950-51. This lack of correlation may
be attributed to differences in the subpopulation
supporting the fisheries. It is also possible that the
northern subpopulation, having migrated to cen-
tral California, left only a minor portion of the
stock in southern California or that major age
groups differed between these regions.

Since it is desirable to forecast regional catches,
the following discussion is based on data by
region. In the northern waters the catch curves
for ages Il to VI, based on catch per unit of
effort, were obtained for the 1930-44 year classes.
The curves were fairly regular for most of the
vear classes, except the last. The following table
shows that age and year class are significant
sources of variation of logarithmic catch, as was
true for total catch:

Source of variation ' Degree of Mean

frecdom square
Age el 4 *4, 4487
Year elass. i eiemcmman 14 *1. 2050
Residual .- aoas 56 . 1596

*Significant at a probability of less than 0.1 percent.

The following tabulation of the standard catch
curve based on logarithmic means of the catch per
unit of effort in central California for the year
classes 1930-44 shows that there is less change in



mortality rate with age than was found for total
catch (table 1):

Mean catch  Mortality
Age () (thousands coefficient
of fish) (Z;)
656.86 ... _._...
582.5 0.10
264.7 .81
102.5 .95
33.7 111

The deviations from the expected catch for some
year classes did not always indicate significant
negative correlation; the coefficients range between
—0.661 and 0.478. On the other hand, the devia-
tions in the same season were always positively
correlated; the coefficients vary between 0.280
and 0.850. It is again found that the closer the
ages, the higher the correlation coefficients. The
multiple correlation coefficient for the three major
age groups is 0.877.

In the southern California catch, the curves
were irregular for the year classes that occurred
after 1947. The following analysis of variance of
the means of logarithms of the catch per unit of
effort in southern California for the year classes
1930-48 shows that age and year class are signifi-
cant sources of variation:

Source of variation Degrees of Mean

freedom square
AQE. e 4 *1.6133
Year elass. i eceeeeeaan 18 *2, 0954
Residual . .. 72 1244

*Significant at a probability of less than 0.1 percent.

The standard catch curve is fairly smooth after
age III; age-dependent changes in mortality are
minor. The four year classes that were produced
in 1945-48, however, may differ in survival rate
as well as in stock size (table 2). The correlation
coefficient between deviations of the same year
class fluctuates broadly between —0.495 and
0.138. The correlations between deviations in the
same season are always positive, 0.223 to 0.890,
and are higher for two adjacent age groups; the
multiple correlation coefficient for age groups III
to V was as high as 0.910.

The mean deviations for age groups III through
V in central and southern California fluctuate
similarly; the correlation coeflicient between them
was 0.810. Compared with the different regional
fluctuations in catch per unit of effort of all the
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TaBLE 2.—Mean sardine catch (In), lolal mortality co-
eflicients, and change in mortality by age for the year
classes 1930-48 and 1830-44 +in southern California

. Mean catch (In) Mortality Zin-Z;
Age (j) coefficient (Z;)
193048 193044 193048 193044 193048 1930-44
Millions  Millions
of fish of fish
II....... 907.6 - T
0.26 0.27
I . 701. 9 680.2 0.77 0.61
1.03, 87
IV ... 251.1 283.6 .24 .33
1.26 1.20 :
Voo 711 85.2 .07 .29
1.33 1.49
VI...... 18.8 408 il oiiiih iiimem e

age groups, this similarity may suggest that
some younger and older age groups than those in
question showed different changes in availability
between these two regions.

The temperature anomaly at Scripps pier does
not correlate well with the deviations in catch,
but is slightly higher with those in central Cali-
fornia (0.560) than with those in southern Cali-
fornia (0.495).

DYNAMICS OF THE PACIFIC SARQINE
FISHERY -

This discussion deals with the age-dependent
changes in rates of natural mortality and avail-
ability derived from information obtained thus
far. A detailed model is presented for estimating
the parameters inherent in the population dy-
namics of the Pacific sardine. _

All three sets of data analyzed above indicate
three characters of catch curves of the sardine:
(a) the increase of the virtual total mortality
coefficient with age; (b) the close relation between
virtual indices of availability of two adjacent
age groups; and (c¢) the dependence of the avail-
ability on temperature in the months just before
the fishing season. To examine the reliability of
these findings, similar analyses are repeated with
estimates of these parameters as presented by
Widrig (1954) and Yamanaka (footnote 3).

Previous authors assumed that the natural
mortality coefficient was constant over the four
age groups III through VI. In Widrig’s study
(1954) three appropriate values of the coefficients
were assumed, and the rate of availability in a
season was shown in relative rate to that of the
1936-37 season for each of these assumed coef-
ficients. Yamanaka (footnote 3) assumed that the

' U.S. FISH AND WILDLIFE SERVICE



natural mortality coefficient fluctuated around a
mean and that the rate of availability fluctuated
around a logarithmic mean for the 23 seasons
from 1932-33 to 1954-55. Because the level of
availability changed between the early and later
years of the investigation, he divided the period
into two parts; one from 1932-33 to 1945-46, and
the other from 194546 to 1954-55. The present
report examines only his final estimates based
on the divided data. Because these authors first
estimated the rate of availability in logarithms,
my analysis of the rate is usually made with
logarithmic rather than actual values.

As estimated by Yamanaka (footnote 3), the
increase in virtual total mortality coefficients
with age is comparable to decrease in availability
of older fish. As expected from his assumption,
availability should decrease with age if total
mortality increases. Therefore, I conclude that
the virtual coefficient of total mortality of the
Pacific sardine increased with age for the period
investigated.

The age-dependent change in the virtual
coefficient of total mortality may be partly
attributed to incomplete recruitment * in addition
to a real change in natural mortality, insofar as
it is estimated from the age composition of the
commercial catch. Although ne conclusive evi-
dence is obtained, it seems to me that the increase
in natural mortality with age is real rather than
caused by incomplete recruitment for the fish
at and older than the three ages discussed, since
the fishery has exploited fish as young as age I
and sometimes age zero. If this increase in natural
mortality with age is real, the natural mortality
coefficient of these fish is considered to increase
linearly with age (table 1). A linear increase of
the coefficient with age was postulated by
Beverton and Holt (1957, pp. 69-71) for three
species: two herrings, Clupea harengus harengus
and C. harengus pallasi, investigated by Hodgson
(1932) and Tester (unpublished, cited by Ricker,
1948) and the whitefish, Coregonus clupeaformis, of
Lake Opeongo studied by Ricker (1949). A linear
increase with age may not always hold, however,
as was shown for the same species, or ecologically
related ones, surveyed on other occasions: namely
the whitefish of Shakespeare Island Lake, the

1 Age of complete recruitment of a partially available population is defined
a8 the age at which all the fish are potentially “catchahle” Ly the fishery
even if, actually, some of them do not always enter the fishing ground. When
rates of availability are estimated for all the age groups appearing iu the catch,
the age of complete recruitment is determined by comparison of the average
rate for each age,

ANALYSIS OF CATCH CURVE OF PACIFIC SARDINE

sauger, Stizostedion canadense, of Lake Opeongo
(Ricker, 1949), and the herring, C. harengus pallasi
(Tester, 1955).

It is noteworthy that total mortality coefficients
are higher in southern California than in central
California—also the increments, which average
about 0.30 in southern California but 0.15 in
central California; as previously shown. This
difference is partly attributed to differential dis-
tribution of the fish by age; older fish migrate
farther north. It should be noted, however, that
Yamanaka (footnote 3) estimated the natural
mortality coefficient of the sardines to be higher
in the more recent years, when the southern sub-
population predominated, than in earlier years
for the entire range of the fishery in California.
Thus, both his and my results agree that the
mortality rate is higher in the southern subpopula-
tion than in the northern one.

It has been shown thus far that the rate of
availability differed between age groups exploited
in the same fishing season but that it was close
for two adjacent age groups. A comparable result
is obtained from the analysis of the availability
rates as estimated by Yamanaka (footnote 3).
As to the age-dependent change in availability, it
has already been suggested that some species of
fish school together by size or by age, including,
among others, the herring, C. harengus (Hjort,
1926, p. 8); the sardine, Sardinops melanosticia
(Yamanaka, 1955, p. 51); the anchovies, Engraulis
morder (Miller, 1955, p. 30), and Cetengraulis
mysticetus (Howard and Landa, 1958, p. 394);
the yellowfin tuna, Thunnus albacares (Schaefer,
1948, p. 199); and the skipjack tuna, Katsuwonus
pelamis (Brock, 1954, p. 99).

As an approach to predicting catch, the tempera-
ture data at Scripps pier just before the fishing
season were regarded as having been correlated
with the preliminary estimates of availability.
The correlation coefficients between temperatures
and the logarithms of each series of estimates by
Widrig (1954), based on assumed values of the
natural mortality coefficients of 0, 0.2, and 0.4,
are 0.256, 0.305, and 0.300, respectively. Since
Yamanaka (footnote 3) estimated the natural
mortality coefficient to be 0.35 for all the seasons,
or 0.25 for 1932-33 through 1945-46 and 0.65
for 1945-46 through 1954-55, the most probable
rate of Widrig’s estimates of availability, based on
the assumed natural mortality coefficient of 0.4,
is best correlated with temperature. In Yama-
naka’s estimates, the correlation coefficient with
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temperature is 0.686—higher than that calculated
by me or by Widrig (1954).

The correlation coefficient based on the rate of
availability is 0.757 and, thus, higher than that
based on the logarithmie values.

Summarizing these examinations of the age
composition of the sardine catch by Widrig (1954),
Yamanaka (footnote 3) and the present study, I
may be able to assume the following characteristics
of the available sardine stocks:

a. The natural mortality differs by age and by
subpopulation and probably by year class;
therefore, I recommend that the rate be estimated
for each age group with the data taken in theshort-
est period of years for which the analysis can be
made and for each fishing ground in which the
stock is more homogeneous.

b. The availability also differs by age of the
fish. It is indicated, however, that the rates of
two successive age groups are similar. This fact
also indicates that the parameters should be
estimated for each age group separately.

c. Availability seems to be correlated with
temperature. This possibility should be studied
in relation to temporal and areal patterns of the
environment, as well as the general levels of
availability. For instance, Craig (1960) demon-
strated that the herring catch was related to
increase in temperature and strength and direc-
tion of winds in early summer, even though the
catch was not highly correlated with each of
these factors. Factors such as these, regarded
important in Japan, include temperature dis-
tribution, intensity of cold water masses (up-
welling), and current strength and direction
(Shimomura, 1954).

A more detailed model is presented on the
basis of age specific mortality and availability
characteristics. Because rates of availability of
two adjacent age groups in any year may be
assumed to be almost the same, the virtual
survival rate, Sy, obtained from age and catch
data is expressed as:

Sie=exp (Zy))=(Nut1.141)/(Noi?ar)
= {rue—fﬁa,_}_ (1—7rg0)} eMmru+l-l+l/7'a! (9)
then
Zoyy=M,—log {rqe~/Pat(1—r,)}
+(log ro—log reyie+1)  (97)
where ¢ and ¢ denote age of fish and season,
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respectively. It is assumed that »,, and @,, are
equal to r,..4; and ..., respectively.

The mean of virtual mortality coefficients for
7 seasons is the sum of means of the first and
second terms, and (log r,1—log 4. ,41)/n. Then,
if Q remains constant for a long period of years
s0 that the last term diminishes to zero, the means
of the parameters including @, A, and » are esti-
mated as shown by Yamanaka (footnote 3).
The value of ¢, however, should be regarded as
variable during rather short periods of years,
partly depending on gear improvement, such as
the several gear improvements in the sardine
fishery in California. In addition, ¢ may vary
because of biological and economic reasons even
if the same type of fishing gear is used. The
major factors relating to this quantity may be
classified in the following three groups:

a. The first and most essential factor affecting
@ depends on such variables as fish size, gear type,
and speed of hauling. This factor and the mechan-
ical selectivity discussed below, defined as ¢ in
the following discussion, determined the efficiency
of a fishery for a particular size of fish distributed
in a certain way.

b. The second factor, selectivity, is related to
both the fish and the fishery. Two general cate-
gories of selectivity should be distinguished. The
first is a mechanical selectivity, such as the size
and number of fish retained by the gear, and is
determined by the relation between sizes of mesh
or hook ‘and fish: the second is an economic
selectivity, controlled by market performance by
size or species. The former type of selectivity is
included in the first category (a above) of factors
controlling Q. The mean of the latter selec-
tivity factor is included in the rates of natural
mortality. The deviation from mean is included
in availability.

c¢. The third factor, volume of the water in
which the available part of the stock is distributed,
also causes change in @ even though the rate of
availability is constant. The same gear should be
more effective or the same fishermen should locate
the schools more readily when the fish are distrib-
uted in smaller volumes of water than in larger
ones. Changes in patchiness and depth of distri-
bution may not be as important as the size of the
waters when the discussion concerns a whole
season during which total effects may be nearly
constant. Since sardines may remain in a particular
stratum, the volume of water may bhe approxi-
mated by the area of fishing ground, 4, that is
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measured by location of the hauls or isothermal
contours.

The first approach regards the value of @ as g/A.

Since catch per unit of effort is related to the
mean density of the fish stock in the fishing
ground, as well as to the efficiency of individual
gear, this quantity should be adjusted by an
appropriate measure (such as area of fishing
ground) to yield the relative stock size and the
virtual mortality coefficient (Gulland, 1955; Bev-
erton and Holt, 1957). Watt (1956, p. 629) pointed
out that the catch per unit of effort, obtained by
dividing the total eatch by total effort in a season,
is not realistic when availability changes within
the season. He, therefore, compared the stock
sizes in 2 years by the catch per unit of effort in a
particular month. '

If a fishery is operated in several localities, there
is no reason to believe that rate of availability
(accessibility and vulnerability) is common for the
total range of the fishery. Each locality should be
studied, especially if the stocks in different areas
are composed of different subpopulations.

Such studies require that the calculations be
carried on for shorter periods and over smaller
areas. Because the mean of the last term of
equation (9) does not reduce to zero for such a
situation, we have to assume the following:

a. M and ¢ fluctuate around their means at
random, and their variances are so small that these
quantities may be regarded as constant.

b. There is o mean of » that gives a mean of the
second term for any given set of ¢, f, and A.

c. The ratio of availabilities in 2 adjacent years
fluctuates around a logarithmie mean at random.

d. The availability and gear efficiency are
common for two adjacent age groups.

On the basis of these assumptions, the virtual
mortality coefficient of a certain age group of fish
during the ¢th season, Z;, in an area is

Z.=M,—log {r,-exp (—fiq/A)+(1—r)}
+(log r,—log r,_;) (10)

and the mean of the virtual mortality coefficients
of the age group, Z’, is

Z'=M—log {F exp (—fg/A)+(1—7)}4+d (11)

where 7 and § are estimated averages of » and ¢
in the age group, which give the mean of the
second term in the formula (10) for a given set of
fand A, and d=log (rfr;)/m—1.

ANALYSIS OF CATCH CURVE OF PACIFIC SARDINE

The parameters, M, §, 7, and d, may be esti-
mated by the least-squares method if appropriate
data which were taken in at least 6 successive years
and a suitable computer are available to make the
calculations.

Putting a,=exp (—fg/4), and b,=log 7a,
4+(1—7)+d, the expected virtual mortality co-
efficient, E(Z’,), equals AM—b, The differences
between observed and expected mortality coeffi-
cients, A’s, are:

A=log {ar+(1—r)} +(log r,—log r,)—b,

As=log {a@sry+ (1—ry)} —(log r:—log r3)— by,

As=log {agrs+(1—rg)} —(log rs—log r+5d)— b_5
(12)

These equations give the rates of availability for
these 5 years. Repeating this procedure for each
successive 6-year period, we may obtain the run-
ning averages of the parameters on which a more
advanced discussion can be made. When A is not
accurately measured, the calculation of availabil-
ity, based on the constant @=g¢/4, may give some
clues for estimating vulnerability. When fish show
differential distribution by age, the mortality rate
in the entire population may be estimated from
the summation of the stock size of each age group
in each locality. Before calculation, division of the
area should be reexamined, such as by areal varia-
tion in fishing season and relative size of sub-
populations (perhaps by scale characters as well
as serological research).

Finally, it should be noted that this type of
analysis does not provide absolute values of
availability for a whole population. Estimates
may differ from each other for availability of an
age group in a season by six different series. If
relative values of the estimated rates for successive
seasons are comparable for all of the six series,
however, the absolute rate may be surmised from
mformation on the distribution of stocks and
independent from fisheries, such as an egg census.
As a matter of fact, estimates of availability rates
in this type of analysis could be compared with
geographic distributions of egg stocks. This com-
parison is based on the fact that the distribution
of the parent stock of the Pacific sardine was
represented by egg distribution for the 5 years
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1952-56 (Ahlstrom, 1959, p. 204). Furthermore, a
coincidence of distributions of parent stocks and
their eggs was detected in the related species,
Sardinops melanosticta, inhabiting the waters adja-
cent to Japan (Nakai, 1960, p. §21).

SUMMARY

The rate of natural mortality of the Pacific
sardine seems to be higher in the older fish than
in the younger ones and higher in the southern
subpopulation than in the northern one. For this
reason it is indicated that natural mortality should
be estimated for the subpopulations by age from
the catch data of two adjacent age groups.

Availability was found to differ by age as well
as by season. High correlations were obtained
between the rates of two adjacent age groups
exploited in the same fishing season; therefore, this
rate also should be estimated by examination of
two adjacent age groups.

The data suggest that availability was positively
correlated with water temperatures in July to
September, immediately preceding the fishing
season.

In addition to the above factors, others such as
efficiency of gear and area of fishing grounds may

~affect the catch curves. The most promising pro-

cedures may be the comparisons of the total
mortality coefficients, number of boats, and area
of fishing grounds during the shortest time periods.
Consideration of these facts indicates that running
averages for six seasons should be computed for
these factors.
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